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Editorial on the Research Topic

Tick and Tick-Borne Pathogens: Molecular and Immune Targets for Control Strategies

Ticks are obligate hematophagous ectoparasites of domestic animals, humans, and wildlife. Ticks
can be found in areas around the world ranging from the Arctic to tropical regions, and are
known for their negative impact. They are capable of transmitting a wide range of pathogens
including protozoa, viruses, and bacteria including spirochetes and rickettsia. The resulting diseases
can potentially cause major production losses in livestock, thereby reducing farming incomes,
increasing cost to consumers, and threatening trade between regions and/or world markets.
Climate change has an impact on the distribution of ticks and tick-borne pathogens because
tick species select a set of ecological conditions and biotopes that determine their geographic
distributions and outline risk areas for their associated pathogens’ transmission. In particular,
arthropod vectors such as ticks, are vulnerable to these climatic changes as their population,
survival, and development depend on factor like vegetation, availability of a host, photoperiod,
moister and climatic conditions. Tick density, distribution, and their capability of pathogen
transmission are thus effected (Ali et al.; Gerardi et al.).

Novel approaches have emerged, and the limitations of present operational protocols have
been reduced to improve and standardize the laboratory procedures to lower costs, and to obtain
a better understanding of tick and tick-borne pathogen interactions. Convenient and low-cost
techniques provide a great opportunity to identify new targets for the future control of TBVs
(Talactac et al.). Almazán et al. showed that sheep inoculated with tick cells infected with the
Anaplasma phagocytophilum developed an infection 4 days post-inoculation (dpi) and the infected
nymphs of Ixodes ricinus were able to transmit the A. phagocytophilum to naive infested sheep.
The sheep transmitted the bacteria to 2.7% nymphs engorged as larvae during persistent infection.
Among several other tick-borne diseases, tropical theileriosis caused byTheileria annulata infection
is a significant livestock disease—especially in crossbreed cattle. The current study highlights the
genetic and allelic diversity present among the Indian T. annulata parasites and its vaccine using
a microsatellite marker, tams1 sequencing, and GBS. The findings indicate that a heterogeneous
parasitic population is prevalent in India, causing theileriosis, which may render the vaccine
ineffective due to their high diversity. Parasite diversity data will be helpful in revamping new
vaccines to control the disease (Roy et al.).

The hemocytes of Rhipicephalus microplus females, after Metarhizium robertsii infection
associated with the cytotoxicity, were evaluated. Cytoplasmic vacuoles were observed in hemocytes
of infected female ticks with electron densities, and in lipid droplets in close contact to low electron

6

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2020.00744
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2020.00744&domain=pdf&date_stamp=2020-08-07
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:uop_ali@yahoo.com
https://doi.org/10.3389/fphys.2020.00744
https://www.frontiersin.org/articles/10.3389/fphys.2020.00744/full
http://loop.frontiersin.org/people/453327/overview
http://loop.frontiersin.org/people/427341/overview
http://loop.frontiersin.org/people/472818/overview
https://www.frontiersin.org/research-topics/7891/tick-and-tick-borne-pathogens-molecular-and-immune-targets-for-control-strategies
https://doi.org/10.3389/fphys.2019.00793
https://doi.org/10.3389/fphys.2019.00653
https://doi.org/10.3389/fphys.2018.01728
https://doi.org/10.3389/fvets.2020.00040
https://doi.org/10.3389/fphys.2019.00673


Ali et al. Tick and Tick-Borne Pathogens: Control Strategies

density vacuoles, as well as the formation of autophagosomes and
subcellular material in different stages of degradation. This study
reported fungal cytotoxicity, analyzing ultrastructural effects
on hemocytes of R. microplus infected with entomopathogenic
fungi (Fiorotti et al.). The genes that are required by tick-
borne pathogens, such as A. phagocytophilum for host invasion
and proliferation, were studied. Among them, several genes
were found to be upregulated within human and tick cell
lines (HL-60 and ISE6). Genes with unknown functions were
found to play a disproportionate role in the establishment of
infection (Nelson et al.).

The effects of an experimental infection with Rickettsia
rickettsii on the global gene expression profile of the A.
aureolatum salivary gland (SG), was determined by next-
generation RNA sequencing. A total of 260 coding sequences
(CDSs) were modulated by infection, among which 161
were upregulated and 99 were downregulated. Regarding
CDSs in the immunity category, one sequence encoding
one microplusin-like antimicrobial peptide (AMP) was chosen
because, when there is a R. rickettsii infection, microplusin
is significantly upregulated in both the salivary glands and
the midgut tissues of A. aureolatum. The expression of
microplusin was significantly upregulated in the SG as well
as in the midgut (MG) of infected A. aureolatum. The
knockdown of microplusin expression by RNA interference
caused a significant increase in the prevalence of infected
ticks (Martins et al.).

The porin functions in Haemaphysalis longicornis blood
feeding and Babesia infection, and the relationship between
porin and porin-related apoptosis genes such as B-cell
lymphoma (Bcl), cytochrome complex (Cytc), caspase 2
(Cas2), and caspase 8 (Cas8), was analyzed. Porin expression
levels were higher in the infected vs. uninfected nymphs
during blood feeding, except at 1-day-partially-fed and 0
to 1-day post-engorgement. The highest B. microti burden
negatively affected porin mRNA levels in both nymphs and
female adults. Porin knockdown affected body weight and
Babesia infection levels and significantly downregulated the
expression levels of Cytc and Bcl in H. longicornis female
ticks. Finally, the obtained results suggest that H. longicornis
porin might interfere with blood feeding and B. microti
infection (Zheng et al.).

A large amount of genomic and proteomic data of
different organisms are available in public data banks. The
genomic and proteomic sequence information of pathogens
can provide an aid in detection and characterization of
the novel therapeutic targets and vaccine candidates. The
regulome (transcription factors-target genes interactions)
plays a critical role in the cell’s response to pathogen
infection. The application of regulomics to tick-pathogen
interactions will advance the understanding of these molecular
interactions and contribute to the identification of novel
control targets, to control tick and tick-borne diseases. In
this article, in silico approaches were applied to model how
A. phagocytophilum infection modulates the tick vector
regulome. This proof-of-concept study provided support for
the use of a network analysis in the study of the regulome

response to infection, resulting in new information on tick-
pathogen interactions and potential targets for developing
interventions, to control tick infestations and pathogen
transmission (Artigas-Jerónimo, Villar et al.).

A first comprehensive report of tick fauna was published
from a northern state of Pakistan, which revealed that tick
species comprising of six genera, were infesting diverse hosts
including humans. These tick species included R. microplus,
Hyalomma anatolicum, Argas persicus, H. impeltatum, R.
turanicus, R. haemaphysaloides, R. annulatus, Haemaphysalis
montgomeryi, H. indica, and H. punctate. H. marginatum, R.
sanguineus, and H. longicornis, A. gervaisi, A. exornatum, A.
latum, Dermacentor marginatus. It is important to mention
that H. punctata, Amb. exornatum, and Amblyomma latum
correspond to imported tick populations (authors personal
communication). The phylogenetic analysis of tick R. microplus,
based on partial mitochondrial cytochrome oxidase subunit
I (COX1), 16S ribosomal RNA (16S rRNA), and internal
transcribed spacer 2 (ITS2) sequences, revealed that R.
microplus prevalent in this region belong to clade C, which
include ticks originating from Bangladesh, Malaysia, and
India (Ali et al.).

Blood feeding by ticks requires prolonged contact with a host’s
tissue and blood, and it has been suggested that the co-evolution
of ticks with their natural hosts has resulted in the selection of
an appropriate set of salivary components that allow ticks to
evade both specific and non-specific host immunity in order to
successfully obtain blood (Bullard et al.). In their quest for a blood
meal, ticks transmit pathogens and inject a cocktail of bioactive
molecules into their vertebrate hosts. Tick-borne pathogens have
developed mechanisms to survive in the arthropod vector by
manipulating gene expression, based on the midgut or salivary
environment (Gerardi et al.; Antunes et al.).

Although not a replacement for the whole organism,
research on tick cell lines provides a foundation for studies at
less expensive in vitro, an alternative to in vivo tick feeding
experiments (Al-Rofaai and Bell-Sakyi). Acaricides are the main
components of integrated tick control strategies—despite their
limited success and the associated hazards. It is under this
scenario that anti-tick vaccines have emerged as an alternative
tool for tick control. The potential advantages of vaccine-based
control strategies include: cost-effectiveness, avoidance of
environmental contamination, prevention of drug-resistance,
possible prevention of pathogen transmission, and its potential
applicability in a wide variety of hosts. A comprehensive
understanding of tick proteins and their physiological roles
can help shed light on how these parasites overcome host
defenses, revealing new molecules of potential use for tick
control and therapeutic applications (Artigas-Jerónimo, Villar
et al.). The identification of conserved proteins across various
parasites or vectors may provide the opportunity to develop
a viable universal vaccine for control of multiple arthropods
infestations and a platform for further characterization of
how their evolution can meet species-specific demands. For
instance, the conserved functional evolution of subolesin/akirin
correlates with the protective capacity shown by these
proteins in vaccine formulations for the control of different
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arthropod and pathogen species (Artigas-Jerónimo, Villar
et al.).

Components of the tick salivary glands have attracted
attention as candidate antigens for anti-tick vaccines.
Knowledge about the role of tick salivary proteins in tick
physiology is important for a better understanding of the
host-parasite relationships, drug targets, and the search
for a novel candidate antigen for vaccine development.
Moreover, tick salivary molecules have been observed to
potentially exert cytotoxic and cytolytic effects on various
tumor cells that have anti-angiogenic properties. Therefore,
research has been focused on the identification of major tick
salivary protein families exploitable in medical applications
such as immunomodulation, inhibition of hemostasis,
and inflammation, and the potential, opportunities, and
challenges in searching for novel tick-derived drugs have been
discussed (Chmelar et al.; Štibrániová et al.). A review article
described that the tick feeding site may be considered as a
closed system and could be treated as an ideal equilibrium
system. Several tick proteins may have functional relevant
concentrations and affinities at the feeding site. The feeding
site is not an ideal closed system, but leads to a possible
overestimation of tick protein concentration at the feeding
site, and consequently, an overestimation of functional
relevance (Mans).

A kinin precursor sequence was predicted from several tick
species, and all species showed an expansion of kinin paracopies.
The “kinin core” (minimal active sequence) of tick kinins,
FX1X2WGamide, is similar to insect sequences. A library of 14
small molecules, antagonists of mammalian neurokinin (NK)
receptors, was screened using this endpoint assay and antagonists
of NK receptors displayed selectivity (>10,000-fold) on the
tick kinin receptor. Future approaches may accelerate kinin
discoveries such as the identification of molecules for acaricide
development (Xiong et al.).

Complete mitochondrial genomes of the bisexual and
parthenogenetic populations were analyzed, and the expression
of the mitochondrial protein-coding genes was evaluated.
Single nucleotide polymorphism analysis showed that ∼200
bases were different, and the phylogenetic tree showed that
the genetic distance between bisexual and parthenogenetic
populations was lower than the subspecies. The expressions of the
mitochondrial protein-coding genes, at different feeding stages of
the bisexual and parthenogenetic population, revealed differences
in expression patterns, which suggest that they might trigger
specific energy utilization mechanisms due to their different
reproductive strategies (Wang et al.).

Resistance to tick infestation by a vertebrate host reduces
the chances of pathogen transmission (Lew-Tabor et al., 2017).
Demonstrations of cellular andmolecularmechanism underlying
tick-resistance is also important for the development of an
anti-tick vaccine. In a review article, the history on tick-
resistance overviewed the recent findings, particularly the role
of basophils in the tick-resistance manifestation. Basophil
accumulation has been observed at the tick re-infestation site,
even though the frequency of basophils among cellular infiltrates
varies in different animal species. Skin-resident memory CD4+
T cells contribute to the recruitment of basophils to the

tick re-infestation site through production of IL-3 in mice.
Depletion of basophils before the tick re-infestation abolishes
tick-resistance, demonstrating the crucial role of basophils in
tick-resistance. The activation of basophils via IgE and its
receptor FcεRI is essential, and histamine released from activated
basophils functions as an important effector molecule in murine
tick-resistance. First, tick infestation triggers the production of
IgE against saliva antigens in the host, and blood-circulating
basophils bind such IgE on the cell surface via FcεRI. In the
second infestation, IgE-armed basophils are recruited to the tick-
feeding sites and are activated by tick saliva antigens to release
histamine that promotes epidermal hyperplasia, contributing to
tick resistance (Karasuyama et al.).

Various approaches have been developed to obtain an
effective vaccine against R. microplus and other ticks. The
glycoprotein BM86, a tick gut epithelial cell protein, became
the first commercial vaccine against tick infestation. However,
this vaccine demonstrates quite variable efficacy and does
not confer enough protection against several tick populations.
Developing an anti-tick vaccine consisting of one or more
common tick antigens, capable of triggering protective immune
responses against heterologous tick challenges, would be
economically and technically attractive. Additionally, elucidating
the role of tick molecules may be a promising avenue
for new approaches to developing therapeutic applications
(Artigas-Jerónimo, Estrada-Peña et al.). A Vaccinomics based
study, presented in an original research article, showed that
recombinant ferritin 2 from I. ricinus (IrFER2) and tick protein
extract (TPE) consisting of soluble proteins from the internal
organs of partially fed I. ricinus females, conferred a strong
immune response in calves and significantly reduced the feeding
success of both nymphs and adults (Knorr et al.).

It has been suggested that a cocktail of candidate antigens
might be more effective for the development of an effective
tick vaccine (Parizi et al., 2012). Two I. ricinus proteins,
heme lipoprotein and an uncharacterized secreted protein,
and five Dermacentor reticulatus proteins, a glypican-like
protein, secreted protein involved in homophilic cell adhesion,
sulfate/anion exchanger, signal peptidase complex subunit 3, and
uncharacterized secreted protein proteins, were identified as the
most effective protective antigens resulting in vaccines that affect
multiple tick developmental stages. The combination of some of
these antigens might increase vaccine efficacy through antigen
synergy for the control of tick infestations and may potentially
affect pathogen infection and transmission (Contreras et al.).

Interfering in tick reproduction is an interesting target for
the development of new methods for tick control, since ticks
have fast reproduction rates and a large number of descendants.
To maintain the tick embryo development during incubation,
all supplements are derived from maternally derived nutrients.
Therefore, the deposition of compounds in the egg occurs during
egg formation and determine the success of embryo development
and hatching. Since embryogenesis is a metabolically intensive
process, the energy supplementation is vital for a perfect embryo
development. The insulin signaling pathway regulates glucose
homeostasis and protein kinase B (PKB, or AKT), glycogen
synthase kinase 3 (GSK-3), and target of rapamycin (TOR) are
key enzymes of this signaling pathway. Waltero et al. studied the
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characterization of the TOR and two other downstream effectors,
S6 kinase (S6K) and eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1), to determine the role of this enzyme
in tick reproduction. Additionally, with the goal of identifying
a useful target, Michael III et al. focused a detailed review on
the knowledge of the molecular structure and functional role of
the tick vitellogenin receptor. They related that inhibition of the
expression of the receptor is possible to infer oocyte maturation,
egg deposition, and pathogen transmission.
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The Subolesin/Akirin constitutes a good model for the study of functional evolution
because these proteins have been conserved throughout the metazoan and play
a role in the regulation of different biological processes. Here, we investigated the
evolutionary history of Subolesin/Akirin with recent results on their structure, protein-
protein interactions and function in different species to provide insights into the functional
evolution of these regulatory proteins, and their potential as vaccine antigens for the
control of ectoparasite infestations and pathogen infection. The results suggest that
Subolesin/Akirin evolved conserving not only its sequence and structure, but also its
function and role in cell interactome and regulome in response to pathogen infection and
other biological processes. This functional conservation provides a platform for further
characterization of the function of these regulatory proteins, and how their evolution
can meet species-specific demands. Furthermore, the conserved functional evolution
of Subolesin/Akirin correlates with the protective capacity shown by these proteins in
vaccine formulations for the control of different arthropod and pathogen species. These
results encourage further research to characterize the structure and function of these
proteins, and to develop new vaccine formulations by combining Subolesin/Akirin with
interacting proteins for the control of multiple ectoparasite infestations and pathogen
infection.

Keywords: immune response, vaccine, interactome, regulome, phylogeny, tick, Anaplasma phagocytophilum

INTRODUCTION

Akirin, from the Japanese “akiraka ni suru” meaning “making things clear,” was first identified by
Goto et al. (2008) as a key component of the immune deficiency (IMD) and Tumor necrosis factor
(TNF)/Toll-like receptor (TLR)-nuclear factor-kappa B (NF-kB) (TNF/TLR) signaling pathways
in Drosophila melanogaster and Mus musculus, respectively. However, previous reports identified
akirin as a gene involved in developmental processes in flies (Peña-Rangel et al., 2002; DasGupta
et al., 2005). Subolesin, from the Latin “suboles” meaning “progeny,” was first reported in 2003 with
its discovery as the candidate protective antigen 4D8 by expression library immunization in Ixodes
scapularis (Almazán et al., 2003).
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Gene orthology is a key concept in functional evolution
(Koonin, 2005). Orthologs genes, defined as derived from a
single ancestral gene that diverged during speciation, usually
perform equivalent or identical functions, while paralogs that
originated after gene duplication are considered to have more
divergent functions (Koonin, 2005; Adipietro et al., 2012). Studies
at genome level have identified many orthologs genes between
divergent species, but the functional equivalency of the proteins
encoded by these genes has not been fully characterized (Koonin,
2005).

Subolesin/Akirin are encoded by orthologs evolutionarily
conserved throughout the metazoan that play a role in the
regulation of different biological processes including immune
response (de la Fuente et al., 2006a; Beutler and Moresco, 2008;
Goto et al., 2008; Galindo et al., 2009; Macqueen, 2009; Macqueen
and Johnston, 2009; Wan and Lenardo, 2010). Two akirin
paralogs encoding Akirin1 and Akirin2 have been identified
in vertebrates, but the functional homolog for invertebrate
Subolesin/Akirin appears to be Akirin2 ortholog (Beutler and
Moresco, 2008; Goto et al., 2008; Galindo et al., 2009; Macqueen
and Johnston, 2009).

Understanding the function of the cell interactome (protein-
protein physical and functional interactions) and regulome
(transcription factors-target genes interactions) in response to
infection is critical toward a better understanding of host-
pathogen interactions and the identification of potential targets
for new interventions for the prevention and control of tick
infestations and tick-borne diseases (Rioualen et al., 2017; de
la Fuente, 2018). Subolesin/Akirin are involved in both cell
interactome and regulome, and constitute a good model for the
study of the functional evolution of these processes in response
to infection. In this review, we integrated the evolutionary
history of Subolesin/Akirin with recent results on their structure
and function in different species to provide insights into the
functional evolution of these regulatory proteins, and their
potential as vaccine antigens for the control of ectoparasite
infestations and pathogen infection.

EVOLUTION OF SUBOLESIN/AKIRIN

The phylogenetic analysis of subolesin/akirin coding sequences
using an updated sequence database (Figure 1A and
Supplementary Figure S1) expanded the information on
the evolution of these genes, and supported the results reported
previously by Macqueen and Johnston (2009) that akirin1 and
akirin2 are vertebrate-specific paralogs that form a separate
clade from invertebrate subolesin/akirin. In some vertebrate
species, Akirins constitute a family of paralog proteins that
probably originated as a result of whole-genome duplications
(Macqueen and Johnston, 2009; Macqueen et al., 2010a,b; Liu
et al., 2015). After akirin duplication, akirin1 evolved faster than
akirin2, the ortholog of tick subolesin (Figure 1A; Macqueen and
Johnston, 2009). Furthermore, the loss of some akirin paralogs
may have also occurred after genome duplications (Macqueen
et al., 2010b; Liu et al., 2015). For example, the subolesin/akirin
gene family consists of a single member in invertebrates

(subolesin/akirin), birds and reptiles (subolesin/akirin2), two
members in amphibians and mammals (akirin1 and akirin2),
two to three members in teleosts, and more than three members
in Salmonidae (Macqueen et al., 2010a,b; Liu et al., 2015).

The phylogenetic analysis of subolesin gene sequences was
performed in 42 species belonging to 6 and 1 genera of hard
(family Ixodidae) and soft (family Argasidae) ticks, respectively.
The analysis corroborated previous results showing a reductive
evolution in protein length (de la Fuente et al., 2006a; Figure 1B).
The Subolesin amino acid (aa) sequence evolved from 173 to
184 aa in Ornithodoros, Ixodes and Haemaphysalis spp. to 161
aa in Rhipicephalus spp. (Figure 1B). It is generally accepted
that evolution proceeds toward greater complexity at both the
organismal and genomic levels. However, numerous examples
of reductive evolution of parasites and symbionts have been
described to challenge this notion (Wolf and Koonin, 2013).
Wolf and Koonin (2013) proposed that quantitatively, the
evolution of genomes appears to be dominated by reduction and
simplification, punctuated by episodes of complexification. The
reductive evolution process has been particularly documented
in genomes that replicate within the domain of a host genome
(Andersson and Kurland, 1998; Driscoll et al., 2017), but
it has also been proposed to be involved in the origin of
bacteria from eukaryotes (Staley, 2017). In arthropods, reductive
evolution has been implicated in the evolutionary origin of
other proteins such as type IV classical cadherins (Sasaki et al.,
2017).

The protein length is subjected to systematic variation that
relates to the cellular context in which it functions (Wang
et al., 2011). For growth rate-optimized cells, the reduction in
protein length constitutes an advantage by increasing their mass-
normalized kinetic efficiencies (Ehrenberg and Kurland, 1984;
Kurland et al., 2007; Wang et al., 2011). Consequently, shorter
proteins that retain maximum functional rates are expected to
support faster cell growth rates than longer proteins with similar
kinetic characteristics. Wang et al. (2011) proposed the use
of the terms “domain” and “linker” to refer to protein folded
domains and nondomain regions, respectively. Proteins with
nondomain sequences are proteins intrinsically unstructured or
natively unfolded that lack a stable tertiary structure but have a
dynamic range of conformations (Orengo and Thornton, 2005).
These proteins appear to be more abundant in eukaryotes when
compared to prokaryotes and are usually involved in binding
and molecular recognition (Brown et al., 2011). Subolesin/Akirin
were characterized as a linker with three predicted disordered
nondomain regions that resulted in unstructured proteins
(Prudencio et al., 2010; see also below). These results agreed with
the findings of Wang et al. (2011) that the evolutionary reductive
constraints on protein lengths are preferentially expressed in
linker sequences.

It is difficult to establish a comprehensive record of
ticks developmental rates because most of the experiments
in previously published papers have been done at different
regimes of temperature, relative humidity and photoperiod,
all factors affecting the time in which ticks complete each
developmental stage. However, data compiled by Hoogstraal
(1956), Morel (2003) and Horak et al. (2018) under similar
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FIGURE 1 | Phylogenetic analysis of akirin and subolesin nucleotide sequences. (A) A Neighbor Joining (NJ) phylogenetic tree was constructed with 361 nucleotide
sequences belonging to 152 families, 73 orders and 15 classes (Mammalia, Actinopterygii, Amphibia, Sarcopterygii, Aves, Reptilia, Arachnida, Malacostraca,
Insecta, Leptocardii, Maxillopoda, Chromadorea, Hydrozoa, Gastropoda and Bivalvia) of animals. All branches were collapsed at the class level and the number of
orders per cluster is shown inside brackets. GenBank accession numbers and species names are provided in Supplementary Figure S1. Sequences were aligned
using MAFFT configured for the maximum accuracy (Katoh and Standley, 2013). The final alignment contained 303 gap-free sites. All ambiguous positions were
removed for each sequence pair. The best-fit model of the sequence evolution was selected based on Corrected Akaike Information Criterion (cAIC) and Bayesian
Information Criterion (BIC) implemented in Molecular Evolutionary Genetics Analysis (MEGA) version 7. The Kimura 2-parameter model, which showed the lowest
values of cAIC and BIC, was chosen for tree reconstruction. The evolutionary history was inferred using the NJ method implemented in MEGA 7 (Kumar et al., 2016).
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches (Felsenstein,
1985). (B) Phylogenetic tree of tick subolesin sequences. A Maximum Parsimony (MP) phylogenetic tree was constructed with 42 nucleotide sequences belonging
to 6 and 1 genera of hard (family Ixodidae) and soft (family Argasidae) ticks, respectively. Because the evolution of subolesin in ticks has been less studied when
compared to akirins, MP was used to generate a robust hypothesis on the evolution of this molecule in ticks. Sequences were aligned using MAFFT configured for
the maximum accuracy (Katoh and Standley, 2013). Then, using the MAFFT alignment as template, a condon aligment was build (HIV database; www.hiv.lanl.gov
accessed on 29-12-2017). The final alignment contained 576 total sites of which 329 were gap-free. The evolutionary history was inferred using the MP method

(Continued)
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FIGURE 1 | Continued
implemented in Molecular Evolutionary Genetics Analysis (MEGA) version 7 (Kumar et al., 2016). The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (500 replicates) is shown next to the branches (Felsenstein, 1985). The MP tree was obtained using the
Subtree-Pruning-Regrafting (SPR) algorithm with search level 1 in which the initial trees were obtained by the random addition of sequences (10 replicates).
Sequences were collected from Genbank and transcriptome projects and accession numbers are as follow: Ixodes scapularis (AY652654), I. persulcatus
(KM888876), I. ricinus (JX193817), I. ariadnae (KM455971), I. hexagonus (JX193818), Rhipicephalus evertsi (JX193846), R. appendiculatus (DQ159967),
R. microplus (EU301808), R. sanguineus (JX193845), R. haemaphysaloides (KP677498), R. annulatus (JX193844), R. decoloratus (JX193843), R. zambeziensis
(GFPF01005851), R. bursa (GFZJ01017781), R. pulchellus (GACK01006228), Dermacentor silvarum (JX856138), D. sinicus (KM115649), D. marginatus
(KU973622), D. variabilis (AY652657), D. reticulatus (JX193847), Amblyomma variegatum (JX193824), A. hebraeum (EU262598), A. cajennense (JX193823),
A. americanum (JX193819), A. maculatum (JX193825), A. aureolatum (GFAC01005925), A. triste (GBBM01002796), A. sculptum (GFAA01000261), Hyalomma
anatolicum (KT981976), H. rufipes (JX193849, H. marginatum (DQ159971), H. excavatum (GEFH01000904), Haemaphysalis longicornis (EU289292), Hae. elliptica
(JX193850), Hae. qinghaiensis (EU326281, Hae. flava (KJ829652), Hae. punctata (DQ159972), Ornithodoros moubata (JX193852), O. savignyi (JX193851),
O. turicata (GDIE01114362), O. erraticus (HM622148) and O. rostratus (GCJJ01005500).

FIGURE 2 | Genomic organization of subolesin/akirin orthologs across selected eukaryotic species. The genomic organization of the coding regions of tick
(I. scapularis), human (Homo sapiens), mouse (M. musculus), frog (Xenopus laevis), fish (Danio rerio) and mosquito (Anopheles gambiae) subolesin/akirin is shown.
The genomic organization of human, mouse, frog and fish akirins was previously reported (Liu et al., 2015). The genomic organization of tick and mosquito
subolesin/akirin was collected from VectorBase (https://www.vectorbase.org; Giraldo-Calderón et al., 2015). Latin numerals correspond to the size of exons/introns
in base pairs.

conditions established that in the range of 24–28◦C, ticks of
the genera Hyalomma and Rhipicephalus complete their life
cycle in about 33% less time than ticks of the genera Ixodes
or Amblyomma. The Hyalomma and Rhipicephalus spp. are
considered the two most recent genera of ticks, while Ixodes
spp. and Amblyomma are among the most ancient splits of tick
lineages (Mans et al., 2016; Figure 1B). Therefore, it is possible
that the reductive evolution of Subolesin is associated with faster
developmental rates in Rhipicephalus and Hyalomma spp. when
compared to more ancient tick species even if they are sympatric.

The faster developmental rate in recently evolved tick species
may be associated with increasing cell growth rates that have
been associated with reductive evolution (Wang et al., 2011).
However, the complete association between existing data about
developmental rates and evolutionary features of ticks requires
further research.

At the genome level, subolesin/akirin exon-intron architecture
shows a clear evolutionary pattern (Figure 2). As shown for
subolesin/akirin coding sequences (Figure 1A), the vertebrate-
specific paralogs form a separate clade from invertebrate genes
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FIGURE 3 | The I. scapularis Subolesin structure and its interactions with DNA and transcription factors. (A) The pairwise sequence alignment of the I. scapularis
Subolesin (Sub) and the rat Arkinin2 (Ak2), accession numbers indicated, was generated using the MAFFT alignment program at default settings (Katoh et al., 2017).
The NLS 1 and 2 domains (red box), binding sites 1-5 (bold-underlined in Ak2 and cyan for Sub), and the novel DNA binding sites (green and enclosed in a cyan box)
are shown. The residues color-coded orange are extensions of the NLS domains. (B) The superposed tertiary structures of Sleeping Beauty (transparent black) and
Subolesin (transparent green) are represented with the clamp loop labeled and the five α-helices of Sleeping Beauty (PDB: 5CR4) annotated in roman numerals. The
tertiary residue positions of the labeled Subolesin NLS domains and binding sites are, respectively, color-coded as in the pairwise alignment. The Subolesin termini
positions are color-labeled (green). (C) The Subolesin-DNA complex, modeled from the Mos1-DNA (PDB: 3HOS) show the residues of the novel DNA-binding site on
α-helices IV-V, enclosed by a cyan box that were predicted by I-TASSER (Zhang, 2008). The DNA prime ends are color-labeled for the respective directions
(indicated by arrows) of the sense (gray) and antisense (dark gray) strands. The residue positions of the Subolesin clamp loop, NLS domains and binding sites are
color-coded as in previous panels A and B. (D) The schematic representation of the upstream DNA (gray helix) interactions with Subolesin NLS2, binding sites 2-5,
and the potential clamp loop interaction (via NLS1 and binding site 1) with an unknown co-transcription factor (CTF?) and unknown (?) transcription factor (TF).

(Figure 2). The subolesin/akirin genes evolved from 4 exons in
invertebrates to 5 exons in vertebrates. The exon sizes showed
a pattern of larger to shorter for vertebrate akirin1 exons I to
V and mosquito akirin exons I to IV (Figure 2). However, for
tick subolesin and vertebrate akirin2 genes, the size of exons II
and III, respectively, were larger or similar than that of preceding
exon (Figure 2). Furthermore, while the length of 11 nucleotides
(nt) in the last exon was conserved across evolution, the length of
the penultimate exon evolved from 157 nt in mosquitoes to 72 nt
in ticks and vertebrates (Figure 2). However, the length of the
exon-intron sequence increased from 3,992 nt in mosquitoes to
22,829 nt in ticks and then decreased to 8,862 nt in fish to increase
back again to 26,088 nt in humans (Figure 2). These results do not
correlate with genome sizes of these organisms (Gregory, 2005),
and may originated from still unknown evolutionary events.

SUBOLESIN/AKIRIN STRUCTURE AND
ITS INTERACTIONS WITH DNA AND
TRANSCRIPTION FACTORS

Akirins are involved in cellular processes that are regulated by
specific domains and binding sites. The rat Akirin2 (or 14-
3-3β Interactant 1) described by Komiya et al. (2008) is 48%

identical to the I. scapularis Subolesin and was previously used
to identify the conserved Akirin nuclear localization signal (NLS)
domains and its binding sites (Macqueen and Johnston, 2009).
The pairwise sequence alignment shows that both NLS domains
of the rat Akirin2 are conserved in Subolesin, but with variations
in a few binding sites (Figure 3A). Subolesin binding sites 1 and
4 are similar to Akirin2 with Subolesin binding sites 2 and 3
each possessing a single substitution. The Subolesin binding site
5, however, has a double Leu insertion when compared to Akirin2
(Figure 3A). Currently there are no resolved Subolesin/Akirin
structures and standard sequence-based bioinformatics methods
lack parameters for locating structural homologs in the Protein
Databank (PDB). Therefore, several logical steps were taken
to correctly model the I. scapularis Subolesin. The Subolesin
sequence (Figure 3A) was initially submitted to I-TASSER
(Zhang, 2008), a protein multiple threading algorithm that
is considered a top competitor in the Critical Assessment of
Structure Prediction1. The I-TASSER algorithm resulted in five
distinct Subolesin models that were then individually submitted
to the DALI server (Holm and Laakso, 2016) for identifying PDB
structural homologs of similar length with minimalα-carbon
backbone deviations between the two global structures. Since

1http://predictioncenter.org
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FIGURE 4 | Model for Subolesin/Akirin function in immune response pathways. A simplified annotation of the downstream components of the arthropod IMD and
mammalian TNF/TLR pathways (Goto et al., 2008; Beutler and Moresco, 2008; de la Fuente et al., 2008; Naranjo et al., 2013; Shaw et al., 2017). (A) After activation
of the arthropod IMD pathway, the TGF-β (TAK1), Tak1-binding protein 2 (TAB2) and the I-KB kinase (IKK) complex are recruited, which leads to phosphorylation of
the NF-κB transcription factor, Relish. After phosphorylation, the N-terminal domain of Relish (N-Rel) is cleaved by Caspase-8 homolog Dredd or a similar Caspase
and is translocated to the nucleus. Subolesin/Akirin may be post-translationally modified and translocated to the nucleus. In the nucleus, N-Rel interacts with
Subolesin/Akirin through unknown proteins to drive the production of anti-microbial peptides and other effector genes. In ticks, N-Rel and Subolesin may be
reciprocally regulated. (B) In mammals, the activation of the TNF/TLR signaling pathways also results in the recruitment of the TAB2-TAK1 and IKK complexes, which
results in the phosphorylation of the inhibitory regulator of NF-kB, IkB, resulting in the NF-kB translocation to the nucleus. As in arthropods, Akirin2 may be
post-translationally modified and translocated to the nucleus. Once in the nucleus, NF-kB interacts with Akirin2 through unknown proteins for the activation of gene
expression. In both arthropods and mammals, Subolesin/Akirin are involved in the regulation of genes that are Relish/NF-kB independent.

Subolesin/Akirin are effectors of the IMD/TNF/TLR Relish/NF-
kB signaling pathways (Goto et al., 2008; Naranjo et al., 2013),
a match with homologous structures that potentially participate
within these pathways was also a criterion in selecting an
appropriate Subolesin model. This logical approach resulted in a
Subolesin model homologous in structure, with only 7% residue
conservation, to the genetically engineered catalytic domain of
the transposase Sleeping Beauty (Ivics et al., 1997; Zanesi et al.,
2013; Figure 3B).

As part of the Tc1/mariner transposon superfamily, the
Sleeping Beauty transposase has been engineered for genetic
screening studies, leading to the discovery of several genes
activated by Sleeping Beauty transposon insertions that
participate in the NF-kB signaling pathway (Zanesi et al.,
2013). The Sleeping Beauty transposase sequence is composed
of an N-terminus paired-like domain with a leucine zipper
(∼90 residues long) and the C-terminus folds as the catalytic
domain (Ivics et al., 1997). The catalytic domain of Sleeping
Beauty was resolved with a DNA transposon end and modeled
with a target DNA revealing the mechanism of hyperactive
Sleeping Beauty mutation screening studies while discovering
novel variants for future screenings (Voigt et al., 2016). The
Sleeping Beauty crystal structure details that its catalytic

domain has a global homology to Ribonuclease H (RNase
H) (Voigt et al., 2016). The RNase H-like protein fold forms
a catalytic triad (Asp-Asp-Glu) that coordinates metal ions
involved in excision and insertions of DNA (Voigt et al.,
2016). By resolving the Sleeping Beauty catalytic domain,
Voigt et al. (2016) also discovered that the Gly-rich box
(located on the clamp loop) is involved in protein-protein
interactions, specifically with partnering monomers in the DNA
complex. The conserved positions of the catalytic triad and
the Gly-rich box, however, are not present in Subolesin/Akirin
sequences.

Prior to acting in the Tc1/mariner transposon system,
Sleeping Beauty must enter the nucleus. Passage to the nucleus
is controlled by NLS domains that have a strong affinity
to karyopherin/importin receptors, proteins responsible for
transporting NLS-tagged “cargo” in and out of the nucleus via
nuclear pores (Leung et al., 2003). The N-terminus of the Sleeping
Beauty catalytic domain contains a NLS domain that is quite
long (17 residues) and is actually a bipartite NLS (Ivics et al.,
1997). A monopartite NLS domain has the formulation Lys-
Lys/Arg-[X]-Lys-Lys/Arg, where [X] is any other (∼2) amino
acids. A bipartite NLS domain has a linker sequence, where
[X] is ∼10 residues long (Makkerh et al., 1996). Mutations of
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FIGURE 5 | Scheme of the evolution and function of Subolesin/Akirin | Functional annotations were done based on published results for Subolesin/Akirin2.
References are in the text of the paper. Myogenesis, attributed exclusively to Akirin1, was included and labeled as such. For each taxa, species in which studies were
conducted are shown.

these upstream NLS residues prior to the linker sequence [X]
has shown to reduce protein entry into the nucleus (Dingwall
et al., 1988), and inhibit NLS binding to karyopherin/importin
receptors (Leung et al., 2003). These upstream, positively charged
residue pairs are in the aligned sequences of Figure 3A (orange-
labeled residues), indicating that Subolesin/Akirin2 NLS1 is
bipartite. The two positively charged residues highlighted near
NLS2 (Figure 3A) indicate that the NLS2 of Subolesin/Akirin is
actually a longer monopartite domain. The modeled Subolesin
structure has its NLS1 positioned on the clamp loop, which differs
from Sleeping Beauty that is coordinated at the N-terminus
α-helix (I) (Figure 3B). The Subolesin NLS2 domain, not
present in the catalytic domain of Sleeping Beauty, is located
on an α-helix (II) outside the central core of the protein. The
absence of the catalytic triad of Sleeping Beauty (Voigt et al.,
2016) and metal binding sites in Subolesin/Akirin support that
these proteins do not act as a transposase. Additionally, the
Subolesin/Akirin binding sites have long been recognized by
mutation studies (Komiya et al., 2008), and Subolesin/Akirin
RNA interference (RNAi) experiments have shown to disrupt the
Relish signaling pathway (Goto et al., 2008; Naranjo et al., 2013).
However, as discussed bellow, the Subolesin/Akirin interactome
has not been fully characterized, and whether Subolesin/Akirin
binding partners are only proteins or also include nucleic
acids.

The superposed structures of Subolesin and Sleeping Beauty
depict a global homology with a low α-carbon backbone deviation
of 0.3 nm (Figure 3B). There are, however, missing and
disordered secondary structures. The Sleeping Beauty catalytic

domain has five β-sheets surrounded by five α-helices. As
previously mentioned, the N-terminus α-helix I of Sleeping
Beauty that contains its NLS domain is missing in the Subolesin
model (encircled in Figure 3B), thereby shifting the Subolesin
NLS1 domain to the clamp loop. Moreover, the β-sheets of
Subolesin are highly disordered. Future experiments should
resolve the stacking and conformations of the disordered
Subolesin β-sheets by X-ray crystallography. Nevertheless, the
remaining four α-helices (II-V) are structurally conserved, and
the Subolesin/Akirin binding sites 2-5 are positioned on or
approximating α-helix III (Figure 3B). As in the primary
sequence (Figure 3A), the Subolesin/Akirin binding site 1
is structurally distant from the other sites, located on the
N-terminus clamp loop near the position of NLS1 (Figure 3B).
As a transposase, the clamp loop of the resolved Sleeping
Beauty catalytic domain is not in its DNA-bound conformation.
Therefore, Voigt et al. (2016) modeled the clamp loop after
the DNA-bound transposase, Mos1, from Drosophila mauritiana
(Richardson et al., 2009). The Mos1 also has poor sequence
identity to Subolesin (<5%), but are structurally homologous
with α-carbon backbone deviation of 0.34 nm. This led to
a subsequent I-TASSER simulation using the template Mos1
as conducted by Voigt et al. (2016). The resulting model
has Subolesin bound to a DNA duplex with an adequate
clamp loop conformation that extends downstream the duplex
(Figure 3C).

The Subolesin-DNA complex show several residues on
α-helices IV and V that approximate the DNA 5′-end of the
sense strand and the 3′-end of the antisense strand (Figure 3C).
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FIGURE 6 | Examples of the role of tick Subolesin in different biological processes | (A) Role of tick Subolesin in A. phagocytophilum infection and blood feeding.
The transcriptomics analysis in different I. scapularis tick tissues showed that subolesin (ISCW023283) but not relish (ISCW018935) mRNA levels significantly
increased in response to A. phagocytophilum (Ap) infection in both midgut (MG) and salivary glands (SG). In addition, the subolesin gene knockdown phenotype in
ticks injected with dsRNA resulted in a significant reduction in the number of female ticks completing feeding, oviposition and fertility. Results were reported by Ayllón
et al. (2015). Photo of dissected I. scapularis partially fed adult female ticks courtesy of K. M. Kocan (Oklahoma State University, United States). (B) Role of tick
Subolesin in A. phagocytophilum infection, blood feeding and questing speed. The response to A. phagocytophilum and stress increases subolesin levels, which
together with heat shock proteins improve tick questing speed and survival. Results were reported by Busby et al. (2012). Photo of questing Ixodes ricinus courtesy
of L. Grubhoffer & J. Erhard (Biology Center of the AS CR, Institute of Parasitology, Czechia).

Four of the seven residues positioned on α-helix IV mainly
interact with the phosphate backbone of the antisense strand.
The remaining three residues that interact with both strands
are after the pivotal kink of α-helix V (encircled in Figure 3C).
The alignment in Figure 3A highlights these novel DNA-
binding residues and indicates the α-helix on which they are
positioned. The binding sites 2–5 and NLS2 are distal to
the DNA interacting site, while the clamp loop containing
NLS1 and binding site one is downstream the DNA duplex.
Given the structural coordination of Subolesin bound to
DNA (Figure 3C), binding sites 2–5 and NLS2 may interact
with nucleotides upstream the DNA or with additional co-
transcription factors (CTF) (Figure 3D). The transcription
factors (TF) Relish/NF-kB form DNA-protein complexes with
CTFs, and Subolesin is hypothesized to act as a CTF of Relish
via an intermediate CTF (Figure 3D and described in the
next section). Furthermore, the extended DNA downstream
position of the Subolesin clamp loop with binding site one
will hypothetically coordinate the CTF and possibly the TF
(Figure 3D). If Subolesin is a CTF, how will it conform
while the mRNA is being transcribed? Positively charged
residues, specifically Lys, recognize RNA strands via electrostatic
interactions (Law et al., 2006). Given conformational flexibility
of the Subolesin clamp loop and the fact that it does not contain
the Sleeping Beauty Gly-rich box, the proximity of positively

charged Subolesin NLS1 domain residues downstream the DNA
duplex may guide transcribing mRNAs for post-transcriptional
processing.

FUNCTION OF SUBOLESIN/AKIRIN

The innate immune response acts as the first line of defense
against pathogen infection in all metazoans, and constitutes
the only immune response in invertebrates (Medzhitov et al.,
1997; Shaw et al., 2017). It has been shown that invertebrate
Subolesin/Akirin and vertebrate Akirin2 act in concert with
Relish/NF-kB to induce the expression of a subset of downstream
pathway elements in the IMD and TNF/TLR signaling pathways
involved in the immune response to pathogen infection. This
function of Subolesin/Akirin has been documented in ticks
(de la Fuente et al., 2008, 2017a; Naranjo et al., 2013; Gulia-
Nuss et al., 2016; Shaw et al., 2017), fruit fly (Beutler and
Moresco, 2008; Goto et al., 2008; Wan and Lenardo, 2010;
Bonnay et al., 2014), human (Goto et al., 2008), salmon
(Macqueen et al., 2010b), shrimp (Hou et al., 2013), Japanese
flounder (Yang et al., 2013), amphioxus (Yan et al., 2013), rock
bream (Kasthuri et al., 2013), Chinese loach (Xue et al., 2014),
Hong Kong oyster (Qu et al., 2014), turbot (Yang et al., 2011), sea
louse (Valenzuela-Muñoz and Gallardo-Escárate, 2014), mouse
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FIGURE 7 | Subcellular localization of Subolesin/Akirin2. Representative
images of immunofluorescence analysis of I. scapularis ISE6 and human HL60
cells incubated with anti-Subolesin and anti-Akirin2 antibodies, respectively.
The cells were fixed with 4% paraformaldehyde in PBS for 15 min,
permeabilized with 0.5% Triton X-100 in PBS for 5 min and blocked with
blocking buffer (3% BSA in PBS) for 1 h. Then, the cells were incubated
overnight at 4◦C with anti-Subolesin (Antunes et al., 2014) or anti-Akirin2
(Abcam, Cambridge, United Kingdom) antibodies (1/50 dilution in 3% BSA in
PBS). After 3 washes with PBS, the slides were incubated with fluorescein
isothiocyanate (FITC) conjugated anti-rabbit secondary antibodies
(Sigma-Aldrich, St. Louis, MO, United States; green) at 1/160 dilution in 3%
BSA in PBS for 1 h at room temperature. Cells were counterstained with
ProLong Antifade containing 4′,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes, Eugene, OR, United States; blue), and imaged with a Zeiss LSM800
confocal microscope using a 63× oil immersion lens (Carl Zeiss, Oberkochen,
Germany). Yellow arrows show examples of protein localization in the nucleus
while red arrows illustrate protein localization in the cytoplasm.

(Beutler and Moresco, 2008; Goto et al., 2008; Wan and Lenardo,
2010; Tartey et al., 2015), croaker (Liu et al., 2015); shrimp
(Liu Y. et al., 2016; Liu et al., 2016), and seahorse (Pavithiran
et al., 2018; Figures 4, 5).

Subolesin/Akirin are also involved in the Relish/NF-kB
independent gene regulation (Figure 4), thus playing a role in
various biological processes in addition to the immune response
(Figure 5). These processes include animal reproduction and
development, causing lethal embryonic or reduced growth
phenotypes in knockout mice, fruit fly, ticks, and nematodes
(Maeda et al., 2001; de la Fuente et al., 2006a; Goto et al.,
2008; Carpio et al., 2013; Qu et al., 2014), metazoan myogenesis
(Marshall et al., 2008; Salerno et al., 2009; Macqueen et al.,
2010a; Mobley et al., 2014; Sun et al., 2016), Xenopus neural
development (Liu et al., 2017), meiosis/carcinogenesis (Komiya
et al., 2008; Macqueen et al., 2010b; Clemons et al., 2013),
tick stress response, feeding, growth and reproduction (Almazán
et al., 2003, 2005; de la Fuente et al., 2006a, 2008; Smith
et al., 2009; Busby et al., 2012; Rahman et al., 2018),
pathogen infection and transmission in ticks (de la Fuente
et al., 2006b, 2016, 2017a; Zivkovic et al., 2010a,b; Busby
et al., 2012; Hajdušek et al., 2013) and turbot (Yang et al.,
2011), human glioblastoma cell apoptosis (Krossa et al., 2015),
cattle marbling (Sasaki et al., 2009; Watanabe et al., 2011;
Kim et al., 2013), and mouse mitogen-induced B cell cycle
progression and humoral immune responses (Tartey et al.,

2015). For example, as previously reported in I. scapularis
and other tick species (de la Fuente and Kocan, 2006; de
la Fuente et al., 2006a,b, 2011, 2013; Merino et al., 2013a;
de la Fuente and Contreras, 2015), Subolesin appears to
function in multiple biological processes such as tick response
to infection, feeding, reproduction, development and stress
response (Figure 6).

Akirin1 and Akirin2 have also different functions in
vertebrates, which is illustrated by the role of Akirin1 in
myogenesis while Akirin2 promotes meiosis/carcinogenesis
(Macqueen and Johnston, 2009; Macqueen et al., 2010a,b;
Figure 4). These different functions may be related to the Akirin
subcellular localization. While Akirin1 is found in the nucleus,
Subolesin/Akirin2 is located in both cytoplasm and nucleus (de
la Fuente et al., 2011; Antunes et al., 2014; Krossa et al., 2015;
Pavithiran et al., 2018; Figure 7). The subcellular localization
of Subolesin/Akirin2 is probably related to its structure, which
as discussed above contains NLS domains that are involved in
protein transport in and out of the nucleus via nuclear pores
(Leung et al., 2003).

In summary and based on current information,
Subolesin/Akirin evolved with similar functions in both
invertebrates and vertebrates (Figure 5). The annotation
of some biological processes described in certain taxa only
may be due to the presence of species-specific functions
or more likely a consequence of the still incomplete
characterization of Subolesin/Akirin function in the different
species.

SUBOLESIN/AKIRIN ROLE IN CELL
INTERACTOME AND REGULOME

Subolesin/Akirin are proteins without catalytic or DNA-binding
capacity. How Subolesin/Akirin regulate gene expression is
unknown but likely involve interactions with proteins with
DNA-binding or chromatin-remodeling capacity (de la Fuente
et al., 2008; Beutler and Moresco, 2008; Nowak and Baylies,
2012; Nowak et al., 2012; Naranjo et al., 2013). In this way,
Subolesin/Akirin link the activities of transcription factors
with those of chromatin remodeling complexes to influence
gene expression in a context-dependent manner (Nowak and
Baylies, 2012; Nowak et al., 2012). For example, Subolesin/Akirin
and Akirin2 as key components of the innate immune
response can directly or indirectly interact with other regulatory
proteins such as “14-3-3” proteins, DNA methyltransferase-
associated protein 1 (DMAP1) and the basic helix–loop–
helix transcription factor (Twist) to up- or down-regulate
transcription (Gonzalez and Baylies, 2005; Goto et al., 2008,
2014; Komiya et al., 2008; de la Fuente et al., 2008; Beutler
and Moresco, 2008; Nowak et al., 2012; Naranjo et al., 2013;
Tartey et al., 2014; Gulia-Nuss et al., 2016; Shaw et al.,
2017).

The Subolesin/Akirin role in the cell interactome and
regulome in response to different stimuli has not been
characterized. Recently, we proposed a method based on
the graph theory for the analysis of human and tick cell
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FIGURE 8 | Subolesin regulome in tick cells. The network of proteins and processes associated to transcription in tick cells uninfected and infected with Anaplasma
phagocytophilum. The nodes (circles) are either proteins or processes (labeled). The size of each circle is proportional to its centrality index. The networks show

(Continued)
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FIGURE 8 | Continued
clusters of interacting proteins and processes in colors. The width of each link is proportional to the strength of the interaction. The networks show the topology of
the tick interactome and regulome. The networks were built with the annotated proteins represented in either uninfected or infected cells, and a directed network
was built for each protein linked to the processes in which it is involved. The weight of each link is proportional to the number of reads of the protein. This weighted
degree of each link was used to calculate the centrality indexes, mainly the Betweenness Centrality, which is represented in the panels. Only the proteins annotated
as involved in processes associated with transcription (i.e., linked by one or more protein(s) simultaneously annotated as transcripiton or other cellular process). The
topology of the networks was obtained with the Lovaine algorithm. In both networks, the topological position of Subolesin is marked with a red arrow. Methods were
described in Estrada-Peña et al. (2018).

FIGURE 9 | Characterization of the Subolesin/Akirin2 interactome. The information on Subolesin/Akirin-protein physical and functional interactions was compiled
from the String protein-protein interactions database v.10.5 (https://string-db.org). The central node of the networks represent Subolesin/Akirin2 while the edges
correspond to the predicted functional associations. Only predictions with medium (or better) confidence ( > 0.4) limited to the top 10 interactions with
protein-protein interaction (PPI) enrichment p-value ≤ 0.5 were considered. To compare the different species, protein annotations were standardize by identity to
I. scapularis/I. ricinus-D. melanogaster-H. sapiens order of priority (see Supplementary Dataset S1 for complete annotations). For illustration purposes, the
species included in the analysis correspond to D. melanogaster, I. scapularis, Danio rerio, Mus musculus, Rattus norvegicus, and H. sapiens. Identical proteins in
two different species are highlighted in red and blue letters. The functional annotation of the Subolesin/Akirin2 interacting proteins according to the biological
processes (level 2) in which they are involved was done using Blast2GO (www.blast2go.com), and represented in pies with different colors for each process and the
percentage of proteins on each process. Abbreviations: LO, localization (sepia); RP, rhythmic process (sangria); BIO, biogenesis (blue); SIG, signaling (green); NEG,
negative regulation of biological process (black); CP, cellular process (azure); CPR, cell proliferation (white); MCP, multi-organism process (sky); DP, developmental
process (gray); LOC, locomotion (violet); MP, metabolic process (red); BR, biological regulation (byzantine); BA, biological adhesion (moss); POS, positive regulation
of biological process (yellow); RS, response to stimulus (tea); ISP, immune system process (gold); MOP, multicellular organismal process (orange); REP, reproductive
process (smoke). Color code was established according to color thesaurus (https://graf1x.com/list-of-colors-with-color-names/).

proteome in response to A. phagocytophilum infection (Estrada-
Peña et al., 2018). This approach resulted in a network of
interacting proteins and cell processes clustered in biological
pathways, and ranked with indexes representing the topology

of the proteome influenced by features of the interactome and
regulome. The results evidenced differences in the response to
A. phagocytophilum infection between human and tick cells,
and supported that human neutrophils but not tick cells
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FIGURE 10 | Protective capacity of Subolesin/Akirin in vaccines for the control of arthropod ectoparasite infestations and pathogen infection. The effect of
Subolesin/Akirin vaccination is shown on evolutionarily diverse arthropod genera. The effect of the vaccine was recorded on different phases of ectoparasite life cycle
in the form of reduction in ectoparasite infestation (number of ectoparasites completing feeding), weight (weight of engorged female ectoparasites), oviposition
(number of eggs per female), and fertility (number of larvae per female) in ectoparasites fed on vaccinated hosts when compared to controls. The reduction in
pathogen infection was recorded as differences in pathogen levels between ectoparasites fed on vaccinated and control hosts.

limit pathogen infection through differential representation of
ras-related proteins (Estrada-Peña et al., 2018). Herein, this
method was applied to predict the position of Subolesin in the
regulome of tick cells and in response to A. phagocytophilum
infection (Figure 8). The results showed that Subolesin is
deeply involved in the core of transcription processes but
also in other secondary processes such as transcription from
RNA polymerase II promoter, DNA repair, and chromatin
remodeling (Figure 8). Furthermore, other processes that
change in infected cells when compared to uninfected cells
(i.e., signal transduction, regulation of transcription, and
response to heat) are deeply linked to the central transcription
process. The putative Subolesin role in these processes varied
between infected and uninfected cells (the width of the
lines is proportional to the importance of the link between
proteins and processes; Figure 8). For example, it appears
that particularly in infected cells other proteins but Subolesin
have a more prominent role in the strong protein link
with transcription and transcription from RNA polymerase
II promoter processes (Figure 8). These results predict the
role that Subolesin plays in the regulation of different

biological processes, and its differential role in response to
A. phagocytophilum infection in tick cells. However, the lack
of a more prominent role for Subolesin may respond to
the fact that this protein does not bind directly to DNA
but interacts with other proteins to exert its regulatory
function.

In an attempt to provide information on the Subolesin/Akirin
interactome, the information on Subolesin/Akirin-
protein physical and functional interactions was compiled
from the String protein-protein interactions database2

(Figure 9 and Supplementary Dataset S1). Based on the
analysis of protein-protein interactions, the results did
not allow establishing an evolutionary signature of the
Subolesin/Akirin2 interactome (Figure 9), probably due
to the limited information available. Nevertheless, similar
Subolesin/Akirin2 interacting proteins were described in fly
and mouse (B7PRT9, Brahma/SWI2-related protein BRG-
1) and in fish and rat (B7P8Y4, Arginyl-tRNA synthetase)

2https://string-db.org
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suggesting possible evolutionarily conserved protein-
protein interactions (Figure 9). To further gain insight
into the evolution of the Subolesin/Akirin2 interactome,
instead of looking only at protein-protein interactions,
the interacting proteins were annotated according to the
biological processes in which they are involved (Figure 9).
The results of this analysis showed that the biological
processes affected by the Subolesin/Akirin interactome are
evolutionarily conserved, with metabolic process (MP),
cellular process (CP) and biological regulation (BR) being
among the most represented processes in all organisms
(Figure 9).

PROTECTIVE CAPACITY OF
SUBOLESIN/AKIRIN FOR THE CONTROL
OF ECTOPARASITE VECTOR
INFESTATIONS AND PATHOGEN
INFECTION

Subolesin was discovered and characterized as a tick protective
antigen for the control of I. scapularis infestations (Almazán
et al., 2003, 2005; Sonenshine et al., 2006). Since then,
Subolesin/Akirin showed a protective capacity in vaccines
for the control of infestations by different arthropod species
and pathogen infection and transmission (reviewed by de
la Fuente et al., 2006a, 2011, 2013; de la Fuente and
Kocan, 2006, 2014; Merino et al., 2013a,b; de la Fuente
and Contreras, 2015). The putative mechanism for Subolesin
vaccine protection was described by de la Fuente et al. (2011).
They showed that by still unknown mechanisms anti-Subolesin
antibodies could enter into tick cells where they can interact
with cytosolic Subolesin to prevent its translocation to the
nucleus and therefore the possibility to exert it regulatory
functions.

The development of vaccines for the control of multiple
arthropod ectoparasites constitutes a priority for targeting
the various species infesting the same host (de la Fuente
et al., 2011; Contreras and de la Fuente, 2016b). In this
context, Subolesin/Akirin appears as a promising vaccine
protective antigen due to its conservation in sequence and
function through evolution (Figures 1, 5, 9). In fact, recent
results support the potential of Subolesin/Akirin as a vaccine
protective antigen for the control of multiple ectoparasite
vector species and transmitted pathogens (Figure 10). The
arthropod ectoparasite species in which Subolesin/Akirin have
shown protective capacity by affecting different phases of their
life cycles include the genera Aedes, Anopheles, Phlebotomus,
Caligus, Dermanyssus, Ornithodoros, Ixodes, Haemaphysalis,
Amblyomma, Dermacentor, Hyalomma and Rhipicephalus
(Almazán et al., 2003, 2005, 2010, 2012; de la Fuente et al.,
2006a, 2010, 2011, 2013; Canales et al., 2009; Harrington et al.,
2009; Zivkovic et al., 2010a; Moreno-Cid et al., 2011, 2013;
Carpio et al., 2011; Bensaci et al., 2012; Merino et al., 2011a,b,
2013b; Carreón et al., 2012; Manzano-Román et al., 2012, 2015;
de la Fuente and Kocan, 2014; da Costa et al., 2014; Shakya

et al., 2014; Torina et al., 2014; Contreras et al., 2015; de la
Fuente and Contreras, 2015; Lu et al., 2016; Olds et al., 2016;
Contreras and de la Fuente, 2016a; Kumar et al., 2017; Villar
et al., 2017; Figure 10). The reduction in pathogen infection has
been shown for tick-borne pathogens, Anaplasma marginale,
A. phagocytophilum, Borrelia burgdorferi s.s. and Babesia bovis,
and the mosquito-borne pathogen, Plasmodium berghei (de la
Fuente et al., 2011; Merino et al., 2011b, 2013a; Bensaci et al.,
2012; de la Fuente and Kocan, 2014; da Costa et al., 2014;
Figure 10). Furthermore, protective epitopes were mapped in
Subolesin/Akirin (Prudencio et al., 2010) and chimeric antigens
were designed showing protective capacity in vaccinated hosts
against tick infestations (Merino et al., 2013b; Contreras and de
la Fuente, 2016a).

Considering the protective capacity shown by
Subolesin/Akirin on different vector and pathogen species,
future research directions will include the characterization
of its protective capacity in other arthropod ectoparasite
species, and the combination with other vector-derived and
pathogen-derived antigens to increase vaccine efficacy for the
control of both vector infestations and pathogen infection
(Schetters et al., 2016; de la Fuente et al., 2017b; de la Fuente,
2018).

CONCLUSION AND FUTURE
DIRECTIONS

Significant advances have been made recently toward
understanding the evolution and function of Subolesin/Akirin.
Our results suggest that Subolesin/Akirin evolved conserving
not only its sequence and structure, but also its function and
role in cell interactome and regulome in response to pathogen
infection and other biological processes. However, major
challenges remain in fully characterizing the interactome and
function of these proteins, their role in the cell regulome in
response to different stimuli, and how their evolution can
meet species-specific demands. Furthermore, the structure
of Subolesin/Akirin and interacting molecules should be
resolved by X-ray crystallography to better understand their
function. Finally, the conserved functional evolution of
Subolesin/Akirin correlates with the protective capacity shown
by these proteins in vaccine formulations for the control of
different arthropod and pathogen species, and encourage
further research to develop new vaccine formulations by
combining Subolesin/Akirin with interacting proteins for the
control of multiple ectoparasite infestations and pathogen
infection.
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FIGURE S1 | Phylogenetic tree of akirin and subolesin nucleotide sequences. The
figure displays a Neighbor Joining (NJ) phylogenetic tree of 361 nucleotide
sequences belonging to 152 families, 73 orders and 15 classes. GenBank
accession numbers and species names are shown. Tree reconstruction method
was as described in Figure 1.

DATASET S1 | Annotation of the Subolesin/Akirin interactome. The information on
Subolesin/Akirin-protein interactions was compiled from the literature and String
protein-protein interactions database v.10.5 (https://string-db.org). Only
predictions with medium (or better) confidence (0.4) limited to the top 10
interactions with protein-protein interaction (PPI) enrichment p-value ≤ 0.5 were
considered. To compare the different species, protein annotations were
standardize by identity to I. scapularis/I. ricinus-D. melanogaster-H. sapiens order
of priority.

REFERENCES
Adipietro, K. A., Mainland, J. D., and Matsunami, H. (2012). Functional evolution

of mammalian odorant receptors. PLoS Genet. 8:e1002821. doi: 10.1371/journal.
pgen.1002821

Almazán, C., Blas-Machado, U., Kocan, K. M., Yoshioka, J. H., Blouin, E. F.,
Mangold, A. J., et al. (2005). Characterization of three Ixodes scapularis cDNAs
protective against tick infestations. Vaccine 23, 4403–4416. doi: 10.1016/j.
vaccine.2005.04.012

Almazán, C., Kocan, K. M., Bergman, D. K., Garcia-Garcia, J. C., Blouin, E. F.,
and de la Fuente, J. (2003). Identification of protective antigens for the control
of Ixodes scapularis infestations using cDNA expression library immunization.
Vaccine 21, 1492–1501. doi: 10.1016/S0264-410X(02)00683-7

Almazán, C., Lagunes, R., Villar, M., Canales, M., Rosario-Cruz, R., Jongejan, F.,
et al. (2010). Identification and characterization of Rhipicephalus (Boophilus)
microplus candidate protective antigens for the control of cattle tick infestations.
Parasitol. Res. 106, 471–479. doi: 10.1007/s00436-009-1689-1

Almazán, C., Moreno-Cantú, O., Moreno-Cid, J. A., Galindo, R. C., Canales, M.,
Villar, M., et al. (2012). Control of tick infestations in cattle vaccinated
with bacterial membranes containing surface-exposed tick protective antigens.
Vaccine 30, 265–272. doi: 10.1016/j.vaccine.2011.10.102

Andersson, S. G., and Kurland, C. G. (1998). Reductive evolution of
resident genomes. Trends Microbiol. 6, 263–268. doi: 10.1016/S0966-842X(98)
01312-2

Antunes, S., Merino, O., Mosqueda, J., Moreno-Cid, J. A., Bell-Sakyi, L.,
Fragkoudis, R., et al. (2014). Tick capillary feeding for the study of proteins
involved in tick-pathogen interactions as potential antigens for the control of
tick infestation and pathogen infection. Parasit. Vectors 7:42. doi: 10.1186/1756-
3305-7-42

Ayllón, N., Villar, M., Galindo, R. C., Kocan, K. M., Šíma, R., López, J.
A., et al. (2015). Systems biology of tissue-specific response to Anaplasma
phagocytophilum reveals differentiated apoptosis in the tick vector Ixodes
scapularis. PLoS Genet. 11:e1005120. doi: 10.1371/journal.pgen.1005120

Bensaci, M., Bhattacharya, D., Clark, R., and Hu, L. T. (2012). Oral vaccination
with Vaccinia virus expressing the tick antigen subolesin inhibits tick feeding
and transmission of Borrelia burgdorferi. Vaccine 30, 6040–6046. doi: 10.1016/j.
vaccine.2012.07.053

Beutler, B., and Moresco, E. M. (2008). Akirins versus infection. Nat. Immunol. 9,
7–9. doi: 10.1038/ni0108-7

Bonnay, F., Nguyen, X. H., Cohen-Berros, E., Troxler, L., Batsche, E., Camonis, J.,
et al. (2014). Akirin specifies NF-κB selectivity of Drosophila innate immune
response via chromatin remodeling. EMBO J. 33, 2349–2362. doi: 10.15252/
embj.201488456

Brown, C. J., Johnson, A. K., Dunker, A. K., and Daughdrill, G. W. (2011).
Evolution and disorder. Curr. Opin. Struct. Biol. 21, 441–446. doi: 10.1016/j.
sbi.2011.02.005

Busby, A. T., Ayllón, N., Kocan, K. M., Blouin, E. F., de la Fuente, G., Galindo,
R. C., et al. (2012). Expression of heat-shock proteins and subolesin affects stress
responses, Anaplasma phagocytophilum infection and questing behavior in the
tick, Ixodes scapularis. Med. Vet. Entomol. 26, 92–102. doi: 10.1111/j.1365-2915.
2011.00973.x

Canales, M., Naranjo, V., Almazán, C., Molina, R., Tsuruta, S. A., Szabó, M. P. J.,
et al. (2009). Conservation and immunogenicity of the mosquito ortholog of
the tick protective antigen, subolesin. Parasitol. Res. 105, 97–111. doi: 10.1007/
s00436-009-1368-2

Carpio, Y., Basabe, L., Acosta, J., Rodríguez, A., Mendoza, A., Lisperger, A., et al.
(2011). Novel gene isolated from Caligus rogercresseyi: a promising target for
vaccine development against sea lice. Vaccine 29, 2810–2820. doi: 10.1016/j.
vaccine.2011.01.109

Carpio, Y., García, C., Pons, T., Haussmann, D., Rodríguez-Ramos, T., Basabe, L.,
et al. (2013). Akirins in sea lice: first steps toward a deeper understanding. Exp.
Parasitol. 135, 188–199. doi: 10.1016/j.exppara.2013.06.018

Carreón, D., Pérez de la Lastra, J. M., Almazán, C., Canales, M., Ruiz-
Fons, F., Boadella, M., et al. (2012). Vaccination with BM86, subolesin
and akirin protective antigens for the control of tick infestations in white
tailed deer and red deer. Vaccine 30, 273–279. doi: 10.1016/j.vaccine.2011.
10.099

Clemons, A. M., Brockway, H. M., Yin, Y., Kasinathan, B., Butterfield, Y. S., Jones,
S. J., et al. (2013). Akirin is required for diakinesis bivalent structure and
synaptonemal complex disassembly at meiotic prophase I. Mol. Biol. Cell. 24,
1053–1067. doi: 10.1091/mbc.E12-11-0841

Contreras, M., and de la Fuente, J. (2016a). Control of Ixodes ricinus and
Dermacentor reticulatus tick infestations in rabbits vaccinated with the Q38
Subolesin/Akirin chimera. Vaccine 34, 3010–3013. doi: 10.1016/j.vaccine.2016.
04.092

Contreras, M., and de la Fuente, J. (2016b). Vaccinomics approach to the
development of vaccines for the control of multiple ectoparasite infestations.
Nova Acta Leopold. 411, 185–200. doi: 10.1186/1471-2164-12-105

Contreras, M., Moreno-Cid, J. A., Domingos, A., Canales, M., Díez-Delgado, I.,
Pérez de la Lastra, J. M., et al. (2015). Bacterial membranes enhance the
immunogenicity and protective capacity of the surface exposed tick Subolesin-
Anaplasma marginale MSP1a chimeric antigen. Ticks Tick Borne Dis. 6, 820–
828. doi: 10.1016/j.ttbdis.2015.07.010

da Costa, M., Pinheiro-Silva, R., Antunes, S., Moreno-Cid, J. A., Villar, M., de
la Fuente, J., et al. (2014). Mosquito Akirin as a potential antigen for malaria
control. Malar. J. 13:470. doi: 10.1186/1475-2875-13-470

Frontiers in Physiology | www.frontiersin.org 14 November 2018 | Volume 9 | Article 161223

https://www.frontiersin.org/articles/10.3389/fphys.2018.01612/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2018.01612/full#supplementary-material
https://doi.org/10.1371/journal.pgen.1002821
https://doi.org/10.1371/journal.pgen.1002821
https://doi.org/10.1016/j.vaccine.2005.04.012
https://doi.org/10.1016/j.vaccine.2005.04.012
https://doi.org/10.1016/S0264-410X(02)00683-7
https://doi.org/10.1007/s00436-009-1689-1
https://doi.org/10.1016/j.vaccine.2011.10.102
https://doi.org/10.1016/S0966-842X(98)01312-2
https://doi.org/10.1016/S0966-842X(98)01312-2
https://doi.org/10.1186/1756-3305-7-42
https://doi.org/10.1186/1756-3305-7-42
https://doi.org/10.1371/journal.pgen.1005120
https://doi.org/10.1016/j.vaccine.2012.07.053
https://doi.org/10.1016/j.vaccine.2012.07.053
https://doi.org/10.1038/ni0108-7
https://doi.org/10.15252/embj.201488456
https://doi.org/10.15252/embj.201488456
https://doi.org/10.1016/j.sbi.2011.02.005
https://doi.org/10.1016/j.sbi.2011.02.005
https://doi.org/10.1111/j.1365-2915.2011.00973.x
https://doi.org/10.1111/j.1365-2915.2011.00973.x
https://doi.org/10.1007/s00436-009-1368-2
https://doi.org/10.1007/s00436-009-1368-2
https://doi.org/10.1016/j.vaccine.2011.01.109
https://doi.org/10.1016/j.vaccine.2011.01.109
https://doi.org/10.1016/j.exppara.2013.06.018
https://doi.org/10.1016/j.vaccine.2011.10.099
https://doi.org/10.1016/j.vaccine.2011.10.099
https://doi.org/10.1091/mbc.E12-11-0841
https://doi.org/10.1016/j.vaccine.2016.04.092
https://doi.org/10.1016/j.vaccine.2016.04.092
https://doi.org/10.1186/1471-2164-12-105
https://doi.org/10.1016/j.ttbdis.2015.07.010
https://doi.org/10.1186/1475-2875-13-470
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01612 November 10, 2018 Time: 13:47 # 15

Artigas-Jerónimo et al. Subolesin/Akirin Functional Evolution

DasGupta, R., Kaykas, A., Moon, R. T., and Perrimon, N. (2005). Functional
genomic analysis of the Wnt-wingless signaling pathway. Science 308, 826–833.
doi: 10.1126/science.1109374

de la Fuente, J. (2018). Controlling ticks and tick-borne diseases...looking forward.
Ticks Tick Borne Dis. 9, 1354–1357. doi: 10.1016/j.ttbdis.2018.04.001

de la Fuente, J., Almazaìn, C., Blas-Machado, U., Naranjo, V., Mangold, A. J.,
Blouin, E. F., et al. (2006a). The tick protective antigen, 4D8, is a conserved
protein involved in modulation of tick blood ingestion and reproduction.
Vaccine 24, 4082–4095.

de la Fuente, J., Almazán, C., Blouin, E. F., Naranjo, V., and Kocan, K. M. (2006b).
Reduction of tick infections with Anaplasma marginale and A. phagocytophilum
by targeting the tick protective antigen subolesin. Parasitol. Res. 100, 85–91.

de la Fuente, J., Antunes, S., Bonnet, S., Cabezas-Cruz, A., Domingos, A., Estrada-
Peña, A., et al. (2017a). Tick-pathogen interactions and vector competence:
identification of molecular drivers for tick-borne diseases. Front. Cell. Infect.
Microbiol. 7:114. doi: 10.3389/fcimb.2017.00114

de la Fuente, J., Contreras, M., Estrada-Peña, A., and Cabezas-Cruz, A. (2017b).
Targeting a global health problem: vaccine design and challenges for the control
of tick-borne diseases. Vaccine 35, 5089–5094. doi: 10.1016/j.vaccine.2017.07.
097

de la Fuente, J., and Contreras, M. (2015). Tick vaccines: current status and future
directions. Expert Rev. Vaccines 14, 1367–1376. doi: 10.1586/14760584.2015.
1076339

de la Fuente, J., and Kocan, K. M. (2006). Strategies for development of vaccines
for control of ixodid tick species. Parasite Immunol. 28, 275–283. doi: 10.1111/
j.1365-3024.2006.00828.x

de la Fuente, J., and Kocan, K. M. (2014). “Development of vaccines for control
of tick infestations and interruption of pathogen transmission,” in Biology of
Ticks, 2nd Edn, eds D. E. Sonenshine and R. M. Roe (New York, NY: Oxford
University Press), 333–352.

de la Fuente, J., Manzano-Roman, R., Naranjo, V., Kocan, K. M., Zivkovic, Z.,
Blouin, E. F., et al. (2010). Identification of protective antigens by RNA
interference for control of the lone star tick, Amblyomma americanum. Vaccine
28, 1786–1795. doi: 10.1016/j.vaccine.2009.12.007

de la Fuente, J., Maritz-Olivier, C., Naranjo, V., Ayoubi, P., Nijhof, A. M.,
Almazán, C., et al. (2008). Evidence of the role of tick subolesin in gene
expression. BMC Genomics 9:372. doi: 10.1186/1471-2164-9-372

de la Fuente, J., Moreno-Cid, J. A., Canales, M., Villar, M., Pérez de la Lastra,
J. M., Kocan, K. M., et al. (2011). Targeting arthropod subolesin/akirin for
the development of a universal vaccine for control of vector infestations and
pathogen transmission. Vet. Parasitol. 181, 17–22. doi: 10.1016/j.vetpar.2011.
04.018

de la Fuente, J., Moreno-Cid, J. A., Galindo, R. C., Almazán, C., Kocan, K. M.,
Merino, O., et al. (2013). Subolesin/Akirin vaccines for the control of arthropod
vectors and vector-borne pathogens. Transbound. Emerg. Dis. 60(Suppl. 2),
172–178. doi: 10.1111/tbed.12146

de la Fuente, J., Villar, M., Cabezas-Cruz, A., Estrada-Peña, A., Ayllón, N., and
Alberdi, P. (2016). Tick-host-pathogen interactions: conflict and cooperation.
PLoS Pathog. 12:e1005488. doi: 10.1371/journal.ppat.1005488

Dingwall, C., Robbins, J., Dilworth, S. M., Roberts, B., and Richardson, W. D.
(1988). The nucleoplasmin nuclear location sequence is larger and more
complex than that of SV-40 large T antigen. J. Cell Biol. 107, 841–849. doi:
10.1083/jcb.107.3.841

Driscoll, T. P., Verhoeve, V. I., Guillotte, M. L., Lehman, S. S., Rennoll, S. A., Beier-
Sexton, M., et al. (2017). Wholly Rickettsia! Reconstructed metabolic profile
of the quintessential bacterial parasite of eukaryotic cells. mBio 8:e859-17. doi:
10.1128/mBio.00859-17

Ehrenberg, M., and Kurland, C. G. (1984). Costs of accuracy determined by a
maximal growth rate constraint. Q. Rev. Biophys. 17, 45–82. doi: 10.1017/
S0033583500005254

Estrada-Peña, A., Villar, M., Artigas-Jerónimo, S., López, V., Alberdi, P., Cabezas-
Cruz, A., et al. (2018). Use of graph theory to characterize human and arthropod
vector cell protein response to infection. Front. Cell. Infect. Microbiol. 8:265.
doi: 10.3389/fcimb.2018.00265

Felsenstein, J. (1985). Confidence limits on phylogenies: an approach using the
bootstrap. Evolution 39, 783–791. doi: 10.1111/j.1558-5646.1985.tb00420.x

Galindo, R. C., Doncel-Pérez, E., Zivkovic, Z., Naranjo, V., Gortazar, C., Mangold,
A. J., et al. (2009). Tick subolesin is an ortholog of the akirins described in

insects and vertebrates. Dev. Comp. Immunol. 33, 612–617. doi: 10.1016/j.dci.
2008.11.002

Giraldo-Calderón, G. I., Emrich, S. J., MacCallum, R. M., Maslen, G., Dialynas, E.,
Topalis, P., et al. (2015). VectorBase: an updated bioinformatics resource for
invertebrate vectors and other organisms related with human diseases. Nucleic
Acids Res. 43, D707–D713. doi: 10.1093/nar/gku1117

Gonzalez, K., and Baylies, M. (2005). “bhringi: A novel Twist co-regulator”, in
Proceedings of the Program and Abstracts 46th Annual Drosophila Research
Conference, San Diego, CA, 46:320B.

Goto, A., Fukuyama, H., Imler, J. L., and Hoffmann, J. A. (2014). The
chromatin regulator DMAP1 modulates activity of the nuclear factor B (NF-B)
transcription factor Relish in the Drosophila innate immune response. J. Biol.
Chem. 289, 20470–20476. doi: 10.1074/jbc.C114.553719

Goto, A., Matsushita, K., Gesellchen, V., El Chamy, L., Kuttenkeuler, D.,
Takeuchi, O., et al. (2008). Akirins are highly conserved nuclear proteins
required for NF-kappaB-dependent gene expression in Drosophila and mice.
Nat. Immunol. 9, 97–104. doi: 10.1038/ni1543

Gregory, T. R. (2005). Animal Genome Size Database. Avilable at: http://www.
genomesize.com

Gulia-Nuss, M., Nuss, A. B., Meyer, J. M., Sonenshine, D. E., Roe, R. M.,
Waterhouse, R. M., et al. (2016). Genomic insights into the Ixodes scapularis tick
vector of Lyme disease. Nat. Commun. 7:10507. doi: 10.1038/ncomms10507

Hajdušek, O., Šíma, R., Ayllón, N., Jalovecká, M., Perner, J., de la Fuente, J., et al.
(2013). Interaction of the tick immune system with transmitted pathogens.
Front. Cell. Infect. Microbiol. 3:26. doi: 10.3389/fcimb.2013.00026

Harrington, D., Canales, M., de la Fuente, J., de Luna, C., Robinson, K., Guy, J.,
et al. (2009). Immunisation with recombinant proteins subolesin and Bm86
for the control of Dermanyssus gallinae in poultry. Vaccine 27, 4056–4063.
doi: 10.1016/j.vaccine.2009.04.014

Holm, L., and Laakso, L. M. (2016). Dali server update. Nucleic Acids Res. 44,
W351–W355. doi: 10.1093/nar/gkw357

Hoogstraal, H. (1956). African Ixodoidea. I. Ticks of the Sudan (with Special
Reference to Equatoria Province and with Preliminary Reviews of the Genera
Boophilus, Margaropus and Hyalomma). Washington, DC: Department of the
Navy, 1101.

Horak, I. G., Heyne, H., Williams, R., Gallivan, G. J., Spickett, A. M., Bezuidenhout,
J. D., et al. (2018). The Ixodid Ticks (Acari: Ixodidae) of Southern Africa.
Hamburg: Springer, 675. doi: 10.1007/978-3-319-70642-9

Hou, F., Wang, X., Qian, Z., Liu, Q., Liu, Y., He, S., et al. (2013). Identification
and functional studies of Akirin, a potential positive nuclear factor of NF-κB
signaling pathways in the Pacific white shrimp, Litopenaeus vannamei. Dev.
Comp. Immunol. 41, 703–714. doi: 10.1016/j.dci.2013.08.005

Ivics, Z., Hackett, P. B., Plasterk, R. H., and Izsvak, Z. (1997). Molecular
reconstruction of Sleeping Beauty, a Tc1-like transposon from fish, and its
transposition in human cells. Cell 91, 501–510. doi: 10.1016/S0092-8674(00)
80436-5

Kasthuri, S. R., Umasuthan, N., Whang, I., Wan, Q., Lim, B. S., Jung, H. B.,
et al. (2013). Akirin2 homologues from rock bream, Oplegnathus fasciatus:
genomic and molecular characterization and transcriptional expression
analysis. Fish Shellfish Immunol. 35, 740–747. doi: 10.1016/j.fsi.2013.
06.006

Katoh, K., Rozewicki, J., and Yamada, K. D. (2017). MAFFT online service:
multiple sequence alignment, interactive sequence choice and visualization.
Brief. Bioinform. doi: 10.1093/bib/bbx108 [Epub ahead of print].

Katoh, K., and Standley, D. M. (2013). MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol. Biol. Evol.
30, 772–780. doi: 10.1093/molbev/mst010

Kim, H., Lee, S. K., Hong, M. W., Park, S. R., Lee, Y. S., Kim, J. W., et al.
(2013). Association of a single nucleotide polymorphism in the akirin 2 gene
with economically important traits in Korean native cattle. Anim. Genet. 44,
750–753. doi: 10.1111/age.12055

Komiya, Y., Kurabe, N., Katagiri, K., Ogawa, M., Sugiyama, A., Kawasaki, Y., et al.
(2008). A novel binding factor of 14-3-3beta functions as a transcriptional
repressor and promotes anchorage-independent growth, tumorigenicity,
and metastasis. J. Biol. Chem. 283, 18753–18764. doi: 10.1074/jbc.M80253
0200

Koonin, E. V. (2005). Orthologs, paralogs, and evolutionary genomics. Annu. Rev.
Genet. 39, 309–338. doi: 10.1371/journal.pgen.1002821

Frontiers in Physiology | www.frontiersin.org 15 November 2018 | Volume 9 | Article 161224

https://doi.org/10.1126/science.1109374
https://doi.org/10.1016/j.ttbdis.2018.04.001
https://doi.org/10.3389/fcimb.2017.00114
https://doi.org/10.1016/j.vaccine.2017.07.097
https://doi.org/10.1016/j.vaccine.2017.07.097
https://doi.org/10.1586/14760584.2015.1076339
https://doi.org/10.1586/14760584.2015.1076339
https://doi.org/10.1111/j.1365-3024.2006.00828.x
https://doi.org/10.1111/j.1365-3024.2006.00828.x
https://doi.org/10.1016/j.vaccine.2009.12.007
https://doi.org/10.1186/1471-2164-9-372
https://doi.org/10.1016/j.vetpar.2011.04.018
https://doi.org/10.1016/j.vetpar.2011.04.018
https://doi.org/10.1111/tbed.12146
https://doi.org/10.1371/journal.ppat.1005488
https://doi.org/10.1083/jcb.107.3.841
https://doi.org/10.1083/jcb.107.3.841
https://doi.org/10.1128/mBio.00859-17
https://doi.org/10.1128/mBio.00859-17
https://doi.org/10.1017/S0033583500005254
https://doi.org/10.1017/S0033583500005254
https://doi.org/10.3389/fcimb.2018.00265
https://doi.org/10.1111/j.1558-5646.1985.tb00420.x
https://doi.org/10.1016/j.dci.2008.11.002
https://doi.org/10.1016/j.dci.2008.11.002
https://doi.org/10.1093/nar/gku1117
https://doi.org/10.1074/jbc.C114.553719
https://doi.org/10.1038/ni1543
http://www.genomesize.com
http://www.genomesize.com
https://doi.org/10.1038/ncomms10507
https://doi.org/10.3389/fcimb.2013.00026
https://doi.org/10.1016/j.vaccine.2009.04.014
https://doi.org/10.1093/nar/gkw357
https://doi.org/10.1007/978-3-319-70642-9
https://doi.org/10.1016/j.dci.2013.08.005
https://doi.org/10.1016/S0092-8674(00)80436-5
https://doi.org/10.1016/S0092-8674(00)80436-5
https://doi.org/10.1016/j.fsi.2013.06.006
https://doi.org/10.1016/j.fsi.2013.06.006
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1111/age.12055
https://doi.org/10.1074/jbc.M802530200
https://doi.org/10.1074/jbc.M802530200
https://doi.org/10.1371/journal.pgen.1002821
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01612 November 10, 2018 Time: 13:47 # 16

Artigas-Jerónimo et al. Subolesin/Akirin Functional Evolution

Krossa, S., Schmitt, A. D., Hattermann, K., Fritsch, J., Scheidig, A. J., Mehdorn,
H. M., et al. (2015). Down regulation of Akirin-2 increases chemosensitivity in
human glioblastomas more efficiently than Twist-1. Oncotarget 6, 21029–21045.
doi: 10.18632/oncotarget.3763

Kumar, B., Manjunathachar, H. V., Nagar, G., Ravikumar, G., de la Fuente, J.,
Saravanan, B. C., et al. (2017). Functional characterization of candidate antigens
of Hyalomma anatolicum and evaluation of its cross-protective efficacy against
Rhipicephalus microplus. Vaccine 35, 5682–5692. doi: 10.1016/j.vaccine.2017.08.
049

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: molecular evolutionary
genetics analysis version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870–1874.
doi: 10.1093/molbev/msw054

Kurland, C. G., Canbäck, B., and Berg, O. G. (2007). The origins of modern
proteomes. Biochimie 89, 1454–1463. doi: 10.1016/j.biochi.2007.09.004

Law, M. J., Linde, M. E., Chambers, E. J., Oubridge, C., Katsamba, P. S., Nilsson, L.,
et al. (2006). The role of positively charged amino acids and electrostatic
interactions in the complex of U1A protein and U1 hairpin II RNA. Nucleic
Acids Res. 34, 275–285. doi: 10.1093/nar/gkj436

Leung, S. W., Harreman, M. T., Hodel, M. R., Hodel, A. E., and Corbett, A. H.
(2003). Dissection of the karyopherin alpha nuclear localization signal (NLS)-
binding groove: functional requirements for NLS binding. J. Biol. Chem. 278,
41947–41953. doi: 10.1074/jbc.M307162200

Liu, N., Wang, X. W., Sun, J. J., Wang, L., Zhang, H. W., Zhao, X. F., et al.
(2016). Akirin interacts with Bap60 and 14-3-3 proteins to regulate the
expression of antimicrobial peptides in the kuruma shrimp (Marsupenaeus
japonicus). Dev. Comp. Immunol. 55, 80–89. doi: 10.1016/j.dci.2015.
10.015

Liu, T., Gao, Y., and Xu, T. (2015). Evolution of akirin family in gene and genome
levels and coexpressed patterns among family members and rel gene in croaker.
Dev. Comp. Immunol. 52, 17–25. doi: 10.1016/j.dci.2015.04.010

Liu, X., Xia, Y., Tang, J., Ma, L., Li, C., Ma, P., et al. (2017). Dual roles of Akirin2
protein during Xenopus neural development. J. Biol. Chem. 292, 5676–5684.
doi: 10.1074/jbc.M117.777110

Liu, Y., Song, L., Sun, Y., Liu, T., Hou, F., and Liu, X. (2016). Comparison of
immune response in Pacific white shrimp, Litopenaeus vannamei, after knock
down of Toll and IMD gene in vivo. Dev. Comp. Immunol. 60, 41–52. doi:
10.1016/j.dci.2016.02.004

Lu, P., Zhou, Y., Yu, Y., Cao, J., Zhang, H., Gong, H., et al. (2016). RNA interference
and the vaccine effect of a subolesin homolog from the tick Rhipicephalus
haemaphysaloides. Exp. Appl. Acarol. 68, 113–126. doi: 10.1007/s10493-015-
9987-z

Macqueen, D. (2009). Commentary on Galindo et Al. [Dev. Comp. Immunol.
33(4) (2009) 612-617]. Dev. Comp. Immunol. 33, 877; authorrely 878–879.
doi: 10.1016/j.dci.2009.02.011

Macqueen, D. J., and Johnston, I. A. (2009). Evolution of the multifaceted
eukaryotic akirin gene family. BMC Evol. Biol. 9:34. doi: 10.1186/1471-2148-
9-34

Macqueen, D. J., Bower, N. I., and Johnston, I. A. (2010a). Positioning the expanded
akirin gene family of Atlantic salmon within the transcriptional networks of
myogenesis. Biochem. Biophys. Res. Commun. 200, 599–605. doi: 10.1016/j.bbrc.
2010.08.110

Macqueen, D. J., Kristjánsson, B. K., and Johnston, I. A. (2010b). Salmonid
genomes have a remarkably expanded akirin family, coexpressed with genes
from conserved pathways governing skeletal muscle growth and catabolism.
Physiol. Genomics 42, 134–148. doi: 10.1152/physiolgenomics.00045.2010

Maeda, I., Kohara, Y., Yamamoto, M., and Sugimoto, A. (2001). Large-scale analysis
of gene function in Caenorhabditis elegans by high-throughput RNAi. Curr.
Biol. 11, 171–176. doi: 10.1016/S0960-9822(01)00052-5

Makkerh, J. P., Dingwall, C., and Laskey, R. A. (1996). Comparative mutagenesis of
nuclear localization signals reveals the importance of neutral and acidic amino
acids. Curr. Biol. 6, 1025–1027. doi: 10.1016/S0960-9822(02)00648-6

Mans, B. J., De Castro, M. H., Pienaar, R., De Klerk, D., Gaven, P., Genu, S.,
et al. (2016). Ancestral reconstruction of tick lineages. Ticks Tick Borne Dis. 7,
509–535. doi: 10.1016/j.ttbdis.2016.02.002

Manzano-Román, R., Díaz-Martín, V., Oleaga, A., and Pérez-Sánchez, R. (2015).
Identification of protective linear B-cell epitopes on the subolesin/akirin
orthologues of Ornithodoros spp. soft ticks. Vaccine 33, 1046–1055. doi: 10.
1016/j.vaccine.2015.01.015

Manzano-Román, R., Díaz-Martín, V., Oleaga, A., Siles-Lucas, M., and Pérez-
Sánchez, R. (2012). Subolesin/akirin orthologs from Ornithodoros spp. soft
ticks: cloning, RNAi gene silencing and protective effect of the recombinant
proteins. Vet. Parasitol. 185, 248–259. doi: 10.1016/j.vetpar.2011.10.032

Marshall, A., Salerno, M. S., Thomas, M., Davies, T., Berry, C., Dyer, K., et al.
(2008). Mighty is a novel promyogenic factor in skeletal myogenesis. Exp. Cell
Res. 314, 1013–1029. doi: 10.1016/j.yexcr.2008.01.004

Medzhitov, R., and Janeway, C. A. Jr. (1997). Innate immunity: impact on the
adaptive immune response. Curr. Opin. Immunol. 9, 4–9. doi: 10.1016/S0952-
7915(97)80152-5

Merino, O., Alberdi, P., Pérez de la Lastra, J. M., and de la Fuente, J. (2013a). Tick
vaccines and the control of tick-borne pathogens. Front. Cell. Infect. Microbiol.
3:30. doi: 10.3389/fcimb.2013.00030

Merino, O., Antunes, S., Mosqueda, J., Moreno-Cid, J. A., Pérez de la Lastra,
J. M., Rosario-Cruz, R., et al. (2013b). Vaccination with proteins involved in
tick-pathogen interactions reduces vector infestations and pathogen infection.
Vaccine 31, 5889–5896. doi: 10.1016/j.vaccine.2013.09.037

Merino, O., Almazán, C., Canales, M., Villar, M., Moreno-Cid, J. A., Estrada-
Peña, A., et al. (2011a). Control of Rhipicephalus (Boophilus) microplus
infestations by the combination of subolesin vaccination and tick autocidal
control after subolesin gene knockdown in ticks fed on cattle. Vaccine 29,
2248–2254. doi: 10.1016/j.vaccine.2011.01.050

Merino, O., Almazán, C., Canales, M., Villar, M., Moreno-Cid, J. A., Galindo,
R. C., et al. (2011b). Targeting the tick protective antigen subolesin reduces
vector infestations and pathogen infection by Anaplasma marginale and Babesia
bigemina. Vaccine 29, 8575–8579. doi: 10.1016/j.vaccine.2011.09.023

Mobley, C. B., Fox, C. D., Ferguson, B. S., Amin, R. H., Dalbo, V. J., Baier, S.,
et al. (2014). L-leucine, beta-hydroxy-beta-methylbutyric acid (HMB) and
creatine monohydrate prevent myostatin-induced Akirin-1/Mighty mRNA
down-regulation and myotube atrophy. J. Int. Soc. Sports Nutr. 11:38. doi:
10.1186/1550-2783-11-38

Morel, P. C. (2003). Les Tiques d’Afrique et du Bassin Meìditerraneìen (1965–1995).
Can Tho: CIRAD-EMVT, 1342.

Moreno-Cid, J. A., Jiménez, M., Cornelie, S., Molina, R., Alarcón, P., Lacroix, M.-
N., et al. (2011). Characterization of Aedes albopictus akirin for the control of
mosquito and sand fly infestations. Vaccine 29, 77–82. doi: 10.1016/j.vaccine.
2010.10.011

Moreno-Cid, J. A., Pérez de la Lastra, J. M., Villar, M., Jiménez, M., Pinal, R.,
Estrada-Peña, A., et al. (2013). Control of multiple arthropod vector infestations
with subolesin/akirin vaccines. Vaccine 31, 1187–1196. doi: 10.1016/j.vaccine.
2012.12.073

Naranjo, N., Ayllón, N., Pérez de la Lastra, J. M., Galindo, R. C., Kocan, K. M.,
Blouin, E. F., et al. (2013). Reciprocal regulation of NF-kB (Relish) and
Subolesin in the tick vector, Ixodes scapularis. PLoS One 8:e65915. doi: 10.1371/
journal.pone.0065915

Nowak, S. J., Aihara, H., Gonzalez, K., Nibu, Y., and Baylies, M. K. (2012). Akirin
links twist-regulated transcription with the Brahma chromatin remodeling
complex during embryogenesis. PLoS Genet. 8:e1002547. doi: 10.1371/journal.
pgen.1002547

Nowak, S. J., and Baylies, M. K. (2012). Akirin: a context-dependent link between
transcription and chromatin remodeling. Bioarchitecture 2, 209–213. doi: 10.
4161/bioa.22907

Olds, C. L., Mwaura, S., Odongo, D. O., Scoles, G. A., Bishop, R., and
Daubenberger, C. (2016). Induction of humoral immune response to multiple
recombinant Rhipicephalus appendiculatus antigens and their effect on tick
feeding success and pathogen transmission. Parasit. Vectors 9:484. doi: 10.1186/
s13071-016-1774-0

Orengo, C. A., and Thornton, J. M. (2005). Protein families and their evolution-a
structural perspective. Annu. Rev. Biochem. 74, 867–900. doi: 10.1146/annurev.
biochem.74.082803.133029

Pavithiran, A., Bathige, S. D. N. K., Kugapreethan, R., Priyathilaka, T. T., Yang, H.,
Kim, M. J., et al. (2018). A comparative study of three akirin genes from big belly
seahorse Hippocampus abdominalis: molecular, transcriptional and functional
characterization. Fish Shellfish Immunol. 74, 584–592. doi: 10.1016/j.fsi.2018.
01.025

Peña-Rangel, M. T., Rodriguez, I., and Riesgo-Escovar, J. R. (2002).
A misexpression study examining dorsal thorax formation in Drosophila
melanogaster. Genetics 160, 1035–1050.

Frontiers in Physiology | www.frontiersin.org 16 November 2018 | Volume 9 | Article 161225

https://doi.org/10.18632/oncotarget.3763
https://doi.org/10.1016/j.vaccine.2017.08.049
https://doi.org/10.1016/j.vaccine.2017.08.049
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1016/j.biochi.2007.09.004
https://doi.org/10.1093/nar/gkj436
https://doi.org/10.1074/jbc.M307162200
https://doi.org/10.1016/j.dci.2015.10.015
https://doi.org/10.1016/j.dci.2015.10.015
https://doi.org/10.1016/j.dci.2015.04.010
https://doi.org/10.1074/jbc.M117.777110
https://doi.org/10.1016/j.dci.2016.02.004
https://doi.org/10.1016/j.dci.2016.02.004
https://doi.org/10.1007/s10493-015-9987-z
https://doi.org/10.1007/s10493-015-9987-z
https://doi.org/10.1016/j.dci.2009.02.011
https://doi.org/10.1186/1471-2148-9-34
https://doi.org/10.1186/1471-2148-9-34
https://doi.org/10.1016/j.bbrc.2010.08.110
https://doi.org/10.1016/j.bbrc.2010.08.110
https://doi.org/10.1152/physiolgenomics.00045.2010
https://doi.org/10.1016/S0960-9822(01)00052-5
https://doi.org/10.1016/S0960-9822(02)00648-6
https://doi.org/10.1016/j.ttbdis.2016.02.002
https://doi.org/10.1016/j.vaccine.2015.01.015
https://doi.org/10.1016/j.vaccine.2015.01.015
https://doi.org/10.1016/j.vetpar.2011.10.032
https://doi.org/10.1016/j.yexcr.2008.01.004
https://doi.org/10.1016/S0952-7915(97)80152-5
https://doi.org/10.1016/S0952-7915(97)80152-5
https://doi.org/10.3389/fcimb.2013.00030
https://doi.org/10.1016/j.vaccine.2013.09.037
https://doi.org/10.1016/j.vaccine.2011.01.050
https://doi.org/10.1016/j.vaccine.2011.09.023
https://doi.org/10.1186/1550-2783-11-38
https://doi.org/10.1186/1550-2783-11-38
https://doi.org/10.1016/j.vaccine.2010.10.011
https://doi.org/10.1016/j.vaccine.2010.10.011
https://doi.org/10.1016/j.vaccine.2012.12.073
https://doi.org/10.1016/j.vaccine.2012.12.073
https://doi.org/10.1371/journal.pone.0065915
https://doi.org/10.1371/journal.pone.0065915
https://doi.org/10.1371/journal.pgen.1002547
https://doi.org/10.1371/journal.pgen.1002547
https://doi.org/10.4161/bioa.22907
https://doi.org/10.4161/bioa.22907
https://doi.org/10.1186/s13071-016-1774-0
https://doi.org/10.1186/s13071-016-1774-0
https://doi.org/10.1146/annurev.biochem.74.082803.133029
https://doi.org/10.1146/annurev.biochem.74.082803.133029
https://doi.org/10.1016/j.fsi.2018.01.025
https://doi.org/10.1016/j.fsi.2018.01.025
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-01612 November 10, 2018 Time: 13:47 # 17

Artigas-Jerónimo et al. Subolesin/Akirin Functional Evolution

Prudencio, C. R., Pérez de la Lastra, J. M., Canales, M., Villar, M., and de
la Fuente, J. (2010). Mapping protective epitopes in the tick and mosquito
subolesin ortholog proteins. Vaccine 28, 5398–5406. doi: 10.1016/j.vaccine.
2010.06.021

Qu, F., Xiang, Z., Zhang, Y., Li, J., Zhang, Y., and Yu, Z. (2014). The identification
of the first molluscan Akirin2 with immune defense function in the Hong Kong
oyster Crassostrea hongkongensis. Fish Shellfish Immunol. 41, 455–465. doi:
10.1016/j.fsi.2014.09.029

Rahman, M. K., Saiful Islam, M., and You, M. (2018). Impact of subolesin
and cystatin knockdown by RNA interference in adult female Haemaphysalis
longicornis (Acari: Ixodidae) on blood engorgement and reproduction. Insects
9:E39. doi: 10.3390/insects9020039

Richardson, J. M., Colloms, S. D., Finnegan, D. J., and Walkinshaw, M. D. (2009).
Molecular architecture of the Mos1 paired-end complex: the structural basis of
DNA transposition in a eukaryote. Cell 138, 1096–1108. doi: 10.1016/j.cell.2009.
07.012

Rioualen, C., Da Costa, Q., Chetrit, B., Charafe-Jauffret, E., Ginestier, C., and
Bidaut, G. (2017). HTS-Net: an integrated regulome-interactome approach for
establishing network regulation models in high-throughput screenings. PLoS
One 12:e0185400. doi: 10.1371/journal.pone.0185400

Salerno, M. S., Dyer, K., Bracegirdle, J., Platt, L., Thomas, M., Siriett, V.,
et al. (2009). Akirin1 (Mighty), a novel promyogenic factor regulates muscle
regeneration and cell chemotaxis. Exp. Cell Res. 315, 2012–2021. doi: 10.1016/j.
yexcr.2009.04.014

Sasaki, M., Akiyama-Oda, Y., and Oda, H. (2017). Evolutionary origin of type IV
classical cadherins in arthropods. BMC Evol. Biol. 17:142. doi: 10.1186/s12862-
017-0991-2

Sasaki, S., Yamada, T., Sukegawa, S., Miyake, T., Fujita, T., Morita, M., et al. (2009).
Association of a single nucleotide polymorphism in akirin 2 gene with marbling
in Japanese Black beef cattle. BMC Res. Notes 2:131. doi: 10.1186/1756-0500-2-
131

Schetters, T., Bishop, R., Crampton, M., Kopáčk, P., Lew-Tabor, A., Maritz-
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To fully unravel the ixodid ticks’ role as vectors of viral pathogens, their susceptibility to
new control measures, and their ability to develop acaricide resistance, acclimatization
of ticks under laboratory conditions is greatly needed. However, the unique and
complicated feeding behavior of these ticks compared to that of other hematophagous
arthropods requires efficient and effective techniques to infect them with tick-borne
viruses (TBVs). In addition, relatively expensive maintenance of animals for blood feeding
and associated concerns about animal welfare critically limit our understanding of
TBVs. This mini review aims to summarize the current knowledge about the artificial
infection of hard ticks with viral pathogens, which is currently used to elucidate virus
transmission and vector competence and to discover immune modulators related to
tick–virus interactions. This review will also present the advantages and limitations of the
current techniques for tick infection. Fortunately, new artificial techniques arise, and the
limitations of current protocols are greatly reduced as researchers continuously improve,
streamline, and standardize the laboratory procedures to lower cost and produce better
adoptability. In summary, convenient and low-cost techniques to study the interactions
between ticks and TBVs provide a great opportunity to identify new targets for the future
control of TBVs.

Keywords: tick-borne viruses, ixodid ticks, virus infection, blood feeding, tick–virus interactions

INTRODUCTION

Ticks are the most economically important vectors of livestock diseases (Arthur, 1962) and
are considered second to mosquitoes in transmitting human diseases (de la Fuente et al.,
2008; Socolovschi et al., 2009). Among the pathogens transmitted by these bloodsucking
ectoparasites, tick-borne viruses (TBVs) present a severe health risk to both humans and
domestic animals (Hoogstraal, 1973). TBVs comprise a wide range of viruses classified into
eight virus families: Asfarviridae, Nairoviridae, Peribunyaviridae, Phenuiviridae, Flaviviridae,
Orthomyxoviridae, Rhabdoviridae, and Reoviridae (Brackney and Armstrong, 2016; Kazimírová
et al., 2017). Among these viral families, Nairoviridae and Flaviviridae are considered to have the
TBVs of most importance to public health, including the tick-borne encephalitis virus (TBEV) and
the Crimean–Congo hemorrhagic fever virus (CCHFV), which are known to cause severe clinical
symptoms in humans (Nuttall et al., 1994; Labuda and Nuttall, 2004; Brackney and Armstrong,
2016; Kazimírová et al., 2017).
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Of the 900 currently known tick species, less than 10% are
implicated as virus vectors, and these include the Ornithodoros
and Argas genera for the argasid ticks and Ixodes, Haemaphysalis,
Hyalomma, Amblyomma, Dermacentor, and Rhipicephalus
genera in ixodid ticks (Labuda and Nuttall, 2004; de la Fuente
et al., 2017).

Although the role of ticks in the transmission of viruses
has been known for over a century (Mansfield et al., 2017),
the understanding of tick–virus interactions important for tick
antiviral immunity, pathogen replication, and transmission of
the virus to an animal host remains limited and at an early
stage (Mitzel et al., 2007; Kopacek et al., 2010; Liu et al.,
2012). Moreover, the diversity of tick-borne viruses has been less
thoroughly studied than that of mosquito-borne viruses (Yoshii
et al., 2015).

In addition, ixodid ticks differ essentially from other blood-
feeding insects in terms of their digestive physiology, feeding
behavior (Obenchain and Galun, 1982), and the long duration of
the blood meal, which can take up to several weeks (Waladde and
Rice, 1982). Moreover, tick attachment at feeding sites on the host
requires correct physical and chemical stimuli for a successful
engorgement (Guerin et al., 2000).

Since it is estimated that TBVs spend more than 95% of their
life cycle within the tick vector (de la Fuente et al., 2017), a
very intimate and highly specific association between tick vector
species and the transmitted TBVs is normally maintained (Brites-
Neto et al., 2015). With this in mind, artificial viral infection
of ticks using experimental laboratory techniques can greatly
improve our understanding of tick–virus interaction, particularly
transmission pathways and vector competence. A comprehensive
review of artificial tick infections using pathogens other than
TBVs and the ixodid (hard) tick life cycle has already been
made by Bonnet and Liu (2012). In this mini review, different
techniques for the viral infection of hard ticks were presented,
indicating their advantages and limitations with respect to their
application to viral transmission and vector competency studies
(summarized in Table 1).

METHODS FOR INFECTING TICKS

Direct Feeding on Infected Host
Infesting ticks on infected natural hosts remains the method
most closely resembling the normal acquisition of a virus in the
wild. Direct feeding on infected host can be facilitated by using
feeding bags (Figures 1a,b) or feeding chambers (Figures 1c,d).
However, the maintenance and handling of animal hosts can be
expensive and difficult, particularly for wild animals (Bonnet and
Liu, 2012). The direct feeding technique also lacks the capacity
to quantify the pathogen dose acquired by the tick during or
post feeding. The technique may also not be appropriate for virus
strains not suited for replication in the vertebrate hosts (Mitzel
et al., 2007). In addition, it remains a challenge to synchronize
viremia with tick feeding, and for ethical reasons, the use of
alternative artificial methods in infecting ticks without the use of
laboratory animals is still preferred (Bonnet and Liu, 2012).

Various hosts, mostly small laboratory animals, have already
been infected for direct tick acquisition of the virus. Dermacentor
andersoni ticks were previously infected by infesting rabbits
injected intravenously with large doses of the Powassan virus
(Chernesky, 1969). Laboratory mice were also previously used
to study severe fever with thrombocytopenia syndrome virus
(SFTSV) transmission by Haemaphysalis longicornis (Luo et al.,
2015), while Rhipicephalus appendiculatus specimens were
infected with the Thogoto virus (THOV) by allowing them
to feed on THOV-infected Syrian hamsters (Booth et al.,
1989). Transmission of West Nile virus from infected mice to
naïve I. ricinus nymphs through direct blood feeding was also
previously observed (Lawrie et al., 2004).

Co-feeding Infection
Non-viremic transmission, or co-feeding transmission
(Figure 2c), is an important transmission mechanism for
TBVs established by Jones et al. (1987). It occurs between
infected and uninfected ticks when they co-feed in close
proximity on susceptible hosts, even when these hosts do
not develop viremia (Alekseev and Chunikhin, 1990; Labuda
et al., 1993; Jones et al., 1997; Labuda et al., 1997a,b). Though
co-feeding is an established natural tick infection method, it
requires an animal host for feeding and may not produce high
infection rates, as transmission of the virus from infected and
uninfected ticks greatly depends on the proximity or distance
among feeding ticks.

Co-feeding experiments were mostly conducted in small
laboratory or wild animals. Virus transmission experiments
using yellow-necked mice (Apodemus flavicollis) and bank
voles (Clethrionomys glareolus) (Labuda et al., 1996, 1997b),
BALB/c mice (Khasnatinov et al., 2009; Slovák et al., 2014),
European hedgehog (Erinaceus europaeus), striped field mouse
(A. agrarius) European pine vole (Pitymys subterraneus), and
common pheasant (Phaseanus colchicus) (Labuda et al., 1993)
were used to study TBEV transmission by I. ricinus.

Co-feeding transmission of the Louping ill virus on I. ricinus
was also evaluated in mountain hares (Lepus timidus),
New Zealand white rabbits (Oryctolagus cuniculus) and
red deer (Cervus elaphus) (Jones et al., 1997). Non-viremic
transmission was also established for Thogoto virus (THOV)
on R. appendiculatus (Jones et al., 1987, 1997) and CCHFV on
Hyalomma truncatum, H. impeltatum (Gordon et al., 1993) and
Amblyomma variegatum (Gonzalez et al., 1991) using guinea pigs
(Cavia porcellus). Co-feeding transmission was also observed for
Bhanja virus and Palma virus in D. marginatus, D. reticulatus,
and I. ricinus ticks infested on mice (Labuda et al., 1997a) and
Heartland virus in Amblyomma americanum infested on rabbits
(Godsey et al., 2016). Lastly, co-feeding transmission of THOV
was recently demonstrated in H. longicornis ticks infested on
BALB/c mice (Talactac et al., 2018).

Membrane-Feeding Methods
Another alternative to tick infestation is through membrane
feeding. Membranes from animal and non-animal origin (e.g.,
silicone membranes) are usually utilized, with variable success,
to feed ticks. This method could also be used for studies on
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TABLE 1 | Summary of the techniques used to artificially infect ticks with representative ticks and viruses, their major advantages/disadvantages and associated
references.

Tick-infection
methods

Tick species Virus studied Main advantages Main disadvantages

Direct feeding on
infected host

D. andersoni
H. longicornis
R. appendiculatus

Powassan virus1

SFTS virus2

Thogoto virus3

Can infect a greater number of
ticks; resembles the normal
acquisition

Requires animal host; lacks
quantification of acquired viral load

Co-feeding infection I. ricinus

D. marginatus
R. appendiculatus
H. truncatum
A. americanum
H. longicornis

TBEV4−8

Louping ill virus9

Bhanja virus5

Palma virus5

Thogoto virus9,10

CCHFV11

Heartland virus12

Thogoto virus13

An established natural viral infection
of ticks

Requires animal host; greatly depends
on the distance among feeding ticks

Membrane-feeding
method

I. ricinus
I. ricinus
D. reticulatus

Bluetongue virus14

African swine
fever virus15

Reduces variation within a given
treatment group

Requires chemical and physical stimuli
to enhance tick attachment; depends
on the length of the hypostome; long
attachment time

Capillary feeding A. variegatum
R. appendiculatus
I. ricinus
D. reticulatus

Dugbe virus16

Bluetongue virus14

Mimics the natural route of
infection; can estimate the amount
of introduced pathogen

Complicated maintenance of the
integrity of the mouthparts of the ticks
after removal

Percoxal injection H. longicornis
A. variegatum

Langat virus17,18

Thogoto virus19
Can estimate the amount of
pathogen to be introduced

Requires a microinjector; may produce
higher tick mortality due to injury

I. ricinus TBEV4−6,8,20

Louping ill virus9

Anal pore injection H. truncatum
I. ricinus

CCHFV21

TBEV19

H. longicornis Langat virus17

Infection by immersion I. scapularis
A. americanum

LGTV22,23

Heartland virus12
Low cost; relatively simple artificial
method; can synchronously infect
ticks with a defined virus stock

May not generate cohorts of infected
ticks with equal pathogen burden

1Chernesky (1969), 2Luo et al. (2015), 3Booth et al. (1989), 4Labuda et al. (1996), 5Labuda et al. (1997a), 6Khasnatinov et al. (2009), 7Slovák et al. (2014), 8Labuda et al.
(1993), 9Jones et al. (1997), 10Jones et al. (1987), 11Gordon et al. (1993), 12Godsey et al. (2016), 13Talactac et al. (2018), 14Bouwknegt et al. (2010), 15 De carvalho
Ferreira et al. (2014), 16Steele and Nuttall (1989), 17Talactac et al. (2016), 18Talactac et al. (2017b), 19Kaufman and Nuttall (1996), 20Belova et al. (2012), 21Gonzalez et al.
(1989), 22McNally et al. (2012), and 23Tumban et al. (2011).

the dynamics of pathogen transmission, since it can reduce the
variation within a given treatment group because the blood
meal from the same donor reduces the variation that may arise
from individual tick–host relationships (Krober and Guerin,
2007).

However, this method requires chemical and physical stimuli
to enhance attachment by hard ticks to membranes (Kuhnert,
1996). Its use may also depend on the length of the hypostome
in all life stages of the hard ticks to be studied (Krober and
Guerin, 2007). In addition, this type of artificial feeding is more
challenging for ixodid ticks, since they require longer time for
attachment (de Moura et al., 1997. This method was previously
used in infecting I. ricinus, I. hexagonus, D. reticulatus, and
R. bursa with the Bluetongue virus (Bouwknegt et al., 2010).
The unlikely involvement of I. ricinus and D. reticulatus as
biological vectors of African swine fever virus was also shown
using membrane feeding (De carvalho Ferreira et al., 2014).

Infection Through Capillary Feeding
The introduction of pathogens to ixodid ticks via capillary
feeding was first attempted by Chabaud (1950). In this technique,

the ticks are normally pre-fed on animals, followed by a
careful mechanical removal of ticks from the host. Eventually,
a capillary tube containing the pathogen is placed over the
tick’s mouthparts, and the tick is immobilized on a slide
(Burgdorfer, 1957; Bouwknegt et al., 2010). Capillary feeding
provides a number of advantages, especially that it mimics the
natural route of infection of ticks, and it can estimate the
amount of pathogen to be introduced. However, maintaining
the integrity of the mouthparts of the ticks after removal
is crucial for a successful capillary feeding (Bonnet and
Liu, 2012). This technique was previously used in infecting
A. variegatum and R. appendiculatus with the Dugbe virus (Steele
and Nuttall, 1989) and I. ricinus, I. hexagonus, D. reticulatus,
and R. bursa with the Bluetongue virus (Bouwknegt et al.,
2010).

Infection Through Injection
Direct injection of the virus inoculum through the cuticle
(between the coxa and trochanter) has the advantage of
estimating the viral dose received by the ticks (Figure 2a).
However, this method bypasses the midgut barrier of ticks
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FIGURE 1 | Feedings bags are glued or taped to clean-shaven ears of
long-eared rabbit to allow tick engorgement (a). Haemaphysalis longicornis
nymphs infested on a rabbit’s ear (b). A mouse with a feeding chamber
attached on its back (c). Ixodes persulcatus adult ticks infested on a mouse
via chamber feeding (d). Tick infestation using feeding bags or chamber
feeders can be readily utilized to infect ticks with viruses via direct feeding on
infected hosts.

during feeding, making it unrepresentative of the natural route
of infection for ticks (Mitzel et al., 2007). This technique also
requires a microinjector to efficiently introduce the inoculum
into the tick and may produce higher tick mortality due to
injection injury (Rechav et al., 1999). Previous studies using
this technique include the infection of H. longicornis with the
Langat virus (Talactac et al., 2016, 2017a), A. variegatum with
the Thogoto virus (Kaufman and Nuttall, 1996), I. ricinus with
TBEV (Labuda et al., 1993, 1996, 1997b; Khasnatinov et al.,
2009; Belova et al., 2012), and the Louping ill virus (Jones
et al., 1997). D. marginatus, D. reticulatus, and I. ricinus ticks
also previously received percoxal injections with the Bhanja and
Palma viruses (Labuda et al., 1997a). Alternatively, anal pore
or rectal injection of the virus directly into the gut of the tick
can be used (Figure 2b), though it also requires skill to avoid
puncturing the gut upon injection. This method has been used
to infect H. truncatum with CCHFV (Gonzalez et al., 1989),
I. ricinus with TBEV (Belova et al., 2012), and H. longicornis with
Langat virus (Talactac et al., 2017b) and THOV (Talactac et al.,
2018).

Infection Through Immersion
Infection of ticks through immersion provides a low cost and
relatively simple artificial method, since it can synchronously
infect a large number of ticks with a defined virus stock. The ticks

FIGURE 2 | Percoxal (a) and anal pore/rectal (b) injections to H. longicornis
adult ticks. Infection is accomplished by injecting the virus inoculum
containing an estimated virus titer using glass microneedles (black
arrowheads) at the joint of the tick coxa and trochanter of the 4th pair of legs
(white arrow) or into the tick’s anal aperture (black arrow). After injection, ticks
will be kept for 24 h in a 25◦C incubator to observe for any mortality arising
from possible injury due to the injection. Co-feeding (c) between a
THOV-infected H. longicornis adult (A) and smaller uninfected/naïve nymphs
(n). The ticks were infested on mice using feeding chamber/capsule method.
All engorged nymphs post infestation will be collected and allowed to molt.
Twenty-one days after molting, newly emerged adult ticks will be examined for
either the presence of infectious virions or viral RNA using a focus formation
assay or real-time PCR, respectively.

are believed to be infected when they successfully swallowed the
immersion medium containing the virus; with the ingested virus
ultimately reaching the midgut (Mitzel et al., 2007). The virus
can also possibly penetrate the tick’s exoskeletons, especially the
immature ones. Larvae and nymphs have less sturdy exoskeleton,
since arthropods must be able to hydrolyze the chitin for cuticle
degradation and development during the immature stages (You
et al., 2003). However, its major limitation is the generation
of cohorts of infected ticks with an equal pathogen burden
(Kariu et al., 2011). Infection of ticks using this method was
previously reported for I. scapularis infected with Langat virus
(Tumban et al., 2011; McNally et al., 2012), the dengue virus
(Tumban et al., 2011), and TBEV (Mitzel et al., 2007) and for
A. americanum infected with the Heartland virus (Godsey et al.,
2016).

CONCLUSION

To fully understand the interaction of ticks with TBVs, efficient
techniques for the artificial infection and maintenance of tick
colonies under laboratory conditions are crucial. As emphasized
in this mini review, it is the unique but complicated feeding
behavior of ixodid ticks that makes studies related to virus
transmission, vector competence, and other aspects of tick–virus
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interaction a challenging endeavor. However, with the availability
of these alternative feeding methods and techniques to infect
ticks with different viruses of public health importance, the
potential for studies on TBVs to catch up with the advances in
mosquito-borne viral disease research is no longer a far-fetched
scenario. In addition, the limitations of current techniques do
not outweigh importance of studying TBVs. Understanding the
interactions between ticks and the TBVs they transmit offers a
great opportunity to identify new targets for the future control of
TBVs.
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Trentelman JJ, Kershaw O,

Hovius JW and Nijhof AM (2018)
Preliminary Evaluation of Tick Protein
Extracts and Recombinant Ferritin 2

as Anti-tick Vaccines Targeting Ixodes
ricinus in Cattle.

Front. Physiol. 9:1696.
doi: 10.3389/fphys.2018.01696

Preliminary Evaluation of Tick
Protein Extracts and Recombinant
Ferritin 2 as Anti-tick Vaccines
Targeting Ixodes ricinus in Cattle
Sarah Knorr1, Juan Anguita2,3, Julen T. Cortazar2, Ondrej Hajdusek4, Petr Kopáček4,
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Anti-tick vaccines have the potential to be an environmentally friendly and cost-effective
option for tick control. In vaccine development, the identification of efficacious antigens
forms the major bottleneck. In this study, the efficacy of immunization with recombinant
ferritin 2 and native tick protein extracts (TPEs) against Ixodes ricinus infestations in
calves was assessed in two immunization experiments. In the first experiment, each calf
(n = 3) was immunized twice with recombinant ferritin 2 from I. ricinus (IrFER2), TPE
consisting of soluble proteins from the internal organs of partially fed I. ricinus females,
or adjuvant, respectively. In the second experiment, each calf (n = 4) was immunized
with protein extracts from the midgut (ME) of partially fed females, the salivary glands
(SGE) of partially fed females, a combination of ME and SGE, or adjuvant, respectively.
Two weeks after the booster immunization, calves were challenged with 100 females
and 200 nymphs. Blood was collected from the calves before the first and after the
second immunization and fed to I. ricinus females and nymphs using an in vitro artificial
tick feeding system. The two calves vaccinated with whole TPE and midgut extract
(ME) showed hyperemia on tick bite sites 2 days post tick infestation and exudative
blisters were observed in the ME-vaccinated animal, signs that were suggestive of a
delayed type hypersensitivity (DTH) reaction. Significantly fewer ticks successfully fed
on the three animals vaccinated with TPE, SGE, or ME. Adults fed on the TPE and ME
vaccinated animals weighed significantly less. Tick feeding on the IrFER2 vaccinated
calf was not impaired. The in vitro feeding of serum or fresh whole blood collected from
the vaccinated animals did not significantly affect tick feeding success. Immunization
with native I. ricinus TPEs thus conferred a strong immune response in calves and
significantly reduced the feeding success of both nymphs and adults. In vitro feeding
of serum or blood collected from vaccinated animals to ticks did not affect tick feeding,
indicating that antibodies alone were not responsible for the observed vaccine immunity.
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INTRODUCTION

Ixodes ricinus is a tick species which is widespread in Europe and
can transmit various bacterial, protozoal and viral pathogens of
medical and veterinary importance, including the causal agents
of Lyme borreliosis, tick-borne encephalitis (TBE) virus and
babesiosis. Multiple studies have shown that the incidence of both
Lyme borreliosis and TBE in several European countries have
increased over the last decades (Smith and Takkinen, 2006; Fulop
and Poggensee, 2008; Sykes and Makiello, 2017; Radzisauskiene
et al., 2018). Lyme borreliosis is also the most common zoonotic
vector-borne pathogen in the United States where I. scapularis, a
sister species of I. ricinus, is the main arthropod vector (Schwartz
et al., 2017).

The abundance and activity of I. ricinus ticks depends on
abiotic factors, including relative humidity and temperature, as
well as biotic factors such as adequate vegetation cover and
vertebrate host availability (Randolph et al., 2002). I. ricinus is
a three-host tick species with a broad host range; larvae and
nymphs feed predominantly on rodents and birds, whereas the
key reproduction hosts for adults are larger mammals (Gray
et al., 1998). Control of I. ricinus and associated tick-borne
diseases include personal preventive measures, such as the
avoidance of tick habitats and a prompt removal of attached ticks,
as well as environmental-based approaches, including habitat
modification, a reduction of host densities or treatment of wildlife
hosts with acaricides (Pound et al., 2012; Sprong et al., 2018).
Another alternative targeted at controlling the tick vector is the
use of anti-tick vaccines that would interfere with tick feeding
and survival or pathogen transmission (Parizi et al., 2012; Sprong
et al., 2014).

The first observations that animals repeatedly infested with
ticks can develop an immune response that results in the rejection
of ticks and that injection of tick extracts may also result in a
partial immunity were made by William Trager in the 1930s
(Trager, 1939a,b). This and similar studies formed the foundation
for work by Australian scientists which led to the identification of
the Bm86 antigen. This antigen is the principal component of the
only commercialized anti-tick vaccine targeting an ectoparasite,
the one-host tick Rhipicephalus microplus, to date (reviewed in
Willadsen, 2004). The Bm86 protein was identified following
multiple cycles of biochemical fractionation of immunogenic
tick midgut extracts (MEs) followed by immunization trials
with parasite challenges, with increasingly simpler protein
mixtures being used for immunization in each successive cycle
(Willadsen et al., 1989). Immunization with recombinant Bm86
was subsequently shown to be effective against R. microplus
and a number of other tick species and homologs of Bm86
were identified in all main ixodid tick genera (de Vos et al.,
2001; Nijhof et al., 2007). Immunization with two Bm86
orthologs isolated from I. ricinus was, however, not effective
against conspecific tick infestations in rabbits (Coumou et al.,
2015). More promising results for I. ricinus were obtained by
immunization of rabbits with recombinant ferritin 2 (FER2). This
protein is secreted by the tick midgut into the hemocoel and
acts as an iron transporter, thus playing a pivotal role in the
iron metabolism of ticks (Hajdusek et al., 2009). Immunization

with recombinant FER2 in rabbits resulted in a reduction in
tick numbers, engorgement weight and fertility rate of I. ricinus
females feeding on immunized animals. Similar effects were
observed for R. annulatus and R. microplus ticks feeding on cattle
immunized with recombinant R. microplus FER2 (RmFER2)
(Hajdusek et al., 2010). Other recombinant proteins that were
evaluated for their efficacy in controlling Ixodes infestations
in rabbits, mice and guinea pigs include subolesin (Almazan
et al., 2005), tick cement protein 64TRP (Trimnell et al., 2005),
the elastase inhibitor Iris (Prevot et al., 2007), sialostatin L2
(Kotsyfakis et al., 2008), a putative metalloprotease (Metis 1)
(Decrem et al., 2008), anti-complement proteins IRAC I and
IRAC II (Gillet et al., 2009), a cyclin-dependent kinase (Gomes
et al., 2015), and aquaporin (Contreras and de la Fuente, 2017).

In this pilot study, we aimed to investigate if immunization
of cattle to reduce I. ricinus tick feeding and reproduction is
possible. To this purpose, we evaluated the use of recombinant
FER2 as well as native tissue extracts. The cow was chosen as an
animal model since it is a suitable host for infestations with high
numbers of I. ricinus and also because large blood volumes can be
safely drawn without affecting the animal’s health (Wolfensohn
and Lloyd, 2013). This facilitated the subsequent evaluation of
collected antisera within an artificial tick feeding system (ATFS)
to study individual components of the immunological response
on tick feeding (Contreras et al., 2017).

MATERIALS AND METHODS

Calves and Ticks
Six-month-old Holstein-Friesian calves were purchased from a
local dairy farm. Calves were housed on pastures of the Institute
for Parasitology and Tropical Veterinary Medicine in Berlin
during the first 7 weeks of the study (d0–d49). The pastures
were considered to be free of ticks; natural tick infestations
were not observed during this period. One week prior to tick
challenge, they were moved to an enclosed cattle pen for the
duration of the tick infestation. I. ricinus ticks for the in vivo
challenge originated from the tick breeding unit of the Institute
for Parasitology and Tropical Veterinary Medicine of the Freie
Universität Berlin. For the in vitro feeding experiments, half
of the adult I. ricinus ticks originated from the tick breeding
unit. Prior to use, these were mixed with an equal number of
adult I. ricinus ticks collected from the vegetation in and around
Berlin, as previous (unpublished) work suggested that this might
improve the attachment rate of ticks in the ATFS. All animal
experiments were conducted with approval of the commission
for animal experiments (LAGeSo, Berlin, registration number
G0210/15).

Vaccine Preparation
Native Tick Protein Extracts
For the preparation of native tick protein extracts (TPEs), female
I. ricinus ticks were prefer for 3–5 days on rabbits. Partially fed
females weighing ∼30 to 70 mg were manually detached and
washed for 30 s in 70% ethanol. They were subsequently dissected
on a glass slide under ice-cold phosphate buffered saline (PBS, pH
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7.2). The internal organs (midguts, salivary glands, Malpighian
tubules, trachea, synganglia, and ovaries), were dissected and
stored in PBS on ice. For preparation of the TPE used in the
first immunization study, all internal organs except the midguts
were pooled together. For the second immunization study, only
the salivary glands and midguts were used for preparation of
the salivary gland extract (SGE) and ME, respectively. Tissues
were homogenized in an ultrasound homogenizer (Hielscher,
UP100H) followed by centrifugation at 15,000 g for 30 min at
4◦C. The supernatant of each extract was sterile filtered (0.2 µm
non-pyrogenic filters, Sarstedt Germany) and stored at −20◦C
until use. Protein concentrations were measured by the CB-XTM

Protein Assay (G Biosciences, United States) according to the
manufacturer’s instructions.

Ferritin 2 (FER 2)
Recombinant protein ferritin 2 from I. ricinus (IrFER2) was
expressed in E. coli strain BL21 as previously described (Hajdusek
et al., 2010).

Prior to immunization, TPE, SGE, and ME or recombinant
IrFER2 were emulsified in a homogenizer (IKA Turrax T25
Mixer) with 1.5 mg saponin in 1 mL of Montanide ISA
V50 adjuvant (SEPPIC, France) as specified by the adjuvant’s
manufacturer.

Study Outline
All calves were vaccinated intramuscularly (i.m.) twice at an
interval of 6 weeks. Two weeks after the second immunization,
each calf was challenged with ticks. The first study was performed
with three calves: one calf received 100 µg IrFER2, the second
calf ∼12 mg TPE (4 ME: 1 other internal organs), and the third
calf was vaccinated with Montanide ISA 50 adjuvant and saponin
only. The second study was performed with four calves: one calf
was vaccinated with∼6 mg SGE, one with∼9 mg ME, one with a
∼8 mg combination of ME and SGE (4 ME : 1 SGE) and a control
calf with Montanide ISA 50 adjuvant and saponin only.

Tick Challenge
Two weeks after the second immunization, each animal was
infested with 200 nymphs, 100 adult males, and 100 I. ricinus
females. The ticks were equally divided over two linen bags, which
were attached to the basis of the unshaved ears using adhesive
tape (Leukoplast, BSN medical, Hamburg, Germany).

Following a resting period of 2 days to allow ticks to attach
undisturbed, bags were checked twice per day and engorged
nymphs or females were removed and weighed. Adult females
were subsequently stored individually and nymphs were stored in
small batches in glass tubes. The tubes containing the ticks were
stored in a desiccator with 80% relative humidity (RH), which
was placed in a climate chamber at 20◦C and a light-dark-cycle of
14–10 h.

In vitro Tick Feeding
The ATFS used for the feeding of plasma or whole blood from
the vaccinated calves to I. ricinus ticks in vitro was based on a
previously published protocol (Krober and Guerin, 2007) which
was further optimized in house (Krull et al., 2017). In short,

tick feeding units were made of borosilicate glass tubes with
a 28 mm inner diameter, 2 mm wall thickness, and height of
65 mm. The feeding units were closed on one end with a silicone
membrane with a thickness of 80–120 µm for adults and 70–
90 µm for nymphs. The silicone membranes were attached to
the tick feeding unit using silicone glue. A square piece of glass
fiber mosquito netting, approximately 20 mm × 20 mm in size,
was glued to the silicone membrane inside the feeding units
used for adult ticks to provide tactile stimuli. Silicone glue was
applied to two sides of the square mosquito netting only, leaving
sufficient space for ticks to crawl underneath the netting. Bovine
hair extract (Krull et al., 2017) and bovine hair were dispersed
over the silicone membrane to stimulate tick attachment. Ten
females with 5–7 males, or 50 nymphs were placed in each feeding
unit, which was subsequently placed in a climate chamber set at
20◦C, 80% RH, 5% CO2 and 14 h light–10 h dark cycle.

Before the first (d0) and 2 weeks after the second
immunization (d56), 1.5 L blood was collected from each calf.
Blood was centrifuged at 3,500 g for 30 min at 4◦C to separate
blood cells and plasma. Plasma was collected and stored at−20◦C
until use.

For the first study and nymphal tick feeding of the second
study, collected plasma was mixed with the erythrocyte and buffy
coat layer of bovine blood collected at a local slaughterhouse.
Blood cells were washed twice and subsequently stored at 4◦C
in modified Vega y Martinez phosphate-buffered saline solution
containing 20% glucose (Zweygarth et al., 1995). Blood cells were
overlaid with two-thirds of buffer. Blood cells and stored plasma
were mixed in a 2:1 ratio, resulting in whole blood with a packed
cell volume (PCV) of 33%. Ticks were subsequently fed using the
ATFS. Before each feeding, gentamycin (10 mg/mL) and 0.1 M
adenosine triphosphate (ATP) were added to the blood meal.

During the second study, blood for the in vitro feeding of
I. ricinus adults was collected from each calf on day 55, day
62, and day 68 in the presence of heparin (20 I.U./mL) and
glucose (2 g/L). Prior to in vitro feeding, it was supplemented with
gentamycin (10 mg/mL) and 0.1 M ATP and preheated to 37◦C
on a hot plate (Hot Plate 062, Labotect, Göttingen, Germany).
Blood was changed twice per day. Detached and replete adults
and nymphs were weighed and stored individually in a desiccator
with 80% RH at RT.

Enzyme-Linked Immunosorbent Assay
(ELISA)
Blood was collected weekly from each calf in a serum tube
(Microvette R©, Sarstedt, Germany). After coagulation, blood
samples were centrifuged at 2,800 g for 5 min. The serum
was subsequently withdrawn and stored until use at −20◦C.
A 96-well plate (F-bottom, Medium binding; Greiner Bio-
one) was coated with 2.5 µg/mL TPE, ME or SGE or
0.5 µg/mL IrFER2 in coating buffer (0.05 M carbonate-
bicarbonate; pH 9.6) at 20◦C for 1 h and at 4◦C overnight.
Serum samples diluted 1:200 in 0.05% PBS-Tween were
added to each well and the plate was incubated at 37◦C
for 30 min. Mouse anti-bovine IgG antibody, horseradish
peroxidase-conjugated (Acris Antibodies GmbH) was diluted
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1:5000 in 0.05% PBS-T and incubated at 37◦C for 30 min.
O-phenylenediamine (OPD-P9187, Sigma Aldrich) was used
as substrate and resulting color was measured with Epoch
Microplate Spectrophotometer (BioTek) at 492 nm. The plate was
washed three times with 0.05% PBS-Tween after each incubation
step.

IgM, IgG1, and IgG2 antibody titration experiments
were performed using eight serial dilutions, from 1:100 to
1:12,800, of sera from the first and second immunization
experiment. Here, the amount of total protein used for
coating was 0.5 µg/mL in carbonate buffer. The plates
were then washed, blocked with 1% fetal bovine serum in
PBS, incubated with the sera dilutions followed by specific
secondary antibodies against bovine IgG1, IgG2, and IgM
conjugated with horseradish peroxidase (Bio-Rad). The ELISAs
were developed using HRP substrate (Kirkegaard and Perry
Laboratories, Gaithersburg, MD, United States) and read
at 450 nm.

Western Blot
Five micrograms of purified Ferritin 2 or tissue extracts
were resolved in 4–20% precast polyacrylamide gels (Bio-
Rad) and transferred to nitrocellulose membranes (Bio-Rad).
The membranes were blocked for 2 h in PBS + 5%
skim milk, followed by incubation with calf sera in PBS
containing 0.1% Tween 20 (PBST) at 1:1000 dilution for
2 h. The membranes were washed three times with PBST,
and incubated with a 1:10,000 dilution of anti-bovine IgG
(Life Technologies) conjugated with horseradish peroxidase
for a period of 1 h. After extensive washing the membranes
were briefly incubated with HRP substrate (SuperSignal West
Femto Maximum Sensitivity Substrate, Life Technologies)
and developed in a ChemiDoc Gel Imaging System (Bio-
Rad).

Skin Sample Collection and Histological
Processing
Biopsies were taken from euthanized animals of the second study
at d68 from areas where ticks had fed and processed using routine
histological techniques.

Statistical Analyses
Engorgement weight of adult ticks and nymphs were analyzed
using GraphPad Prism version 5.03 for Windows, GraphPad
Software, La Jolla, CA, United States1. For normally distributed
data one-way ANOVA followed by Bonferroni’s multiple
comparison test was performed. Kruskal-Wallis test and Dunn’s
post-test was conducted for data with non-Gaussian distribution.
P ≤ 0.05 was considered significant for all tests. P-values
for number of ticks and molting rate of nymphs were
calculated with mid-p-exact test using OpenEpi version 3.012.
P-values were adjusted according to Holm correction in RStudio
version 3.4.3.

1http://www.graphpad.com
2http://openepi.com

RESULTS

Immune Response
Indirect ELISA-results demonstrated that the IrFER2 and
TPE vaccinated calf each developed antibody titers against
recombinant IrFER2 and native TPE, respectively. Serum from
the TPE vaccinated animal did not clearly recognize IrFER2
(Figure 1). These results were confirmed by Western blot, which
also showed that immune sera from the TPE-immunized animal
recognized ME, SGE and ovary proteins. Recombinant IrFER2
and native tick proteins were not recognized by pre-immune
sera of the IrFER2 and TPE-immunized animals, respectively
(Figure 2).

Calves from the second study, immunized with ME, SGE
or a combination thereof developed higher antibody titers
compared to the TPE-vaccinated calf from the first study. The calf
immunized with ME showed a strong immune response against
both ME and SGE and developed the highest antibody titer of
all vaccinated calves (Figure 3). Antibody titration experiments
predominantly showed a IgG1 and, to a lesser extent, IgG2
response in sera from the ME and SGE-immunized calves and
the calf immunized with a combination of ME and SGE. A clear
IgM response was not detected (Figure 4).

Tick Challenge
Two days post tick infestation, hyperemia and oedema on the
tick bite sites on the ears of TPE vaccinated calf were observed
(Figure 5). These reactions were not observed on the ears of the
IrFER2 vaccinated or control calf. On the negative control, 70
female ticks engorged, with a mean weight of 245.8 ± 85.3 mg.
This was not statistically different from the IrFER2-vaccinated
animal, on which 87 ticks engorged with a mean weight of with
268.6 ± 82.0 mg. Only 22 ticks fed to repletion on the TPE-
immunized calf, with a significantly reduced engorgement weight
of 126.6 ± 86.9 mg (p ≤ 0.001). The results for the nymphs
fed on the TPE-vaccinated calf showed a similar trend: 14 from
200 nymphs were able to engorge compared to 128/200 and
145/200 nymphs from the control and IrFER2-vaccinated animal,
respectively, but there was no significant difference between the
engorgement weights (Table 1).

Control and SGE vaccinated calves of the second study did
not show a clear skin response at 2 days post tick infestation.
The calf immunized with a combination of SGE and ME showed
similar inflammatory signs on the tick bite sites with hyperemia
as observed in the first study. The ME vaccinated animal showed
a severe cutaneous reaction with a papular reaction at the tick
attachment site with serous exudation 2 days post infestation
(Figure 6). Histological examination of the ears could only be
performed at d68 post immunization after the tick infestation
in the second immunization experiment. It showed an extensive
infiltration of the dermis with eosinophils and macrophages in
the ears of animals immunized with SGE, ME and a combination
of both extracts that was absent in the skin of the control animal
(Figure 7).

Adults fed on SGE (187.8± 102.4 mg, n = 63) or SGE and ME
(140.6 ± 89.5 mg, n = 25) immunized calves had a significantly
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FIGURE 1 | Antibody response in vaccinated animals of the first cattle immunization study. Bovine serum (diluted 1:200) antibody titers to (A) recombinant ferritin 2
(FER2) and (B) tick protein extract (TPE) were determined by indirect ELISA in cattle vaccinated with FER2, TPE, and adjuvant control.

FIGURE 2 | (A) Western blot of recombinant ferritin 2 (FER2), native midgut (MG), and salivary gland (SG) extracts, probed with pre-immune and immune sera of
calves vaccinated with recombinant ferritin 2 (lanes 1 and 2) and tick protein extract (lanes 3 to 6); (B) western blot of native MG, SG, and Ovaries (Ovar) extracts,
probed with pre-immune and immune sera of the calf vaccinated with tick protein extracts (TPE) and the control calf (C).

(p ≤ 0.001) lower engorgement weight compared to adults fed
on control (262.2 ± 70.8 mg, n = 69). Only two adult ticks were
able to engorge on the ME vaccinated calf, with a significantly
lower engorgement weight (79.0± 19.7 mg) in comparison to the
control (p ≤ 0.05). For all vaccinated calves, a reduced number
(SGE n = 23; ME n = 11; SGE and ME n = 20) of nymphs
could engorge compared to the Ctrl (n = 92), but no significant
differences between engorgement weights were observed. Mean
engorgement weights and statistical results for adult ticks and
nymphs of the second study are shown in Table 2.

In vitro Tick Feeding
For the first study, the percentage of ticks that attached and
successfully fed in the ATFS ranged from 33 to 44% per group
for females and from 35 to 42% for nymphs. No significant
differences in number of ticks that completed feeding and
their engorgement weights were found. The attachment and
engorgement rates of the second study were comparable to that
of the first and ranged from 24 to 44% for both females and

nymphs. Slightly higher female engorgement weights compared
to that of the first in vitro study were recorded. Again, an
effect of in vitro feeding of either stored plasma or fresh whole
blood on tick engorgement was not observed. Mean engorgement
weights and statistical results for adult ticks and nymphs of
1st and 2nd immunization study are shown in Tables 1, 2,
respectively.

DISCUSSION

Immunization with recombinant IrFER2 or native tick proteins
elicited a clear antibody response in the immunized animals.
Interestingly, sera of the animal vaccinated with ME also
recognized salivary gland antigens in the indirect ELISA and vice
versa (Figure 3), suggesting the presence of common epitopes
in both ME and SGE. Similar findings were previously reported
in cattle vaccinated with R. microplus gut membrane antigens
(Opdebeeck and Daly, 1990) and recent data for I. ricinus also
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FIGURE 3 | Antibody response in vaccinated animals of the second cattle immunization study. Bovine serum (diluted 1:200) antibody titers to (A) midgut extract
(ME), (B) salivary gland extract (SGE), and (C) SGE and ME were determined by indirect ELISA in cattle vaccinated with ME, SGE and a combination of ME and SGE
and the adjuvant control. For comparison purposes, serum from the TPE-vaccinated animal from the first immunization study was also included in the ELISA.

FIGURE 4 | Titrated IgM, IgG1, and IgG2 antibody response in animals vaccinated with salivary gland extract (SGE), midgut extract (ME) or a combination of both
SGE and ME (SGE+ME). Plates were coated with 0.5 µg/mL SGE (A,B) or ME (C,D), respectively.
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FIGURE 5 | Photograph of the ear from the TPE vaccinated cow, 2 days after
tick infestation, showing hyperaemia and oedema around the tick feeding
sites.

indicates the presence of shared transcripts and proteins between
salivary glands and midguts (Schwarz et al., 2014; Perner et al.,
2016). It is not known if these common epitopes are peptides
or carbohydrates; efforts to deglycosylate the tissue extracts by
enzymatic deglycosylation or sodium hydroxide to investigate
this in more detail were not successful (data not shown). It is also
striking that the strongest cutaneous response was observed in
the ME-vaccinated animals, with a marked papular swelling at
the tick attachment site and extensive serous exudate, a finding
that supports the presence of shared epitopes between ME and
saliva proteins. The regurgitation of midgut proteins during the
feeding process might form an alternative explanation for the
observed cutaneous response. There is some evidence that ticks
may regurgitate gut contents during feeding (Brown, 1988) and
it has also been suggested that pathogens might be transmitted
by this route (Burgdorfer et al., 1989). However, the presence
of a pharyngeal valve in ticks, which is considered to be an
effective barrier preventing regurgitation, argues against this,
making regurgitation of gut contents a little understood and
controversial phenomenon (Sonenshine and Anderson, 2014).
The skin reaction became apparent at 48 h after the ticks were
placed on the ear, which together with the observed response is
indicative of a type IV delayed hypersensitivity (DTH) reaction.
Nymphs in particular might have become trapped in the exudate
and died as a result, which may have contributed to the low
number of ticks recovered from this animal. DTH reactions
have also been observed in immunization studies targeting other
hematophagous arthropods; immunization with a 15 kD salivary
gland protein of the sandfly vector of leishmaniosis, Phlebotomus
papatasi (Valenzuela et al., 2001) resulted in a humoral and strong
DTH responses upon subsequent exposure to P. papatasi and
immunization with the 64 TRP antigen derived from the cement
cone of R. appendiculatus ticks was also shown to induce strong
humoral and DTH responses (Trimnell et al., 2005).

Although the FER2 immunized calf developed a high antibody
titer, tick feeding on this calf was not impaired. This is in contrast
to previous findings of a immunization experiment in which the
tick number, engorgement weight, oviposition and fertility of
I. ricinus feeding on immunized rabbits (n = 2) were reduced after

threefold immunization with 100 µg IrFER2 (Hajdusek et al.,
2010). The small group size or use of individual animals in both
studies, animal species-specific differences and differences in the
immunization schedule might explain these contrasting findings.
Recombinant IrFER2 produced in E. coli was not recognized by
serum from the TPE vaccinated animal. This can be explained
by the assumption that the amount of ferritin 2 in the TPE was
minute, as it is mainly expressed in the midgut but secreted into
the tick plasma, which was the only tissue where the protein could
previously be detected by Western Blot (Hajdusek et al., 2009).

Immunization of calves with native TPEs from adult ticks
was more successful in inhibiting tick feeding. Immunization
with extracts containing midgut proteins (TPE, ME and a
combination of both ME and SGE) in particular resulted in
a significant reduction in the number of females and nymphs
that fed successfully and also in a significant reduction in the
engorgement weights of females. As the native proteins were
extracted from adult females, the observed effect on nymphs
could be explained by the presence of conserved proteins in both
nymph and adult ticks. A recent proteomic study indeed showed
a considerable overlap between proteins identified in nymphal
and adult salivary glands and midguts (Schwarz et al., 2014).

The effect of immunization with soluble midgut proteins
prepared from adult ticks on tick feeding has been previously
evaluated for a number of metastriate tick species, including
Amblyomma variegatum, Dermacentor andersoni, Hyalomma
anatolicum, H. dromedarii, R. annulatus, R. microplus,
R. appendiculatus, R. sanguineus and the soft tick Ornithodoros
erraticus (Allen and Humphreys, 1979; Jongejan et al., 1989;
Wong and Opdebeeck, 1989; Rechav et al., 1992; Kimaro and
Opdebeeck, 1994; Szabo and Bechara, 1997; Banerjee et al.,
2003; Manzano-Roman et al., 2006; Nikpay and Nabian, 2016).
The reported efficacy of immunization of these trials was,
however, rarely as high as reported in this study, with reductions
in tick numbers ranging from 63% for ticks feeding on the
animal immunized with a combination of SGE and ME, to
97% in the ME-immunized animal. This could again be due
to the small number of animals used in this study and/or the
mechanical disturbance of ticks caused by the serous exudate
at the tick feeding site in the ME-vaccinated animal, but it
does indicate that the immunization procedure followed was
successful and that the development of tick immunity against
I. ricinus through immunization in cattle is possible. The
optimal amount of native TPEs that confers tick immunity
in animals is not known; amounts used in previous studies
with cattle ranged from three immunizations with 100 µg
salivary gland proteins (Nikpay and Nabian, 2016) to one
immunization with 200 mg midgut protein followed by three
booster immunizations with 150 mg midgut protein (Essuman
et al., 1991). Differences in the tick and host species used, as
well as differences in the preparation of antigen extracts and
the presentation of vaccine efficacy, make it difficult to draw
any conclusions on this matter from previous studies. We
therefore followed a pragmatic approach by using the maximum
amount of proteins that could be extracted from the partially fed
females, which turned out to be in the range of ∼6 to ∼12 mg
protein.
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TABLE 1 | Tick challenge and in vitro tick feeding results of 1st study.

Study Life stage Ctrl TPE IrFER2 TPE d0

Tick challenge Adults No 70ab 22ac 87bc

EW (mg) 245.8 ± 85.3d 126.6 ± 86.9de 268.6 ± 82.0e

Nymphs No 128f 14fg 145g

EW (mg) 3.6 ± 0.9 3.1 ± 1.0 3.5 ± 0.9

Molting rate (%) 70h 36hi 71i

Sex of nymphs 54♀ 35♂ 2♀ 3♂ 59♀ 44♂
In vitro Adults No 39 33 44 40

EW (mg) 193.8 ± 74.8 177.8 ± 71.9 190.9 ± 79.3 201.4 ± 74.8

Nymphs No 84 79 70

EW (mg) 2.6 ± 0.9 2.7 ± 0.9 2.6 ± 0.8

Molting rate (%) 45j 49k 9jk

Sex of nymphs 16♀ 20♂ 27♀ 17♂ 2♀ 4♂

No, number of engorged ticks; EW, engorgement weight. Mean values ± SD tested in a one-way analysis of variance (ANOVA) followed by Kruskal-Wallis test for multi-
group comparisons. P-values for number of ticks and molting rate (in percent) were tested by mid-p-exact test. P-values were adjusted according to Holm correction.
Significantly differences are indicated by letters and p-values. The sex of nymphs was determined after molting.
aMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. bMid-P-exact test, p-value adjustment by Holm correction; P = 0.0036. cMid-P-exact test, p-value
adjustment by Holm correction; p < 0.0001. dKruskal-Wallis test, Dunn’s post hoc-test; p < 0.0001. eKruskal-Wallis test, Dunn’s post hoc-test; p < 0.0001. fMid-P-exact
test, p-value adjustment by Holm correction; p < 0.0001. gMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. hMid-P-exact test, p-value adjustment
by Holm correction; P = 0.0355. iMid-P-exact test, p-value adjustment by Holm correction; P = 0.0355. jMid-P-exact test, p-value adjustment by Holm correction;
p < 0.0001. kMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001.

FIGURE 6 | Photographs of the ears from the vaccinated calves of the second immunization experiment, 2 days post-infestation. (A) Control animal;
(B) SGE+ME-immunized calf; (C) SGE-immunized calf; (D) ME-immunized calf.

Feeding of blood from the vaccinated animals in vitro using
the ATFS showed that the humoral response of the immunized
animals alone did not affect tick feeding. It differs in this regard to
the mode of action of the Bm86 vaccine, where the in vitro feeding
of IgG1 antibodies in particular was shown to cause tick gut
damage in R. microplus (Kemp et al., 1989). Further identification

of the tissue extract antigens that were primarily responsible for
the observed protective immune responses would be of great
interest in the future development of vaccines targeting I. ricinus
ticks.

Control of Ixodes tick infestations in important reproduction
hosts such as deer by using the “4-Poster” acaricide dispensing
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FIGURE 7 | Histopathology of the ear skin from the control (A) and ME-immunized animal (B). The arrows indicate the mixed inflammatory infiltrate mainly
composed of eosinophils and macrophages in the dermis of the ME-immunized animal. The biopsies were taken at d68 post immunization and stained with
hematoxylin and eosin (100× magnification).

TABLE 2 | Tick challenge and in vitro tick feeding results of 2nd study.

Study Life stage Ctrl SGE+ME ME SGE

Tick challenge Adults No 67ab 25acd 2bce 63de

EW (mg) 262.1 ± 70.8fg 140.6 ± 89.5f 79.0 ± 19.7 187.8 ± 102.4g

Nymphs No 92hij 20h 11i 23j

EW (mg) 3.5 ± 1.0 3.2 ± 1.0 3.6 ± 0.7 3.8 ± 1.1

Molting rate (%) 86k 15kl 55m 100lm

Sex of nymphs 42♀ 37♂ 0♀ 3♂ 6♀ 0♂ 15♀ 8♂
In vitro Adults No 23 23 18 32

EW (mg) 256.4 ± 102.5 205.3 ± 68.9 195.7 ± 72.0 239.3 ± 92.4

Nymphs No 48no 87n 65 76o

EW (mg) 2.8 ± 0.9 2.8 ± 0.9 2.7 ± 0.9 2.7 ± 0.8

Molting rate (%) 54pq 34 26p 29q

Sex of nymphs 10♀ 16♂ 8♀ 22♂ 5♀ 12♂ 7♀ 15♂

No, number of engorged ticks; EW, engorgement weight. Mean values ± SD tested in a one-way analysis of variance (ANOVA) followed by Kruskal-Wallis test for multi-
group comparisons. P-values for number of ticks and molting rate (in percent) were tested by mid-p-exact test. P-values were adjusted according to Holm correction.
Significantly differences are indicated by letters and p-values. The sex of nymphs was determined after molting.
aMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. bMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. cMid-P-exact test,
p-value adjustment by Holm correction; p < 0.0001. dMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. eMid-P-exact test, p-value adjustment by
Holm correction; p < 0.0001. fKruskal-Wallis test, Dunn’s post hoc-test; p < 0.0001. gKruskal-Wallis test, Dunn’s post hoc-test; p < 0.0001. hMid-P-exact test, p-value
adjustment by Holm correction; p < 0.0001. iMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. jMid-P-exact test, p-value adjustment by Holm
correction; p < 0.0001. kMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001. lMid-P-exact test, p-value adjustment by Holm correction; p < 0.0001.
mMid-P-exact test, p-value adjustment by Holm correction; p = 0.0133. nMid-P-exact test, p-value adjustment by Holm correction; P = 0.0002. oMid-P-exact test,
p-value adjustment by Holm correction; P = 0.0127. pMid-P-exact test, p-value adjustment by Holm correction; P = 0.0173. qMid-P-exact test, p-value adjustment by
Holm correction; P = 0.0292.

device was shown to significantly reduce nymphal tick densities
in the northeastern United States over time (Brei et al.,
2009). Immunization of wildlife hosts against ticks could
form an alternative means of reducing tick abundance
and the risk for acquiring tick-borne diseases, but will
depend on the identification of effective antigens and the
availability of suitable vaccine delivery systems such as oral
immunization or ballistic delivery of vaccines (Sharma and
Hinds, 2012).

Although this work was limited by the small number of
animals used due to cost constraints, the results nevertheless
indicate that tick immunity against I. ricinus can be elicited

in cattle upon immunization with native TPEs. Future work
will focus on the analysis of immunogenic antigens to identify
potential tick-protective vaccine candidates.
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Ticks are blood-sucking arthropods that can transmit various pathogenic organisms to
host animals and humans, causing serious infectious diseases including Lyme disease.
Tick feeding induces innate and acquired immune responses in host animals, depending
on the combination of different species of animals and ticks. Acquired tick resistance
(ATR) can diminish the chance of pathogen transmission from infected ticks to the
host. Hence, the elucidation of cellular and molecular mechanism underlying ATR is
important for the development of efficient anti-tick vaccines. In this review article,
we briefly overview the history of studies on ATR and summarize recent findings,
particularly focusing on the role for basophils in the manifestation of ATR. In several
animal species, including cattle, guinea pigs, rabbits and mice, basophil accumulation
is observed at the tick re-infestation site, even though the frequency of basophils
among cellular infiltrates varies in different animal species, ranging from approximately
3% in mice to 70% in guinea pigs. Skin-resident, memory CD4+ T cells contribute to
the recruitment of basophils to the tick re-infestation site through production of IL-3
in mice. Depletion of basophils before the tick re-infestation abolishes ATR in guinea
pigs infested with Amblyomma americanum and mice infested with Haemaphysalis
longicornis, demonstrating the crucial role of basophils in the manifestation of ATR.
The activation of basophils via IgE and its receptor FcεRI is essential for ATR in mice.
Histamine released from activated basophils functions as an important effector molecule
in murine ATR, probably through promotion of epidermal hyperplasia which interferes
with tick attachment or blood feeding in the skin. Accumulating evidence suggests
the following scenario. The 1st tick infestation triggers the production of IgE against
tick saliva antigens in the host, and blood-circulating basophils bind such IgE on the
cell surface via FcεRI. In the 2nd infestation, IgE-armed basophils are recruited to tick-
feeding sites and stimulated by tick saliva antigens to release histamine that promotes
epidermal hyperplasia, contributing to ATR. Further studies are needed to clarify whether
this scenario in mice can be applied to ATR in other animal species and humans.

Keywords: basophil, mast cell, tick resistance, IgE, histamine
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INTRODUCTION

Ticks, particularly ixodid family members, are blood-sucking
ectoparasites of vertebrates and can transmit various pathogens
to animals and humans during blood feeding for days, causing
serious infectious diseases, including Lyme disease, babesiosis,
Rocky Mountain spotted fever, human monocytic ehrlichiosis
and severe fever with thrombocytopenia syndrome (Gratz, 1999;
Parola and Raoult, 2001; de la Fuente et al., 2008; Embers and
Narasimhan, 2013; Wikel, 2013; Yamaji et al., 2018). Besides tick-
borne infectious diseases, some people with the experience of tick
bites show recurrent episodes of anaphylaxis, a life-threatening
systemic allergic reaction, after eating red meat or treating with
anticancer monoclonal antibodies (Platts-Mills and Commins,
2013; Steinke et al., 2015). Thus, tick infestation is of medical and
veterinary public health importance.

Host defense mechanism is a threat to successful blood
feeding by ticks and hence must be counteracted. To this
end, ticks inject saliva containing various bioactive substances
into the host during tick infestation, including vasodilator
and antihemostatic, antiinflammatory and immunosuppressive
reagents (Wikel, 2013). On the other hand, some animals, such
as mice, guinea pigs, rabbits and cattle, have been shown to
develop the resistance to tick feeding after single or multiple
tick infestations, depending on the combination of animal
species/strains and tick species (Trager, 1939; Wikel, 1996). This
acquired tick resistance (ATR) is commonly assessed by several
parameters, including the reduction in the number and/or body
weight of engorged ticks or tick death when sensitized animals are
re-infested with ticks. ATR was first described in 1938 by Trager
who found that after infestation with Dermacentor variabilis,
guinea pigs develop resistance to subsequent tick infestations
(Trager, 1939). Since then, ATR has been further characterized
by using cattle and laboratory animals including guinea pigs
(Wikel, 1996). ATR is not restricted to the skin lesion of previous
tick bites and can be observed in un-infested skin of sensitized
animals, indicating the contribution of systemic responses rather
than a localized response at the previously infested skin lesion.
Moreover, ATR can be transferred to naive animals with sera
or cells isolated from previously infested animals (Wikel and
Allen, 1976; Brown and Askenase, 1981; Askenase et al., 1982),
suggesting that ATR is a type of immune reaction. Importantly,
ATR can diminish the chance of pathogen transmission from
infected ticks to host animals and humans (Bell et al., 1979; Wikel
et al., 1997; Nazario et al., 1998; Burke et al., 2005; Dai et al., 2009).
Therefore, the elucidation of cellular and molecular mechanisms
underlying ATR is important for developing efficient anti-
tick vaccines that can minimize the transmission of pathogens
causing serious infectious diseases.

Basophils are the least abundant granulocytes and account
for less than 1% of peripheral blood leukocytes (Galli, 2000).
They are named after basophilic granules in the cytoplasm
that stain with basic dye, as first documented by Paul Ehrlich
in 1879. In addition to basophilic granules, blood-circulating
basophils share some phenotypic properties with tissue-resident
mast cells, such as the surface expression of the high-affinity
IgE receptor FcεRI and the release of allergy-inducing chemical

mediators, including histamine, in response to various stimuli
(Galli, 2000; Stone et al., 2010). Therefore, basophils have often
been erroneously considered as minor and redundant relatives
or blood-circulating precursors of tissue-resident mast cells
(Falcone et al., 2000). It is now accepted well that basophils and
mast cells are distinct cell lineages, and that basophils play crucial
and non-redundant roles distinct from those played by mast cells
(Voehringer, 2017; Karasuyama et al., 2018; Varricchi et al., 2018).
Basophils contribute to protective immunity, particularly to
parasitic infections while they are involved in the pathogenesis of
various disorders, including allergic and autoimmune disorders.

In this review article, we summarize recent advances in
our understanding of the cellular and molecular mechanisms
underlying ATR, particularly focusing on the role of basophils
identified mainly in mouse models of tick infestation.

BASOPHILS ARE KEY EFFECTOR CELLS
IN THE MANIFESTATION OF ATR

In Guinea Pigs
An early study described that cutaneous reactions at tick-
feeding sites in tick-resistant guinea pigs were characterized
by granulocytic inflammatory infiltrates, edema, and epidermal
hyperplasia whereas the 1st tick-feeding site in previously
uninfested guinea pigs showed minimal skin reactivity (Trager,
1939). Accumulation of numerous basophils and eosinophils,
with basophils comprising up to 70% of cellular infiltrates, was
detected at tick-feeding sites of guinea pigs that manifested ATR
(Allen, 1973). Such basophil-rich cutaneous reaction was referred
as cutaneous basophil hypersensitivity (CBH) and extensively
studied in 1970s and early 1980s (Katz, 1978). Basophil depletion
in A. americanum-infested guinea pigs by using antiserum
raised against basophils abolished ATR (Brown et al., 1982),
demonstrating the important role for basophils in ATR. Basophil
infiltration at the site of tick re-infestation was also observed in
cattle and rabbits (Allen et al., 1977; Brossard and Fivaz, 1982),
even though the frequency of basophils among cellular infiltrates
varied, and the functional role of basophils in these animals has
not yet been determined to our knowledge. Thus, it remained
elusive whether the important finding on basophils in guinea pig
ATR can be generalized to other animal species and humans.

In Mice
A previous study reported that basophil infiltration was hardly
detected at the tick-feeding site of WBB6F1-+/+ mice during
re-infestation with H. longicornis, in spite of the fact that the
mice showed ATR (Matsuda et al., 1990). Mast cell-deficient
WBB6F1-W/Wv mice failed to manifest ATR, and adoptive
transfer of mast cells conferred ATR on these mice (Matsuda
et al., 1985, 1987, 1990), suggesting that mast cells in place of
basophils contributed to ATR in mice, unlike in guinea pigs.
On the contrary, other studies reported that the same mast cell-
deficient strain of mice showed ATR to another tick species
Dermacentor variabilis (denHollander and Allen, 1985; Steeves
and Allen, 1991). Murine basophils had been notoriously difficult
to identify owing to their fewer basophilic granules compared
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to those in other animals and humans, and therefore, electron
microscopic examination was needed to identify them in tissue
sections (Urbina et al., 1981; Dvorak et al., 1982; Dvorak, 2000).
Notably, the infiltration of basophils, along with eosinophils and
neutrophils, was detected by electron microscopy at the tick-
feeding site in the 3rd infestation with D. variabilis in both mast
cell-sufficient and -deficient mice (Steeves and Allen, 1991). Thus,
the mechanism underlying ATR in mice, including the distinct
roles played by basophils and mast cells, and the influence of
different genetic background of both mice and ticks remained to
be clarified.

Recent characterization of cell surface markers on murine
basophils (Min et al., 2004; Voehringer et al., 2004) and the
identification of murine basophil-specific serine protease, mouse
mast cell protease-8 (mMCP-8) (Poorafshar et al., 2000; Ugajin
et al., 2009) have enabled us to identify and isolate murine
basophils much more easily. Taking the advantage of a mMCP-
8-specific mAb TUG8 (Ugajin et al., 2009), we demonstrated that
mMCP-8-expressing basophils are recruited to the tick-feeding
site and make a cluster around the tick mouthpart during the
2nd but rarely the 1st infestation with H. longicornis in C57BL/6
mice (Wada et al., 2010). Intravital fluorescence microscopic
analysis, using Mcpt8GFP (green basophil) mice in that only
basophils express green fluorescent protein (GFP), confirmed the
basophil accumulation at the 2nd but not 1st tick-feeding site
(Ohta et al., 2017; Figure 1). Basophils represented less than 5%
of leukocytes at the 2nd tick-feeding site in mice, much fewer
than in guinea pigs, while monocytes/macrophages, neutrophils
and eosinophils were abundant. Importantly, we found that
basophil depletion by treating mice with basophil-depleting
mAbs, either anti-FcεRIα (MAR-1) or anti-CD200R3 (Ba103),
just before the 2nd tick infestation completely abolished ATR with
no apparent effect on the number of other types of cells, including
monocytes/macrophages, neutrophils and eosinophils (Wada
et al., 2010). The essential role of basophils in ATR was further
demonstrated by diphtheria toxin-mediated ablation of basophils
in genetically engineered Mcpt8DTR mice in that only basophils

expressed diphtheria toxin receptors (Wada et al., 2010). Of
note, we also demonstrated that mast cell-deficient KitW−sh/W−sh
C57BL/6 mice failed to manifest ATR, confirming the importance
of mast cells in ATR reported previously (Matsuda et al., 1985,
1987, 1990). Thus, mast cells, in addition to basophils, appear to
contribute to ATR in C57BL/6 mice infested with H. longicornis,
in contrast to ATR in D. variabilis-infested WBB6F1-+/+ mice
in that mast cells are dispensable (denHollander and Allen, 1985;
Steeves and Allen, 1991).

In Humans
Basophil infiltration was detected in humans at the tick-feeding
sites and in the skin lesions of scabies (Ito et al., 2011; Nakahigashi
et al., 2013; Kimura et al., 2017). Of note, a patient lacking
basophils and eosinophils reportedly suffered from widespread
scabies (Juhlin and Michaelsson, 1977). These observations
suggest the possible involvement of basophils in protective
immunity to ectoparasites, including ticks.

BASOPHIL ACTIVATION THROUGH IgE
AND ITS RECEPTOR FcεRI IS
ESSENTIAL FOR ATR

It was shown in guinea pigs that transfer of serum from
previously infested animals conferred ATR on naive animals
(Wikel and Allen, 1976; Brown and Askenase, 1981; Askenase
et al., 1982). Similarly, in mice, transfer of serum from tick-
infested but not un-infested mice conferred ATR on naive mice
(Matsuda et al., 1990), suggesting the involvement of tick-specific
antibodies in ATR. Of note, the heat treatment of the serum
at 56◦C for 2 h abolished the ATR transfer activity (Matsuda
et al., 1990), indicating that antibodies of IgE isotype contribute
to the manifestation of ATR. Consistent with this observation,
we demonstrated that both antibody-deficient µMT mice and
Fcer1g−/− mice, that lack the expression of high affinity IgE
receptor FcεRI, failed to show ATR (Wada et al., 2010). This

FIGURE 1 | Basophils accumulate at the tick-feeding site during the 2nd but not 1st tick infestation. Mcpt8GFP (green basophil) mice were infested with ticks one or
twice and subjected to intravital fluorescence imaging analysis of green basophils at tick-feeding sites on day 2 of the 1st or 2nd infestation.
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FIGURE 2 | Schematic view of the proposed mechanism underlying ATR. In the 1st tick infestation (left panel), dendritic cells in the skin take up tick saliva antigens
and move to the draining lymph node where they present tick antigens to naive CD4+ T cells, leading to the generation of IL-4-producing T cells. T cell-derived IL-4
stimulates B cells to produce tick antigen-specific IgE that in turn circulates in the peripheral blood and bind to the surface of blood-circulating basophils via FcεRI.
Some of tick antigen-specific CD4+ T cells generated in the lymph node migrate into the skin throughout the body and are retained as skin-resident, memory CD4+

T cells. In the 2nd tick infestation (right panel), such skin-resident, memory CD4+ T cells are stimulated with tick antigens to produce IL-3 that in turn promotes the
recruitment of IgE-armed basophils from the peripheral blood to the tick-feeding site. IgE-armed basophils are activated with tick antigens to release histamine that
acts on keratinocyte, resulting in epidermal hyperplasia that may interfere with tick attachment or blood feeding in the skin, and hence contribute to ATR. The role of
skin mast cells in ATR remains elusive.

suggested the following scenario (Figure 2). The 1st infestation
triggers the production of IgE against tick saliva antigens, and
basophils and mast cells bind IgE on the cell surface via FcεRI.
In the 2nd infestation, tick saliva antigens delivered into the tick-
feeding site bind to IgE on these cells, leading to the cross-linking
of FcεRI and hence activation of these cells that may contribute
to ATR.

Intriguingly, mast cell-deficient KitW−sh/W−sh C57BL/6 mice
reconstituted with mast cells derived from Fcer1g−/− mice could
manifest ATR as did mice reconstituted with wild-type mast
cells (Wada et al., 2010), indicating that FcεRI on mast cells is
dispensable for IgE-mediated ATR. In contrast, adoptive transfer
of basophils isolated from previously infested wild-type, but not
Fcer1g−/−, mice conferred ATR on naive mice (Wada et al.,
2010). These results suggested that basophils rather than mast
cells play a critical role in IgE-dependent ATR through FcεRI-
mediated activation, even though both types of cells contribute to
ATR.

Ticks inject a plethora of substances, including proteins, into
the host during feeding (Wikel, 2013). However, it remains

ill-defined which components among tick saliva injected are
the major targets of IgE that is involved in ATR, even though
a series of tick saliva antigens recognized by sera from tick-
infested animals and humans have been identified (Brown et al.,
1984; Brown, 1988; Mayoral et al., 2004). It was demonstrated
that infestation with A. americanum can induce a strong IgE
response to tick saliva antigens including the carbohydrate α-gal,
which is also present in red meats such as beef and pork. The
production of such anti-α-gal IgE in tick-infested people can
lead to anaphylaxis after ingestion of red meats (Platts-Mills and
Commins, 2013; Steinke et al., 2015). It remains to be investigated
whether anti-α-gal IgE is involved in ATR.

Molecular characterization of tick salivary components has
demonstrated that different members among the same multi-
gene family are expressed at distinct time points during tick
feeding (Karim and Ribeiro, 2015). For example, two cystatin
genes from Ixodes scapularis change their expression reciprocally
during feeding (Kotsyfakis et al., 2007; Karim and Ribeiro, 2015).
Such antigenic variation or sialome switch during tick feeding is
considered as a possible mechanism by which ticks avoid host
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immune responses. It remains to be determined whether such
variation can affect the production of anti-tick IgE and hence
IgE-mediated ATR, and whether IgE raised against one family
member is cross-reactive to other members of the same family.

Host-derived IgG molecules containing blood meal pass
through the midgut barrier of Rhipicephalus appendiculatus into
the hemolymph and are excreted via the saliva back into the
host during feeding. IgG binding proteins detected in the tick
hemolymph and salivary glands are thought to contribute to
this excretion of IgG, as a strategy by which ticks evade the
damage caused by host antibodies (Wang and Nuttall, 1999).
IGBP-MA, a member of IgG binding proteins has been shown to
bind to IgE (Wang and Nuttall, 2013). Further studies are needed
to examine whether such IgG binding proteins can interfere
with IgE-mediated ATR in the host and whether the host raises
antibodies against them to neutralize their activity.

BASOPHIL-DERIVED HISTAMINE IS AN
IMPORTANT EFFECTOR MOLECULE IN
ATR

Biologically active molecules, such as histamine and proteases,
stored in the secretary granules in basophils and mast cells
have been implicated as effectors of ATR. It was reported in
cattle that the tick resistance is correlated with hypersensitivity
to tick antigens and the amount of histamine at the tick-
feeding site (Willadsen et al., 1979). Moreover, administration of
antihistamine in cattle resulted in higher tick numbers (Tatchell
and Bennett, 1969) whereas the injection of histamine into
the cattle skin promoted tick detachment (Kemp and Bourne,
1980). Similar observations were reported in guinea pigs (Wikel,
1982), suggesting the possible involvement of histamine to
ATR. However, the cellular source of histamine responsible for
ATR and the mechanism underlying histamine-mediated ATR
remained ill-defined.

We have recently addressed these questions by analyzing
C57BL/6 mice infested with H. longicornis, in that both basophils
and mast cells contribute to ATR (Wada et al., 2010). Treatment
of mice with histamine H1 antagonist during the 2nd infestation
abolished ATR (Tabakawa et al., 2018). Consistent with this, mice
deficient for histamine production due to the lack of histidine
decarboxylase (HDC) failed to show ATR (Tabakawa et al.,
2018). Moreover, repeated injection of histamine or histamine
H1 receptor agonist beneath the tick-infested site during the 1st

infestation inhibited the tick feeding in wild-type mice (Tabakawa
et al., 2018). These observations illustrated the important role of
the histamine-histamine H1 receptor axis in the manifestation of
ATR in mice, consistent with previous studies in guinea pigs and
cattle (Tatchell and Bennett, 1969; Willadsen et al., 1979; Wikel,
1982).

Both basophils and mast cells are well-known producers
of histamine, and therefore supposed to contribute to ATR
through histamine release. Unexpectedly, however, adoptive
transfer of histamine-deficient mast cells reconstituted ATR in
mast cell-deficient KitW−sh/W−sh C57BL/6 mice as did that of
wild-type mast cells (Tabakawa et al., 2018), indicating that

mast cell-derived histamine is dispensable for ATR. In contrast,
adoptive transfer of wild-type but not histamine-deficient
basophils conferred ATR on basophil-depleted Mcpt8DTR mice
(Tabakawa et al., 2018), demonstrating the crucial role of
basophil-derived histamine in the manifestation of ATR.

Intravital imaging analysis of cells at the 2nd tick feeding site
demonstrated that basophils make a cluster within the epidermis
and surround a tick mouthpart. In contrast, mast cells are mostly
scattered in the dermis rather than epidermis and localized more
distantly from the tick mouthpart (Tabakawa et al., 2018). It
is well known that histamine has a short half-life. Therefore,
basophil-derived histamine may be much more effective than
mast cell-derived in the manifestation of ATR, considering the
fact that higher numbers of basophils are localized closer to a tick
mouthpart, compared to mast cells.

Previous studies reported that histamine promotes itching and
grooming response in the skin, resulting in removal of ticks in
host animals (Koudstaal et al., 1978). In the mouse mode of tick
infestation, ticks are placed inside of a small tube attached to the
skin. Therefore, the effect of host grooming on tick feeding is
minimized, implying other mechanisms underlying histamine-
mediated ATR. Mice deficient for histamine H1 receptor failed
to manifest ATR (Tabakawa et al., 2018), indicating that
histamine acts on host cells rather than ticks. We detected
the thickening of the epidermis and the formation of basophil
cluster within the thickened epidermis at the 2nd but not 1st

tick-feeding site in mice (Tabakawa et al., 2018) as reported
previously in guinea pigs (Trager, 1939; Allen, 1973). This
epidermal hyperplasia was absent in histamine-deficient or
basophil-deficient mice (Tabakawa et al., 2018), suggesting that
basophil-derived histamine is involved in epidermal hyperplasia.
Considering that keratinocytes express functional H1 receptor
(Ohsawa and Hirasawa, 2014) and that histamine promotes the
proliferation of keratinocytes (Maurer et al., 1997; Albrecht and
Dittrich, 2015), histamine released from basophil localized in the
epidermis perhaps induces the thickening of the epidermis that
may interfere with tick attachment or blood-sucking in the skin
during the 2nd infestation (Figure 2).

Histamine-binding proteins (HBPs) have been identified in
tick saliva (Paesen et al., 1999; Sangamnatdej et al., 2002; Mans
et al., 2008). They show high-affinity binding to histamine and
can efficiently compete for histamine with its native receptor.
Thus, they may interfere with histamine-induced host responses
at tick feeding sits, including itching and grooming. However,
it remains to be determined whether tick HBPs can give any
impact on histamine-mediated ATR in the host and whether the
host raises antibodies against them to neutralize their activity.
Mast cells and basophils are the major source of histamine at tick
feeding sites. Basophils accumulate at tick feeding sites during the
1st but not 2nd infestation while mast cells always reside there.
Given that higher numbers of basophils are localized closer to a
tick mouthpart, compared to mast cells, during the 2nd infestation
(Tabakawa et al., 2018), the concentration of histamine near tick
mouthparts should be much higher during the 2nd infestation
compared to the 1st infestation. Therefore, one may assume that
HBPs might be less effective in sequestering histamine at the 2nd

tick-feeding site in which ATR is executed. The influence of HBPs
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on histamine-mediated ATR could be explored by generating
HBP-deficient ticks in future studies.

It has been reported that H. longicornis, Dermacentor
andersoni, and Boophilus microplus larval ticks are highly
reactive to histamine in the induction of tick resistance while
A. americanum and Ixodes holocyclus ticks are less responsive to
histamine (Bagnall, 1975; Kemp and Bourne, 1980; Wikel, 1982;
Brown and Askenase, 1985). The former tick species have shorter
mouthparts than the latter (Suppan et al., 2017), suggesting the
possibility that histamine-induced thickening of the epidermis
prevents the former’s but not the latter’s mouthparts from
penetrating into the dermis in order to form blood pools. This
may explain the differential responsiveness to histamine among
tick species in terms of ATR induction. Alternatively, but not
mutually exclusively, it is possible that the presence or absence
(or differential amounts) of HBPs in different tick species is
correlated in part with differential reactivity to histamine in the
induction of tick resistance.

SKIN-RESIDENT MEMORY CD4+ T
CELLS ARE RESPONSIBLE FOR
BASOPHIL RECRUITMENT TO THE 2nd

TICK-FEEDING SITE

Basophils circulate in the peripheral blood under homeostatic
conditions, and they infiltrate the skin at the tick-feeding
site during the 2nd but not 1st infestation. Importantly, the
recruitment of basophils can be observed in previously uninfested
skin, far from the 1st infestation site, of sensitized animals,
implicating that the 1st tick infestation may induce systemic
alteration in the skin throughout the body, so that basophils
can readily infiltrate the tick re-infestation site anywhere in
the body. We have recently demonstrated in mice that skin
CD4+ memory T cells play an important role in basophil
recruitment to the 2nd tick-feeding site, leading to ATR (Ohta
et al., 2017). Tick antigen-specific CD4+ effector T cells are
generated during the 1st tick infestation and distributed to
the skin all over the body, and some of them are retained
as skin-resident memory T cells (Figure 2). In the 2nd tick
infestation, tick saliva antigens delivered into the skin stimulate
these memory T cells present in the skin to produce IL-3 that
is required for basophil recruitment to the 2nd tick-feeding site
(Ohta et al., 2017). Even though the exact mechanism underlying
IL-3-mediated basophil recruitment remains to be clarified, IL-
3 might promote basophil adhesion to endothelium (Bochner
et al., 1990; Korpelainen et al., 1996; Lim et al., 2006), leading to
transendothelial migration of basophils and their accumulation
in the skin.

AN UNSOLVED ISSUE: THE ROLE OF
MAST CELLS IN ATR

As described above, mast cells contribute to ATR in mice infested
with H. longicornis (Matsuda et al., 1985, 1987, 1990) whereas
they are dispensable for ATR in D. variabilis-infested mice

(denHollander and Allen, 1985; Steeves and Allen, 1991). As
far as we are aware, the involvement of mast cells to ATR has
not yet been documented in other animal species. In the case
of mice infested with H. longicornis, histamine derived from
basophils but not mast cells is essential for the manifestation of
ATR (Tabakawa et al., 2018), even though both basophils and
mast cells are involved in ATR (Wada et al., 2010). The deficiency
of either basophils or mast cells almost completely abolishes ATR
(Wada et al., 2010), suggesting that the role of these cells may
not be additive. Of note, the number of basophils accumulating
at the 2nd tick-feeding site is comparable between mast cell-
sufficient and -deficient mice (Wada et al., 2010), indicating
that mast cells are not prerequisite for basophil recruitment.
Nevertheless, closer examination with intravital imaging revealed
that basophils accumulating at the 2nd tick-feeding site are
more motile and less-clustered around a tick mouthpart in mast
cell-deficient mice than in mast cell-sufficient mice (Tabakawa
et al., 2018). Therefore, one may assume that mast cells may
contribute to ATR by directly or indirectly regulating basophil
behavior. Further studies are needed for elucidating how mast
cells contribute to the manifestation of ATR.

CONCLUSION

Recent development of a series of analytical tools in laboratory
animals has advanced our understanding of the cellular and
molecular mechanism underlying ATR. In several animal species,
basophil accumulation is observed at the tick re-infestation site
(Figure 1), and basophil depletion abolishes ATR in guinea
pigs and mice, demonstrating the crucial role of basophils
in the manifestation of ATR. The 1st tick infestation triggers
the production of IgE against tick saliva antigens. In the
2nd infestation, IgE-armed basophils are recruited to the tick-
feeding site and stimulated by tick saliva antigens to release
histamine that functions as a key effector in ATR, probably
through promotion of the epidermal hyperplasia that in
turn interferes with tick attachment or blood feeding in the
skin (Figure 2). Further studies on the detailed mechanism
underlying ATR, including the role of mast cells, may help
develop the strategy to prevent tick infestation and tick-borne
diseases.
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A system biology approach was used to gain insight into tick biology and interactions
between vector and pathogen. Rhipicephalus annulatus is one of the main vectors
of Babesia bigemina which has a massive impact on animal health. It is vital to
obtain more information about this relationship, to better understand tick and pathogen
biology, pathogen transmission dynamics, and new potential control approaches. In
ticks, salivary glands (SGs) play a key role during pathogen infection and transmission.
RNA sequencing obtained from uninfected and B. bigemina infected SGs obtained from
fed female ticks resulted in 6823 and 6475 unigenes, respectively. From these, 360
unigenes were found to be differentially expressed (p < 0.05). Reversed phase liquid
chromatography–mass spectrometry identified a total of 3679 tick proteins. Among
them 406 were differently represented in response to Babesia infection. The omics data
obtained suggested that Babesia infection lead to a reduction in the levels of mRNA and
proteins (n = 237 transcripts, n = 212 proteins) when compared to uninfected controls.
Integrated transcriptomics and proteomics datasets suggested a key role for stress
response and apoptosis pathways in response to infection. Thus, six genes coding
for GP80, death-associated protein kinase (DAPK-1), bax inhibitor-1 related (BI-1),
heat shock protein (HSP), heat shock transcription factor (PHSTF), and queuine trna-
ribosyltransferase (QtRibosyl) were selected and RNA interference (RNAi) performed.
Gene silencing was obtained for all genes except phstf. Knockdown of gp80, dapk-1,
and bi-1 led to a significant increase in Babesia infection levels while hsp and QtRibosyl
knockdown resulted in a non-significant decrease of infection levels when compared
to the respective controls. Gene knockdown did not affect tick survival, but engorged
female weight and egg production were affected in the gp80, dapk-1, and QtRibosyl-
silenced groups in comparison to controls. These results advanced our understanding
of tick–Babesia molecular interactions, and suggested new tick antigens as putative
targets for vaccination to control tick infestations and pathogen infection/transmission.

Keywords: proteomics, transcriptomics, Rhipicephalus annulatus, Babesia bigemina, vector–pathogen
interactions, apoptosis, stress response
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INTRODUCTION

Babesiosis is a worldwide tick-borne hemoprotozoa disease
caused by intra-erythrocytic parasites of the genus Babesia
(Beugnet and Moreau, 2015; Lempereur et al., 2017). The
disease may range from asymptomatic carrier to more severe
states, characterized by hemolytic anemia, fever, hemoglobinuria,
and occasionally death, affecting a large variety of mammals,
including pets, farm, and wild animals and also humans
(Schnittger et al., 2012). Human infection is mainly due to
Babesia microti or Babesia divergens, and although it rarely
occurs, it has been considered an emerging zoonosis due to the
growing number of fatal cases (Leiby, 2006; Schnittger et al.,
2012). In contrast, cattle babesiosis, caused by either Babesia bovis
or B. bigemina, is an important disease causing high morbidity
and mortality, thus leading to severe economic losses to the cattle
industry (Chauvin et al., 2009). The tick species R. annulatus
and Rhipicephalus microplus, the most important ticks of cattle
in tropical and subtropical regions, conduce a negative impact
on meat, milk, and leather productions and are considered as
the main vectors and reservoirs of B. bovis and B. bigemina
(Bock et al., 2004).

The application of chemical acaricides is the method of
choice for tick control. However, it results in environmental
contamination, selection of resistant ticks, and presence of
residues in meat and milk, potentially harmful for animals and
humans (Corson et al., 2001; Ghosh et al., 2007). To reduce
these negative impacts, much attention has been directed to the
development of new approaches that are efficient and at the same
time environmentally friendly. Vaccination, as a prophylactic
measure, stands out representing a promising and sustainable
alternative for the control of ticks and tick-borne pathogens
(Almazan et al., 2018). A vaccine targeting both tick fitness
and pathogen competence is an attractive choice requiring the
identification of tick molecules with a dual effect.

Several studies, based on omics approaches, have been
conducted to understand the tick–pathogen interactions,
identifying possible new vaccine candidates (Villar et al.,
2017). System biology approaches have been efficiently used to
characterize vector and pathogen interactions: in Drosophila
melanogaster, one of the most well studied genetic model
organisms (McTaggart et al., 2015), and Anopheles spp.
mosquitoes (Domingos et al., 2017). The characterization
of tick organs response to infection using technologies such
as transcriptomics, proteomics, and functional genomics
improved current knowledge on tick–pathogen interactions
and allowed the development of new strategies and/or the
identification of targets for tick and disease control. Also,
research has shown that during the long-lasting tick–pathogen
co-evolution, microorganisms have developed important
strategies to manipulate or modulate tick response to infection,
without impairing tick survival, enhancing their capacity of
infection, replication, and transmission guaranteeing the survival
of both (de la Fuente et al., 2016; Šimo et al., 2017). In Ixodes
scapularis, the effect of Anaplasma phagocytophilum infection
on tissue-specific responses and on cellular pathways, such as
apoptosis or stress response, which can be activated in a certain

tissue in response to infection in order to contain parasite
evasion and or improve immune response, have been extensively
studied (Alberdi et al., 2015; Ayllon et al., 2015; Villar et al.,
2015; Cabezas-Cruz et al., 2017). However, there is limited
knowledge on tick vector responses to Babesia spp. infection.
Babesia parasites invade several tick tissues including the midgut,
salivary glands (SGs), and ovaries, affecting tick fitness. Some tick
molecules such as calreticulin, a calcium binding protein, kunitz-
type serine protease inhibitors, lachesin, vitellogenins, among
others, have been identified as having a role on tick–Babesia
interface (Zhou et al., 2006; Rachinsky et al., 2008; Antunes
et al., 2017, 2018). Scarce information is available regarding the
mechanisms used by B. bigemina to infect, develop, multiply, and
survive inside the tick vector. Additionally, the impact of parasite
infection at tick transcriptome and proteome levels, particularly
on the molecular pathways affected by B. bigemina, is still to
be investigated.

The overall objective of this study was to deepen the
understanding on the complex R. annulatus response to
B. bigemina infection. To conclude on mRNA and protein levels
of R. annulatus in response to B. bigemina infection, the present
research combined transcriptomics and proteomics analysis to
obtain a sialotranscriptome and proteome by RNA sequencing
(RNA-seq) and reversed phase liquid chromatography–mass
spectrometry (RP-LC–MS/MS). Research focused on genes and
proteins that were found differentially expressed or represented
after infection. Six genes were further studied by RNAi-mediated
gene silencing including genes related to apoptosis and stress
response. This work represents the first report concerning the
effect of B. bigemina infection on the sialotranscriptome and
proteome of R. annulatus, and in the influence of the presence of
the parasite on specific and crucial cellular pathways, constituting
an important step further on the development of new measures
for ticks and parasite control.

MATERIALS AND METHODS

Ethics Statement
Animal experiments were conducted according with the “Guide
for Care and Use of Laboratory Animals” of the institutions
involved in the study, following protocols approved by the
Committee on the Ethics of Animal Experiments and the
principle of the three Rs, to replace, reduce, and refine the use
of animals for scientific purposes.

Rhipicephalus annulatus and Babesia
bigemina
R. annulatus adult ticks were obtained from a laboratory colony
free of tick-transmissible infections maintained at the Kimron
Veterinary Institute, Israel. Six-month-old Friesian calves were
tested for the presence of antibodies against Babesia spp. using
an immunofluorescence assay, as described previously (Shkap
et al., 2005), and were kept under strict tick-free conditions. To
obtain B. bigemina-infected ticks, one calf was splenectomized
and inoculated intravenously with 1 × 106 B. bigemina (Moledet
strain) cryopreserved parasites a fortnight later. Once the peak of
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parasitemia was reached, ticks were fed for 1 week inside cotton
bags attached with non-toxic silicone glue GE Advantage Silicone
Sealant (General Electric, New York, NY, United States) to a
shaved area on the dorsal region of the animal. Similarly, a naïve
calf was used to obtain uninfected ticks. Detached adult female
ticks from the infected and naïve calf were maintained at 28◦C
and 80% humidity.

Sialome
Sample Preparation and Probe-Based qPCR
Detection of Babesia bigemina
A total of 30 uninfected and 30 B. bigemina-infected female ticks
were used for tissue isolation. Ticks were washed twice in distilled
water, once in 75% (v/v) ethanol, and one last wash in water.
Ticks were dissected and the SGs extracted under a Motic SMZ-
171B stereomicroscope (Motic Instruments Inc., Xiamen, China),
using ice-cold phosphate buffer saline (PBS). Total RNA from 10
SGs obtained from each group was extracted using TriReagent
(Sigma–Aldrich, St. Louis, MO, United States), according to the
manufacturer’s instructions. RNA concentration and integrity
were evaluated by analysis of rRNA band integrity using Agilent
2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA,
United States). cDNA was synthesized from 100 ng of total
RNA using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules,
CA, United States), following the manufacturer’s protocol. To
determine the presence of B. bigemina in the SGs, probe-based
qPCR reactions were carried out as described before for the
detection of 18S rRNA of B. bigemina (Kim et al., 2007). Briefly,
triplicate 20 µl reactions were prepared with 10 µl of Probe
Xpert Fast Probe 2× Mastermix (GRISP Research Solutions,
Porto, Portugal), 400 nM of each primer, 100 nM of probe,
1 µl of cDNA template, and nuclease-free water up to the final
volume. The qPCR was carried out in a CFX ConnectTM Real-
Time PCR Detection System thermal cycler (Bio-Rad, Hercules,
CA, United States) with a thermal cycling profile of 10 min
at 95◦C, followed by 45 cycles of 20 s at 95◦C and 1 min at
55◦C. Negative controls were prepared with no template. Positive
controls were prepared with B. bigemina Moledet strain purified
DNA. A standard curve was constructed with fivefold serial
dilutions of the positive control DNA to determine reaction
efficiency. Data were analyzed using the Bio-Rad CFX Manager
Software version 3.1 (Bio-Rad, Hercules, CA, United States).
Samples with quantification cycle (Cq) values above 39 were
considered negative for the presence of the pathogen. After
B. bigemina infection confirmation, the remaining 20 SGs from
infected or uninfected ticks were grouped in two pools, and the
total RNA, for RNA-seq was extracted as described above.

RNA Sequencing and Analysis
Library preparation was performed using TruSeq RNA kit
(Illumina, San Diego, CA, United States), following the
manufacturer’s instructions. Shortly, prior to cDNA library
construction magnetic beads with Oligo (dT) were used to enrich
poly (A) mRNA from 1 µg of total-RNA. Purified mRNA was
disrupted into short fragments. Two different fragmentation
conditions were applied so that a “shorter” and a “longer”
preparation were made for both the control (uninfected) and the

B. bigemina infected RNA samples. Next, the purified mRNA was
disrupted into short fragments, and double-stranded cDNA was
immediately synthesized. cDNA was subjected to end-repair and
adenylation, then connected with sequencing adapters. Suitable
fragments, purified by size selection protocol with AMPure XP
beads (Beckman Coulter, Pasadena, CA, United States), were
selected as templates for PCR amplification. The final library
sizes and qualities were evaluated by electrophoresis using an
Agilent High Sensitivity DNA Kit (Agilent Technologies Inc.);
fragment size range was between 287 and 296 bp for the short
insert and 397 and 436 bp for the longer insert preparations.
Subsequently, libraries were pooled and titrated using qPCR
to obtain an accurate estimation of concentration. Cluster
generation was performed in a Cluster Station (Illumina, San
Diego, CA, United States) and the libraries sequenced using
a GAIIx equipment (Illumina, San Diego, CA, United States),
with a 2 × 100 cycle sequencing reads separated by a paired-
end turnaround. Image analysis was performed using the
HiSeq control Software version 1.8.4. (Illumina, San Diego, CA,
United States) at Parque Científico de Madrid, Spain.

Assembly and Analysis of Transcripts
Reads were trimmed where the error probability was higher than
0.05. To get an optimal assembly, the sequence reads included
were only those that the two members of the pair remained
after filtering and trimming. Oases Software (Velvet, version
1.2.10) suitable for short paired-end reads assemblies (Schulz
et al., 2012) was used selecting the mode of single assembly,
i.e., not merged. For the two conditions, a kmer of 83 was
selected for being close to the total length of the read (115 bp),
avoiding misassembles. The Transcriptome Shotgun Assembly
(TSA) project was submitted to the DDBJ/EMBL/GenBank
under accession numbers GBJT00000000 and GBJS00000000 for
uninfected and infected ticks, respectively. Functional annotation
of each transcript was conducted based on the Basic Local
Alignment Search Tool (BLAST1) and the results inferred by
similarity to UniProt database2 reference proteins. The minimum
similarity threshold required for annotating a transcript was a
BLAST E-value < 10−10. A total of 34,095 reference proteins,
considered to be representative on the UniRef90 clusters
belonging to the taxonomic node Chelicerata, were downloaded
from the UniProt database (January 2015). Chelicerata is eight
levels above the Rhipicentor reticulatus taxon (Madder et al.,
2014). Each selected protein belonged only to one cluster,
showing 90% similarity with all members of that cluster.
A protein-centred analysis of the differential expression was
performed for the de novo transcriptome comparison. For the
UniGene cluster formation, in each sample, for a set of transcripts
annotated with the same UniProt, the longer nucleotide sequence
was chosen to be the representative of each UniGene. Functional
data were curated using Blast2GO platform version 4.0.7 available
at https://www.blast2go.com (Conesa et al., 2005; Götz et al.,
2008). Manual annotation was done with sequences retrieving no
hits needed by compiling information from UniProt, RefSeq, GO,

1https://blast.ncbi.nlm.nih.gov/Blast.cgi
2https://www.uniprot.org/
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Panther, KEGG, Pfam, and NCBI databases. For the uninfected
and infected condition comparison, transcripts were clustered by
proteins. When two transcripts were annotated under the same
UniProt they were included in the same cluster; and when the
same protein cluster was present in both conditions, the protein
cluster expression levels were compared. The software edgeR,
for Empirical Analysis of Digital Gene Expression Data in R
[Bioconductor version: Release (3.7)] (Robinson et al., 2010), was
used to compare the mRNA expression levels detected in samples.

Transcriptomics Data Normalization and Validation
For transcriptomics data normalization, four reference genes
were selected including tubulin-beta-2B chain, elongation factor 1,
cyclophilin, and transcription factor TFIID (Robinson et al., 2010).
Since no biological replicates were used, a biological coefficient of
variation (BCV) was firstly selected to 0.4. Considering that if the
BCV was perfectly approximated, the p-value for the four genes
would have to be 1, the lowest p-value obtained for any of these
four genes was selected. This corresponded to the transcription
factor TFIID that had a p = 0.465 (for BCV = 0.4). All the
genes with a p-value higher than 0.465 were selected as genes
without differential expression to approximate the dispersion.
The dispersion and the BCV were analyzed for this set of 2719
theoretically housekeeping genes. A BCV = 0.6 was obtained after
approximating the dispersion of the housekeeping genes and this
BCV value was used to select the differentially expressed genes
in response to infection. For RNA-seq data validation, 10 paired
SGs obtained individually from each uninfected and B. bigemina-
infected R. annulatus female ticks (previously screened for
infection), respectively, were used in triplicate. Supplementary
Table S1 shows the primer sets used for qPCR and their respective
final concentrations and annealing temperatures. Briefly, 10 µl
triplicate reactions were prepared with 5 µl iTaqTM Universal
SYBR R© Green Supermix (Bio-Rad, Hercules, CA, United States),
specific primer concentration, 1 µl of cDNA template, and
nuclease-free water up to the final volume. The qPCR was carried
out in a CFX ConnectTM Real-Time PCR Detection System
thermal cycler (Bio-Rad, Hercules, CA, United States), with a
thermal cycling profile of 10 min at 95◦C, followed by 45 cycles of
15 s at 95◦C and 45 s at specific-annealing temperature. Negative
controls were prepared with no template. A standard curve
was constructed with fivefold serial dilutions of R. annulatus
cDNA to determine reaction efficiency. To ensure that only
one amplicon was formed, a melting curve was performed
at the end of every reaction (55–95◦C; 0.5◦C/s melt rates).
To confirm correct fragment amplification, gel electrophoresis
was performed, the fragments were sequenced by the chain
termination method at StabVida (Lisbon, Portugal) and the
resulting sequence was analyzed against the sequences available
at the NCBI nucleotide database3. The CFX ManagerTM Software
(Bio-Rad, Hercules, CA, United States) was used to analyze the
gene expression data between conditions and reference gene
validation was based on the geNorm algorithm (Vandesompele
et al., 2002) and on the expression stability value M of each
reference gene (M < 1).

3https://blast.ncbi.nlm.nih.gov/Blast.cgi

Proteome
Sample Preparation
A total of 16 uninfected and 16 B. bigemina-infected engorged
female ticks obtained as described in the section “Rhipicephalus
annulatus and Babesia bigemina” were equally divided into two
different biological samples for each group. Ticks were dissected,
cuticle removed, and washed in 10 mM PBS to eliminate
the maximum host blood possible. Internal tick tissues were
homogenized with a glass homogenizer (20 strokes) in lysis
buffer [0.25 M de sucrose, 10 mM Tris–HCl pH 7.5, 1 mM
MgCl2, 0.7% DDM, 0.5% ASB detergent, supplemented with
Complete protease inhibitor cocktail (Roche, Basel, Switzerland)]
in a ratio of 1 ml of buffer per gram of sample. Samples
were sonicated for 1 min in an ultrasonic cooled bath (JP
Selecta, Barcelona, Spain) followed by 10 s of vortex. After three
cycles of sonication-vortex, the homogenates were centrifuged
at 200 × g for 5 min at 4◦C, to remove cellular debris. The
supernatants were then collected and protein concentration
was determined using the Bicinchoninic Acid (BCA) Assay
(Thermo Scientific, San Jose, CA, United States), according to the
manufacturer’s instructions.

Proteomics
One-hundred and fifty grams of protein extracts per group
were on-gel concentrated by SDS–PAGE and trypsin digested as
described previously (Villar et al., 2014). The desalted protein
digest was re-suspended in 0.1% formic acid and analyzed by
RP-LC–MS/MS technique using an Easy-nLC II system coupled
to an ion trap LTQ mass spectrometer (Thermo Scientific,
San Jose, CA, United States). Peptides were concentrated (on-
line) by RP chromatography using a 0.1 × 20 mm C18 RP
precolumn (Thermo Scientific, San Jose, CA, United States),
and then separated using a 0.075 × 100 mm C18 RP column
(Thermo Scientific, San Jose, CA, United States) operating at
0.3 ml/min. Peptides were eluted using a 180 min gradient
from 5 to 40% solvent B (Solvent A: 0.1% formic acid in water,
solvent B: 0.1% formic acid in acetonitrile). Electrospray (ESI)
ionization was performed using a Fused-silica PicoTip Emitter ID
10 mm (New Objective, Woburn, MA, United States) interface.
Peptides were detected in survey scans from 400 to 1600 amu
(1 mscan), followed by 15 data dependent MS/MS scans (Top
15), using an isolation width of two mass-to-charge ratio units,
normalized collision energy of 35%, and dynamic exclusion
applied during 30 s periods.

Data Analysis
The MS/MS raw files were searched against a compiled database
containing all sequences from Ixodidae, Bos taurus, and Babesia
(135,071, 32,156, and 23,215 Uniprot entries in September 2017,
respectively)4 and with a database created from transcriptomics
data (Holt et al., 2002; Evans et al., 2012), according to
the Proteomics Informed by Transcriptomics (PIT) technique
using the SEQUEST algorithm (Proteome Discoverer 1.4,
Thermo Scientific, San Jose, CA, United States). The following
constraints were used for the searches: tryptic cleavage after

4http://www.uniprot.org

Frontiers in Physiology | www.frontiersin.org 4 April 2019 | Volume 10 | Article 31855

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.uniprot.org
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00318 March 30, 2019 Time: 16:7 # 5

Antunes et al. R. annulatus Sialotranscriptome and Proteome Response to B. bigemina

Arg and Lys, up to two missed cleavage sites, and tolerances
of 1 Da for-precursor ions and 0.8 Da for MS/MS fragment
ions, and the searches were performed allowing optional Met
oxidation and Cys carbamidomethylation. A false discovery rate
(FDR) < 0.05 was considered as a condition for successful
peptide assignments and at least two peptides per protein in
at least one sample analyzed were the necessary condition for
protein identification (Supplementary Table S2). Two biological
replicates were used for each of uninfected and B. bigemina-
infected ticks. For the quantitative analysis of tick proteins,
after discarding Babesia and host proteins, the total number
of peptide-spectrum matches (PSMs) for each tick protein was
normalized against the total number of PSMs in ticks and
compared between uninfected and infected ticks by χ2-test
statistics with Bonferroni correction in the IDEG6 Software5

(p = 0.05). Only proteins that showed no significant differences
between replicates and significant differences between the two
conditions in at least three of the uninfected versus infected
pair comparisons were considered as differentially represented
(Supplementary Table S3). The mass spectrometry proteomics
data have been deposited at the PeptideAtlas repository6 with the
dataset identifier PASS013397.

Gene and Protein Ontology Analysis
Gene ontology (GO) terms were assigned to differentially
expressed genes and represented proteins with the
Software Tool for Rapid Annotation of Proteins (STRAP)
version 1.5 (Cardiovascular Proteomics Centre of Boston
University School of Medicine at http://www.bumc.bu.edu/
cardiovascularproteomics/cpctools/strap/). For the analysis,
two categories of GO terms were evaluated that included
the Biological Process (BP) and Molecular Function (MF).
Chord diagrams were generated to display GO and the
expression/representation of apoptotic and stress response-
related UniProt IDs by using the GOplot R package in RStudio
(Version 1.1.453) (Walter et al., 2015).

Proteomics Data Validation
Proteomics data validation was conducted by Western blot
using two commercial mouse monoclonal antibodies targeting
homologous amino acids sequences between tick and mouse
and an in-house rabbit anti-subolesin polyclonal antibody
(Supplementary Table S4). Ten engorged female ticks of each
condition (uninfected and infected) were dissected, internal
organs were rinsed in PBS and used to extract proteinaceous
content using TriReagent (Sigma–Aldrich, St. Louis, MO,
United States), according to the manufacturer’s instructions.
Elution was performed in 1× PBS, supplemented with 1%
sodium dodecyl sulfate (SDS) and 1% protease inhibitor cocktail
(Amresco, Solon, OH, United States). Protein concentration
was assessed by spectrophotometry using a NanoDrop ND-1000
(Thermo Fisher Scientific). Fifty micrograms of protein extracts
from each condition were re-suspended in Laemmli buffer

5http://compgen.bio.unipd.it/bioinfo/software/
6http://www.peptideatlas.org/
7http://www.peptideatlas.org/PASS/PASS01339

(Bio-Rad, Hercules, CA, United States) containing 5% (v/v)
of 2-β-mercaptoethanol, separated on a 12.5% discontinuous
SDS–PAGE gel and transferred overnight at a constant 25 V
to a nitrocellulose membrane, with a pore size of 0.2 µm
(Bio-Rad, Hercules, CA, United States), using the Mini Trans-
Blot R© Electrophoretic Transfer Cell (Bio-Rad, Hercules, CA,
United States). Membranes were stained with Ponceau S and
blocked with 5% (w/v) nonfat dry milk (Bio-Rad, Hercules, CA,
United States) in PBS containing 0.05% (v/v) Tween 20 (PBS-T)
at room temperature (RT), for 1 h. In parallel, polyacrylamide
gels were stained with BlueSafe (NZYTech, Lisbon, Portugal)
for 1 h at RT. Membranes were washed with Tris-buffered
saline complemented with 0.05% (v/v) Tween 20 (TBS-T) and
incubated with the primary antibody diluted according to the
manufacturer or literature (Supplementary Table S4), for 90 min
at RT. After washing, membranes were incubated with a goat
anti-mouse Polyvalent Immunoglobulins (G, A, M) – Alkaline
Phosphate secondary antibody (1:3000; Sigma–Aldrich, St. Louis,
MO, United States) for 1 h at RT, and afterward washed
with TBS-T. The antigen–antibody complexes were detected
using the alkaline phosphatase (AP) conjugate substrate kit
(Bio-Rad, Hercules, CA, United States) and the protein band
intensities were estimated using ImageJ Software (version 1.51K)
(Schneider et al., 2012).

RNA Interference Assay
Ticks and dsRNA Synthesis
For the RNAi assay, R. annulatus pathogen-free adult ticks
were obtained from the laboratory colony established at
Knipling-Bushland U.S. Livestock Insects Research Laboratory
and Veterinary Pest Genomics Center, Texas, United States,
and maintained on cattle at the tick rearing facilities at
the University of Tamaulipas, Mexico, as described in the
section “Rhipicephalus annulatus and Babesia bigemina.” For
the RNAi-mediated gene-silencing assays, gene-specific double
stranded (ds) RNA was synthesized using as template the
sequences assembled in this study and sequences publicly
available in GenBank. In particular, Rhipicephalus pulchellus
TSA GACK01000273, GACK01006332, GACK01002259, and
GACK01006752, Amblyomma maculatum transcript JO843858
and R. microplus transcript U49934. Fragments of interest were
amplified using the iProofTM High-Fidelity PCR Kit (Bio-Rad,
Hercules, CA, United States), with specific primers containing T7
promoter (Supplementary Table S5) and previously synthesized
cDNA. Briefly, PCR reactions of 50 µL were prepared with 1×
iProof HF Buffer, 10 mM of dNTP mix, 0.5 µM of each primer,
1 mM of MgCl2, 0.02 U/µl proof DNA polymerase, and 1 µl of
template cDNA. The cycling conditions were as follows: initial
denaturation at 98◦C for 3 min, 35 cycles of denaturation at
98◦C for 10 s, annealing at specific temperature (Supplementary
Table S5) for 30 s and extension at 72◦C for 15 s; and a final
extension at 72◦C for 10 min. To confirm correct fragment
amplification, gel electrophoresis was performed on a 0.5× TBE
1.2% (w/v) agarose gel, purified using the ZigmocleanTM Gel
DNA Recovery Kit (Zymo Research, Irvine, CA, United States),
and the fragments sequenced at StabVida (Caparica, Portugal).
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The resulting sequence was compared against the sequences
available at the NCBI nucleotide database8. After correct
confirmation of the amplified sequences, dsRNA was synthesized
using the MEGAscript RNAi Kit (Ambion, Austin, TX,
United States) accordingly with instructions provided by the
manufacturer, purified, and analyzed by spectrophotometry
and agarose gel.

Tick Inoculation and Cattle Infestation
Thirty pathogen-free R. annulatus unfed female ticks per group
were injected with 1 × 1011 to 1 × 1012 molecules of specific
dsRNA in the right spiracular plate, using a Hamilton syringe
(Sigma) with a 1 in. × 33-gauge needle. The control group
was injected with the same volume of elution buffer, similar
to what has been described in other studies (Hussein et al.,
2015; Ferrolho et al., 2017). While the use of unrelated dsRNA
is now a well-established control in species with full genome
annotation, the R. annulatus genome is not annotated thus
increasing the possibility of off targets in silencing assays. After
injection, ticks were kept in an acclimatized room at 22–25◦C
and 95% relative humidity, for 6 h before infestation. Two 6-
month-old calves were inoculated intravenously with 2 ml of
cryopreserved B. bigemina-infected blood (1 × 106 infected
erythrocytes) (field strain from Chiapas, Mexico). Cattle infection
was confirmed by visual examination of blood smears. The

8https://blast.ncbi.nlm.nih.gov/Blast.cgi

cattle infestation was conducted as described in Figure 1. Ticks
were monitored daily, at the second day unattached ticks were
removed and the remaining were allowed to feed on the infected
calves for 7 days. After this period, attached ticks were manually
removed and stored in a humidity chamber until further use. SGs
from 10 detached ticks per silenced-group were dissected and
stored in RNAlater (Ambion, Austin, TX, United States). The
remaining 20 female ticks of each group were kept in individual
pierced 1.5 ml microfuge tubes, under the laboratory conditions
described above, for oviposition.

Efficiency of Gene Silencing, B. bigemina Infection
Levels, and Tick Fitness
Gene silencing efficiency in SG was determined by comparing
mRNA levels between specific dsRNA-injected and control
groups by qPCR as described in the Section “Transcriptomics
Data Normalization and Validation.” Quantitative PCR was
carried out in both SG and ovaries for the 18S rRNA of
B. bigemina, following a previously described protocol (Antunes
et al., 2012), and the effect of gene silencing in infection was
evaluated by a Student’s t-test (p = 0.05). Engorged female weight
(EFW), egg mass weight (EMW), and egg production efficiency
(EPE) were determined for each collected tick and analyzed
between silenced and control groups by Student’s t-test with
unequal variance (p > 0.05). The EPE was calculated according
to the formula EPE = (EMW/EFW) × 100. Tick ability to feed
was determined by the ratio of engorged female ticks collected

FIGURE 1 | Experimental design of silencing assay. Two 6 months-old calves were inoculated intravenously with B. bigemina-infected blood. After 6 days, cotton
cloth chambers were glued to the calf skin (one day before infestation). In day 7, thirty specific-dsRNA inoculated female ticks were added to its respective feeding
chambers together with thirty males. Two days after infestation (day 9) unattached ticks were removed from the patches. Ticks were monitored daily and allowed to
feed on the infected calves for 7 days. After this period, attached ticks were manually removed and stored in a humidity chamber until further use (analysis of
biological parameters and tissue dissection).
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from the feeding chambers to the total number of female ticks
added initially, and statistically compared with the Chi-square
test (p > 0.05) with the null hypothesis that tick mortality was
independent of gene silencing.

RESULTS

R. annulatus Female Sialotranscriptome:
Assembly and Annotation
All the SG tested from R. annulatus female ticks fed on a
B. bigemina infected calve were found to be positive for infection,
while no infection was found on the SG of female ticks fed on
the naïve calve. This enabled the production of a pool of infected
SG and an uninfected SG pool to proceed with RNA-seq. With
40,573 988 high-quality paired-end reads, two transcriptomes
were assembled, from the control and the infected samples. The
assembly resulted in 33,379 putative transcripts in the control
sample (33,118 with length < 200 bp) and 30,435 for the infected
one (30,301 with length < 200 bp). After the first step of
annotation, only the alignments (BLAST) with e-value minor
than 10−10 were selected to infer functional annotation, resulting
in 16,564 transcripts for the control and 15,037 for the infected
sample. From these, 6823 unigenes with 1,374,576 ± 1,787,133
(Ave ± SE) estimated counts per protein were identified in the
control population and 6475 unigenes with 1,182,677± 1,494,052
(Ave ± SE) in the infected group. Moreover, 884 unigenes were
found to be exclusive to the infected samples while 1232 to the
control samples (Supplementary Table S2). GO analysis of the
obtained sialotranscriptome resulted in 69 sequences without
BLAST hits, 877 sequences with BLAST hits without annotation,
473 with mapping without annotation, and 6286 sequences
were functionally annotated. Supplementary Figures S1, S2
summarizes the functional annotation of the sialotranscriptome
of R. annulatus female ticks. These multi-level charts show
relevant functions from the general levels to the specific ones.
The GO annotation highlights BPs such as single-organism
cellular process, regulation of cellular process, gene expression
or transport, and MF related to protein binding, hydrolase
activity, or transferase activity. Using a BCV of 0.6, 360 unigenes
were found to be differentially expressed (p < 0.05), whereas
123 were up regulated and 237 down regulated (Figure 2).
Automated functional annotation was performed using Blast2GO
and unigenes that did not retrieve GO terms were manually
annotated. GO level 2 charts are shown in Figures 3, 4. The
most represented BP were cellular and metabolic processes with
125 and 133 sequences, respectively. These categories include
all processes carried out at the cellular level (e.g., apoptosis or
homeostasis) and chemical reactions and pathways, including
anabolism and catabolism, by which living organisms transform
chemical substances. Biological regulation and regulation of BPs
were represented by 48 and 44 sequences. Response to stimulus,
including processes such as stress, immune, or redox state
responses, was represented by 30 sequences. BP, such as growth
or detoxification with a single representative, were included in
the “other” BP category. Regarding the assignments of MF, the
classes with higher representation, binding and catalytic activity,

FIGURE 2 | Representation of differentially regulated/represented
transcripts/proteins of R. annulatus females in response to B. bigemina
infection. For each approach, the number of transcripts (left column) or
proteins (right column) differently regulated or represented are shown. Dark
gray = up-regulated transcripts/over-represented proteins, Light
gray = down-regulated transcripts/under-represented proteins.

with 148 and 129 sequences, respectively, followed by transporter
activity, with 26 sequences were found. With the exception of
structural molecule activity, all the other classes contained more
down regulated than up regulated transcripts.

Validation of RNA-Seq Results
To confirm differential gene expression, qPCR was performed
on individual SGs. The levels of mRNA genes related to stress
response encoding for the following proteins were analyzed: (1)
small heat shock protein (HSP) II (UniProt ID:E0YPC0), (2)
putative 60 kDa HSP (UniProt ID:L7M6W4), (3) putative heat
shock hsp20 protein (UniProt ID:L7M7M1), (4) HSP 90 (UniProt
ID:F1CGQ9), (5) Hsp70, putative (UniProt ID:L7M6A7), (6)
putative selenoprotein k (UniProt ID:L7M5G4), (7) glutathione
peroxidase (UniProt ID:Q2XW15), (8) thioredoxin peroxidase
(UniProt ID:L7M1W2), (9) adenylate kinase isoenzyme 6
(UniProt ID:L7M323), (10) tumor rejection antigen-Gp96
(UniProt ID:B7QC85), (11) putative HSP (UniProt ID:L7MFS4),
(12) serum amyloid A protein-like (UniProt ID:A6N9S3),
(13) dual oxidase 1 (UniProt ID:B7PVC0), (14) putative
HSP (UniProt ID:L7M4B9), and (15) putative heat shock
transcription factor (PHSTF) (UniProt ID:L7MFL0). In
addition, genes encoding for proteins related to apoptosis
metabolic pathway were selected for validation of RNAseq
by qPCR: (16) cytochrome c oxidase Subunit 1 (UniProt
ID:A0A059VIA9), (17) putative death-associated protein
kinase dapk-1 (DAPK-1) (UniProt ID:L7MKM3), (18) putative
apoptosis inhibitor 5 (UniProt ID:L7LVN8), (19) bax inhibitor-1
related (BI-1) (UniProt ID:G3MPQ7), (20) putative apoptosis
antagonizing transcription factor (UniProt ID:L7MAJ6), (21)
mitochondrial ribosome small subunit component mediator
of apoptosis dap3 (UniProt ID:L7M383) and (22) queuine
trna-ribosyltransferase (QtRibosyl) (UniProt ID:L7M340), and
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FIGURE 3 | R. annulatus SGs transcriptional response to B. bigemina infection based on GO BP (level 2) of encoded proteins. Red bars represent down regulated
genes, green bars represent up regulated genes with statistical significance (p < 0.05).

FIGURE 4 | R. annulatus SGs transcriptional response to B. bigemina infection based on GO MF (level 2) of encoded proteins. Red bars represent down regulated
genes, green bars represent up regulated genes with statistical significance (p < 0.05).

(23) GP80 (UniProt ID:Q17174) related to proteolysis and lipid
transport, respectively (Supplementary Figure S3). A moderate
positive correlation between the mRNA levels by RNA-Seq
and qPCR was obtained (Pearson’s correlation coefficient
0.6387, p = 0.001).

Proteomics of the R. annulatus Female
Ticks in Response to B. bigemina
Infection
Proteomics analysis identified a total of 4,594 proteins in
R. annulatus female ticks (Supplementary Table S2), where
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80.08% (n = 3,679) were peptide sequences related to ticks while
the remaining were mainly associated with the bovine host.
Supplementary Figure S2 summarizes the functional annotation
of the proteome of R. annulatus in multi-level charts. When
comparing uninfected and B. bigemina-infected samples, 406
proteins were found differently represented (p < 0.05) and those
were annotated using Blast2GO and UniProt-related databases
(Supplementary Table S3). The proteomics data showed that
Babesia infection leads to a higher number of under-represented
proteins (n = 212), in comparison to over-represented (n = 194)
(Figure 2). GO analysis contributed for the annotation of
89.41% differentially represented proteins (n = 363), while only
43 proteins were classified as “Unknown” due to the absence
of annotation. The level 2 GO terms for BP and MF are
shown in Figures 5, 6. The most represented GO terms were
cellular, metabolic, and single-organism processes (BP, Figure 5),
binding, catalytic, and nucleic acid-binding transcription factor
activity (MF, Figure 6). Focusing on BPs identified herein,
only cellular component organization or biogenesis, and cellular
and metabolic processes, showed a higher number of over-
represented proteins than under-represented. Regarding the
MFs, with the exception of structural molecule activity, all were
found to be under-represented.

Validation of Proteomics by Western Blot
For the validation of proteomics results, three antibodies against
apoptotic and stress-related proteins, Ran, clathrin, and subolesin
(4D8), were used for western blot analysis using proteinaceous

extracts of fed-uninfected and fed-Babesia-infected ticks
(Supplementary Table S4). The results corroborated proteomics
data, showing that in response to B. bigemina infection Ran
protein (UniProt ID: B7QIB6) is over-represented (Proteomics
fold change = +∞; band intensity: NI = non-determinated,
I = 5,849,430) while Clathrin (UniProt ID: B7PUK8) was
down-regulated (Proteomics fold change = −3.7; band intensity:
NI = 11,493.492, I = 5,064.865). The 4D8 protein was found to be
over-represented in Babesia-infected ticks in comparison to the
uninfected ticks (Proteomics fold change = +∞; band intensity:
NI = 5,8119.247, I = 11,2021.586) (Supplementary Figure S4).

Stress Response and Apoptosis:
A System Biology Approach
All apoptotic and stress response-related molecules from
transcriptomics and proteomics results were selected to further
generate a chord diagram that displays the modulation of gene
expression or protein production and its function (Figure 7).
Eighteen and seven UniProt ID’s were found to be related to
stress response and apoptosis, respectively. GO clusters such as
regulation of BPs, response to stimulus, biological regulation,
detoxification, and antioxidant activity were intertwined with
these two pathways. Consistent and significant results between
transcriptomics and qPCR approaches allowed the identification
of three molecules, of which two were up-regulated HSP and
putative heat shock-related protein (UniProt IDs: L7MFS4 and
L7M4B9, respectively) and DAPK-1 was found down-regulated
(UniProt ID: L7MKM3). From this dataset, only two targets were

FIGURE 5 | Gene ontology of the proteins from R. annulatus in response to B. bigemina infection. GO terms and its representation of BP (level 2). Green bars show
over-represented proteins and red bars under-represented proteins with statistical significance (p < 0.05).
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FIGURE 6 | Gene ontology of the proteins from R. annulatus in response to B. bigemina infection. GO terms and its representation of MF (level 2). Green bars show
over-represented proteins and red bars under-represented proteins with statistical significance (p < 0.05).

identified in both transcriptomics and proteomics databases,
a putative heat shock-related protein (UniProt ID: L7M4B9)
and serum amyloid A protein-like (UniProt ID: A6N9S3), with
specific modulation of their expression and representation. Four
UniProt IDs demonstrated an opposite correlation between
cellular protein levels and mRNA abundance, glutathione
peroxidase putative heat shock-related protein, PHSTF, and
putative apoptosis inhibitor 5 (UniProt IDs: Q2XW15, L7M4B9,
L7MFL0, and L7LVN8, respectively).

Selection of Genes for RNA Interference
To gain insight into the functional role of identified tick vector
genes/proteins in response to Babesia infection, targets for
RNAi were selected based on their role in highly represented
BPs such as apoptosis and stress response, and differential
mRNA/protein levels in response to infection (Table 1). Two
genes encoding for stress response-related proteins were selected
(UniProt ID: L7MFS4 and L7MFL0), identified as being more
expressed/represented in infected ticks. The first is a member of
the HSP90 family, which is described as being able to regulate
a specific subset of cellular signaling proteins that have been
implicated in disease processes, particularly in ticks where they
have been shown to have a role in virus replication (Weisheit
et al., 2015). Transcriptional activation of heat shock genes
relies on specific regulators such as the HSTF. Subsequently, a
reduction of expression of such regulators may have a higher
impact on activation of cellular stress response. Evidence of
apoptosis manipulation in tick host cells by infecting pathogens
has been demonstrated previously (Ayllon et al., 2015; Alberdi
et al., 2016), which lead to the parallel selection of DAPK-1

and BI-1 genes (UniProt ID: L7MKM3 and G3MPQ7). The
first, a pro-apoptotic kinase initially identified in vertebrate
models, is involved in autophagy and tumor suppression (Inbal
et al., 2002) and correspondent mRNA levels were found to be
down regulated. The second, with an anti-apoptotic role (Lisak
et al., 2015), appears to be under-represented in the current
study. In the invertebrates Drosophila and C. elegans the role of
DAPK-1 and related kinases has been briefly addressed revealing
additional functions (Chuang and Chisholm, 2014). In ticks no
functional studies have been performed so far with these two
targets. The protein GP80 (UniProt ID: Q17174) is acknowledged
to have a role in lipid transport and vitellogenesis (Tellam
et al., 2002) thus correspondent reduction in mRNA levels is
expected to deeply affect tick physiological parameters. QtRibosyl
(UniProt ID: L7M340) is implicated in transfer RNAs (tRNAs)
hypermodification, which in its turn are central players in nuclei
acid translation (Lorenz et al., 2017). Particularly, queuine or
Q-tRNA participate in many cellular functions, such as cell
proliferation inhibition and stress (Vinayak and Pathak, 2009).
In ticks, information of the impact of QtRibosyl depletion in
tick physiological parameters, as well as in pathogen invasion,
is still missing.

Functional Studies
Assessment of Gene Silencing and B. bigemina
Infection
The results of gene knockdown efficiency in SG and its effect
on B. bigemina infection in both SG and ovaries are shown in
Table 2. Silencing was achieved for target genes gp80 (98.6%),
bi-1 (92%), hsp (88.5%), and QtRibosyl (71.4%), as opposed to
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FIGURE 7 | Chord diagram showing the apoptotic and stress response-related UniProt’s and its expression/representation as well as GO identified in R. annulatus in
response to Babesia infection. Each target in each molecular approach is shown on the left, and the GO annotation is shown on the right including “BP” and “MF.”
Outer annulus to inner annulus: transcriptomic, qPCR, and proteomic results. Green square: up/over expressed/represented; red square: down/under
expressed/represented; gray square: non-significant (p > 0.05) and white square: not applicable.

TABLE 1 | Targets selected for RNAi assays, BPs in which are involved, and their representation on transcriptomics and proteomics analysis.

mRNA (fold-change)

infected/uninfectedGene Encoding protein
(Uniprot ID)

Biological process Protein
infected/uninfected

RNA seq qPCR

gp80 Q17174 Lipid transport −7.0∗ −7.67∗

Death-associated protein kinase-1 L7MKM3 Apoptotic process −3.31∗ −3.35∗

Bax inhibitor 1 G3MPQ7 Apoptotic process 0.231 −1.724 −∞

Heat shock protein L7MFS4 Stress response 3.25∗ 3.027∗

Heat shock transcription factor L7MFLO Stress response 0.07 1.293 +∞

Queuine trna-ribosyltransferase L7M340 tRNA modification 0.15 4.18∗ −∞

Red color indicates a significant down regulation or representation of the genes/proteins, the green color indicates a significant up regulation or representation of the
genes/proteins while the gray color corresponds to non-significant regulation of the genes/proteins. ∗p < 0.05.
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phstf. Despite testing different conditions, levels of dapk-1 mRNA
were not detected on the dsdapk-1 inoculated ticks, suggesting
an efficient knockdown. Silencing of gp80, dapk-1, and bi-1 lead
to a significant increase of infection levels in tick SG (p < 0.05)
with a ratio of 2.29, 19.75, and 4.39, respectively. Knockdown
of the remaining targets resulted in a non-significant decrease
of infection levels of SG in comparison to the control group.
Regarding the ovaries, a significant reduction of B. bigemina
levels (p < 0.05) (ratio 0.16) was observed in response to
gp80 knockdown and in the remaining groups a non-significant
increase was detected.

Biological and Reproductive Parameters of Tick After
RNAi
Biological and reproductive parameters of R. annulatus female
ticks injected with specific dsRNA before feeding are shown in
Table 3. In all cases, the results obtained demonstrate that dsRNA
inoculation did not affect the tick feeding ability (Chi-square,
p > 0.05). Knockdown of gp80, dapk-1, bi-1, and QtRibosyl
resulted in significantly lower female weights after feeding, in

comparison to their respective controls (p < 0.05), and also in
lower weight of laid eggs (p < 0.05). Females belonging to the
gp80, dapk-1, and QtRibosyl silenced groups showed a significant
(p < 0.05) reduction in EPE in comparison with their respective
controls, which was not observed in the bi-1 silenced group.
Four fed females belonging to the QtRibosyl silenced group were
not able to lay eggs. phstf dsRNA inoculation resulted in lower
female weight, egg mass, and EPE, but no statistical analysis was
performed since silencing was not demonstrated.

DISCUSSION

Phylogenetic studies on certain pathogens and their tick vectors
revealed a deep-rooted co-evolutionary relationship (de la Fuente
et al., 2010; Antunes et al., 2017). The origin of piroplasmids
could be traced back over millions of years to the time
when tick species emerged, suggesting that Babesia parasites
co-evolved with early tick lineages and their vertebrate hosts
(Silva et al., 2011). Some pathogens may have a modest impact

TABLE 2 | Efficiency of gene knockdown by RNAi and its influence on B. bigemina infection levels in R. annulatus female ticks.

Group Gene silencing (%) B. bigemina levels
SG (Ave ± SD)

Test/Ct (Ave) B. bigemina levels
Ovaries (Ave ± SD)

Test/Ct (Ave)

Calf 1 gp80 ∼98.6 4.74e−04
± 1.53e−04 2.29∗ 8.34e−06

± 7.39e−06 0.16∗

Death-associated protein kinase-1 a 4.09e−03
± 4.23e−03 19.75∗ 2.26e−04

± 2.29e−04 4.18

Bax inhibitor 1 related ∼92 9.07e−03
± 9.91e−04 4.39 1.06e−04

± 7.02e−05 1.96

Control – 2.07e−04
± 1.23e−03 – 5.40e−05

± 3.83e−05 –

Calf 2 Heat shock protein ∼88.5 1.80e−03
± 2.16e−03 0.67 7.27e−05

± 4.53e−05 2.46

Heat shock transcription factor ND – – – –

Queuine trna-ribosyltransferase ∼71.4 1.86e−03
± 2.35e−03 0.69 4.91e−05

± 2.89e−05 1.67

Control – 2.70e−03
± 3.88e−03 – 2.96e−05

± 1.79e−05 –

Thirty female R. annulatus ticks per group were injected with specific dsRNA or elution buffer as control. Ticks were allowed to feed in separated patches on calves
experimentally infected with B. bigemina. Gene knockdown was analyzed by qPCR in 10 individual SGs per group by comparing mRNA levels between specific dsRNA-
injected and control ticks using the CFX ManagerTM Software by means of the Pfaff method, ∗p < 0.05. The B. bigemina infection levels were determined in tick SG
and ovaries by qPCR of the pathogen 18S rRNA gene and normalized against tick 16S rRNA using the ddCq method (2−Cq

target
−Cq

control). Infection rate was calculated
by the ratio of silenced per control groups. The mRNA levels and B. bigemina infection in ticks were compared between specific dsRNA injected and control ticks by a
Student’s t-test (∗p < 0.05). ds, double-stranded; ND, not demonstrated; a, mRNA levels not detected in the silenced group.

TABLE 3 | Evaluation of biological and reproductive parameters of R. annulatus female ticks injected with specific-dsRNA.

Group n Attach (%) EFW (mg Ave ± SD) n EMW (mg Ave ± SD) EPE (Ave ± SD)

Calf 1 gp80 20 66.7 186 ± 56∗ 10 64 ± 21∗ 40.967 ± 7.280∗

death-associated protein kinase 17 56.7 144 ± 61∗ 7 52 ± 24∗ 37.330 ± 3.882∗

Bax inhibitor 1 related 18 60.0 200 ± 74∗ 8 71 ± 30∗ 47.622 ± 9.297

Control 22 73.3 233 ± 35 12 113 ± 20 48.588 ± 3.735

Calf 2 Heat shock protein 19 63.3 226 ± 41 9 115 ± 29 50.763 ± 6.237

Heat shock transcription factor 17 56.7 216 ± 41a 7 76 ± 10a 39.719 ± 3.335a

Queuine trna-ribosyltransferase 20 66.7 149 ± 56∗ 10 59 ± 25∗b 21.705 ± 19.982∗

Control 20 66.7 242 ± 45 10 124 ± 28 50.015 ± 2.881

Thirty R. annulatus female ticks per group were injected with dsRNA or elution buffer as control. Ticks were allowed to feed in separated patches on calves experimentally
infected with B. bigemina. All attached ticks were collected after 7 days of feeding, weighed, and held in an acclimatized room. Ten ticks per group were randomly selected
and SG dissected. The remaining were allowed to lay eggs. Tick ability to feed was evaluated as the ratio of removed ticks to the total number of ticks placed on the
lamb using Chi-square test (∗p < 0.05). Female tick weight after feeding, EMW, and EPE were compared between dsRNA and unrelated dsRNA ticks by Student’s t-test.
The EPE was calculated according to the formula EPE = (EMW/EFW) × 100. N, number of samples used in the statistical analysis of the subsequent parameters; EFW,
engorged female weight; EMW, egg mass weight; EPE, egg production efficiency; ∗, statistical difference when compared to the control group. aNo statistical analysis
was performed due to no gene knockdown. bFour females didn’t laid eggs.
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upon their vector and/or host, while others greatly influence
host fitness and may manipulate host gene expression to favor
infection, dissemination, and transmission (Cen-Aguilar et al.,
1998; Mercado-Curiel et al., 2011; Antunes et al., 2017, 2018;
Cornejo et al., 2017). We have found in our previous studies
that the presence of Babesia in ticks induces a transcriptional
shift (Antunes et al., 2012), particularly in the SGs (Antunes
et al., 2018). Herein, a systems biology approach was applied
to gain a more refined understanding on the complex interplay
between B. bigemina and its tick vector R. annulatus. Our
results identified dapk-1, bi-1, gp80, and QtRibosyl genes,
that have important roles in apoptosis and vitellogenesis, and
demonstrated that Babesia infection fundamentally affects key
processes in SG tick cells.

It has been well documented that apoptosis is a highly
regulated form of cell death. This process ensures a cell or
organ to respond adequately to stress, thus limiting the risk
of a disease or an infection that may compromise the ability
of an organism to survive. Since its discovery, apoptosis has
been extensively studied and its molecular regulation is now
well understood. One of the critical components of this cell
death pathway is dapk-1, a pro-apoptotic kinase, which can
also regulate autophagy. Typically, dapk-1 has been studied in
the context of its suppression in tumor growth and metastasis
but additional roles emerged in last years (Farag and Roh,
2019). In this study, we have shown that exposure of ticks to
B. bigemina significantly down regulated the transcription of
dapk-1 in tick SG cells. This might have a significant impact
upon the survival and propagation of Babesia parasites in its
vector host. Inhibition of apoptosis in ticks and tick cells toward
infection and survival is a strategy previously described in
Anaplasma infection (Ayllon et al., 2015; Alberdi et al., 2016).
Furthermore, silencing dapk-1 led to a substantial increase in
B. bigemina infection in the SG cells of ticks that fed on an
infected calf. After a tick takes a blood meal, the SGs enlarge,
then degenerate, and become atrophied. Recent evidence has
demonstrated that SG transformation into a vestigial state is
due to caspase-1-mediated apoptosis, limiting the potential for
pathogen transmission (Yu et al., 2017). It is therefore interesting
to observe the ability of B. bigemina infection to selectively
restrict a vital gene within the apoptotic pathway. By blocking
the apoptosis process, the parasite might very likely survive and
persist in the tissue and further facilitate dissemination of the
infection throughout the tick, and subsequent transmission to
another host. In the event of apoptosis occurring in SGs, the
parasite might be eliminated, likely via its destruction following
the engulfment of the apoptotic bodies it is occupying. The
dapk-1 silenced ticks had significant lower weight than the
control ticks, after a blood meal which might be attributed
to the increased virulence observed, as this knockdown was
not a spurious consequence of elevated biting rates. Such
impact in female ticks has been previously described after
silencing apoptosis-related genes in A. phagocytophilum infection
in the tick vector I. scapularis (Ayllon et al., 2013, 2015).
To the best of our knowledge, our study is the first ever
reported to identify dapk-1 from a high-resolution multi-omic
screen of any Rhipicephalus tick species infected with Babesia

parasites. Further research will seek to elucidate the molecular
mechanism underlying dapk-1 suppression in these cells and its
functional significance.

The BI-1-related protein (UniProt ID: G3MPQ7) belongs
to the Bax inhibitory protein-like family, exhibiting a highly
conserved BI-1 domain throughout eukaryotes and prokaryotes
(Lisak et al., 2015). Sequence analyses showed a high homology to
an Amblyomma triste putative growth hormone-induced protein
(UniProt ID: A0A023GIS5) and a growth hormone-inducible
transmembrane protein-like from Rhipicephalus zambeziensis
(UniProt ID: A0A224YYC2), also known as transmembrane
BAX inhibitor motif (TMBIM) containing protein 5 supporting
its anti-apoptotic role (Reimers et al., 2007; Rojas-Rivera and
Hetz, 2015). TMBIM5 is recognized to be the only member
from the TMBIM family of proteins localized mainly in the
inner mitochondrial membrane and directly involved in the
outer mitochondrial membrane permeability. Down regulation
of such a protein leads to the release of pro-apoptotic proteins
from the mitochondria, whereas overexpression results in the
stabilization of cytochrome c at the inner membrane (Oka et al.,
2008). Herein, the R. annulatus putative ortholog protein was
found to be down regulated in response to infection, suggesting
that under invasion there is an induction of cell apoptosis.
However, reinforcement of gene down regulation resulted in
the increase of B. bigemina levels in the SGs. Interestingly, the
expression of this gene was also found to be down regulated
in many types of cancer suggesting that the functional impact
of its regulation is not fully understood yet (Rojas-Rivera and
Hetz, 2015). Our results point to interactions between Babesia
parasites and the tick apoptosis-related molecules, which requires
further investigation with a special reference to this particular
metabolic pathway.

In ticks, vitellogenesis is the process of yolk formation
with the material accumulating in the developing oocyte and
characterized by the synthesis of vitellogenins (Vg) during the
reproductive period (Coons et al., 1989). GP80 is a processed
product from vitellogenin, encoded by one Vg gene (Thompson
et al., 2007; Taheri et al., 2014), and for simplicity we will
maintain, herein, the GP80 nomenclature. Multiple Vgs have
been described in ticks (Boldbaatar et al., 2010; Rodriguez et al.,
2016; Xavier et al., 2018). Sequence analysis demonstrate a high
similarity of gp80 to Vg-1 (UniProt ID: A0A034WTV5). In this
study, B. bigemina infection led to a significant down regulation
of gp80 transcription, which is in contrast to our previous study
results (Antunes et al., 2012). A possible explanation for this
discrepancy relies on the different tissues analyzed in the two
studies. In the present one, only SGs were targeted, whereas Vgs
are considered to be absent and are thought to be functionally
replaced by the hemelipoglyco-carrier protein (CP) (Donohue
et al., 2009). Encountering transcription of the gp80 in this organ
suggests that Rhipicephalus SGs possess genes highly similar to
Vgs, sharing many molecular features to since similar results
were attained in SGs of Rhipicephalus bursa (Antunes et al.,
2018). Our data revealed a significant decline in engorged female
R. annulatus weight, EMW, and EPE, when gp80 was silenced,
upon feeding on an infected calf in accordance to previous
studies (Boldbaatar et al., 2010; Antunes et al., 2018). Keeping
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in mind that the silencing methodology is not tissue specific,
our results suggest that a decreased expression of Vgs leads to
a reduction in lipid transport and normal production of energy
(ATP) provided by lipid disruption, leading to an abnormal or
delayed development of ovaries and eggs. A consequent increase
in B. bigemina infectivity in SG was observed by silencing gp80
and a parallel decrease was detected in the ovaries. This parasite
sustains transmission via both horizontal and vertical routes,
through feeding and eggs production, respectively, which imply
that a parasite-driven strategy to restrict vitellogenin synthesis is
less likely. This data suggest that the host may redirect resources
away from cell defense against pathogens toward processes with
a more urgent demand such as egg production. Therefore, once
facing lack of Vgs transcription, which will ultimately affect
progeny, cells efforts will go to compensate this process, leaving
SG cells more prone to infection and pathogen dissemination.
However, the opposite scenario was observed in the ovaries,
whereas a decrease of the levels of B. bigemina was detected
suggesting that parasite transmission is hampered by the GP80
deficiency. A similar effect has been observed in Laodelphax
striatellus whereas the transmission of a virus is facilitated by the
expression of an insect-specific Vg (Huo et al., 2018). In fact,
it seems that the process of vitellogenesis is critical for efficient
pathogen transovarial transmission and is has been suggested that
Babesia may directly interact with a Vg receptor (Boldbaatar et al.,
2008; Hussein et al., 2019). Targeting vitellogenesis to control tick
infestation is a very attractive approach, since the inhibition or
disruption of such process may result in tick female mortality,
decreased egg production, and viability and, ultimately, have
an effect on pathogens with transovarial transmission such
as Babesia spp.

Transfer RNAs are primarily involved in translation,
functioning as adaptors from DNA to proteins (Pathak et al.,
2007; Lorenz et al., 2017). One of the most important tRNA
hypermodification is the replacement of guanosine by an
analog, the nucleoside queuosine (Vinayak and Pathak, 2009),
resulting in queuine-tRNA (Q-tRNA) and implicating a cascade
of enzymatic reactions (Betat et al., 2010). This Q-tRNA have
been shown to correlate with diverse cell processes including
stress tolerance, cell proliferation, tumor growth, and protein
translation (Fergus et al., 2015; Tuorto et al., 2018). QtRibosyl,
herein designated as QtRibosyl, is an enzyme involved in the
chemical reaction that results in queuosine base modification
(Deshpande and Katze, 2001; Fergus et al., 2015). In the present
study, the expression of QtRibosyl was found to be up regulated
while protein levels were found to be down regulated in response
to infection. This may be due to several biological factors such
as the occurrence of post-transcriptional and post-translational
modifications but also due to methodological constraints
(Maier et al., 2009; Ayllon et al., 2015; Villar et al., 2015).
Interestingly, the human ortholog enzyme gene (Queuine tRNA-
ribosyltransferase catalytic subunit 1-QTRT1) has been found
differentially regulated in some cancer tissues. It has been shown
that, as a consequence, the Q-tRNA deficiency is associated
with different neoplastic tissues and may even correlate with
tumor grade (Vinayak and Pathak, 2009; Fergus et al., 2015).
A high expression of such enzyme suggests that the cell needs to

produce Q-tRNA either to promote the activity of antioxidant
enzymes, secure protein folding, or to maintain high glycolytic
rate (Pathak et al., 2008; Fergus et al., 2015; Tuorto et al., 2018),
processes which have been demonstrated to occur in infected
ticks (Villar et al., 2015; Cabezas-Cruz et al., 2017). Moreover,
the present study demonstrated that efficient knockdown of
QtRibosyl affected tick parameters and led to a marked reduction
of female weight, egg mass, and EPE. These findings are clearly
supporting the role of Q-tRNA in cell proliferation and glycolytic
metabolism. A non-significant reduction of Babesia infection
in tick SG was also observed, which can be related to a deficit
on cellular ATP pools, which in its turn results in a shortage of
nutrients essential for parasite multiplication (Trager, 1974).

Stimulation of a cell stress response by pathogens in ticks
has been previously reported (Mulenga et al., 2003; Villar et al.,
2010; Busby et al., 2012; Weisheit et al., 2015). Herein, two heat
shock-related genes were targeted: the hsp which was found to
be up regulated upon infection and the phstf that showed a
similar expression in SG on both conditions. Knockdown of hsp
did not significantly affected the studied parameters, although
further studies centered in this biologically relevant pathway
in ticks should be performed to deepen our understanding on
tick–Babesia interface.

Our study has pinpointed interesting tick proteins interacting
with Babesia. Still, due to its transovarial and transstadial
transmission capacity, future studies focusing on early feeding
time points, other tick stages, or other tissues, such as ovaries,
are needed to fully understand the molecular dynamics at the
tick–pathogen interface.

CONCLUSION

For many intracellular parasites, the host cell is no longer
an opponent but rather an assistant, evolving to efficiently
and precisely manipulate their host. Accordingly, in ticks,
Anaplasma bacteria are able to subordinate cell BPs such as
apoptosis and glycogenesis. The present study shed some light
regarding the Rhipicephalus–Babesia interface by making use of
transcriptomics and proteomics allied to gene functional analysis.
The results obtained point out a strong parasitic pressure over
cellular functions, of which processes like apoptosis and stress
response stand out. The genes dapk-1, QtRibosyl, and gp80 were
characterized with regard to their role on tick reproductive
parameters and interaction with Babesia infection, and showed
to be highly influential functional molecules. The importance
of understanding the tick biology and tick–pathogen molecular
interactions is of the outmost importance in the discovery of
suitable vaccine candidates to control tick populations and tick-
borne diseases.
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Ticks act as vectors of pathogens affecting human and animal health worldwide, and
recent research has focused on the characterization of tick-pathogen interactions using
omics technologies to identify new targets for developing novel control interventions.
The regulome (transcription factors-target genes interactions) plays a critical role in
cell response to pathogen infection. Therefore, the application of regulomics to tick-
pathogen interactions would advance our understanding of these molecular interactions
and contribute to the identification of novel control targets for the prevention and control
of tick infestations and tick-borne diseases. However, limited information is available on
the role of tick regulome in response to pathogen infection. In this study, we applied
complementary in silico approaches to modeling how Anaplasma phagocytophilum
infection modulates tick vector regulome. This proof-of-concept research provided
support for the use of network analysis in the study of regulome response to infection,
resulting in new information on tick-pathogen interactions and potential targets for
developing interventions for the control of tick infestations and pathogen transmission.
Deciphering the precise nature of circuits that shape the tick regulome in response to
pathogen infection is an area of research that in the future will advance our knowledge
of tick-pathogen interactions, and the identification of new antigens for the control of
tick infestations and pathogen infection/transmission.

Keywords: regulome, transcription, tick, Ixodes scapularis, Anaplasma phagocytophilum, ISE6 cells, vaccine

INTRODUCTION

Ticks (Acari: Ixodida) are major vectors of pathogens affecting human and animal health
worldwide, and consequently the focus of research for developing novel control interventions
(de la Fuente, 2018). Among tick-transmitted pathogens, Anaplasma phagocytophilum
(Alphaproteobacteria: Rickettsiales) is mainly transmitted by Ixodes spp. and the causative agent of
human and animal anaplasmosis and tick-borne fever in small ruminants (Severo et al., 2015).
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Recent developments in tick genomics have advanced research
using latest omics technologies for the characterization of tick-
host-pathogen interactions and the identification of candidate
protective antigens (de la Fuente et al., 2016c,a, 2017; Gulia-Nuss
et al., 2016; Shaw et al., 2017; de la Fuente, 2018). Vaccinomics,
a holistic perspective based on the use of omics technologies
and bioinformatics in a systems biology approach for the
characterization of tick-host-pathogen molecular interactions is
our platform for the identification of candidate vaccine antigens
(de la Fuente and Merino, 2013; de la Fuente et al., 2016a,
2018; Contreras et al., 2017). In this context, tick cell lines
constitute a valuable resource because it is a proven model for the
study of tick-pathogen and particularly tick-A. phagocytophilum
interactions, easy manipulation without animal experimentation,
and the fact that A. phagocytophilum infects mainly one cell type
in vertebrates (neutrophils) but multiple cell types in ticks better
resembled by these cell lines (Munderloh et al., 1994; Severo et al.,
2015; Villar et al., 2015; Bell-Sakyi et al., 2018).

The regulome (transcription factors-target genes interactions)
and interactome (protein-protein physical and functional
interactions) play a critical role in cell response to different
stimuli including pathogen infection. Both regulome and
interactome are implicated in transcriptional regulation, which
is one of the most fundamental mechanisms for controlling
the amount of protein produced by cells under different
environmental and physiological conditions and developmental
stages (Gronostajski et al., 2011; Vaquerizas et al., 2012; Shih
et al., 2016; Rioualen et al., 2017). Therefore, the application of
regulomics and interactomics to host/tick-pathogen interactions
would advance our understanding of these molecular interactions
and contribute to the identification of new control targets for
the prevention and control of tick infestations and tick-borne
diseases (de la Fuente et al., 2018; Artigas-Jerónimo et al.,
2018a,b; Estrada-Peña et al., 2018).

Few studies have addressed the role of the regulome or
regulon (part of the regulome including a set of genes that
share a common regulatory element binding site) in the
interaction between tick-borne pathogens and vertebrate hosts
(i.e., Bugrysheva et al., 2015; Boyle et al., 2019). However, limited
information is available on the role of tick regulome in response
to pathogen infection (Artigas-Jerónimo et al., 2018b).

In this study, we applied complementary in silico approaches
to modeling how A. phagoctophilum infection modulates tick
vector regulome, and the possibilities for the identification of
new control target antigens. This proof-of-concept research
provided new information on tick-pathogen interactions and
potential targets for developing interventions for the control of
tick infestations and pathogen infection.

MATERIALS AND METHODS

Datasets
The RNA sequencing (RNAseq) datasets of differential expression
of I. scapularis transcription factors (TF) and target genes (TG)
in response to A. phagocytophilum infection was obtained from
previously published transcriptomics analyses in ISE6 cells, and

fed adult female midguts and salivary glands (Ayllón et al., 2015;
Villar et al., 2015). Gene ontology (GO) level-3 annotations
for biological processes (BP) were conducted using Blast2GO
software (version 3.0)1 (Villar et al., 2014; Supplementary
Dataset 1). The RNAseq data is available at http://dx.doi.org/10.
5061/dryad.50kt0 and http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE68881.

Network Analysis of the Tick Regulome
in Response to Infection
A network of interactions followed by a co-correspondence
analysis (CoCA) was used for the integration of TF and
TG interactions (regulome) of I. scapularis tick response
to A. phagocytophilum infection. The methodology to build
the network of interactions between proteins and functional
metabolic processes has been previously described and validated
(Estrada-Peña et al., 2018). This network consists of a set of nodes
that are connected by edges where nodes are the interacting items,
and links between nodes represent the strength with which they
interact. In this development, a TF or TG is the source node
and the cell metabolic process(es) in which it is involved are the
target(s). The edge linking both nodes has a weight, which is the
expression of either TF or TG. Networks were built separately for
infected and uninfected I. scapularis ISE6 cells, salivary glands
and midguts. Only TF and TG with GO functional annotations
were included in the networks (Supplementary Dataset 1).
Centrality is a fundamental property of a network because it
refers to nodes that connect high score nodes (Opsahl et al.,
2010; Estrada-Peña et al., 2018). In this context, “high score”
applies to other nodes with high importance in the network.
We calculated the importance of a node in the “traffic” between
different nodes of the network using Betweenness Centrality
(BNC), giving a higher score to a node that sits on many
shortest paths of other node pairs (Barthelemy, 2004; Estrada-
Peña et al., 2018). In our context, it is an indicator of the
relative importance of a TF/TG in the links between two or more
processes. Other calculated indexes included the PageRank (PR),
a measure of the importance of the nodes linking with a given
node, and the Weighted Degree (WD), which was calculated from
the expression profile of each TF/TG linking to a cell process
(Estrada-Peña et al., 2018).

The interactions between TF and TG were demonstrated
using CoCA. Only TF/TG with values of BNC or PR higher
than zero were included. We did the CoCA using the indexes
of centrality obtained from the network explained above. The
function “coca” of the package “cocorresp” was used for the R
programming environment (Simpson, 2016). Data on BNC, PR
and WD of each infected and uninfected datasets from ISE6
cells, salivary glands and midguts were entered into separate
CoCAs. The analysis aimed to relate two different datasets from
uninfected and infected samples to find patterns that are common
to both and associating the TF and TG that are close in the
reduced multivariate space and establishing correspondences.
The plotting of the scores in the two first axes of the reduced
space gives the interaction between TF and TG, i.e., the closer

1www.blast2go.com
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they are in the space, the higher is the expected interaction. The
method produces a cloud of interacting TF and TG. To improve
the resolution of the charts, we plotted only TF/TG that were at a
maximum of two score units of distance. We assumed that other
TG separated by more than 2 score units from the values of TF
were not interacting with these TF.

In silico Prediction of TF-TG Interactions
Putative DNA binding sites in TG for TF present only in
infected tick ISE6 cells were predicted based on published
information for TF-interacting sequences in other species,
and the I. scapularis genomic scaffold whole genome shotgun
sequence using cisTargetX2 and direct search for TF binding
sequences in the predicted 5′ gene regulatory regions of the
I. scapularis genome (Supplementary Dataset 2; Potier et al.,
2012; Rougemont and Naef, 2012; Vaquerizas et al., 2012).
The BP with higher representation in the upregulated than
in downregulated regulome (peptidase inhibitor and stress
response) in response to infection were selected for further
characterization of TF-TG interactions.

RNA Interference (RNAi) for Gene
Knockdown in Tick ISE6 Cells
The I. scapularis ISE6 cells (provided by U.G. Munderloh,
University of Minnesota, United States) was maintained in L-
15B300 medium as described previously (Munderloh et al., 1994).
Four different TF (HSF, Ap-2, Arx and Hox; Supplementary
Dataset 2) were silenced using two siRNAs for each TF (HSF:
5′ GCA CUC AGG GCC AGG AUU A 3′ and 5′ CCU CGG
AAG CAG ACA GGA A 3′; Ap-2: 5′ AGA AAG AGG ACA
CGA AGA A 3′ and 5′ CCA AGA AAG AGG ACA CGA
A 3′; Arx: 5′ CCA AGA AAG AGG ACA CGA A 3′ and 5′
GAC CGA AGC CAG AGU GCA A 3′; Hox: 5′ CCU CCA
GCU UCA ACA CAU A 3′ and 5′ ACG CCA CGG CCG
AGC UUA A 3′) provided by Dharmacon (GE Healthcare
Dharmacon Inc., Lafayette, CO, United States). As control, two
Rs86 siRNAs (5′ CGG UAA AUG UCG AAG CAA A 3′ and 5′
GCG AAU AUG AAG UCG GUA A 3′) were used. The siRNA
experiments were conducted by incubating ISE6 tick cells with
100 nM of each siRNA diluted in 100 µl of serum-free medium
in 24-well plates using four wells per treatment. To facilitate
siRNA transfection, DharmaFECT (GE Healthcare Dharmacon
Inc.) was used following manufacturer’s recommendations. After
24 h, 0.5 ml/well of fresh medium was added. After 48 h of
siRNA exposure, medium containing siRNA was removed and
replaced with 1 ml fresh medium alone or containing cell free
A. phagocytophilum NY18 obtained as previously reported (de la
Fuente et al., 2005). Cells were incubated for a total of 72 h, and
then collected for DNA and RNA extraction.

Determination of Gene Knockdown and
TG mRNA Levels by RT-qPCR
Total RNA was extracted from ISE6 cells using All Prep
DNA/RNA/PROTEIN Mini Kit (Qiagen, Hilden, Germany)

2https://omictools.com/cistargetx-tool

following manufacturer’s recommendations. Gene knockdown
levels after TF RNAi were assessed for TF and TG by RT-
qPCR on RNA samples using gene-specific oligonucleotide
primers (Supplementary Table 1), the Kapa SYBR Fast One-
Step RT-qPCR Kit (Kapa Biosystems, Roche Holding AG, Basel,
Switzerland), and the QIAGEN Rotor-Gene Real-Time PCR
Detection System (Qiagen). A dissociation curve was run at
the end of the reaction to ensure that only one amplicon was
formed and that the amplicons denatured consistently in the
same temperature range for every sample. The mRNA levels
were normalized against tick rps4 using the genNorm method
[Delta-Delta-Ct (ddCt) method] as described previously (Ayllón
et al., 2013). Normalized Ct values were compared between test
siRNAs-treated tick cells and controls treated with Rs86 siRNA
by Chi2-test (p = 0.05; n = 4 biological replicates).

Determination of A. phagocytophilum
DNA Levels by qPCR
Total DNA was extracted from infected cells using an All Prep
DNA/RNA/Protein Mini Kit (Qiagen, Hilden, Germany). DNA
samples were analyzed by qPCR using gene-specific primers for
A. phagocytophilum msp4 as previously described (Ayllón et al.,
2013). Normalized against tick rps4 Ct values were compared
between test siRNAs-treated tick cells and controls treated with
Rs86 siRNA by Chi2-test (p = 0.001; n = 2–4 biological replicates).

RESULTS AND DISCUSSION

Rationale and Experimental Design
The tick regulome in response to A. phagocytophilum
infection was characterized in the I. scapularis tick vector
to provide insights into tissue-specific regulome profiles,
and the identification of potential targets for the control of
tick infestations and pathogen infection/transmission. The
experimental design included two independent methods
for the in silico characterization of the tick regulome in
response to A. phagocytophilum using transcriptomics data
previously obtained from infected I. scapularis ISE6 cells,
and fed female midguts and salivary glands (Supplementary
Figure 1A). The first approach was based on a network
analysis in which the nodes were either TF or TG together
with their corresponding GO BP annotations, and the link
between two nodes represented the expression of the gene
(Supplementary Figure 1B). The indexes of centrality were
calculated separately for each network of uninfected and
infected samples, and only nodes of TF and TG with indexes
of centrality higher than zero were used for co-correspondence
CoCA analysis (Supplementary Figure 1B). The second
approach was used in parallel with network analysis, and
consisted in the in silico prediction of TF-TG interactions based
on described TF recognition sequences by searching in the
I. scapularis genomic scaffold whole genome shotgun sequence
(Supplementary Figure 1C). This analysis was focused on TF
present only in infected ISE6 cells, and TG in BP overrepresented
in the upregulated than in the downregulated regulome in
response to infection as a proof-of-concept to facilitate the
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identification of candidate target antigens for development
of vaccines and other control measures. The results of the
network analysis were then plotted with TF and TG together
in the reduced space to demonstrate that the position of the
TF correlates with the TG that are near to these TF after the
CoCA (Supplementary Figure 1D). Finally, the results of
both approaches were compared, and the TF-TG interactions
predicted by both methods were functionally characterized by
RNAi in A. phagocytophilum-infected and uninfected tick ISE6
cells (Supplementary Figure 1E).

The I. scapularis Regulome Shows
Tissue-Specific Signatures in Response
to A. phagocytophilum Infection
For the construction of networks, a total of 144, 86, and 93
TF (Supplementary Dataset 3), and 5225, 3919, and 4341 TG
(Supplementary Dataset 4) were used derived from tick ISE6
cells, salivary glands and midguts, respectively. Tick midgut did
not show detectable differences in the network indexes of TF
BP between uninfected and infected samples (close to 100%
BNC; Figure 1A). However, the TF multicell development and
anatomical structure development processes increased to near
200% in infected versus uninfected ISE6 cells (Figure 1A). The
network centrality of all the TF processes showed a clear increase
in infected salivary glands when compared to unifected controls
(Figure 1A). The multicell development process was represented
in TF from ISE6 cells only (Figure 1A).

Other than minor variations in the network indexes of
the TF, each test showed different TF that were present or
absent in either uninfected or infected samples. Four TF were
detected only in uninfected ISE6 cells, and other 4 were recorded
only in infected ISE6 cells (Figure 1B). The most prominent
TF in ISE6 cells (ISCW01819) was completely inhibited in
infected ISE6 cells (Figure 1B). The pattern was more complex
in the salivary glands showing up to 17 TF recorded only
in infected, and 4 in uninfected samples (Figure 1C). Nine
TF were recorded only in uninfected and 8 only in infected
midgut (Figure 1D). As in ISE6 cells, the three most highly
represented TF in uninfected midgut were not recorded in
infected samples (Figure 1D). The number of TG detected
only in uninfected or infected samples varied from 197
(uninfected) to 206 (infected) ISE6 cells, 159 (uninfected) to
585 (infected) salivary glands, and 360 (uninfected) to 129
(infected) midgut.

Every detected TF that was unique for uninfected or infected
samples was included in CoCA. Based on the values of network
indexes of TG, 70 TG in uninfected and 88 TG in infected
ISE6 cells, 5 TG in uninfected and 58 TG in infected salivary
glands, and 43 TG in uninfected and 25 TG in infected midgut
were included in the analysis. The results from multivariate
analyses showed a clear correspondence between TF and TG
recorded only in uninfected or infected samples while the origin
of the first correspondence axis (value = 0) separated completely
TF and TG occurring only in either uninfected or infected
samples (Figures 2A–C and Supplementary Figures 2A–C).
These analyses suggested that the TF closer to individual TG are

likely to regulate the expression of these genes (Figures 2A–C and
Supplementary Figures 2A–C).

These results evidenced tissue-specific differences between
infected and uninfected cells, thus supporting previous
findings at the mRNA, protein and metabolic levels in
I. scapularis ISE6 cells, a model for hemocytes, midgut and
salivary glands, which are involved in A. phagocytophilum
life cycle in the tick vector (Ayllón et al., 2015; Villar
et al., 2015; reviewed by de la Fuente et al., 2017). These
results evidenced that the regulome regulates various
BP involved in tick-A. phagocytophilum interactions
(Figures 1A, 3A and Supplementary Dataset 2), a finding
previously reported in other organisms (Shih et al., 2016;
Casella et al., 2017).

A. phagocytophilum Modulates the Tick
Regulome to Upregulate Biological
Processes That Facilitate
Pathogen Infection
To complement the network analysis approach to tick
regulome study, the putative DNA binding sites were
characterized in silico for TF and TG in the upregulated
regulome in response to infection in tick vector ISE6 cells
(Figures 3A,B and Supplementary Dataset 2). In particular,
the peptidase inhibitor and stress response BP with higher
representation in the upregulated than in downregulated
regulome (Figure 3A) were selected for further characterization
of TF-TG interactions (Figure 3B).

The results showed a correlation between complementary
in silico approaches (Figure 4A), therefore providing support
for the network analysis of the regulome to predict at the
transcriptomics level the most significant TF-TG interactions in
response to stimuli such as pathogen infection.

To characterize the functional implications of selected TF-
TG interactions predicted by both methodological approaches
(Figures 3B, 4A), RNAi was used in ISE6 cells to knockdown
the expression of TF and characterize the effect on TG mRNA
and A. phagocytophilum DNA levels (Figures 4B–D). The results
showed that after 77–87% (average ± S.D., 81 ± 4%) TF
silencing (Figure 4B), the levels of all predicted TG except
for ISCW011771 and ISCW012363 decreased when compared
to Rs86 siRNA-treated controls (Figure 4C). The two TG that
were not downregulated after TF knockdown had the lowest
mRNA levels (Figure 4C), which could affect the possibility of
detecting differences between test and control cells. Alternatively,
other TF or interacting proteins could be involved in the
regulation of these genes. Nevertheless, except for ISCW011771
and ISCW012363 the results supported the prediction that these
TF are implicated in the regulation of TG. Nevertheless, these
TF-TG interactions should be corroborated in future experiments
using different in vitro protein-DNA binding assays (Yang, 1998;
Forde and McCutchen-Maloney, 2002; Deplancke and Gheldof,
2012; Ogawa and Biggin, 2012).

Regarding A. phagocytophilum infection, the results
showed a 96–97% decrease in pathogen DNA levels after
TF knockdown (Figure 4D). These results suggested that the TF
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FIGURE 1 | Changes in the expression of TF in tick ISE6 cells, salivary gland and midgut in response to A. phagocytophilum infection. (A) The percentage change of
the index Betweenness Centrality (BNC) infection among uninfected and infected target organs in the 13 BP GO annotations. (B) Values of BNC of the 8 TF that
showed the highest changes between uninfected BNC (u) and infected BNC (i) ISE6 cells. (C) Values of BNC of the 21 TF that showed the highest changes between
uninfected BNC (u) and infected BNC (i) salivary glands. (D) Values of BNC of the 17 TF that showed the highest changes between uninfected BNC (u) and infected
BNC (i) midgut. Abbreviations: reg., regulation; (u), uninfected; (i), infected.
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FIGURE 2 | Co-correspondence analysis (CoCA) of TF and TG in uninfected and A. phagocytophilum-infected samples. CoCA was conducted in I. scapularis
(A) ISE6 cells, (B) salivary glands and (C) midgut. The charts show the position of TF (black symbol and label) and TG (blue symbol and red label) after the CoCA of
the indexes of centrality. The TF and associated TG with highest values of centrality in the network of infected cells appear together at negative values of the Axis 1
(n = 4, 4, and 9 in ISE6 cells, salivary glands and midgut, respectively). The TF and the associated TG with highest values of centrality in the network of uninfected
cells appear together at positive values of the Axis 1 (n = 4, 17, and 8 in ISE6 cells, salivary glands and midgut, respectively). High-resolution images are shown in
Supplementary Figures 2A–C.

and corresponding TG are upregulated by A. phagocytophilum to
facilitate pathogen infection.

Characterization of TF and Upregulated
TG in Response to Infection as Putative
Control Targets
The TF implicated in the regulation of selected TG included
heat shock transcription factor (HSF), Ap-2, Aristaless-related
homeobox gene (Arx) and Hox (Figure 3B). These TF has
been described before to function in different transcriptionally
regulated processes in other species. The mammalian Ap-2 TF
has been shown to be involved in transcriptional activation
and DNA binding/dimerization (Williams and Tjian, 1991). The
HSF family has been implicated in the regulation of different
physiological processes including cell response to stress and
infection (Gomez-Pastor et al., 2018). Hox and Arx are members
of a family of essential developmental regulators that bind to

homeodomains target DNA sequences to regulate embryogenesis
and neuronal processes in different organisms (Pellerin et al.,
1994; Cho et al., 2012).

Few studies in other host-pathogen models have shown that
some of these TF facilitate pathogen infection and therefore has
been proposed as potential targets for control interventions. In
primary peripheral blood monocytes, HSF1 is upregulated by
human cytomegalovirus (HCMV) for pathogen survival, and
has been suggested as a potential control target (Peppenelli
et al., 2018). The tick-borne pathogen, Ehrlichia chaffeensis,
upregulates the expression of certain Hox genes to facilitate
infection through epigenetic mechanisms in human monocytic
leukemia cells (THP-1) (Mitra et al., 2018). However, the role
of these TF during pathogen infection in ticks has not been
investigated before.

The BP modulated by the regulome of selected TF-
TG interactions with a putative role in facilitating
A. phagocytophilum infection included peptidase inhibitor
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FIGURE 3 | Biological processes affected by the tick ISE6 cells regulome in response to A. phagocytophilum infection. (A) Upregulated and downregulated target
genes in the in silico predicted tick ISE6 cells regulome in response to A. phagocytophilum infection were grouped according to their BP. The BP with higher
representation in the upregulated than in downregulated regulome in response to infection (arrows) were selected for characterization of TF-TG interactions.
(B) Predicted regulatory DNA motifs according to regulatory factors identified by RNAseq in infected cells only and involved in the control of upregulated target genes
annotated in the peptidase inhibitor and stress response BP with higher representation in the upregulated than in downregulated regulome.

and stress response (Figure 3A and Supplementary Dataset 2).
The stress response upregulated TG included genes coding for
peroxinectin and uncharacterized protein with heme binding
and peroxidase activity (n = 2), and glutathione peroxidase
with glutathione peroxidase activity. The peptidase inhibitor
TG encoded for a carboxypeptidase inhibitor precursor with
carboxipeptidase and metalloendopeptidase inhibitor activity,
uncharacterized protein, Kunitz-type proteinase inhibitor 5
II, serpin-2 precursors and secreted salivary gland peptides
with serine-type endopeptidase inhibitor activity (n = 6), and
cystatin and salivary cystatin-L with cysteine-type endopeptidase
inhibitor activity (n = 2).

These proteins are involved in key physiological processes
during tick life cycle such as heme/iron metabolism and
detoxification and tick-host interactions (Chmelar et al., 2016;
de la Fuente et al., 2016a). Glutathione peroxidase belongs
to the glutathione antioxidant defense system and protects
eukaryotic cells from oxidative damage (Espinosa-Diez et al.,
2015). Glutathione peroxidase levels and activity are affected
in different ways by Anaplasma marginale infection in both
vertebrate and tick cells (Reddy et al., 1988; More et al.,
1989; Kalil et al., 2017; Esmaeilnejad et al., 2018). While the

activity and expression of glutathione peroxidase and other
components of the antioxidant system was lower in A. marginale-
infected cattle and water buffaloes (Reddy et al., 1988; More
et al., 1989; Esmaeilnejad et al., 2018), glutathione peroxidase
coding gene was upregulated in embryonic Rhipicephalus
microplus BME26 cells in response to A. marginale infection
(Kalil et al., 2017). These results showed that A. marginale
infection induces a differential response of the glutathione
antioxidant defense system in the vertebrate and tick hosts.
RNAi-mediated gene silencing of glutathione peroxidase and
other antioxidant defense system genes increased A. marginale
infection in BME26 cells, suggesting that the antioxidant
response mediated by this molecule might play a role in
the control of infection in ticks (Kalil et al., 2017). Another
of the identified tick TG, peroxinectin, is a cell adhesion
protein involved in melanization of pathogens in invertebrates
(Sritunyalucksana et al., 2001; Cerenius and Söderhäll, 2004),
was upregulated in crayfish resistant to white spot syndrome
virus, and susceptible crayfish failed to upregulate this gene
in response to viral infection (Yi et al., 2017). Strong
cellular adhesion in response to the invading agent during
crustacean encapsulation defense reaction was proposed as a
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FIGURE 4 | Functional characterization of selected TF-TG components of the tick ISE6 cells regulome. (A) The predictive results of network analysis and in silico
prediction of TF-TG interactions were compared in infected ISE6 cells. The TF-TG interactions predicted by both methods (squared in black letter for TF and red
letter for TG) were then functionally characterized by RNAi in tick ISE6 cells. (B) Percentage of TF gene knockdown with respect to Rs86 siRNA control in ISE6 cells.
Normalized against tick rps4 Ct values were compared between test siRNAs-treated tick cells and controls treated with Rs86 siRNA by Chi2-test (p < 0.05; n = 4
biological replicates). (C) The TG mRNA levels were determined by qRT-PCR in ISE6 cells after TF gene knockdown or treatment with control Rs86 siRNA.
Normalized against tick rps4 Ct values (average + S.E.) were compared between test siRNAs-treated tick cells and controls treated with Rs86 siRNA by Chi2-test
(∗p < 0.001; n = 4 biological replicates). (D) The A. phagocytophilum DNA levels were determined by qPCR in ISE6 cells after TF gene knockdown or treatment with
control Rs86 siRNA. Normalized against tick rps4 Ct values (average + S.D.) were compared between test siRNAs-treated tick cells and controls treated with Rs86
siRNA by Chi2-test (∗p < 0.001; n = 2–4 biological replicates).

protective mechanism mediated by peroxinectin in infected
crayfish. The heme-binding lipoprotein (HELP), a transporter
of heme in ticks, was previously found to be upregulated and
downregulated in midguts and salivary glands, respectively, of
A. phagocytophilum-infected ticks (Villar et al., 2016). HELP,
together with Vitellogenin 1 and 2, was proposed to transport
heme to other tick tissues such as salivary glands (Hajdusek
et al., 2009). The uncharacterized protein with heme binding
activity identified in this study may have a function similar to
HELP, suggesting that A. phagocytophilum affects hemoglobin
primary cleavage and heme transport in tick midguts and
salivary glands, possibly to regulate the levels of heme in
a tissue-specific manner with potential effects for pathogen
and vector survival. The expression of Kunitz-type proteinase
inhibitors have been found to be modified in several tick
species in response to infection by tick-borne pathogens such
as Bartonella henselae (Liu et al., 2014), flavivirus (McNally
et al., 2012), Babesia bigemina (Antunes et al., 2012), and

A. marginale (Zivkovic et al., 2010). Kunitz peptides are
moonlighting proteins that perform multiple functions within
the feeding lesion (Schwarz et al., 2014). Upregulation of Kunitz
proteins in salivary glands of ticks infected with B. henselae
(Liu et al., 2014) and flavivirus (McNally et al., 2012) may
be associated with host immunity modulation at the feeding
site. In contrast to upregulation, it is less clear why Kunitz
peptides, including a Kunitz-type proteinase inhibitor 5, would
be dowregulated in salivary glands following A. marginale
infection (Zivkovic et al., 2010). Additional studies show that
the expression of Kunitz peptides is complex and may be
related to the tick and pathogen species (Rachinsky et al., 2007;
Antunes et al., 2012).

These preliminary evidences based on selected TF-TG
interactions support that the analysis of tick regulome in
response to different stimuli such as pathogen infection could
provide potential targets for the control of tick infestations and
pathogen infection/transmission. Furthermore, some of these
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protein families have been proposed as protective antigens using a
rational approach for the identification of tick vaccine protective
antigens (de la Fuente et al., 2016a). As recently proposed
(de la Fuente et al., 2018), the combination of regulomics with
intelligent Big Data analytic techniques may contribute to the
high throughput identification of candidate vaccine antigens.

CONCLUSION

Our modeling of the modulation of the tick regulome in response
to A. phagocytophilum infection provided new insights into the
mechanisms that target specific functions in different tick tissues.
These results supported the use of network analysis for the study
of regulome response to infection. Although general mechanisms
affected by A. phagocytophilum infection may be conserved even
between tick and human cells (de la Fuente et al., 2016b),
the effect of vector-pathogen co-evolution on pathogen isolates
adaptation to grow in tick cells (Alberdi et al., 2015) may result
in differences between isolates in the modulation of the tick cell
regulome. Future research should be directed at validating the
results of the network analysis for regulomics studies and the
characterization of TF-TG interactions. Deciphering the precise
nature of circuits that shape the tick regulome in response to
pathogen infection is an area of research that in the future will
advance our knowledge of tick-pathogen interactions, and the
identification of new targets for the control of tick infestations
and pathogen infection/transmission.
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Ticks secrete hundreds to thousands of proteins into the feeding site, that presumably
all play important functions in the modulation of host defense mechanisms. The current
review considers the assumption that tick proteins have functional relevance during
feeding. The feeding site may be described as a closed system and could be treated
as an ideal equilibrium system, thereby allowing modeling of tick–host interactions in
an equilibrium state. In this equilibrium state, the concentration of host and tick proteins
and their affinities will determine functional relevance at the tick–host interface. Using this
approach, many characterized tick proteins may have functional relevant concentrations
and affinities at the feeding site. Conversely, the feeding site is not an ideal closed
system, but is dynamic and changing, leading to possible overestimation of tick protein
concentration at the feeding site and consequently an overestimation of functional
relevance. Ticks have evolved different possible strategies to deal with this dynamic
environment and overcome the barrier that equilibrium kinetics poses to tick feeding.
Even so, cognisance of the limitations that equilibrium binding place on deductions
of functional relevance should serve as an important incentive to determine both the
concentration and affinity of tick proteins proposed to be functional at the feeding site.

Keywords: tick, host, feeding, affinity, equilibrium, function, relevance

BIOLOGICAL ACTIVITY AT THE TICK FEEDING INTERFACE

Biological function is central to the understanding of life and organismal biology. The context
that function confers is exemplified in the frustration felt when a gene or protein of interest
can only be annotated as a hypothetical protein with unknown function. Conversely, the ease of
annotation by homology has made genome sequencing and assignment of function to orthologs
an almost mundane task (Giles and Emes, 2017). Even so, biochemical characterization remains
central to the elucidation and confirmation of new function and the understanding of functional
mechanism. From a biochemical reductionist perspective, biological function may be explained
within a structural mechanistic context as the action of a gene, surface, motif or residue that result
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in a chemical reaction, activation or inhibition of an enzyme or
receptor, or even a physiological process such as blood clotting
or platelet aggregation. The current review considers biological
function at the tick–host interface from this reductionist
perspective (Elgin, 2010). Even so, it was recently suggested that
before or during evolution of new function by gene duplicates,
and before negative selection maintain the adaptive advantage
conferred by such new functions, new duplicates may exist in
a state of undefined or non-optimized function, where protein
expression is maintained while functional space is explored
by random mutation: the playground hypothesis of neutral
evolution (Mans et al., 2017). There is also an increasing
recognition that most proteins may exhibit “promiscuous
activity,” i.e., irrelevant secondary activities (Copley, 2015, 2017).
In addition, given the possibility that a biochemical assay may
yield results for a broad class of proteins with diverse functions,
or even results without biological meaning, it raise the question
whether any particular measured function is relevant within a
biological or physiological context. The current review therefore
also considers functional relevance at the tick–host interface from
this perspective.

Sabbatani (1899), after reading Haycraft’s work on the anti-
clotting effects of the oral secretions from leeches (Haycraft,
1884), made the first prescient deduction that all hematophagous
organisms must secrete components that interfere or regulate
host defenses, such as the hemostatic system. He tested this
by showing that crude whole body tick extracts led to in vitro
inhibition of blood clotting and that injecting this extract into
various animals led to prolongation of blood coagulation in vivo.
He also injected what may very well be the first fractionation of
tick proteins to show that this purified preparation retained its
inhibitory properties. Sabbatani’s deduction has been confirmed
by extensive research into tick–host interactions that established a
veritable pharmacopeia of bioactive components secreted by ticks
during feeding (reviewed in Mans and Neitz, 2004a; Francischetti
et al., 2009; Mans et al., 2016). However, a question that must have
plagued him and remains relevant today, is whether in vitro and
even in vivo observations can be causally linked with biological
relevant activity at the feeding site, i.e., do what we measure
in a test tube really function as a modulator of host defenses
during feeding? The observation that ticks can cause paralysis
in a host (Hovell, 1824 cited in Scott, 1921) and the presence of
salivary glands in ticks (von Siebold and Stannius, 1854; Leydig,
1855; Heller, 1858), must have suggested that ticks can secrete
substances into the host. Phenotypic changes in the host such
as itching or ecchymosis after tick bite also suggested that ticks
secrete substances into the host (Nuttall et al., 1908). Secretion
and therefore presence would imply activity at the feeding site.
However, the presence of toxic and anti-hemostatic molecules
in tick eggs, but not salivary glands or saliva, showed that
measurement of biological activity in crude extracts does not
necessarily imply function at the tick–host interface (Hoeppli and
Feng, 1933; de Meillon, 1942; Riek, 1957, 1959; Gregson, 1973;
Neitz et al., 1981; Viljoen et al., 1985; Mans et al., 2004a). This
implication was recognized soon after Sabbatani’s seminal study,
when researchers extended his observations by proving that anti-
hemostatic and toxic activities were present in salivary glands of

ticks (Nuttall and Strickland, 1908; Cornwall and Patton, 1914;
Ross, 1926; Hoeppli and Feng, 1933). It would take a number of
years before anti-hemostatic and toxic activity could be showed
to be secreted in tick saliva itself. This had to await chemical
means, such as pilocarpine, or mechanical means, such as infra-
red light, to stimulate salivation in order to obtain adequate
quantities of salivary secretion for demonstration of biological
activity (Howell, 1966; Tatchell, 1967; Neitz et al., 1969, 1978;
Dickinson et al., 1976; Ribeiro et al., 1985, 1987; Ribeiro and
Spielman, 1986; Ribeiro et al., 1991). However, as Tatchell (1967)
indicated: salivary secretions obtained with exogenous stimulants
should be treated with caution, since it is unclear whether
such secretions represent the total saliva complement or even
represent saliva, since cement is not found in such secretions.
This may be a pertinent observation since cement may readily
form during feeding on artificial membranes (Kröber and Geurin,
2007), arguing that induced salivation is not entirely the same as
salivation during actual feeding.

Confirmation of secretion during feeding remains a crucial
component of validation of biological relevance (Law et al.,
1992). This may be achieved to various extents, by direct
determination of the presence of a specific activity or molecule
in saliva, or detection of host-derived antibodies generated
against components secreted during feeding (Ribeiro et al., 1991;
Oleaga-Pérez et al., 1994; Mulenga et al., 2003). Detection in
the salivary glands or salivary gland extract (SGE) may be used
as an indication of secretion, especially if a secretory peptide
signal is present in the immature protein sequence (Nielsen,
2017). The latter have been extensively used to identify potential
secretory components during transcriptome analysis (reviewed
in Mans et al., 2016). However, secretion of some proteins
without canonical signal peptides and non-salivary gland derived
proteins via apocrine or alternative secretion has complicated
the distinction of true and false positive secretory components
(Mulenga et al., 2003; Díaz-Martín et al., 2013b; Oliveira et al.,
2013; Tirloni et al., 2014, 2015), thereby also obscuring deduction
of biological relevance (Mans et al., 2016). Not all salivary
gland proteins with signal peptides are necessarily secreted
during feeding (Nielsen, 2017), nor are all secretory proteins
secreted at the same time, such as the case for hard ticks, that
show differential expression over the course of several days
of feeding (McSwain et al., 1982; Paesen et al., 1999; Wang
et al., 2001b; de Castro et al., 2016, 2017; Kim et al., 2017;
Perner et al., 2018). Transcriptome and proteome data also
shows a weak correlation (Schwarz et al., 2014). While this
may be ascribed to technical limitations in the proteomic and
transcriptomic analysis of complex samples from non-model
organisms, it further complicates the assessment of the final
relevant concentration of protein present during feeding.

The Equilibrium State and Functional
Correlates
Le Chatelier’s principle states that an equilibrium system will tend
to counteract changes to the system to maintain its equilibrium.
In biological systems this is overcome by enzymes that create
intermediate states to catalyze non-reversible chemical reactions.
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In the case of receptor-ligand or protein-inhibitor binding,
the affinity of the receptor for the ligand and the relative
receptor and ligand concentrations determines the bound state
at equilibrium (Figure 1). The affinity between molecules is
expressed as the equilibrium dissociation constant (KD) that
range for most biological systems from the fM to mM range
(Smith et al., 2012). The KD is the ligand concentration at which
50% of the receptor is occupied at equilibrium (Figure 1). At
a ligand concentration 10-fold the KD, a receptor would be
91% saturated and above this concentration almost all of the
receptor will be occupied. However, at a ligand concentration
10-fold less than the KD, only 9% of the receptor would be
occupied by the ligand and below this concentration essentially
no binding occurs. At concentrations of the ligand that is
equal to its KD, only 50% of the receptor will be occupied
if the stoichiometry of binding is 1:1. The KD is therefore
also considered to reflect a physiological relevant concentration
(Sears et al., 2007). Concentrations of salivary proteins at the
feeding site would therefore be physiologically relevant only at
concentrations equal or exceeding their affinities for their targets
by 10-fold or more if 50–100% receptor occupancy is necessary
for effective inhibition. The K i (inhibitor constant) is determined
for inhibitors of enzyme active sites and reflect the concentration
necessary to reduce enzyme activity by half. It is generally used
in the characterization of inhibitors using enzyme kinetics and
depends on both enzyme affinity for substrate and inhibitor
affinity for enzyme. Even so, it is similar to the KD and should
produce similar values when enzyme activity is measured at
physiological concentrations. Another measurement analogous
to the KD is the IC50 value of an inhibitor. The IC50 value
(half-maximal inhibitory concentration) is the concentration at
which 50% inhibition of function is observed. This is generally
determined for complex processes such as inhibition of platelet

FIGURE 1 | The universal binding isotherm express the relationship between
receptor occupation by a ligand (fraction bound) and the equilibrium
dissociation constant (KD) with regard to the concentration of ligand present
for a 1:1 interaction at equilibrium. At a ligand concentration that equals the
KD (1KD), 50% of the receptor will be occupied. At a ligand concentration
10-fold more than the KD (10KD), 91% of the receptor will be occupied.
Above this concentration a given ligand should be physiologically significant.
At a ligand concentration 10-fold less than the KD (KD/10) only 9% of the
receptor will be occupied. Below this concentration physiological significance
should be suspect. Between 10KD and KD/10 a gray area exist where
physiological significance will depend on environmental factors.

aggregation, blood clotting, or cell migration. This value would
ultimately depend on the concentration of receptor or number
of cells used in an assay, but would be close to the KD if
physiologically relevant receptor or cell concentrations were
used. Another measure that may indicate physiological relevance
is the stoichiometric inhibition ratio (SI). This ratio indicate
physiological relevance when an inhibitor interact with an
enzyme or receptor close to equimolar ratios, since this imply
high affinity, so that for example an SI = 2 imply saturation of
receptor at 2KD. This may be seen for suicide inhibitors that bind
irreversible to the enzyme active site. In enzyme kinetics the Km
(Michaelis constant) is the substrate concentration that allows an
enzyme to attain half Vmax. Vmax is the maximum reaction rate
of the enzyme when saturated with substrate. While the Km is
dependent on rate constants rather than ligand concentration it
is also an indication of affinity and provide an estimate of relevant
concentrations of substrates where an enzyme will function. For
example, if a given agonist functions at concentrations 10-fold
lower than the Km, the enzyme will not be able to effectively
remove this agonist from the system and neutralize its effect.
The KD, K i, IC50, SI, and Km are therefore all useful to assess
the physiological relevance of any biological activity. The reader
is referred to Kuriyan et al. (2013) for a general treatment of
protein-ligand affinity.

Another measure of potential functional activity is the amount
of salivary gland equivalents that may have a measurable
impact or functionality. For example, ∼0.125 salivary gland
equivalents from the tick Ornithodoros kalahariensis (previously
Ornithodoros savignyi, Bakkes et al., 2018), was able to increase
clotting time for the APTT test by 400%, 0.4% of a salivary
gland could inhibit fXa ∼100 and 0.07% could inhibit thrombin
by ∼100% (Gaspar et al., 1995). As such, any function that
may be measured from the equivalent of 2 salivary glands (∼1
tick) or less that has an appreciable effect on some function
may indicate the presence of relevant functionality. Even so, if
characterizing crude extracts, it should be considered that the
sum of multiple functions may be measured and that individual
activities may be much less.

Whether a molecule will have relevant biological activity at
the feeding site depends on their affinities for their respective
ligands or receptors and whether they are secreted at relevant
biological concentrations. In terms of chemical equilibrium, this
implies that inhibitors or kratagonists (dealt with below) needs
to be present at the feeding site at higher concentrations than the
KD for their respective receptors or ligands. At concentrations
below the KD little or no binding will occur and inhibitors
may not be effective or physiologically relevant. In addition
to satisfying concentration requirements, competition between
host-derived substrates, ligands or receptors and tick-derived
inhibitors, enzymes or scavengers for activating biomolecules
will determine whether potential host-modulatory molecules
may be biologically significant. This is essentially determined
by the comparative affinities of host vs. tick-derived receptor-
ligand interaction. Again, the biological relevance of host-derived
agonists will be determined by their active concentrations at
the feeding site. Effective concentration may also be determined
by protein turnover or half-life at the feeding site. This will
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depend on secretion into the feeding site, concentration and
sequestration at the feeding site and protein stability. In the
case of secretory proteins, most have disulphide bonds that
increase their stability (Mans et al., 2016), contributing toward
their effective concentrations. Modulation of host defenses at the
tick–host interface therefore depends on interplay between these
factors, with the implication that tick-derived antagonists need
to be present at higher concentrations than host-derived agonists
and have higher affinities for their shared targets (Figure 2).

The Feeding Site: Effective Volume
Determines Functionality
The equilibrium state is an ideal closed state and the feeding
site may be considered as such. However, while the feeding
site may have a defined volume approximating a closed state,
the feeding site itself may be dynamic with constant changes
in concentration of both host and tick proteins. Ticks ingests
blood meal and salivary components, since ticks alternately
salivate and ingest blood meal (Arthur, 1970; Kemp et al., 1982),
thereby removing both volume and active components from
the feeding site. These repetitive doses of saliva, alternating by
sucking events may be considered to be independent equilibrium
events and in such a case may suggest that estimates of
concentration at the feeding site may be lower than described
below. Tick-derived molecules may also be removed into the
general systemic system of the host or the general area around
the feeding site, as evidenced by the systemic effects seen
during paralysis and tick toxicoses (Mans et al., 2004a). Influx
of blood or lymph into the feeding site may also dilute
tick-derived proteins as seen in the case of edema (Kemp
et al., 1982). As such, while the feeding site itself has been
described as a hematoma or cavity that seems self-contained,

the site itself may be much more dynamic than a defined
cavity of blood.

A critical question remains as to what extent the feeding
site may be reduced to a biochemical reaction in a test tube,
i.e., can we measure the feeding site, calculate the feeding site
volume and determine the amount of saliva secreted by the tick to
derive estimations of biological concentrations at the feeding site?
However, the feeding site is a complex and dynamic environment
that changes constantly as determined by both the tick and
the host (Nuttall, 2019). For example, ticks secrete enzymes
that degrade the extracellular matrix over time, increasing the
feeding site volume, while host wound healing responses will
tend to counteract an increase in feeding site volume (Wikel,
2017). On the other hand, host inflammatory responses such as
edema and cellular infiltration will tend to increase the feeding
site volume, while hard ticks actively secrete excess blood-meal
derived water back into the host, which will further contribute
to feeding site volume, dilution and drainage of salivary proteins.
As such, feeding site volumes have been conservatively estimated
at 10–50 µl (Mans et al., 2008a,b). However, feeding site volume
differs between larvae, nymphs and adults, whether natural or
secondary hosts are parasitized and whether hosts are naïve or
immune (Tatchell and Moorhouse, 1968; Brown and Knapp,
1980a,b; Brown et al., 1983). Natural hosts tend to present smaller
feeding lesions, while secondary hosts can produce large lesions
due to inflammatory responses (Brown and Knapp, 1980a,b;
Brown et al., 1983).

Protein Concentration at the Feeding
Site and Functionally Suspect Proteins
It may be estimated what concentrations can be expected for
the average secreted protein at the feeding site, by asking what

FIGURE 2 | Parameters that influence functional relevance at the feeding site for any salivary gland protein secreted during feeding. Drawing courtesy of Ronel
Pienaar.
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the highest protein concentration may be. In this regard, the
lipocalins are known to be some of the most abundant proteins
synthesized in tick salivary glands (Mans, 2011; Mans et al.,
2017). The TSGP1-4 lipocalins from the soft tick O. kalahariensis
has been characterized in detail. They each make up ∼5% of
the total soluble salivary gland protein, comprising ∼20% of
the total soluble protein content (Mans et al., 2001; Mans and
Neitz, 2004b). In this case the total protein that may be secreted
by a tick during a feeding event comprise ∼6 µg protein with
molecular masses of ∼15 kDa each. Similarly, the savignygrins
(Mr ∼ 7 kDa) also make up ∼3% of the total salivary gland
protein with ∼4 µg of protein secreted during a feeding event
(Mans et al., 2002b). In the case of the lipocalins from the soft
ticks Argas monolakensis, the histamine binding protein AM-
10 (Mr ∼ 16 kDa) comprise ∼23% of the total soluble protein
(Mans et al., 2008b,c), and in this case equates with 4.6 µg
of protein secreted during feeding. These concentrations are
likely to be the highest estimates, since it is known that hard
ticks secrete ∼30–300 times less protein than soft ticks in their
saliva at any given feeding stage (Ribeiro, 1987; Dharampaul
et al., 1993). The upper limit for any given protein in the adult
tick salivary gland may thus be assumed to be ∼10 µg with
a dynamic protein concentration range of 10,000-fold (1 ng–
10 µg). If it is also assumed that nymphs have 10-fold and
larvae 100-fold lower salivary concentrations than adults some
interesting observations may be made regarding feeding site
concentrations. For the purpose of the current study, the feeding
site volumes were estimated from the studies of Brown and
Knapp (1980a,b) with feeding cavities for larvae from 0.1 to
50 nl, nymphs from 5 to 150 nl, and adults from 10 nl to
10 µl. Using these assumptions concentration fluctuation at the
feeding site can be estimated at various salivary gland protein
concentrations and molecular masses of proteins. Under these
assumptions the concentrations at the feeding site do not differ
extensively between larvae, nymphs or adults, even though
feeding site volume and effective salivary gland concentrations
may differ (Figure 3). Allowing for the concentration ranges
estimated, maximum concentrations at the feeding site may
range from nM to mM, and may even range from nM to
µM for salivary gland concentrations such as 0.1, 0.01, or
0.001 µg for adults, nymphs, or larvae, respectively, that may
be considered to be more representative of the average protein
concentration. These concentrations may be an over estimation
since the dynamic nature of the feeding site and the rate at
which protein is secreted may never approximate these total
estimated concentrations.

In ticks the IC50, KD, and K i values range from pM–mM
and falls within the concentration expected at the feeding site
(Figures 3, 4). IC50 values generally tend to range from 10 nM
to 10 µM (Figure 2). Conversely, KD values range from 1 nM to
1 µM, while K i values range from 10 pM to 10 nM. The higher
IC50 values is probably due to the use of in vitro assays that
measure complex reactions such as platelet aggregation, blood
clotting, complement or cell migration. These systems do not
necessarily represent true in vivo conditions and may be artificial
to some extent, i.e., much higher concentrations of agonists or
cell numbers are needed for observation than what is found

under physiological conditions. The KD values may represent
true affinities, while the K i values are dependent on the enzyme
and substrate concentrations used, and the lower pM values
may be due to the availability of chromogenic and fluorogenic
substrates that enable sensitive measurement of enzyme activity.
In this case, some of the affinities may be overestimated.

A number of tick proteins characterized have affinities,
inhibition constants or IC50 values in the nM or pM range,
which would probably be functional at the feeding site (Figure 4
and Table 1). For some, concentrations at the feeding site may
be estimated based on yields of purified inhibitor and these
are generally in the same range as the affinities or higher,
suggesting biological relevant concentrations at the feeding site
(Table 1). For a number of proteins, estimates of concentrations
at the feeding site is not available and the low nM to pM
range of their KD, K i, or IC50 values is the only indication
of functional relevance. A number of proteins also present
extraordinary high concentration estimates at the feeding sites
(>1 M), which may indicate that these proteins may not have
been completely purified at the time of their characterization,
or may reflect that they derived from whole body extracts and
not tick salivary glands, which may suggest that these inhibitors
originate from multiple organs (Ibrahim et al., 2001a,b). In many
cases, the concentration of inhibitors that may occur at the
feeding site has not been determined (Table 1). This will remain
a major impediment in the assessment of functional relevance
at the feeding site, since we are probably over rather than
underestimating feeding site concentrations. To further consider
functional relevance it is necessary to unpack the salivary gland
repertoire into its functional modalities.

TICK FEEDING AND MODULATION OF
HOST DEFENSES

Ticks need to modulate their vertebrate host’s defense
mechanisms to obtain a successful blood-meal (Francischetti
et al., 2009). In this regard, ticks secrete numerous proteins
during feeding that function as inhibitors, enzymes, or
kratagonists that use a variety of mechanisms to overcome
host defenses (Mans, 2011; Mans et al., 2016) (Figure 5).

Inhibitors That Target Enzyme Active
Sites and/or Substrate-Binding Exosites
Various enzymes are involved in host hemostasis and many
are part of enzyme cascades such as the blood clotting or
complement cascade that enable efficient control as well as
rapid response to injury or infection (Francischetti et al.,
2009). Inhibitors for these cascades are found in all ticks.
Inhibitors of blood-clotting enzymes generally target the active
and exosites and inhibit primary enzymatic activity of thrombin,
fXa, kallikrein, kallikrein-fXIIa–fXIa, fXa-TF-VIIa, plasmin,
fV or carboxypeptidase B, thereby inhibiting formation or
dissolution of the fibrin clot (Table 1 including references).
Inhibitors may also target enzymes that may induce platelet
aggregation such as cathepsin G, or enzymes involved in
inflammation such as cathepsin B, C, H, L, S, and V, chymase,
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FIGURE 3 | Protein concentration estimates at the feeding site for larvae, nymphs and adults. Feeding sites volumes were estimated from Brown and Knapp (1980a;
1980b) and salivary concentrations were simulated over a 10,000-fold range assuming a maximum concentration of 10 µg in adults, 1 µg in nymphs and
0.1 µg in larvae.

FIGURE 4 | Ranges of IC50, KD, and K i values from the tick literature. Indicated are frequency distribution curves of values obtained from Table 1 and
references therein.
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TABLE 1 | Tick inhibitors of host defenses considered to have relevant physiological function.

Protein Tick Target Affinity (KD, Ki, Km,
IC50)

Concentration
(Minimum–Maximum)

References

Apyrase Ixodes scapularis ATP/ADP N/A Activity in saliva Ribeiro et al., 1985

Apyrase Ornithodoros moubata ATP/ADP N/A Activity in saliva Ribeiro et al., 1991

Apyrase Ornithodoros
kalahariensis

ATP/ADP Km ∼ 1 mM Activity in saliva
1 µM–1 mM

Mans, 1997; Mans et al.,
1998b

Ir-CPI Ixodes ricinus fXIIa, fXIa, Plasmin KD ∼ 16–38 nM Unknown Decrem et al., 2009

PAI Ixodes sinensis Platelets IC50 ∼ 250 nM Unknown Liu et al., 2005

Savignygrin Ornithodoros
kalahariensis

αIIbβ3 IC50 ∼ 130 nM;
KD ∼ 60 nM

55 µM–57 mM Mans et al., 2002b; Mans
and Neitz, 2004c

Monogrin Argas monolakensis αIIbβ3 IC50 ∼ 150 nM 10 µM–10 mM Mans et al., 2008a

Variabilin Dermacentor variabilis αIIbβ3 IC50 ∼ 150 nM 2.7 µM–2.7 mM Wang et al., 1996

Disagregin Ornithodoros moubata αIIbβ3 IC50 ∼ 104 nM;
KD ∼ 40 nM

20 µM–20 µM Karczewski et al., 1994

YY-39 Ixodes scapularis αIIbβ3 IC50 ∼ 4–20 µM Unknown Tang et al., 2015

TAI Ornithodoros moubata α2β1 IC50 ∼ 5–8 nM;
KD ∼ 40 nM

50 nM–50 µM Karczewski et al., 1995

Moubatin Ornithodoros moubata TXA2 IC50 ∼ 50 nM
KD ∼ 24 nM

1.5 µM–1.5 mM Waxman and Connolly,
1993; Mans and Ribeiro,
2008b

TSGP2 Ornithodoros
kalahariensis

LTB4 KD ∼ 18 nM 38 µM–38 mM Mans et al., 2001; Mans
and Ribeiro, 2008b

TSGP3 Ornithodoros
kalahariensis

TXA2; LTB4 KD ∼ 5–21 nM 38 µM–38 mM Mans et al., 2001; Mans
and Ribeiro, 2008b

Ir-LBP Ixodes ricinus LTB4 KD ∼ 0.5 nM Detected in saliva Beaufays et al., 2008

TSGP4 Ornithodoros
kalahariensis

LTC4 KD < 2 nM 35 µM–35 mM Mans et al., 2001; Mans
and Ribeiro, 2008a

AM-33 Argas monolakensis LTC4 KD ∼ 2 nM 3.5 µM–3.5 mM Mans et al., 2008c; Mans
and Ribeiro, 2008a

TSGP1 Ornithodoros
kalahariensis

Histamine
Serotonin

KD < 3 nM; KD ∼ 6 nM 32 µM–32 mM Mans et al., 2001, 2008b

OP-3 Ornithodoros parkeri Histamine
Serotonin

KD ∼ 106 nM;
KD ∼ 116 nM

Detected in SGE Francischetti et al., 2008
Mans and Ribeiro, 2008b

OtLip Ornithodoros turicata Histamine Unknown Unknown Neelakanta et al., 2018

Monomine Argas monolakensis Histamine KD ∼ 7 nM 29 µM–28 mM Mans et al., 2008b,c

Monotonin Argas monolakensis Serotonin KD < 2 nM 10 µM–10 mM Mans et al., 2008b,c

Is-14 Ixodes scapularis Histamine
Serotonin

KD ∼ 427 nM; KD < 2 Unknown Mans et al., 2008c

Is-15 Ixodes scapularis Histamine
Serotonin

KD ∼ 746 nM; KD < 2 Unknown Mans et al., 2008c

HBP1-3 Rhipicephalus
appendiculatus

Histamine KD ∼ 1–18 nM Detected in SGE Paesen et al., 1999

SHBP Dermacentor
reticulatus

Histamine
Serotonin

KD ∼ 1–2 nM
KD ∼ 0.6 nM

Unknown Sangamnatdej et al., 2002

Savignin Ornithodoros
kalahariensis

Thrombin K i ∼ 5 pM 850 nM–1 mM Nienaber et al., 1999

P5 Hyalomma dromedarii Thrombin K i ∼ 500 nM 30 µM–30 mM Ibrahim and Masoud, 2018

Sculptin Amblyomma sculptum Thrombin IC50 ∼ 2 pM
K i ∼ 18 pM;

Unknown Iqbal et al., 2017

Avathrin Amblyomma
variegatum

Thrombin IC50 ∼ 7 nM
K i ∼ 545 pM

Unknown Iyer et al., 2017

Boophilin Rhipicephalus
microplus

Thrombin IC50 ∼ 1 µM K i ∼ 101,
0.5–2 nM KD ∼ 116 nM

Unknown Macedo-Ribeiro et al.,
2008; Soares et al., 2012;
Assumpção et al., 2016

RmS-15 Rhipicephalus
microplus

Thrombin SI ∼ 2 Unknown Rodriguez-Valle et al.,
2015; Xu T. et al., 2016

Hyalomin-1 Hyalomma rufipes Thrombin K i ∼ 12 nM
KD ∼ 19 nM

Unknown Jablonka et al., 2015

(Continued)
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TABLE 1 | Continued

Protein Tick Target Affinity (KD, Ki, Km,
IC50)

Concentration
(Minimum–Maximum)

References

rIxscS-1E1 Ixodes scapularis Thrombin SI ∼ 4 Unknown Ibelli et al., 2014

Monobin Argas monolakensis Thrombin K i ∼ 6 pM 400 nM–400 µM Mans et al., 2008a

Chimadanin Haemaphysalis
longicornis

Thrombin IC50 ∼ 300 nM Unknown Nakajima et al., 2006

Madanins Haemaphysalis
longicornis

Thrombin KD ∼ 3–4 µM;
K i ∼ 31–55 nM

Unknown Iwanaga et al., 2003;
Figueiredo et al., 2013

Variegin Amblyomma
variegatum

Thrombin IC50 ∼ 1 nM;
K i ∼ 10 pM

Unknown Kazimírová et al., 2002; Koh
et al., 2007

NTI-2 Hyalomma dromedarii Thrombin K i ∼ 211 nM 3.8 mM–3.8 M Ibrahim et al., 2001b

Americanin Amblyomma
americanum

Thrombin K i ∼ 0.073 nM 100 nM–100 µM Zhu et al., 1997a

Saliva Amblyomma
americanum

fXa; Thrombin 100% I ∼ 0.3 SU Unknown Zhu et al., 1997b

Ornithodorin Ornithodoros moubata Thrombin K i ∼ 1 pM Unknown van de Locht et al., 1996

Anticoagulant Ixodes holocyclus Clotting IC50 ∼ 0.25 SGU Unknown Anastopoulos et al., 1991

Ixin Ixodes ricinus Thrombin IC50 ∼ 0.6 SGU Unknown Hoffmann et al., 1991

Calcaratin Rhipicephalus
calcaratus

Thrombin Unknown Unknown Motoyashiki et al., 2003

Haemathrin Haemaphysalis
bispinosa

Thrombin IC50 ∼ 40 µM Unknown Brahma et al., 2017

Microphilin Rhipicephalus
microplus

Thrombin IC50 ∼ 6–42 µM 17 µM–17 mM Ciprandi et al., 2006

BmAP Rhipicephalus
microplus

Thrombin IC50 ∼ 100 nM–1 µM 333 nM–33 µM Horn et al., 2000

NTI-1 Hyalomma dromedarii Thrombin K i ∼ 11.7 µM 650 µM–6.5 M Ibrahim et al., 2001b

HLS2 Haemaphysalis
longicornis

Thrombin IC50 ∼ µM Unknown Imamura et al., 2005

IRS-2 Ixodes ricinus Cathepsin G;
Chymase

IC50 ∼ 4–11 nM Unknown Chmelař et al., 2011

AamS6 Amblyomma
americanum

Undefined All tests µM range; no
parameters

Immunogenic Chalaire et al., 2011;
Mulenga et al., 2013

Penthalaris Ixodes scapularis Tissue factor
pathway

IC50 ∼ 100 pM Unknown Francischetti et al., 2004

Ixolaris Ixodes scapularis Tissue factor
pathway fXa

IC50 ∼ pM range Unknown Francischetti et al., 2002;
Monteiro et al., 2005

Hd_fXaI Hyalomma dromedarii fXa K i ∼ 134 nM 0.3 mM–300 mM Ibrahim et al., 2001a

Anticoagulant Rhipicephalus
appendiculatus

fXa 450% clotting time
increase for 2 SGU

100 nM–125 µM Limo et al., 1991

TAP Ornithodoros moubata fXa K i ∼ 0.6 nM 8 µM–8 mM Waxman et al., 1990

fXaI Ornithodoros
kalahariensis

fXa K i ∼ 0.8 nM 250 nM–250 µM Gaspar et al., 1996

Salp14 Ixodes scapularis fXa IC50 ∼ 150 nM Immunogenic Narasimhan et al., 2002

Amblyomin-X Amblyomma sculptum fXa IC50 ∼ 10 µM;
K i ∼ 4 µM

Unknown Batista et al., 2010; Branco
et al., 2016

TIX-5 Ixodes scapularis fV IC50 ∼ 3.2 µM; all tests
µM range

Immunogenic Schuijt et al., 2011, 2013

Rhipilin-1 Rhipicephalus
haemaphysaloides

Elastase SI ∼ 6 Unknown Cao et al., 2013

BmTI-A Rhipicephalus
microplus

Elastase; Kallikrein K i ∼ 1.4 nM;
K i ∼ 120 nM

Unknown Tanaka et al., 1999

Iris Ixodes ricinus Elastase TNF-α IC50 ∼ µM
IC50 ∼ 50 nM

Unknown Leboulle et al., 2002; Prevot
et al., 2006, 2009

RsTIQ 2, 5, 7 Rhipicephalus
sanguineus

Elastase; plasmin K i ∼ 1–38 nM Unknown Sant’Anna Azzolini et al.,
2003

Haemaphysalin Haemaphysalis
longicornis

fXIIa IC50 ∼ 50–100 nM;
KD ∼ 3 nM

Unknown Kato et al., 2005

AAS19 Amblyomma
americanum

Plasmin; Thrombin SI ∼ 3–9 Unknown Kim et al., 2015; Radulović
and Mulenga, 2017

(Continued)
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TABLE 1 | Continued

Protein Tick Target Affinity (KD, Ki, Km,
IC50)

Concentration
(Minimum–Maximum)

References

TdPI Rhipicephalus
appendiculatus

Tryptase K i < 1.5 nM Unknown Paesen et al., 2007

Tryptogalinin Ixodes scapularis Plasmin Tryptase K i ∼ 5.83 nM
K i ∼ 10 pM

Unknown Valdés et al., 2013

Sialostatin L Ixodes scapularis Cathepsin L IC50 ∼ 5 nM;
K i ∼ 95 pM

Detected in saliva Kotsyfakis et al., 2006

Sialostatin L2 Ixodes scapularis Cathepsin L IC50 ∼ 70 pM;
K i ∼ 65 pM

Unknown Kotsyfakis et al., 2007

Iristatin Ixodes ricinus Cathepsin L and C IC50 ∼ 500 nM–3 µM Unknown Kotál et al., 2019

OmC2 Ornithodoros moubata Cathepsin L and S IC50 ∼ 150 pM;
K i ∼ 65 pM

Detected in saliva Grunclová et al., 2006; Salát
et al., 2010

BrBmcys2b Rhipicephalus
microplus

Cathepsin B and L K i ∼ 1–3 nM Detected in saliva Parizi et al., 2013

RHcyst-2 Rhipicephalus
haemaphysaloides

Cathepsin S IC50 ∼ 100 pM Detected in saliva Wang et al., 2015

TCI Rhipicephalus bursa Carboxy-peptidase K i ∼ 1–4 nM 150 nM–150 µM Arolas et al., 2005

HlTCI Haemaphysalis
longicornis

Carboxy-peptidase IC50 ∼ 10 µM Unknown Gong et al., 2007

Evasin-1 Rhipicephalus
sanguineus

CCL3; CCL8;
CCL18

KD ∼ 160 pM;
KD ∼ 810 pM;
KD ∼ 3 nM

Detected in saliva Frauenschuh et al., 2007

Evasin-3 Rhipicephalus
sanguineus

CXCL1; CXCL8 KD ∼ 340 pM;
KD ∼ 700 pM;

Detected in saliva Déruaz et al., 2008

Evasin-4 Rhipicephalus
sanguineus

CCL1-CCL27 KD ∼ 10–700 pM; Detected in saliva Déruaz et al., 2013

P1243 (AAM-02) Amblyomma
americanum

CCL1-CCL27 KD ∼ 1–100 nM Unknown Alenazi et al., 2018

P1156 Ixodes ricinus CXCL1-8 KD ∼ 3–70 nM Unknown Alenazi et al., 2018

RPU-01, RPU-02,
AAM-01, AAM-02,
ACA-01, ACA-02,
AMA-01, ATR-02,
IRI-01

Rhipicephalus
pulchellus
Amblyomma
americanum
Amblyomma
cajennense Ixodes
ricinus Ixodes
holocyclus

Eotaxin-1;
Eotaxin-2;
Eotaxin-3; MCP-1;
MCP-2; MCP-3

KD ∼ 5–1,000 nM Unknown Hayward et al., 2018

P991, P985, P546,
P974, P983, P1181,
P1182, P1183, P1180,
P467

Amblyomma
maculatum
Amblyomma triste
Amblyomma parvum
Rhipicephalus
pulchellus

CCL2, CCL3,
CCL4, CCL7,
CCL8, CCL11,
CCL13,CCL14,
CCL16, CL17,
CCL18,CCL19
CCL20,CCL21,
CCL22, CL23
CCL24,CCL27,
CCL28, CCL25

KD ∼ 1 pM–3 µM Unknown Singh et al., 2017

P672 R. pulchellus CCL3, CCL8,
CCL11, CCL13,
CCL14, CCL16,
CCL18, CCl23

KD ∼ 1–10 nM;
IC50 ∼ 2–6 nM

Unknown Eaton et al., 2018

OMCI Ornithodoros moubata C5 complement IC50 ∼ 12–27 nM
KD ∼ 18 nM
KD < 100 pM

29 µM–29 mM Nunn et al., 2005; Hepburn
et al., 2007; Macpherson
et al., 2018

TSGP2 Ornithodoros
kalahariensis

C5 complement KD ∼ 26 nM 38 µM–38 mM Mans et al., 2001; Mans and
Ribeiro, 2008b

TSGP3 Ornithodoros
kalahariensis

C5 complement KD ∼ 14 nM 38 µM–38 µM Mans et al., 2001; Mans and
Ribeiro, 2008b

RaCI Rhipicephalus
appendiculatus

C5 complement IC50-6–21 nM Unknown Jore et al., 2016

(Continued)
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TABLE 1 | Continued

Protein Tick Target Affinity (KD, Ki, Km,
IC50)

Concentration
(Minimum–Maximum)

References

Isac; Salp9; Salp20 Ixodes scapularis C3 complement IC50 ∼ 200 nM Detected in saliva Valenzuela et al., 2000;
Soares et al., 2005; Tyson
et al., 2007, 2008

IRAC; IxAC Ixodes ricinus C3 complement IC50 ∼ 10–50 nM Unknown Daix et al., 2007; Schroeder
et al., 2007; Couvreur et al.,
2008

HT1-12 Ixodes holocyclus Presynapse IC50 ∼ 1–10 mM Detected in saliva Chand et al., 2016

Salp15 Ixodes scapularis T cell proliferation
IL2 production CD4

KD ∼ 47 nM Detected in saliva Anguita et al., 2002; Garg
et al., 2006

Longistatin Haemaphysalis
longicornis

RAGE KD ∼ 72 nM Detected in saliva Anisuzzaman et al., 2014

Adrenomedullin Ornithodoros moubata Vasodilation IC50 ∼ 7 nM Unknown Iwanaga et al., 2014

Ra-KLP Rhipicephalus
appendiculatus

maxiK channels AC50 ∼ 1 µM Unknown Paesen et al., 2009

Ixonnexin Ixodes scapularis Plasminogen-tPA Km ∼ 70–200 nM
KD ∼ 4–19 nM

Detected in saliva Assumpção et al., 2018

Indicated are relative affinity reported as the dissociation equilibrium constant (KD), inhibitory constant (Ki), Michaelis constant (Km), stoichiometric inhibition ration (SI), or
inhibitory concentration (IC50). Salivary gland unit (SGU) refers to a fraction of a salivary gland. Minimum and maximum concentrations were calculated based on yields
per tick reported and a feeding site volume of 10 nl–10 µl. Were indicated that proteins were detected in saliva or salivary gland extract (SGE), this was done with either
western blot, affinity pull-down or proteomics.

elastase, and tryptase (Table 1 and references therein). Targeting
of enzyme active sites or substrate-binding exosites prevent
binding of the substrate to the enzyme, thereby blocking
its downstream effects. Most of these inhibitors have affinity
measurements ranging from low pM to nM and for those whose
concentrations could be estimated, would be present at relevant
concentrations (Table 1).

With regard to host protein concentrations and affinities,
prothrombin occurs at ∼1.4 µM in plasma, although only
sub µM quantities are generally converted to thrombin
(Butenas and Mann, 2002). Fibrinogen and fibrin has a low
affinity site for thrombin with KD ∼ 2–5 µM and a high
affinity site with KD ∼ 100 nM, while occurring at a plasma
concentration of ∼7.6 µM. In addition, the KD for the
thrombin platelet receptor GP1bα is ∼50–200 nM (Adams
and Huntington, 2006). It is therefore not unexpected that
inhibitors would have KD values in the low nM or pM range,
while also occurring at low nM to µM concentration ranges
to allow efficient competition with fibrinogen. fX occur at a
plasma concentration of ∼170 nM, while fXa concentrations
found in the clot range from 2 to 16 nM (Butenas and
Mann, 2002). These concentrations also correlate with K i
values of tick inhibitors that are in the low nM range or
below (Table 1). Other blood clotting factors have even lower
concentrations ranging from low nM to pM concentrations in
plasma (Butenas and Mann, 2002). Neutrophil derived proteases
such as elastase or cathepsin G can reach concentrations of
100 nM at the site of release and is sufficient to induce platelet
aggregation (Ferrer-Lopez et al., 1990). Again, the low nM IC50
or KD values for the tick inhibitors correspond with the host
target concentrations, supporting functional relevance at the
tick feeding site (Table 1). Some clotting enzyme inhibitors
have K i or IC50 values in the µM ranges (Table 1). While
estimates indicate that tick proteins may achieve such high

concentrations at the feeding site, it remains crucial to confirm
that they actually do.

Inhibitors That Target Sites Distant From
Enzyme Active Sites
Inhibitors may target enzymes at sites distant from the active site,
thereby disrupting complex assembly and downstream activation
and include inhibitors of C5 complement such as Ornithodoros
moubata complement inhibitor (OMCI) and Rhipicephalus
appendiculatus complement inhibitor (RaCI) (Nunn et al., 2005;
Jore et al., 2016). OMCI binds to the C5d, CUB, and C345c
domains of C5, while RaCI binds to the MG1, MG2, and
C5d domains (Jore et al., 2016). In both cases, these domains
and the inhibitor binding sites are distant from C5a or the
C5 convertase binding sites suggesting that these inhibitors
do not directly inhibit interaction of convertases with C5,
but probably inhibit rearrangement of domains within C5
that is necessary for activation to occur (Jore et al., 2016).
Other complement inhibitors from soft ticks include the
OMCI homologs TSGP2 and TSGP3 from O. kalahariensis
(Mans and Ribeiro, 2008b). These inhibitors have KD values
in the low nM range (Table 1). A recent study that used
site-specific immobilization of OMCI and multicycle kinetics
indicated that the KD may even be in the low pM ranges
indicating that assay design can affect estimations of affinity
(Macpherson et al., 2018). These inhibitors also show quite
high expected concentrations at the feeding site, which is
mostly due to their functioning as kratagonists (section below).
Complement C5 occur at a concentration of ∼370 nM in
plasma and its activator (C3/C5 convertase) show Km values
of 5–16 nM for the classical and alternative complement
pathways (Rawal and Pangburn, 2001, 2003). Therefore, even
at low nM concentrations and the high concentrations of
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FIGURE 5 | Various mechanisms used by ticks to modulate vertebrate host defenses.
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inhibitor expected at the feeding site, the tick proteins should
be functionally relevant. Hard ticks also possess complement
inhibitors that belong to the Isac/IRAC family (Valenzuela
et al., 2000). These inhibitors target the C3 convertase complex
(C3bBbP) of the alternative pathway and dissociate this complex,
preventing binding of the convertase to C3. IC50 values that
range from 10 to 200 nM has been reported (Table 1). Of
these inhibitors, Salp20 specifically target properdin of the C3
convertase complex and bind with a KD∼0.6 nM, which is
much lower than the KD of properdin (>85 nM) for C3b
(Tyson et al., 2008). As such, these inhibitors should be
functionally relevant at the feeding site although affinities for
all homologs have not yet been determined. The blood-clotting
inhibitor ixolaris targets the heparin-binding exosite of fXa,
thereby disrupting formation of the prothrombinase complex
with an IC50 in the pM range (Francischetti et al., 2002;
Monteiro et al., 2005). It would therefore be expected to be
functionally relevant.

Inhibitors That Target Receptor
Ligand-Binding Sites
Inhibitors that target cell receptors thereby blocking binding
of natural ligands and receptor activation includes fibrinogen
receptor (GPIIbIIIa; αIIbβ3) antagonists that inhibit platelet
aggregation induced by any agonist (Karczewski et al., 1994;
Wang et al., 1996; Mans et al., 2002b, 2008a; Tang et al., 2015).
It has been shown that these inhibitors can also compete with
bound fibrinogen to disaggregate aggregated platelets (Mans
et al., 2002a). Binding to the fibrinogen receptor do not seem
to result in outside-in signaling by these agonists. Inhibitors
that target fibrinogen receptors need to be present at high
concentrations, since platelets possess high numbers of the
αIIbβ3 integrin on their surface (∼80,000 receptors/platelet)
(Wagner et al., 1996). This could result in concentrations of
active receptor of ∼39 nM at the feeding site. The affinity
constant (KD) for fibrinogen is ∼1.4 µM, while fibrinogen
occur in 10-fold excess (Frojmovic et al., 1994). It is therefore
not unexpected that inhibitors would have KD values in the
nM range to bind to the receptor, while also occurring at
µM concentrations to effectively compete with fibrinogen.
Conversely, inhibitors with KD or IC50 values above 1 µM may
not be effective inhibitors.

Tick adhesion inhibitor (TAI) inhibits adhesion of platelets
to collagen with an IC50 ∼ 8 nM (Karczewski et al., 1995).
Competitive inhibition (IC50 ∼ 5 nM) of binding of the
monoclonal antibody Gi9 to the platelet collagen receptor
GPIa-IIa (α2β1) confirmed targeting of this receptor by TAI
(Karczewski et al., 1995). The collagen receptor (GP1a/IIa) occur
at low receptor numbers on platelets (800 receptors/platelet)
resulting in a concentration of∼400 pM at the feeding site (Coller
et al., 1989). The affinity of collagen for platelets is also ∼35–
90 nM (Jung and Moroi, 1998). It is therefore not surprising that
the affinity for collagen receptor antagonists may be in the low
nM range, with similar low nM concentrations at the feeding site.

Longistatin binds to the V domain of the receptor for
advanced glycation end products (RAGE) with a KD ∼ 72 nM,

thereby inhibiting ligand-induced inflammation in tissues
(Anisuzzaman et al., 2014). It has been detected at the feeding
site using host antibodies and would therefore presumably be
present at nM concentrations (Anisuzzaman et al., 2010). The
concentration for RAGE is in the low pM ranges (Bopp et al.,
2008) and longistatin should therefore be able to saturate the
receptor at nM concentrations.

Inhibitors that target receptors and upon binding induce
antagonistic responses do exist. Salp15 binds to the CD4
coreceptor on T cells with a KD ∼ 47 nM and inhibits
T-cell receptor ligation induced activation resulting in
immunosuppression (Anguita et al., 2002; Garg et al., 2006).
Salp15 also interact with DC-SIGN on dendritic cells (DC)
to activate the serine\threonine kinase Raf-1. This leads to
modulation of Toll-like receptor induced DC activation (Hovius
et al., 2008). However, in the latter case no affinity assessment
was done, so it remains difficult to assess the biological relevance
of this at the tick-feeding site. The CD4 coreceptor occurs
at ∼16–664 pM (Platt et al., 1998), and if Salp15 occur at
concentrations equal or above its KD for the CD4 coreceptor
should saturate the receptor and will be biologically relevant.
The neurotoxins from Ixodes holocyclus are presumed to target
and inhibit presynaptic P/Q-type voltage gated calcium channels
(Chand et al., 2016). Recombinant holocyclotoxins have IC50
values ranging from 5 to 12 µM, which seem to be orders of
magnitude higher than the concentrations present in saliva
(Chand et al., 2016), suggesting that a discrepancy still exist
between the identified toxins and crude salivary composition
(Pienaar et al., 2018).

Inhibitors That Target Soluble Protein
Agonists
A number of soluble host protein agonists exist that play a
role in inflammation and immunity. These generally bind to
receptors on leukocytes to activate cellular responses and cellular
migration and are collectively known as cytokines or chemokines
(Sokol and Luster, 2015). Leukocytes include eosinophils, mast
cells, monocytes, neutrophils and natural killer cells that migrate
along chemokine concentration gradients caused by release of
chemokines from sites of infection or inflammation (Moore et al.,
2018). A large number of chemokines exist that have specificities
for different cell types. Chemokines are classified based on their
conserved disulphide bond patterns. C chemokines possess a
single disulphide bond and consist of two chemokines (XCL1 and
XCL2). CC chemokines (β-chemokines) possess two disulphide
bonds, with adjacent cysteines near the N-terminal and consist
of 28 chemokines (CCL1–CCL28), described thus far. CXC
chemokines (α-chemokines) possess two disulphide bonds with
the adjacent cysteines near the N-terminal separated by a single
amino acid and consist of 17 chemokines (CXCL1–CXCL17),
described to date. A number of inhibitors from ticks that interact
directly with these soluble agonists and prevent binding to their
receptors have been described and are known as the evasins
(Frauenschuh et al., 2007; Déruaz et al., 2008). It has been shown
that evasins can bind to a wide array of cytokines or chemokines
(Table 1). Their KD values range from low pM to nM.
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In the case of chemokines where leukocytes respond to
concentration gradients for directional chemotaxis, the measured
gradients suggest that these may range across low pM to several
hundred nM (Moore et al., 2018). Naturally formed gradients
depend on various factors that will influence the concentration
gradient, notably, the type of cell secreting the chemokine,
the amount secreted that depend on environmental cues, the
presence of flow-induced shear stress and interaction of the
chemokines with the extracellular matrix (Moore et al., 2018).
Depending on the KD of the evasins (low nM), chemotaxis may
only be efficiently inhibited somewhere along the concentration
gradient and not across the whole range, especially since
competition of evasins for different chemokines might occur.

Enzymes That Target Matrices or Matrix
Components
Ticks feed from a feeding cavity where blood pools (Tatchell
and Moorhouse, 1968). The feeding site needs to be remodeled
to form this cavity (Wikel, 2017). Ticks may secrete a
variety of enzymes that will enable such remodeling. This
includes hyaluronidase that targets hyaluronic acid, a major
component of the extracellular matrix (Neitz et al., 1978).
Salivary transcriptomes also indicate that an abundant class
of enzymes are the metalloproteases (Mans et al., 2016).
While their role in feeding site remodeling has not been
established beyond doubt, the general assumption is that these
enzymes would play a role in remodeling (Mans, 2016; Wikel,
2017). Other metalloproteases that has been identified with a
defined function include fibrin(ogen)ase activity that remove
fibrinogen, both substrate for thrombin or platelet aggregation,
or fibrin that forms the blood clot (Francischetti et al., 2003).
Longistatin, a small EF-hand protein can hydrolyze α, β,
and γ chains of fibrinogen, activates plasminogen to plasmin,
degrade fibrin and dissolve fibrin clots (Anisuzzaman et al.,
2011, 2012). Other enzymes that may target the fibrin clot
without a direct interaction include plasminogen activators such
as enolase that promote degradation of the fibrin clot via
activation of the host enzyme plasminogen to plasmin (Díaz-
Martín et al., 2013a; Xu X.L. et al., 2016). A serine protease
that potentially activates protein C, a potent anticoagulant
has also been identified in saliva of Ixodes scapularis (Pichu
et al., 2014). For these “activating” enzymes the physiological
effective concentrations in saliva may be low (pM–nM ranges)
and detection of function in saliva (not salivary gland extract)
may be enough to infer functional significance given their
amplification/catalyzing nature.

Enzymes That Perform Scavenging
Functions
Some enzymes may perform scavenging functions by targeting
bioactive molecules and catalyzing chemical reactions that
inactivate or remove these molecules. This may prevent
activation of receptors, or induce antagonistic responses in
receptors by removal of activating ligand. In ticks, the enzyme
apyrase (ATP-diphosphohydrolase; EC 3.6.2.5) hydrolyse ATP
that function in inflammation (Faas et al., 2017), as well as

ADP that induce platelet aggregation (Ribeiro et al., 1985, 1991;
Mans et al., 1998a, 2008a). Apyrase was able to disaggregate
platelets aggregated by ADP and caused platelet shape change
from an activated spherical back to discoid form (Mans et al.,
1998b, 2000), suggesting that bound ADP could be scavenged
from its platelet receptor. Apyrase activity has been found in
saliva or salivary glands of most ticks studied and have been
assigned to the 5′-nucleotidase family (Stutzer et al., 2009).
Family members have been found in all tick transcriptomes
studied to date (Mans et al., 2016). Kinetic parameters from
purified apyrase indicated a Km ∼ 1 mM for ATP and
ADP and high turnover number (106 s−1) and Kcat/Km ratio
(109 M−1s−1) (Mans et al., 1998b). These numbers indicate
a highly efficient enzyme that would rapidly hydrolyze high
local concentrations of ADP or ATP. Given the relatively
high concentration of apyrase found in tick salivary glands
(Mans et al., 1998b), it would probably also be functionally
relevant. Another enzyme found in ticks that perform scavenging
functions is a metallo dipeptidyl carboxypeptidase responsible for
salivary kininase activity and breakdown of anaphylatoxin and
bradykinin, involved in inflammation, pain and vasoconstriction
(Ribeiro and Spielman, 1986; Ribeiro and Mather, 1998; Bastiani
et al., 2002). In all cases of “scavenging” enzymes, the enzymes
need to be able to rapidly remove host-derived agonist to levels
below their functional ranges.

Kratagonists That Perform Scavenging
Functions
Kratagonists are related to “scavenging” enzymatic functions, by
scavenging or mopping up of bioactive molecules, but without
chemically changing their structures. Kratagonists may have
similar functional activity as “scavenging” enzymes, such as
preventing activation of receptors by ligands, or competitive
removal of ligand from receptors causing an antagonistic
response (Ribeiro and Arcà, 2009; Andersen and Ribeiro, 2017).
The term kratagonist was recently coined to describe the
abundant proteins found in saliva of most hematophagous
organisms that function in a scavenging capacity (Ribeiro and
Arcà, 2009). The name derives from the Greek “to arrest or
to seize” and was appropriately proposed independently by
the Greek compatriots Babis Savakis and Michalis Kotsyfakis
(Ribeiro and Arcà, 2009). Recently the etymology of the name
was redefined to indicate “hold” or “grab/capture” and “agonist”
(Andersen and Ribeiro, 2017; Arcà and Ribeiro, 2018). In ticks
a large number of kratagonists have been described, that all
belong to the lipocalin family. Lipocalin structure is composed
of an eight stranded anti-parallel β-barrel closed off at one
end by an N-terminal 310-helix, with a C-terminal α-helix
anchored to the side of the barrel by disulphide bonds. This
gives lipocalins the distinct appearance of a cup with an
open end, where ligands can access the cup and bind in the
cavity inside the barrel. Specificity is conferred by residues
inside the barrel, as well as four loops that allow access
to the barrel (Flower, 1996). The original name of lipocalin
was assigned to “extracellular proteins capable of enclosing
lipophiles within their structure to minimize solvent contact”
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(Pervaiz and Brew, 1987). Subsequently, lipocalins were defined
based on conserved sequence or structural motifs (Flower,
1996). Scavenging functions performed by tick lipocalins include
scavenging of histamine and serotonin (Paesen et al., 1999;
Sangamnatdej et al., 2002; Mans et al., 2008b; Neelakanta
et al., 2018), leukotriene B4 (Beaufays et al., 2008; Mans and
Ribeiro, 2008b; Roversi et al., 2013), leukotriene C4 (Mans and
Ribeiro, 2008a), thromboxane A2 (Mans and Ribeiro, 2008b), and
cholesterol (Preston et al., 2013; Roversi et al., 2017).

In the case of small chemical agonists that are scavenged
by either enzymes or kratagonists, the concentrations at which
they activate their respective receptors are important. Platelets
secrete ADP and ATP at 3–7 µM concentrations, which are
also the concentration necessary for primary and secondary
aggregation (Packham and Rand, 2011). Apyrase from ticks
has been shown to effectively inhibit platelet aggregation at
these activator concentrations, at enzyme concentrations well
below the expected secretory levels (Mans et al., 1998b).
Basophils and mast cells may secrete histamine to attain
local concentrations of 20 µM in the skin that can lead to
inflammatory responses when histamine binds to its receptors
with KD ∼ 10 nM–30 µM (Petersen, 1997; MacGlashan,
2003). Serotonin is secreted by platelets at local concentrations
of ∼5 µM where it can cause vasoconstriction and platelet
aggregation by binding to various serotonin receptors with
K i ∼ 10 nM–1 µM (Watts et al., 2012). The very high
concentrations of biogenic amine binding kratagonists at the
feeding site (µM–mM) and their low affinities (low nM)
indicate that they will be biologically relevant at the feeding
site (Table 1).

Leukotriene B4 secreted by neutrophils may reach high
concentrations at the site of neutrophil release (∼950 nM)
(Lewis et al., 1982). The affinity of LTB4 for its neutrophil
receptor BLT1 ranges from 0.1 to 2 nM (Yokomizo,
2015). Again, the low affinities observed for the LTB4
scavengers and their high concentrations (µM) at the
feeding sites would make them relevant competitors at
the feeding site.

Cysteinyl leukotrienes can only be detected in plasma during
inflammatory reactions such as asthma attacks and then occur
at concentrations of ∼100–765 pM (Sasagawa et al., 1994). It
has been shown to cause vasoconstriction and vasopermeability
at a concentration of ∼100 nM, and bind with affinities
from 5 to 35 nM to its receptors (Drazen et al., 1980;
Krilis et al., 1983; Ghiglieri-Bertez et al., 1986; Prié et al.,
1995). Scavengers of LTC4 and LTD4 have KD values below
2 nM and also occur at µM concentrations (Table 1). It
is therefore also expected that they would be physiologically
relevant during feeding.

Thromboxane A2 is released from platelets at concentrations
of 11–35 nM, which is capable of inducing platelet aggregation
and bind to platelet receptors with KD ∼ 4 nM (Hamberg
et al., 1975; Dorn and DeJesus, 1991). The high concentrations
of the TXA2 kratagonists at the feeding site (µM–mM)
and their low affinities (low nM) suggest that they would
be able to neutralize TXA2 binding to its receptor during
feeding (Table 1).

Activators of Host Regulatory Systems
The majority of tick host modulatory mechanisms described
so far comprise inhibitors. However, activators may also play
important roles since these may target the natural regulatory
feedback systems of host hemostasis. Plasminogen activators
that result in degradation of the fibrin clot have already been
discussed. Recently, a small peptide named ixonnexin that
belongs to the basic tail family was described that act by
promoting interaction of plasminogen and tissue plasminogen
activator (tPA) by forming a enzymatically productive ternary
complex that forms plasmin to promote fibrinolysis (Assumpção
et al., 2018). Ixonnexin interacts with both plasminogen and
tPA with similar KD values (4–20 nM). Such an activator
would need to be present at similar or higher concentrations
than the target enzymes to be functionally relevant. In the
case of ixonnexin, plasminogen and tPA occur at plasma
concentrations of ∼2 µM and 100 pM, respectively (MacGregor
and Prowse, 1983; Assumpção et al., 2018). While no exact
concentration has been established for ixonnexin, it has been
estimated to occur at high concentrations in saliva (Assumpção
et al., 2018). It has also been suggested that all basic
tail proteins may perform this function, including the fXa
inhibitor Salp14, since this family in which the C-terminal
is rich in basic amino acids such as lysine and arginine
mimics the C-terminal lysine present in fibrin that serves as
recognition site for plasminogen and tPA lysine binding sites
(Assumpção et al., 2018).

The adrenomedullins are a special case of tick-derived
inhibitors that bind to host calcitonin-receptor-like receptor
and receptor activity-modifying protein receptor complexes to
cause vasodilation (Iwanaga et al., 2014). These inhibitors have
not converged to mimic host adrenomedullin, but have been
acquired via horizontal gene transfer from a mammalian host
(Iwanaga et al., 2014). At systemic concentrations of ∼7 nM
it reduced blood pressure by almost 50% (Table 1). It may
therefore be assumed that secretion of such low quantities
during feeding may result in local vasodilatory effects. However,
it’s presence in saliva at functional concentrations still needs
to be confirmed.

An activator of MaxiK channels have been described
in R. appendiculatus, where it presumably play a role in
regulation of blood vessel tonus and blood flow (Paesen
et al., 2009). It invoked a half maximal response in MaxiK
channels at 1 µM. Its functionality at the feeding site
remains to be resolved.

Non-protein Agonists and Inhibitors
Ticks may also secrete non-protein agonists that could affect
the host’s defense mechanisms. As such, ixodid ticks secrete
prostaglandin E2 (PGE2), a potent vasodilator, at ∼40–
500 ng/ml saliva (Ribeiro et al., 1985, 1992; Inokuma et al.,
1994). Concentrations of PGE2 may range from 79 nM
to 994 µM in adults at the feeding site, which would
be pharmacologically active, since the KD of the PGE2
receptor is ∼0.7 nM (Davis and Sharif, 2000). Another non-
protein mechanism for modulating host inflammatory and pain
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sensing responses was recently reported that involved secretion
of saliva-specific microRNAs that was detected in salivary
exosomes using next-generation sequencing (Hackenberg et al.,
2017; Hackenberg and Kotsyfakis, 2018). The efficiency of
exosomal miRNA will depend on the concentrations of
exosomes in saliva, the specificity of the exosomes for
specific cell types and the concentration of miRNA inside
the exosomes (Hu et al., 2012). As yet, the functional
relevance of saliva-derived exosomal miRNA still needs to
be confirmed, with their kinetics of inhibition resolved, since
the question remains whether a single exosome would only
target a single lymphocyte or epithelial cell, in which case the
effectiveness of inhibition would be determined by the number
of cells that can be neutralized at the feeding site. It would,
however, add another complex repertoire to the ticks expanding
modulatory mechanisms.

STRATEGIES TO CIRCUMVENT THE
AFFINITY/EQUILIBRIUM BARRIER

It is evident that the majority of tick proteins thus far
characterized would have physiological functionality at the
feeding site (Figure 3 and Table 1). However, expression
and secretion of high concentrations of secretory proteins
via the salivary secretory granules may be restricted to
very few proteins given physical constraints of granule
packaging (Mans and Neitz, 2004b). The dynamic nature
of the feeding site may also make the actual concentrations
of tick proteins present at any given moment much more
haphazard than expected. The concentrations at the feeding site
may very well be 100–10,000-fold lower than estimated,
in which case concentrations may drop to pM–nM for
most proteins, which may be below the KD values for
many proteins. To address this, ticks may employ various
alternative strategies that allow adequate expression and
optimal use of secreted proteins at the feeding site that allow
ticks to circumvent or eliminate the problems posed by an
equilibrium system (Figure 6). The next section discusses such
strategies in more detail.

Redundancy as Means to Control
Complexity and Chaos
The host’s defense systems such as the clotting, platelet
aggregation, complement and inflammatory cascades are part of
one big redundant integrated feedback system that allows rapid
response as well as control of the system (Delvaeye and Conway,
2009; Deppermann and Kubes, 2016; Wiegner et al., 2016). It has
been argued that this redundancy is mimicked in the complexity
of functions observed in the salivary glands of blood-feeding
arthropods (Ribeiro, 1995). Conversely, it has been argued that
the complexity observed in the functional salivary repertoire of
ticks is due to a highly optimized system of defense shaped by
evolution (Nuttall, 2019). However, redundancy may serve the
purpose of dealing with a highly dynamic and chaotic system, as
may be seen at the feeding site, which is in constant flux with
ever changing concentrations of target and inhibitor molecules.

Targeting of many different host proteins at once, even if not at
optimal concentrations, may disrupt a redundant system enough
to allow successful feeding. In this environment no protein needs
to be 100% effective, but only good enough to get the job done.
This may allow non-optimal proteins to function at the feeding
site, or be maintained while evolving more optimized functions
as postulated in the playground hypothesis of neutral evolution
(Mans et al., 2017). The question then becomes a matter of how
much inhibition of the host’s defense systems would be necessary
to ensure successful feeding. In this regard, three observations
could be made: firstly, that inefficient inhibition was surely a
given during the early stages of adaptation to a blood-feeding
lifestyle since protein functions were still optimized by natural
selection. Secondly, since ticks had to switch hosts throughout
their evolution, we have no evidence that ticks are not still
adapting to new hosts, and functions that seem to be only partially
effective may indeed still be optimized in future through natural
selection. Thirdly, given the relatively high concentrations that
may be obtained at the feeding site, even if proteins may only
be partially effective, may allow for selection of these non-
optimal functions to improve efficiency, again supporting a
neutral evolution of function hypothesis (Mans et al., 2017).
These arguments should, however, not serve as a carte blanche to
support every claim of functional significance in blood-feeding,
since the contribution of salivary derived proteins to species
fitness has not been elucidated yet or even proven beyond doubt.

Fast Feeding, Storage and Secretion of a
Large Bolus of Salivary Proteins
Soft ticks feed within minutes to hours to repletion, drop
off, digest the blood meal slowly over the course of weeks
to months, lay a small egg batch and can then feed
several times more using the same pattern (Mans and Neitz,
2004a). During fast feeding most salivary proteins may be
secreted in the course of 10–30 min and will be replenished
within several days after feeding. Secretory proteins are
stored in large granules up to 10 µM in diameter that
effectively fill the salivary gland cells to their maximum
extent (Mans and Neitz, 2004b; Mans et al., 2004b). The
protein profiles of soft tick SGE attest to this, since protein
spectra rarely show the presence of genomic DNA, in contrast
to SGE from hard ticks that predominantly show genomic
DNA/RNA, while the protein peak and concentration is
obscured (Figure 7). This strategy from soft ticks allows
concentrations of proteins that can overcome relatively high
equilibrium dissociation constants by sheer concentration effects
alone. Hard ticks utilize this strategy to some extent, since
different salivary gland cells are filled with secretory granules
over the course of the feeding period that can last several
days to weeks (Binnington and Kemp, 1980). However, the
amount of protein found in crude salivary gland extract
rarely exceeds the concentrations of genomic DNA and is
generally less than what would be observed for soft ticks
(Figure 7), and may range from 5 to 60 µg total soluble
protein over the course of feeding for a small tick such
as R. appendiculatus (Wang and Nuttall, 1994). Similarly,
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FIGURE 6 | Strategies to circumvent the equilibrium barrier. Ticks can use various strategies to increase local concentrations at the feeding site to satisfy equilibrium
binding conditions.

concentrations in pilocarpine-induced salivary secretions in
hard ticks are generally lower than soft ticks, with soft ticks
attaining ∼20–40 mg/ml and hard ticks ranging from 700 to
60 µg/ml over the course of feeding (Howell et al., 1975;
Ribeiro, 1987; Ribeiro et al., 1991; Dharampaul et al., 1993;
Chand et al., 2016).

Communal Feeding to Increase Local
Concentrations at the Feeding Site
Hard ticks feed for several days to weeks and mating
on the host (or off the host for some Ixodes species)
during the slow pre-feeding phase is required before the
rapid engorgement phase can occur (Kiszewski et al., 2001).
To allow mate finding, males secrete attraction-aggregation-
attachment pheromones that result in ticks clustering and co-
feeding at the same feeding site (Sonenshine, 2004). In a
similar manner, specific tick species generally have preference
sites of attachment on the host, presumably due to host
environmental cues. While males do not engorge or take a
significant blood meal, they do attach and secrete salivary
components into the communal feeding site that apparently

assist females in blood meal acquisition (Wang et al., 1998,
2001a). Creation of a communal locality where all ticks
contribute to the localized but systemic feeding site may
result in combined concentrations that overcome affinity
restricted barriers.

Gene Dosage and Cumulative
Contributions From Multigene Families
Proteins may be maintained as gene duplicates to allow
high level expression from each family member (Mans et al.,
2017). While each member may by itself completely inhibit
host functions, even partial inhibition by each gene duplicate
can result in complete inhibition. This is a relatively simple
example of the gene dosage effect that has been observed for
fibrinogen receptor antagonists (Mans et al., 2003a, 2008a)
and LTB4 scavengers (Mans et al., 2003b; Mans and Ribeiro,
2008b). It has been proposed that multigene families express
different antigenic variable family members at low concentration
levels to escape the immune system, the varying epitope
hypothesis (Couvreur et al., 2008; Chmelař et al., 2016b). In
this scenario, the low-level expressed proteins cumulatively target
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FIGURE 7 | The absorbance spectra of salivary gland extracts (SGE) from hard and soft ticks. The top graph shows the spectrum of SGE of 4 glands from
Amblyomma hebraeum suspended in 100 µl water. Based on the 280 nm absorbance a single gland would have a soluble protein concentration of ∼128 µg.
Bradford determination indicated a concentration closer to ∼60 µg/gland. The bottom graph shows the spectrum of SGE of 42 glands from Ornithodoros
phacochoerus suspended in 500 µl water. Based on the 280 nm absorbance a single gland would have a soluble protein concentration of ∼127 µg. Bradford
determination indicated a concentration of ∼125 µg/gland. These absorbance spectra are representative of hard and soft tick SGE in general.

the same receptor to attain a combined concentration that
would allow receptor saturation and inhibition. This may be
possible, even if expressed at concentrations well below the
equilibrium dissociation constant, since the inhibitory effects
may be summed if the inhibitors act in a mutually exclusive
manner (1:1 receptor-ligand binding with no synergistic effects)
(Chou and Talalay, 1977). A cumulative effect was recently
shown for the holocyclotoxins from the paralysis tick, Ixodes
holocyclus, where at least 19 holocyclotoxin genes were expressed

at low levels that showed a cumulative paralysis effect when
combined (Rodriguez-Valle et al., 2017). It should be noted
that while immune evasion was proposed as reason for the
multiplicity of gene family members, low level expression of
multiple genes to attain a cumulative threshold concentration
that allows effective inhibition may also be possible and may
fit with the overall neutral evolution of tick salivary gland
proteins previously proposed (Mans et al., 2017). Low-level
expression may in this scenario also be a function of the
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constitutive differential expression observed in hard ticks, where
the extreme high expression levels observed in soft ticks due
to accumulation in granules may not be attainable. Even
so, it remains to be quantitatively proven that cumulative
contributions to attain a threshold concentration occur at
the feeding site.

Increasing Concentration at the Feeding
Site
The vertebrate host uses localized cues and responses to maintain
and regulate haemostasis. As such, wounds or breakdown in
system integrity are detected by exposure of localized collagen
or other extracellular matrix components, activation of platelets
and exposure of procoagulant platelet surfaces, initiation of
blood-clotting and the complement cascade on activated platelet
surfaces (Delvaeye and Conway, 2009; Deppermann and Kubes,
2016; Wiegner et al., 2016). In a similar manner, targeting of tick-
derived bioactive molecules to activated surfaces, whether tick or
host surfaces can increase local concentrations and prevent loss
or dilution of components via blood meal ingestion or systemic
diffusion. Salivary proteins have been found in tick cement
where they presumably function as inhibitors of host defenses,
or to prevent recognition of cement as a foreign or activation
surface for host defenses (Bullard et al., 2016). Proteins such as
apyrase have asymmetric charged surfaces (Stutzer et al., 2009),
suggesting that these would be attracted to activated negatively
charged platelet membranes. Other tick proteins has been shown
to interact with membranes or have higher inhibitory activity in
the presence of membranes, suggesting that these proteins may be
concentrated on activated membrane surfaces at the feeding site
(Ehebauer et al., 2002; Schuijt et al., 2013). Some Kunitz-domain
inhibitors such as ixolaris have long carboxy-termini rich in
serine and threonine residues that can be the site of glycosylation
(Francischetti et al., 2002). These would create mucin tails that
would be sticky and allow concentration on the walls of the
feeding cavity preventing removal and increasing concentration
(Francischetti et al., 2009). This may be a general strategy for
glycosylated tick proteins (Uhlír et al., 1994).

Increasing Effective Concentration Using
Multiple Binding Sites or Multiple
Functions
In the case of some tick lipocalins their effective concentration
is increased by possessing two independent binding sites for
histamine or one for histamine and one for serotonin (Paesen
et al., 2000; Sangamnatdej et al., 2002; Mans et al., 2008b).
This increase their capacity for scavenging twofold. Another
variation on this may be proteins that can potentially target
many independent ligands or targets and may therefore have
multiple functions. While this certainly expands the potential
of proteins to work within a complex redundant environment,
the most effective of these would be proteins that have
independent function and mechanisms. For example, targeting
of complement C5 and LTB4 allows OMCI and its homologs
to inhibit both complement and LTB4 mediated inflammation
at the same time (Nunn et al., 2005; Mans and Ribeiro, 2008b;

Roversi et al., 2013). In this case, both functions target the
two key non-redundant mediators of neutrophil recruitment
during inflammation that seems to be intricately linked (Sadik
et al., 2018). This is a remarkable convergence of function
in a single protein (Mans et al., 2017). On the other hand,
if the functional mechanisms are not independent, i.e., use
the same site for ligand binding or the same protein surface
to target different proteins, competition between targets will
effectively lower the concentration of available inhibitor, thereby
impacting its functionality. This may be seen for moubatin and
its homologs that bind both LTB4 and TXA2 within the same
lipocalin cavity at similar affinities (Mans and Ribeiro, 2008b).
If both LTB4 and TXA2 are present at similar concentrations,
the effective scavenging capability may be halved. One way to
compensate for this may be multiple proteins or very high
concentrations at the feeding site as observed for moubatin,
TSGP2 and TSGP3. The same problem would face many of
the enzyme inhibitors that can inhibit two or more enzymes
from a specific class such as the cystatins, where the presence
of many different host enzymes at the feeding site would lead
to competition with the tick inhibitors. Similarly, the evasins
can bind to many chemokines with similar affinities that may
lead to competition of evasins for different chemokines, thereby
reducing their effectivity.

Suicide Inhibitors
Inhibitors that bind in a 1:1 manner to their target enzymes,
and then serve as substrate, resulting in the formation of a
covalent enzyme-inhibitor complex, circumvent the equilibrium
dissociation problem completely. Their initial affinities need only
to be high enough for the enzyme to catalyze its reaction and
form the covalent complex to result in permanent inhibition. In
ticks, such inhibitors are found in the serpins that target various
enzymes of the clotting cascade (Chmelař et al., 2017). Serpins
form covalent complexes with their respective serine proteases
after cleavage (Whisstock et al., 2010).

Differential Expression
Ixodid ticks express different proteins at different periods during
feeding (McSwain et al., 1982; Paesen et al., 1999; Wang
et al., 2001b; Kim et al., 2017; Perner et al., 2018). Possible
reasons proposed for this include antigenic variation to escape
the immune system (Chmelař et al., 2016b), or responses to
changes at the feeding site such as wound healing (Francischetti
et al., 2005). Differential expression may also occur as salivary
gland morphology changes during the course of feeding and
different cell types play different roles in the feeding process
(Binnington and Kemp, 1980). As such, differential expression
may allow increased concentration spikes of proteins in specific
feeding windows.

Minimizing Feeding Site Volume
Comparison of adult, nymphal, and larval concentrations at the
feeding site indicates that the relative concentrations remain
constant between the various life stages even though salivary
gland concentrations may differ several fold (Figure 3). This
is mostly due to the differences observed in feeding cavity
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size that scale relative to the life stage and tick size. If this
observation holds for all tick species it would imply that
smaller ticks compensate by creating smaller feeding cavities.
Feeding cavity size may then be related to protein concentration
secreted during feeding.

Smaller Proteins Allow Higher Molar
Concentrations
The majority of secretory salivary proteins in ticks have low
molecular masses below 25 kDa. This include the majority of
highly abundant protein families such as the basic tail secretory,
Kunitz-BPTI and lipocalin families (Mans et al., 2008c, 2016;
Mans, 2011). Lower molecular masses allow higher relative molar
concentrations at the feeding site, which could result in an up to
a 10-fold difference between a 5 and 50 kDa protein (Figure 3).

FUNCTIONAL RELEVANCE AND
MECHANISM

Understanding the mechanism of action (how a given protein
works) is important in accessing functional relevance. As
example, the case of moubatin may be considered. Originally
moubatin was identified as a specific inhibitor of collagen-
induced platelet aggregation with an IC50 ∼ 50 nM, that did
not affect ADP, arachidonic acid, thrombin, ristocetin, or calcium
ionophore A23187 induced platelet aggregation (Waxman and
Connolly, 1993). Subsequently, recombinant moubatin was
shown to inhibit collagen-induced platelet aggregation with
IC50 ∼ 100 nM but did not inhibit adhesion to collagen (Keller
et al., 1993). At high concentrations (5.8 µM) of moubatin and
low concentrations of ADP (2 µM) 40% inhibition of ADP-
induced platelet aggregation was observed, suggesting that the
cyclooxygenase pathway may be targeted. It was also shown
that moubatin at these high concentrations could inhibit the
TXA2 mimetic U46619 and competed with the TXA2 receptor
antagonist SQ29548 for binding to platelet membranes with
IC50 ∼ 10 µM (Keller et al., 1993). The leech inhibitor LAPP did
not compete with SQ29548 binding to platelets, indicating that
different receptors were targeted. Moubatin also did not inhibit
binding of the monoclonal antibody Gi9 that inhibited adhesion
to collagen and interacts with integrin α2β1, the proposed
receptor for adhesion to collagen. At the time, moubatin did
not share sequence homology with any inhibitor of collagen-
induced platelet aggregation or with collagen, and did not contain
the RGD motif important in integrin recognition. From the
complex data above it was suggested that moubatin might be
a TXA2 receptor antagonist (Keller et al., 1993). Subsequently,
it was shown that moubatin’s mechanism of collagen-induced
platelet aggregation is exclusively via scavenging of TXA2 with
KD ∼ 20 nM, by gain and loss of function mutations in TSGP2
and TSGP3, respectively, two closely related homologs (Mans
and Ribeiro, 2008b). In retrospect, it may be considered that the
only inhibitory paradigms at the time were interaction with either
collagen or specific platelet receptors and that the kratagonist
paradigm as formulated recently did not exist. Interpreting the
moubatin results from the previous paradigms may have been

logical, even if the high IC50 observed for SQ29548 should
have raised flags. It may now be suggested that moubatin was
scavenging SQ29548 (a TXA2 mimetic), albeit with low affinity
and did not compete for the receptor. Several lines of evidence
converged on moubatin as scavenger of TXA2: the evidence that
moubatin belonged to the lipocalin family (Paesen et al., 1999;
Mans et al., 2003b); the fact that lipocalins are highly abundant
in salivary glands and that abundant proteins generally act as
scavengers, i.e., the kratagonist paradigm (Mans et al., 2001,
2003b; Mans and Neitz, 2004a,b; Calvo et al., 2006); the inhibitory
effect of moubatin on the TXA2 mimetic U46619 (Keller et al.,
1993), and the observation that a closely related protein, OMCI
bound ricinoleic acid, suggesting that moubatin may bind
prostaglandins and thromboxanes (Roversi et al., 2007). The gain
of function mutation in TSGP2 of R85G and a similar complete
loss of function for TSGP3 with the mutation G85R, allowed
unambiguous confirmation of functional relevance as TXA2
scavengers (Mans and Ribeiro, 2008b). It not only highlighted the
reductionist paradigm in elucidation of function, but also showed
how elucidation of mechanism may inform on which function
is considered relevant. As such, moubatin is an inhibitor of
collagen-induced platelet aggregation, but perform this function
by scavenging the secondary agonist TXA2. Its mechanism is
primarily as kratagonist and not as receptor or ligand neutralizing
inhibitor. Once mechanism is clarified the parameters necessary
to assess functional significance can be better defined. In this case,
that any homolog has to bind TXA2 in the low nM range, be
present at high concentrations and possess the R85G substitution
to be functionally relevant.

SYSTEMS BIOLOGY, BIOINFORMATICS
AND FUNCTIONAL RELEVANCE

While the majority of functions found in ticks may be
assigned functional significance (Table 1), enough reports in
the literature indicate that caution should be exercised when
evaluating functional relevance. This is compounded by advances
in technology that allow systems approaches to the analysis
of salivary gland protein dynamics and bioinformatics that
allows functional analysis in silico. As such, recent advances in
technology, both in next-generation transcriptome sequencing
and proteomics, has allowed an unprecedented view of salivary
gland dynamics from a systems perspective (Schwarz et al., 2014;
Chmelař et al., 2016a; Mans et al., 2016; Kim et al., 2017). This has
indicated how ticks differentially up- or down-regulate proteins
during various time intervals in feeding, which suggest that ticks
actively respond to the feeding environment, reflecting a fine
tuned adaptation to the hosts defense mechanisms. While the
systems paradigm clearly show how dynamic expression may
be in ticks, inferences regarding function rests on inference
by homology or annotation. For example, a recent excellent
proteomic study followed the expression profile of I. scapularis
sampled every 24 h until detachment and indicated differential
expression for a large number of lipocalins annotated as
histamine-binding proteins (Kim et al., 2017). The discussion
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focused on the functionality of lipocalins as histamine scavengers
and how the data would support tick responses to host immunity
and feeding. Interestingly, a functional study into biogenic
amine binding lipocalins that specifically targeted I. scapularis
lipocalins with biogenic amine binding motifs, failed to find
any histamine-binding lipocalins, but only identified serotonin-
binding lipocalins with a single binding site (Mans et al., 2008b).
While this does not exclude the possibility that histamine-
binding lipocalins exist in Ixodes ticks, the results thus far
do not support it. Similarly, bioinformatic analysis predicted
high affinity binding of histamine and serotonin in lipocalins
from Ixodes ricinus, for which none of the critical residues
involved in biogenic amine binding was conserved (Valdés et al.,
2016). Molecular docking also recently predicted nM affinities
for cystatins from Ixodes persulcatus without experimental
verification of affinities or target enzymes (Rangel et al., 2017).
While such bioinformatic and systems approaches can certainly
direct research to proteins of interest, the data should be
used with caution to infer functional relevance, especially if
the possibility exists that some of these proteins may be
only transiently expressed or at concentrations too low for
functionality. For systems biology to come of age, we need
accurate dissection of the feeding site in real-time to quantify
fluxes in protein concentration while performing quality control
with validated functions.

IS FUNCTIONAL RELEVANCE
RELEVANT?

It may be considered whether it really matters whether a
measured function is relevant during feeding, given the emerging
recognition that all proteins may be moonlighting to some
extent. From this perspective, any function present in tick saliva
should be relevant at some level and our goal for the next few
decades would be to assign functions to salivary proteins, whether
relevant or not. A more comprehensive understanding would
later emerge once we have gathered enough data to truly assess
relevance. This position is appealing since it buys some time for
dubious functions. It is, however, also a philosophical “everything
goes” viewpoint (Feyerabend, 1975), that makes distinguishing
important from trivial function very difficult. The same issue has
been raised with regard to whether all ticks are venomous, or
whether only some ticks secrete toxins that may cause the various
well recognized forms of tick paralysis and toxicoses (Pienaar
et al., 2018). By treating all ticks as venomous, the meaning of
toxicity is obscured. Similarly, by treating all functions in saliva
as relevant at the feeding site, even if their functional parameters
suggest that they would not be relevant, may obscure those
central in the feeding process from peripheral functions.

FUNCTIONAL RELEVANCE FROM A
PRACTICAL PERSPECTIVE

The use of tick salivary proteins as therapeutic agents within
a clinical or pharmaceutical setting remains an important

and promising goal (Mans, 2005). From this perspective any
function determined for a protein need not be functionally
relevant at the tick feeding site, as long as the specific
parameters for use has been determined that would allow it
to function under clinical or therapeutic controlled conditions.
For example, the half-life of OMCI could be improved >50-
fold by PASylation, making it more relevant for clinical use
(Kuhn et al., 2016). In a similar vein, anti-tick vaccines may
be developed against proteins with unknown functions or even
irrelevant function, as long as the vaccine shows efficacy, as
for example for hidden antigens (Nuttall et al., 2006). On the
other hand, development of vaccines against exposed antigens
may work better if antigens with real functional significance
at the feeding site can be defined, their mechanism of action
elucidated and this information used to rationally design
target strategies that would neutralize function at the feeding
site effectively.

CONCLUSION

Functional relevance is determined by the concentration of tick
proteins at the feeding site as well as their affinity for their
respective host targets. The current review showed that the
majority of proteins found in tick saliva or salivary glands thus
far characterized will be functional at the tick feeding site. It was
also shown how ticks may circumvent the problems presented by
an equilibrium system. Even so, inferring functional relevance
without estimating concentration or affinity at the feeding site
remains a risky endeavor. Future aims in salivary gland biology
should focus on quantification of protein concentration secreted
during feeding as well as in the actual feeding site. This should
provide more accurate estimates of functional relevance.
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The salivary glands (SG) of ixodid ticks play a pivotal role in blood feeding, producing
both the cement and the saliva. The cement is an adhesive substance that helps
the attachment of the tick to the host skin, while the saliva contains a rich mixture
of antihemostatic, anti-inflammatory, and immunomodulatory substances that allow
ticks to properly acquire the blood meal. The tick saliva is also a vehicle used by
several pathogens to be transmitted to the vertebrate host, including various bacterial
species from the genus Rickettsia. Rickettsia rickettsii is a tick-borne obligate intracellular
bacterium that causes the severe Rocky Mountain spotted fever. In Brazil, the dog yellow
tick Amblyomma aureolatum is a vector of R. rickettsii. In the current study, the effects
of an experimental infection with R. rickettsii on the global gene expression profile of
A. aureolatum SG was determined by next-generation RNA sequencing. A total of
260 coding sequences (CDSs) were modulated by infection, among which 161 were
upregulated and 99 were downregulated. Regarding CDSs in the immunity category,
we highlight one sequence encoding one microplusin-like antimicrobial peptide (AMP)
(Ambaur-69859). AMPs are important effectors of the arthropod immune system, which
lack the adaptive response of the immune system of vertebrates. The expression of
microplusin was confirmed to be significantly upregulated in the SG as well as in the
midgut (MG) of infected A. aureolatum by a quantitative polymerase chain reaction
preceded by reverse transcription. The knockdown of the microplusin expression by
RNA interference caused a significant increase in the prevalence of infected ticks in
relation to the control. In addition, a higher rickettsial load of one order of magnitude
was recorded in both the MG and SG of ticks that received microplusin-specific
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dsRNA. No effect of microplusin knockdown was observed on the R. rickettsii
transmission to rabbits. Moreover, no significant differences in tick engorgement and
oviposition were recorded in ticks that received dsMicroplusin, demonstrating that
microplusin knockdown has no effect on tick fitness. Further studies must be performed
to determine the mechanism of action of this AMP against R. rickettsii.

Keywords: spotted fever, tick-rickettsiae interaction, immune, microplusin, antimicrobial peptide, salivary glands,
transcriptome, RNAi

INTRODUCTION

Ticks are obligate blood feeding arthropods and their success
in acquiring the host’s blood depends essentially on the
physiological functions performed by the salivary glands (SG)
(Bowman and Sauer, 2004; Sonenshine and Roe, 2013). Primarily,
SG are osmoregulation organs that revert the excess of fluids
and ions from the blood meal back into the host’s circulation
via saliva. In this manner, the nutrients are concentrated
and both the volume and the ionic composition of the
hemolymph are regulated (Kaufman, 2010). The tick saliva also
contains a myriad of biomolecules with diverse pharmacological
activities, including anticoagulation, antiplatelet, vasodilatory,
anti-inflammatory, and immunomodulatory, enabling blood
uptake (Francischetti et al., 2009; Kazimirova and Stibraniova,
2013; Kotal et al., 2015; Simo et al., 2017). Infectious agents,
including viruses, bacteria, and protozoa, use tick saliva as a
vehicle to be transmitted to a vertebrate host (Dantas-Torres
et al., 2012; Simo et al., 2017). In addition, the biological
properties of the tick saliva were previously reported to benefit
the transmission of viruses and bacteria to the host (Kaufman,
2010; Kazimirova and Stibraniova, 2013; Simo et al., 2017).
Besides saliva, SG also produce the cement, an adhesive substance
that covers the tick mouthparts and helps the attachment to the
host skin, seals the feeding lesion, and prevents the contact of tick
mouthparts with the host’s immune factors (Suppan et al., 2018).

Rickettsia rickettsii is a tick-borne obligate intracellular
bacterium that causes the life-threatening Rocky Mountain
spotted fever (RMSF). R. rickettsii colonizes the endothelial cells
of the vertebrate host, causing an intense vasculitis that can
lead to the failure of important organs, including the brain,
lungs, and kidneys. Antibiotic treatment is available, but it is
effective only if performed within a few days of illness onset
(Chapman et al., 2006; Dantas-Torres, 2007; Chen and Sexton,
2008). Nonetheless, the non-specificity of clinical manifestations,
such as fever, headache, and myalgia, associated with the late
detection of antibodies to R. rickettsii in serological tests, make
early diagnosis difficult (Dantas-Torres, 2007). As a consequence,
fatality rates of the disease are still high, reaching approximately
40% in Brazil (Labruna, 2009). Specifically in the State of São
Paulo, lethality rates can overpass 70% [official data from São
Paulo State Health Secretary (2007–2018)].

In Brazil, Amblyomma sculptum [formerly named
Amblyomma cajennense (Nava et al., 2014)] and Amblyomma
aureolatum are implicated as vectors of R. rickettsii (Labruna,
2009). The tick midgut (MG) is the first tick organ that interacts
with rickettsiae acquired within the blood meal. The rickettsiae

then need to reach the SG to be transmitted to the vertebrate host
via saliva. Importantly, rickettsiae are not only collected from
the hemolymph by the tick SG, but actively proliferate in this
organ (Socolovschi et al., 2009). We previously showed that the
infection with R. rickettsii modulates the global gene expression
profile of the MG of both A. sculptum and A. aureolatum
(Martins et al., 2017). The majority of modulated coding
sequences (CDSs) of A. aureolatum, which is more susceptible to
the R. rickettsii infection than A. sculptum (Labruna et al., 2008),
were downregulated in response to infection (Martins et al.,
2017). On the other hand, most A. sculptum CDSs, including
immune factors, were upregulated in the MG of infected ticks.
In the current study, we determined the global transcriptional
profile of A. aureolatum SG in response to an infection with
R. rickettsii by next-generation RNA sequencing (RNA-seq).
Ticks were infected by feeding on infected hosts, mimicking a
natural infection. RNA-seq data were validated by a quantitative
polymerase chain reaction preceded by reverse transcription
(RT-qPCR). The coding sequence (CDS) of one antimicrobial
peptide with similarity to the microplusin of Rhipicephalus
microplus (Fogaca et al., 2004), which was significantly induced
by infection, was targeted for functional characterization using
RNA interference (RNAi). Besides generating a transcript
databank of A. aureolatum SG, our data showed that microplusin
is one important factor of tick-rickettsiae interactions.

MATERIALS AND METHODS

Ethics Statement
The procedures adopted for the experiments involving vertebrate
animals were approved by the Institutional Animal Care and
Use Committees from the Faculty of Veterinary Medicine
(protocol number 1423/2008) and the Institute of Biomedical
Sciences (protocol number 128/2011), University of São Paulo,
São Paulo, Brazil.

R. rickettsii-Infected and Uninfected
Ticks
Adult ticks, infected or not with the highly virulent Taiaçu strain
of R. rickettsii, were obtained using the procedure previously
detailed in Pinter and Labruna (2006) and Galletti et al. (2013).
Off-host phases were held in an incubator at 25◦C and 95%
relative humidity. The SG and MG of each tick were dissected and
separately transferred to 100 µL of RNAlater R© Solution (Thermo
Fisher Scientific, United States).
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Nucleic Acid Extraction
The SG and MG of each adult tick were homogenized
and submitted to a simultaneous isolation of genomic
DNA (gDNA) and total RNA using the InviTrap R© Spin
Cell RNA Mini Kit (Stratatec, Germany) according to the
manufacturer’s specifications.

Real-Time Quantitative PCR (qPCR) to
R. rickettsii Quantification
Genomic DNA was utilized as a template to quantify the total
number of rickettsiae in tick organs by real-time quantitative
PCR (qPCR) using a hydrolysis probe for the citrate synthase
gene (gltA) of R. rickettsii, as previously described (Galletti et al.,
2013). gDNA samples extracted from non-infected ticks were also
analyzed to confirm the absence of infection. All samples were
analyzed in three technical replicates.

RNA-Seq, Assembly, and Annotation
The RNA extracted from the SG of ten A. aureolatum harboring
between 7.00 × 104 and 1.00 × 105 rickettsiae was pooled
to generate the infected sample. The RNA extracted from the
SG of ten non-infected A. aureolatum was also combined to
generate the control sample. Each tick contributed equally for
the composition of the two pool samples, which were submitted
to a high throughput mRNA sequencing (RNA-seq), together
with RNA samples from the MG of non-infected and infected
A. aureolatum (Martins et al., 2017) and from the SG of fed
and unfed A. sculptum (Esteves et al., 2017). To that end, all
samples were tagged and multiplex sequenced in four lanes using
a HiSeqTM sequencing system (Illumina, United States) at the
North Carolina State University facility (NC, United States).
A total of around 242 million reads of 101 base pairs were
obtained for A. aureolatum samples using the single read and
submitted to a bioinformatics analysis as detailed before (Karim
et al., 2011; Esteves et al., 2017; Martins et al., 2017).

Paired comparisons of the number of reads hitting each
CDS were calculated by chi-squared test to detect significant
differences between the gene expression in SG of A. aureolatum
infected (AaI) and non-infected (AaC). Normalized fold-ratios of
the sample reads were computed by adjusting the numerator by
a factor based on the ratio of the total number of reads in each
sample and adding one to the denominator to avoid division by
zero. The minimum considered fold-change in infected ticks in
relation to control ticks was larger than five and p < 0.05.

The complete dataset was organized in a hyperlinked
spreadsheet as previously reported (Ribeiro et al., 2004) and a
table with links (Supplementary Table 1) may be downloaded
from https://s3.amazonaws.com/proj-bip-prod-publicread/
transcriptome/Amb_aureolatum/SupplementaryTable1.zip.
The raw data were deposited to the Sequence Read Archives
(SRA) of the NCBI under the BioProject PRJNA344771
[raw reads runs SRR4301100 (SG of control A. aureolatum)
and SRR4301110 (SG of infected A. aureolatum)]. The
Transcriptome Shotgun Assembly (TSA) project has been
deposited at DDBJ/EMBL/GenBank under the accession code

GFAC00000000. Only CDSs representing 90% of the sequences
of known proteins or larger than 250 amino acids were deposited.

The amino acid sequence of the protein encoded by
the CDS Ambaur-69859 (GenBank protein ID: JAT93257.1),
whose code one AMP was similar to the microplusin of
R. microplus (Fogaca et al., 2004), was used as query in blastp
searches against both Transcriptome Shotgun Assembly (tsa_nr;
NCBI) and UniProtKB/Swiss-Prot (swissprot) databases with
the phylum Arthropoda (taxid: 6656) as filter. The protein
sequence of a given tick species with the best match with
A. aureolatum was selected as representative for that species
and used to perform multiple sequence alignment (MSA) using
the multiple sequence comparison by log-expectation (MUSCLE)
tool (Edgar, 2004a,b) with default parameters at the European
Bioinformatics Institute (EMBL-EBI) website (McWilliam et al.,
2013; Li et al., 2015). A phylogenetics analysis of microplusins
(Supplementary Table 2) was performed with the Maximum
Likelihood (ML) method with the Jones-Taylor-Thornton (JTT)
matrix-based substitution model (Jones et al., 1992) using MEGA
X (Kumar et al., 2018) software.

Validation of RNA-Seq Data Using
Real-Time Quantitative PCR Proceeded
by Reverse Transcription (RT-qPCR)
Five hundred nanogram of the total RNA extracted from the SG
of non-infected (AaC) or infected (AaI) ticks were treated with
RQ1 RNase-free DNase (Promega, United States) and reverse
transcribed (RT) into cDNA using M-MLV Reverse Transcriptase
(Thermo Fisher Scientific, United States), as detailed by the
manufacturer. The resulting cDNA was used as a template in
qPCR with the Maxima SYBR Green/ROX qPCR MasterMix
(Thermo Fisher Scientific, United States) and specific primers for
selected CDSs (Supplementary Table 3). Primers were designed
using Primer3 (Rozen and Skaletsky, 2000) and synthesized by
Thermo Fisher Scientific (United States). qPCR was performed
on a StepOne Plus thermocycler (Thermo Fisher Scientific,
United States) using the following program: 95◦C for 10 min
followed by 40 cycles at 95◦C for 15 s, 60◦C for 60 s, and 72◦C for
20 s. The 2−11Ct equation was utilized to calculate the relative
expression of select genes in infected versus non-infected ticks or
exposed versus infected ticks (Livak and Schmittgen, 2001). The
encoding gene of the ribosomal protein S3A was used as reference
(Martins et al., 2017). At least three biological replicates of each
group were analyzed. Student’s t-test was used to statistically
validate the differentially expressed CDSs.

RNA Interference in Ticks
The knockdown of microplusin (CDS Ambaur-69859) was
induced by injection of double-stranded RNA (dsRNA) into adult
tick hemocoel as described by Kocan et al. (2011). Briefly, specific
primers containing T7 promoter sequence (Supplementary
Table 3) were used to amplify the target sequence (Ambaur-
69859) by PCR. The non-related dsRNA of the merozoite
surface protein 1 (MSP1) of Plasmodium falciparum was used as
control (Supplementary Table 3; Kalil et al., 2017). The resulting
products were purified using PCR Purification GeneJetTM kit
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TABLE 1 | Selected CDSs of A. aureolatum salivary glands differentially expressed by infection with R. rickettsii.

CDS Annotation Functional class Fold-change

RNA-seq RT-qPCR

Ambaur-1956 Cytochrome P450 Detoxification/oxidation 9.16 NA

Ambaur-60624 Cytochrome P450 5.02 NA

Ambaur-67466 Cytochrome P450 5.32 NA

Ambaur-45304 Cytochrome P450 5.48 NA

Ambaur-36571 Cytochrome P450 9.12 NA

AmbarSigP-56564 Cytochrome P450 8.01 NA

Ambaur-60175 Cytochrome P450 11.74 2.27∗

Ambaur-61062 Cytochrome P450 0.17 NA

Ambaur-47534 Glutathione S-transferase 5.16 NA

Ambaur-23052 Glutathione S-transferase 7.49 NA

Ambaur-18924 Peptidoglycan recognition protein Immunity 5.81 NA

AmbarSigP-61895 α-Macroglobulin 22.12 NA

AmbarSigP-5190 α-Macroglobulin 17.87 0.65

Ambaur-69859 Microplusin 8.52 4.71∗

Ambaur-25218 Microplusin 5.93 NA

AmbarSigP-22173 Microplusin Secreted 0.10 0.44∗

Ambaur-50152 5.3 kDa antibacterial peptide 0.00 NA

Ambaur-19862 5.3 kDa antibacterial peptide 0.16 0.005

AmbarSigP-47654 Lipocalin 37.90 3.12

Ambaur-47378 Basic tail protein 6.42 133,707.32∗∗

AmbarSigP-70152 Basic tail protein 0.02 0.05∗∗

Ambaur-6577 8.9 kDa protein 0.05 0.18

Ambaur-54200 Secreted protein 0.13 141.58∗

Ambaur-4333 Salivary secreted protein of 21.3 kDa Unknown conserved 11.46 0.79

Ambaur-22275 Polyubiquitin Proteasome machinery 5.84 NA

Ambaur-53071 Histone 2B Nuclear regulation 6.44 NA

Only CDSs with statistically significant differences in expression in the salivary glands of infected vs. control (non-infected) ticks, identified by RNA-seq analysis, are
presented. Some CDSs were additionally analyzed by RT-qPCR (∗p < 0.05 and ∗∗p < 0.01; Student’s t-test). NA, relative expression not analyzed by RT-qPCR.

(Thermo Fisher Scientific, United States). One microgram of the
purified cDNA was utilized to synthesize dsRNAs using the T7
Ribomax Express RNAi System kit (Promega, United States).

To evaluate the effects of gene silencing on the acquisition
of R. rickettsii, non-infected adult ticks were injected with 1011

molecules of either dsMicroplusin (333 base pairs) or dsMSP1
(666 base pairs) in 69 nL of PBS (12 ticks in each group). An
injection was administered in the coxal membrane located at the
base of the fourth leg using Nanoject II equipment (Drummond).
After injection, ticks were kept in an incubator at 25◦C and
95% RH for 24 h. Ticks were fed on infected rabbits during the
bacteremia peak. After 3 days, ticks were manually removed, and
SG and MG were dissected as described above.

To evaluate the effects of silencing on the transmission of
R. rickettsii, adult ticks infected during feeding of the larval stage
were injected with specific dsRNA using the same equipment and
procedure described above (60 ticks in each group). Twenty-four
hours after dsRNA administration, ticks were allowed to feed on
non-infected rabbits (30 ticks per rabbit). After 5 days, six ticks
from each group were manually removed and SG were dissected.
The rectal temperature of rabbits was monitored daily and fever
was considered when the temperature was higher than 40◦C. Skin
biopsies of the rabbits were performed on days 3, 10, and 21 after

the beginning of tick feeding using 3 mm punches under local
anesthesia. In addition, blood samples of all rabbits were collected
on days 0 and 21 postinfestation for immunofluorescence assays
(IFA), as detailed by Horta et al. (2008).

To determine the effects of gene silencing on A. aureolatum
fitness, non-infected adults were injected with either
dsMicroplusin or dsMSP1. Ticks fed on one non-infected
dog until they were completely engorged. Females were
individually weighted and transferred to an incubator at 25◦C
and 95% RH. After the end of oviposition, the egg mass of
each female was weighted. The fertility rate was obtained by
calculating the ratio between the weight of the egg mass and the
weight of each female.

To evaluate gene silencing, total RNA extracted from tick
organs was used as a template in RT-qPCR following the same
procedure described above. To calculate the percentage of gene
silencing in ticks injected with dsMicroplusin, we considered
the levels of their respective transcripts in the control group
as 100%. The gDNA extracted from tick organs and from
skin biopsies of rabbits was used as a template in qPCR for
R. rickettsii quantification, as described above. Differences in
the microplusin gene expression, rickettsial load, and tick fitness
parameters were analyzed between dsMicroplusin and dsMSP1
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groups by Mann–Whitney test using GraphPad Prism version 7.0
for Windows (GraphPad Software, United States) and considered
significant when p < 0.05.

RESULTS

Identification of Differentially Expressed
CDSs in SG of A. aureolatum Ticks in
Response to the R. rickettsii Infection
Approximately 242 million reads were obtained from the analysis
of RNA samples extracted from A. aureolatum organs by RNA-
seq, among which nearly 110 million reads corresponded to
SG samples [number of reads in SG infected (AaI): 50,475,296;
number of reads in SG control (AaC): 59,846,982]. The
total of 242 million reads was assembled into 11,906 CDSs
from which 11,903 are expressed in SG and 11,888 in MG
(Supplementary Table 1).

From the 11,903 CDSs expressed in SG, 161 were upregulated
by infection while 99 were downregulated (Supplementary
Table 1 and Table 1). The majority of modulated CDSs
encode putative secreted proteins (72 upregulated and 68
downregulated) (Figure 1), including lipocalins and Kunitz-type
inhibitors. Twelve CDSs of putative secreted lipocalins were
downregulated by infection, while only six were upregulated.
Regarding CDSs encoding putative secreted Kunitz-type
inhibitors, seven were downregulated and only one was
upregulated by infection (Supplementary Table 1). The
functional classes detoxification/oxidation, transposon elements,

signal transduction, protein modification, transporter and
channels, metabolism, and extracellular matrix comprise
CDSs mostly upregulated by infection (Figure 1). In the
detoxification/oxidation category, seven CDSs encoding
cytochrome P450 (CYP) were upregulated in the SG of infected
ticks, while only one was downregulated (Supplementary
Table 1, Table 1, and Figure 1). In addition, two glutathione
S-transferase (GST) CDSs were upregulated in response to
infection and none was downregulated (Supplementary Table 1
and Table 1).

The functional categories of nuclear regulation, proteasome
machinery, storage, and transcription factors are represented
exclusively by upregulated CDSs and each of them is composed
of only one CDS (Figure 1). Among them, we highlight one
polyubiquitin (Ambaur-22275) and one histone 2B (Ambaur-
53071) encoding sequences, included in proteasome machinery
and nuclear regulation categories, respectively. In the immunity
category, five CDSs were upregulated by infection: one
peptidoglycan receptor protein (PGRP; Ambaur-18924), two
α-macroglobulins (AmbarSigP-61895 and AmbarSigP-5190), and
two antimicrobial peptides (AMPs) similar to the microplusin
of R. microplus (Fogaca et al., 2004) (Ambaur-69859 and
Ambaur-25218) (Table 1). Moreover, one CDS of a trypsin-
inhibitor like (TIL) (Ambaur-46428), a type of protease inhibitor
previously reported to exhibit antimicrobial activity (Fogaca
et al., 2006; Wang et al., 2015), was also upregulated by
R. rickettsii. Conversely, one microplusin (AmbarSigP-22173)
and two 5.3 kDa antimicrobial peptides (Ambaur-50152 and
Ambaur-19862), were downregulated in infected ticks in relation
to the control (Supplementary Table 1 and Table 1).

FIGURE 1 | Functional classification of CDSs differentially expressed in SG of R. rickettsii-infected A. aureolatum ticks.
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The expression of 11 CDSs was further analyzed by RT-qPCR
(Table 1). Five of them [two microplusins (Ambaur-69859
and AmbarSigP-22173), one cytochrome P450 (Ambaur-
60175), and two basic tail proteins (Ambaur-47378 and
AmbarSigP-70152)] were significantly modulated in infected
versus control ticks, exhibiting the same transcriptional
profile observed in RNA-seq. Three additional CDSs [one
5.3 kDa antimicrobial peptide (Ambaur-19862), one lipocalin
(AmbarSigP-47654) and one 8.9 kDa protein (Ambaur-
6577)] presented the same expression pattern previously
obtained by RNA-seq, but their expression levels in infected
ticks were not significantly different in relation to control
ticks. Likewise, the transcription of the CDSs Ambaur-4333
and AmbarSigP-5190, which encode a salivary secreted
protein of 21.3 kDa and an α-macroglobulin, respectively,
was not significantly different in infected versus control
ticks. One CDS of a putative secreted protein (Ambaur-
54200) presented the opposite pattern obtained by RNA-seq,
detected as significantly upregulated in infected ticks
by RT-qPCR.

Microplusin Functional Study on
R. rickettsii Acquisition and
Transmission
Besides being significantly upregulated by infection in SG of
infected ticks, the CDS Ambaur-69859, which encodes the
antimicrobial peptide microplusin, was also upregulated in MG
(Figure 2). The MSA analysis of the amino acid sequence
of A. aureolatum microplusin with microplusins of different
species of soft and hard ticks showed that all sequences present
a conserved signal peptide as well as six conserved cysteine
residues (Figure 3A). The mature peptide of all sequences
starts with two histidine residues, except for Amblyomma triste,
which sequence starts with an aspartate residue followed by
two histidine residues. All of them also exhibit a histidine-
rich C-terminal with a variable number of histidine residues
after the last cysteine residue, ranging from two (A. triste and
Hyalomma excavatum) to 12 (Ixodes ricinus). The phylogenetic
tree showed that all species in the genus Amblyomma cluster
together, with the exception of A. triste (Figure 3B). In fact,
this last species is the most distant sequence in relation

to the Amblyomma cluster and lays with soft ticks (genera
Argas and Ornithodoros). The hard ticks R. microplus and
H. excavatum cluster together and with other species in the genus
Rhipicephalus. Microplusins of the two analyzed species of the
genus Ixodes (Ixodes ricinus and Ixodes scapularis) also cluster
together and are close to soft ticks.

The CDS Ambaur-69859 was selected for the functional
studies assessed by RNAi experiments. Specific dsRNA for
either microplusin or MSP1 (control) were injected into the
hemocoel of A. aureolatum. A survival rate of 100% was
obtained 24 h post-injection and ticks were then fed on
infected rabbits. A high efficiency of microplusin silencing
of around 97.9% in the MG (Figure 4A) and 99.8% in
the SG (Figure 4B) was obtained. A higher prevalence of
ticks with infected MG was obtained in the group of ticks
that received dsMicroplusin (58.3%) in comparison with the
control group (16.7%). The prevalence of ticks with infected
SG was also higher in the dsMicroplusin group (33.3%) than
in the dsMSP1 group (8.3%). In addition, the rickettsial load
of one order of magnitude was higher in the MG of ticks
that received dsMicroplusin, with significant differences in
comparison to the control (Figure 4C). The rickettsial load was
also higher in SG of ticks from dsMicroplusin group, although
not significant (Figure 4D).

The effects of microplusin knockdown on the transmission
of R. rickettsii to rabbits were also evaluated. To that end,
R. rickettsii-infected ticks were injected with either dsMicroplusin
or dsMSP1. Despite the fact that the microplusin expression
had been significantly silenced in the group that received
dsMicroplusin in relation to the control group (Figure 5A),
no difference was identified between both groups. All rabbits
exhibited fever, were R. rickettsii-positive in skin biopsies and/or
died during the course of infestation, independently on the tick
group that they were exposed to (Table 2). The rickettsial load
in the SG of ticks removed from the rabbits 5 days after the
beginning of feeding was similar in both groups (Figure 5B).

To evaluate the effect of microplusin knockdown on the fitness
of A. aureolatum adult females (Figure 6), engorged females
were weighted (Figure 6A) as well as their laid eggs (Figure 6B)
and used to calculate their fertility rate (Figure 6C). No
significant difference was detected among all fitness parameters in
microplusin silenced ticks when compared to the control group.

FIGURE 2 | Relative expression of microplusin in salivary glands (A) and midgut (B) of ticks infected (AaI) or not (control; AaC) with R. rickettsii by RT-qPCR
(∗p < 0.05; Mann–Whitney test).
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FIGURE 3 | MSA and phylogenetic analysis of microplusins. (A) Multiple sequence alignment of protein sequences was performed using MUSCLE method.
Asterisks highlight the conserved cysteine residues; italic letters show the signal peptide; bold letters indicate histidine residues in the C-terminal. (B) A phylogenetic
tree was constructed with protein sequences using Maximum Likelihood (ML) method. The analysis involved 17 amino acid sequences (accession numbers available
in Supplementary Table 2). Bar scale at the bottom indicates 20% amino acid divergence.
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FIGURE 4 | Effect of RNAi-mediated silencing of microplusin in R. rickettsii acquisition by A. aureolatum. Specific dsRNA for either microplusin (dsMicroplusin) or
MSP1 (dsMSP1; control) were injected into the hemocoel of non-infected ticks. After 24 h, ticks were fed on R. rickettsii-infected rabbits for 3 days. The relative
expression of microplusin in midgut (A) and salivary glands (B) of ticks injected with dsMicroplusin in relation to the control was assessed by RT-qPCR and the
rickettsial load in MG (C) and SG (D) by qPCR (∗p < 0.05 and ∗∗p < 0.005; Mann–Whitney test).

DISCUSSION

Pathogens acquired by ticks within the blood meal have to
overcome several barriers within ticks, including the MG,
hemolymph, and SG, to be efficiently transmitted to another
host. Each of these organs plays a decisive role in the tick
vector competence for a particular pathogen (Ueti et al., 2007;
Hajdušek et al., 2013). We have previously reported the effects
of R. rickettsii on the global gene expression profile of the MG
of A. aureolatum and A. sculptum (Martins et al., 2017). In the
current study, we report the transcriptional profile of the SG of
A. aureolatum in response to infection with this same pathogen.
To date, the availability of, albeit partial, genomes of ticks is
restricted to I. scapularis (Gulia-Nuss et al., 2016). Therefore, this
transcriptomic study provides a rich source for tick sequences in
the genus Amblyomma.

Around 242 million reads obtained by RNA-seq of RNA
samples extracted from organs of A. aureolatum were assembled
into 11,906 CDSs. Transcripts of the majority of assembled
CDSs were detected with at least one read in tick SG, among
which 21.2% encode proteins with a signal peptide for secretion.
This result is in accordance with the secretory role played
by tick SG (Bowman and Sauer, 2004; Kaufman, 2010). CDSs

of putative secreted proteins count for 53.8% of the total of
sequences modulated by R. rickettsii infection. From those, we
highlight CDSs of lipocalins and Kunitz inhibitors, which were
mostly downregulated by infection. Lipocalins are proteins of
tick saliva that possess the property of binding the inflammatory
mediators histamine and serotonin and, therefore, they play
an anti-inflammatory role (Paesen et al., 1999; Sangamnatdej
et al., 2002). A tendency of higher Babesia bovis infection,
despite not significant, was observed in the larval progeny of
lipocalin-silenced R. microplus females (Bastos et al., 2009).
Besides downregulation in SG, our previous study showed that
most CDSs of lipocalins were also downregulated in the MG of
A. aureolatum in response to R. rickettsii infection. In contrast to
the A. aureolatum pattern, all modulated CDSs of lipocalins were
upregulated in the MG of infected A. sculptum (Martins et al.,
2017). Therefore, it is possible that inflammatory components
acquired within the blood meal exert a detrimental effect on the
MG epithelium, enabling A. aureolatum to be more susceptible to
infection than A. sculptum.

Most of the CDSs of Kunitz inhibitors modulated by infection
were downregulated in the SG of A. aureolatum, as previously
described for the tick MG (Martins et al., 2017). Conversely, all
modulated CDSs of Kunitz inhibitors were upregulated in the
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FIGURE 5 | Relative expression of microplusin and rickettsial load in ticks used to evaluate the effects of gene-knockdown on R. rickettsii transmission to rabbits.
Specific dsRNA for either microplusin (dsMicroplusin) or MSP1 (dsMSP1; control) were injected into the hemocoel of R. rickettsii-infected ticks. After 24 h, ticks were
fed on non-infected rabbits for 5 days. The relative expression of microplusin (A) and the rickettsial load (B) in SG of ticks injected with dsMicroplusin in relation to
the control were assessed by RT-qPCR and by qPCR, respectively (∗p < 0.05; Mann–Whitney test).

TABLE 2 | Effect of RNAi-mediated silencing of microplusin in R. rickettsii transmission to rabbits.

Tick group Rabbit Fever (>40◦C) Skin biopsy Death IFA

positive in qPCR

dsMicroplusin 1 On days 7–8th 1.33 × 102 On day 11th NA

2 On days 7–10th − − +

dsMSP1 3 On days 7–12th − − +

4 On days 8–9th 3.18 × 102 On day 13th NA

Specific dsRNA for either microplusin (dsMicroplusin) or MSP1 (dsMSP1; control) were injected into the hemocoel of infected ticks. After 24 h, ticks were fed on non-
infected rabbits. The temperature of all animals was daily evaluated, and it was considered fever when >40◦C. gDNA extracted from skin biopsies of rabbits was used as
template in qPCR for R. rickettsii detection. Blood samples of survive rabbits were collected on day 21 postinfestation and tested for anti-R. rickettsii reactive antibodies
by IFA. NA, not analyzed.

MG of infected A. sculptum (Martins et al., 2017). It is known
that Kunitz inhibitors of tick saliva exert an inhibitory activity
on blood coagulation, assuring the acquisition of a fluid blood
meal (Corral-Rodriguez et al., 2009; Francischetti et al., 2009).
Moreover, it was previously reported that a Kunitz inhibitor of
Dermacentor variabilis possesses a bacteriostatic effect against
the non-virulent Rickettsia montanensis (Ceraul et al., 2008)
and that its knockdown increases tick infection (Ceraul et al.,
2011). Therefore, it is plausible to suppose that Kunitz inhibitors
may also exhibit an antimicrobial activity against R. rickettsii,
controlling infection in the MG of A. sculptum and culminating
in a low susceptibility to infection.

Considering upregulated CDSs identified in the current study,
some are included in the detoxification/oxidation category and
code CYPs and GSTs. CYPs constitute an ancient protein family
ubiquitous in nature and have been described to play different
roles, being involved in pesticide detoxification as well as in the
synthesis of different important endogenous molecules, such as
hormones (Werck-Reichhart and Feyereisen, 2000). Sixty-eight
CDSs of CYPs were detected in the A. aureolatum transcriptome,
among which seven were upregulated and only one was
downregulated in the SG of infected ticks. The upregulation of
CYP genes in response to infection was previously reported,
for instance in the mosquito Aedes aegypti (Behura et al., 2011)
and in the honeybee Apis mellifera (Cornman et al., 2013).

Intriguingly, the knockdown of CYP by RNAi reduced the
infection of the mosquito Anopheles gambiae by Plasmodium
berghei (Felix and Silveira, 2011). GSTs, which are involved in
the detoxification of xenobiotics and oxidative stress (Pavlidi
et al., 2018), were also previously reported to be upregulated
by infection in arthropods, such as ticks (Mulenga et al., 2003;
Mercado-Curiel et al., 2011; Bifano et al., 2014). For instance,
one CDS of glutathione S-transferase was upregulated in the cell
line BME26 of R. microplus and also in both MG and SG adult
males by infection with Anaplasma marginale, the causative agent
of bovine anaplasmosis. However, GST knockdown induced by
RNAi presented no effect in either the acquisition of A. marginale
by ticks or transmission to calves (Bifano et al., 2014). On
the other hand, GST-knockdown reduced the acquisition of
A. marginale by the tick D. variabilis, suggesting that the
susceptibility response obtained by GST-silencing depends on the
tick species and/or the pathogen strain (Kocan et al., 2009).

One polyubiquitin (Ambaur-22275), included in proteasome
machinery category, was also upregulated in the SG of infected
A. aureolatum. The upregulation of a polyubiquitin was
previously reported to occur in the cell line IDE8 of I. scapularis
in response to the infection of A. marginale (de la Fuente et al.,
2007). The ubiquitination of proteins is a well-known signal
for the degradation of protein in the proteasome, but it is
also involved in the signaling of many other cellular processes
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FIGURE 6 | Effects of RNAi-mediated silencing of microplusin on tick fitness. Specific dsRNA for either microplusin (dsMicroplusin) or MSP1 (dsMSP1; control) were
injected into the hemocoel of non-infected ticks. After 24 h, ticks were fed on one non-infected dog. The weight of engorged ticks (A), weight of the egg mass (B),
and fertility rate (C) were recorded.

(Welchman et al., 2005). Interestingly, the knockdown of the
E3 [named x-linked inhibitor of apoptosis protein (XIAP)] of
I. scapularis by RNAi restricted the proliferation of Anaplasma
phagocytophilum, the causative agent of human granulocytic
anaplasmosis (Severo et al., 2013).

The transcriptional level of one sequence coding for a histone
2B (Ambaur-53071), included in nuclear regulation, was also
higher in the SG of infected A. aureolatum. The upregulation
of histone 2B expression was already observed in the SG and
MG of the tick I. scapularis infected with A. phagocytophilum
(Cabezas-Cruz et al., 2016). The knockdown of the histone 2B
of I. scapularis by RNAi was reported to impair the invasion of
the cell line ISE6 by Rickettsia felis, an agent of flea-borne spotted
fever. Moreover, it was shown that histone 2B interacts with the
outer membrane protein B of R. felis, suggesting that it might play
a role in cell invasion (Thepparit et al., 2010).

Some immunity components were also differentially expressed
in the SG of infected A. aureolatum. Among them, one sequence
encoding PGRP (Ambaur-18924) was upregulated. PGRPs are
classified into non-catalytic or catalytic depending on the
presence of an amidase catalytic site. The non-catalytic PGRPs
act as pathogen pattern recognition receptors and activate the
Toll and Imd pathways, as demonstrated in Drosophila. On
the other hand, catalytic PGRPs cleave peptidoglycan, acting as
either effectors, by exerting an antibacterial activity, or negative
regulators of the immune response, by performing the clearance
of peptidoglycan (Palmer and Jiggins, 2015). As the PGRP
putatively coded by CDS Ambaur-18924 exhibits the amidase
catalytic site (data not shown), it may play a role as an effector
or negative regulator of tick immune signaling pathways. Two
α-macroglobulins (AmbarSigP-61895 and AmbarSigP-5190)
were also upregulated by infection. Alpha-macroglobulins are
members of the family of thioester-containing proteins (TEPs)
(Buresova et al., 2011; Urbanova et al., 2015). Interestingly,
the knockdown of α2-macroglobulins mediated by RNAi
diminished the phagocytosis of Chryseobacterium indologenes by
the hemocytes of I. ricinus (Buresova et al., 2011). Additionally,
the transcriptional levels of one trypsin-inhibitor like (TIL)
encoding sequence (Ambaur-46428), a type of protease inhibitors
that exhibit antimicrobial activity (Fogaca et al., 2006; Wang et al.,
2015), was also higher in infected A. aureolatum ticks.

The immune system of invertebrates, including arthropods,
is simpler than the immune system of vertebrates, lacking the
adaptive response (Baxter et al., 2017). In this context, effector
molecules, such as the aforementioned factors and AMPs, play a
central role, acting directly against pathogens (Bulet et al., 2004).
Interestingly, it was previously reported that the AMP defensin-2
reduces the R. montanensis load in the MG of the tick D. variabilis
(Pelc et al., 2014). In addition, it was shown that this AMP
causes the death of R. montanensis through lysis and leakage of
cytoplasmic proteins (Pelc et al., 2014). Two microplusin CDSs
(Ambaur-69859 and Ambaur-25218) were upregulated in the SG
of A. aureolatum ticks by R. rickettsii. Besides being significantly
upregulated by infection in the SG of infected ticks, the CDS
Ambaur-69859 was also detected to be upregulated in MG.
Microplusin is a 10,204 kDa AMP that was originally identified
in the hemolymph (Fogaca et al., 2004) and lately in the ovary
and eggs (Esteves et al., 2009) of R. microplus. Interestingly, this
AMP is also upregulated in the SG and MG of A. marginale-
infected R. microplus (Capelli-Peixoto et al., 2017). We therefore
targeted the microplusin encoded by the CDS Ambaur-69859 to
analyze the effects of its knockdown in the acquisition of the
bacterium R. rickettsii by A. aureolatum. A higher prevalence of
infected ticks was obtained in the dsMicroplusin injected group
than in the control group, showing that microplusin silencing
benefited R. rickettsii establishment within the tick. Moreover,
the rickettsial load was also higher in both SG and MG of ticks
that received dsMicroplusin, demonstrating that this AMP is
important for the control of infection in both organs. On the
other hand, microplusin knockdown showed no detectable effect
on the transmission of R. rickettsii to rabbits. All together, these
results show that microplusin plays a protective role against tick
infection by R. rickettsii but does not exert any detectable effect
on the bacterial transmission to rabbits after SG had already been
infected by this bacterium. In addition, ticks that received either
dsMicroplusin or dsMSP1 showed no significant differences in
engorgement and oviposition, showing that the silencing of this
AMP presents no effect on tick fitness.

The MSA analysis of the amino acid sequence of
A. aureolatum microplusin with the amino acid sequences
of microplusins of different species of ticks showed all of them
exhibit six conserved cysteine residues and a histidine-rich
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C-terminal. Interestingly, the histidine-rich C-terminal of the
microplusins of R. microplus (Silva et al., 2009, 2011) and
A. hebraeum (Lai et al., 2004), which is named hebraein, was
enrolled with their antimicrobial activity. Indeed, the histidine
residues of the microplusin of R. microplus have the property of
chelating metallic ions, such as copper, affecting the respiration
of the Gram-positive bacterium Micrococcus luteus (Silva et al.,
2009) and the fungus Cryptococcus neoformans (Silva et al.,
2011). In addition, the copper-binding property of microplusin
also alters the melanization and formation of the polysaccharide
capsule of C. neoformans (Silva et al., 2011). Therefore, it
would be interesting to determine the mechanism of action of
microplusin against R. rickettsii.

CONCLUSION

In conclusion, our data show that R. rickettsii exerts a modulatory
effect on the transcriptional profile the SG of A. aureolatum.
Moreover, RNAi experiments demonstrated that the knockdown
of one microplusin increases the susceptibility of ticks to
infection, suggesting that this is one important factor for the
control of R. rickettsii. The functional characterization of the
additional CDSs modulated by infection is warranted and might
reveal other factors that interfere with the acquisition and/or
transmission of this tick-borne pathogen.
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While much effort has been put into understanding vitellogenesis in insects and other
organisms, much less is known of this process in ticks. There are several steps that
facilitate yolk formation in developing oocytes of which the vitellogenin receptor (VgR)
is a key component. The tick VgR binds vitellogenin (Vg) circulating in the hemolymph
to initiate receptor-mediated endocytosis and its transformation into vitellin (Vn). The
conversion of Vg into Vn, the final form of the yolk protein, occurs inside oocytes of
the female tick ovary. Vn is critical to tick embryos since it serves as the nutritional
source for their development, survival, and reproduction. Recent studies also suggest
that pathogenic microbes, i.e., Babesia spp., that rely on ticks for propagation and
dissemination likely “hitchhike” onto Vg molecules as they enter developing oocytes
through the VgR. Suppressing VgR messenger RNA synthesis via RNA interference
(RNAi) completely blocked Babesia spp. transmission into developing tick oocytes,
thereby inhibiting vertical transmission of these pathogenic microbes from female to
eggs. To date, VgRs from only four tick species, Dermacentor variabilis, Rhipicephalus
microplus, Amblyomma hebraeum, and Haemaphysalis longicornis, have been fully
sequenced and characterized. In contrast, many more VgRs have been described in
various insect species. VgR is a critical component in egg formation and maturation
that can serve as a precise target for tick control. However, additional research will
help identify unique residues within the receptor that are specific to ticks or other
arthropod disease vectors while avoiding cross-reactivity with non-target species.
Detailed knowledge of the molecular structure and functional role of tick VgRs will enable
development of novel vaccines to control ticks and tick-borne diseases.

Keywords: tick, vitellogenin receptor, vitellogenesis, RNAi, reproduction, tick-borne pathogens, vector
control, vaccine

INTRODUCTION

Ticks are ectoparasites that blood feed on hosts found across diverse habitats ranging from the
darkest caverns to the hottest deserts. They harbor a greater variety of pathogenic microbes,
including bacteria, viruses, and protozoans, than any other arthropod group (Anderson and
Magnarelli, 2008; Sonenshine and Roe, 2013a). Tick-borne pathogens are transmitted via the bite
of an infected tick to a susceptible host. Successful transmission can result in debilitating or even
lethal diseases like Lyme disease (causative agent Borrelia burgdorferi), Rocky Mountain spotted
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fever (causative agent Rickettsia rickettsia) and babesiosis
(causative agent Babesia spp.) in humans, domesticated animals,
and wildlife. Tick bites can also elicit a severe immune response as
tick saliva carries a broad assortment of pharmacologically active
molecules directed to inhibit host defenses (Alarcon-Chaidez
et al., 2006; Nicholson et al., 2019; Nuttall, 2019). Ticks are
masters of stealthy blood feeding and often remain undetected
on an unsuspecting host for several hours or days as they
feed. Hard ticks in the family Ixodidae typically feed for several
days while soft ticks in the family Argasidae feed much more
rapidly usually within minutes or only 1–2 h (Sonenshine and
Roe, 2013b; Eisen, 2018). The injurious effects of tick bites and
tick-transmitted diseases result in billions of dollars in damage
annually to humans, livestock, and wildlife. Additional losses
are incurred by the need to purchase and administer acaricides,
medical and veterinary costs for treating affected humans and
livestock, and other costs such as permanent damage to animal
hides and reduction in meat quality and milk production from
infested livestock (Giraldo-Ríos and Hurtado, 2018; Mac et al.,
2019). Global climate change exacerbates these difficulties by
increasing the habitable range of ticks, including Canada and
Nordic countries. Current control measures continue to fail
resulting in widespread resistance to multiple classes of acaricides
(Bowman and Nuttall, 2008; Sonenshine, 2018; Boulanger et al.,
2019). Discovering new or alternative targets to enhance or
replace existing methods is required to maintain effective tick
control efforts and vector-borne disease prevention.

Vitellogenesis is a critical mechanism in tick reproduction
and a process that can be targeted for tick control. Vitellogenin
(Vg) is synthesized in the fat body and midgut of a female tick
after mating and transported through the hemolymph, captured
by surface receptors called vitellogenin receptors (VgRs),
and endocytosed into developing oocytes within the ovaries.
Endocytosed Vg is transformed to vitellin (Vn), the functional
form of the yolk protein found in oocytes, which provides
nutrients essential for the developing embryos (Khalil et al.,
2011; Xavier et al., 2018). VgRs, which are large transmembrane
proteins of approximately 200 kilodaltons, serve as “gatekeepers”
regulating the entry of Vg and pathogenic microbes discussed
herein. Captured Vg is transported into developing oocytes via
receptor-mediated endocytosis across clathrin-coated pits that
are normally distributed evenly across a developing oocyte’s outer
surface. Besides ticks, VgRs are found in vertebrates and other
invertebrate organisms including crustaceans, and a wide variety
of other arthropods. However, while they share key motifs critical
to proper functionality, tick VgRs are different enough from VgRs
of other organisms to be candidate vaccine targets (Roe et al.,
2008; Kopáček et al., 2019).

Of the approximately 702 hard tick and 193 soft tick
species (Guglielmone et al., 2010), only four tick VgRs have
been successfully cloned and sequenced, namely, Dermacentor
variabilis, Rhipicephalus microplus, Amblyomma hebraeum, and
Haemaphysalis longicornis (Table 1). This is in stark contrast
to the many more VgRs described in insect species. This
marked disparity highlights the need for research on VgRs as
targets to innovate tick control technologies. Advanced molecular
techniques and next-generation sequencing can be applied to

realize that potential. While the genomes of Ixodes scapularis,
Ixodes ricinus, and R. microplus are now available, the genomes
of other ticks of medical and veterinary importance must also be
sequenced to further understand the role of VgRs in reproduction
and tick-borne disease transmission to craft highly specific
“designer molecules” for safer tick control (Cramaro et al., 2015;
Gulia-Nuss et al., 2016; Barrero et al., 2017; Murgia et al., 2019).

This mini-review addresses current knowledge of the structure
and function of VgRs from the American dog tick, D. variabilis,
the southern cattle fever or Asian blue tick, R. microplus, the
tropical bont tick, A. hebraeum, and the Asian longhorned
tick, H. longicornis. Suppression of tick VgRs is explored as a
method to eliminate ticks as well as prevent transmission of tick-
borne pathogenic microbes transovarially to the next generation.
Further avenues of tick VgR research are also discussed.

TICK VITELLOGENIN RECEPTOR
STRUCTURE AND FUNCTION

Tick VgRs, derived from a single gene, are members of the
low-density lipoprotein receptor (LDLR) gene superfamily and
share the common multi-domain architecture of other LDLRs
(with a few exceptions discussed later) including: (1) ligand-
binding domains (LBDs) consisting of clusters of cysteine-
rich repeats, (2) cysteine-rich epidermal growth factor (EGF)-
precursor homology domains, (3) an O-linked sugar domain,
(4) a transmembrane domain, and (5) a cytoplasmic domain as
shown in Figure 1A (Sappington and Raikhel, 1998; Tufail and
Takeda, 2009). The two LBDs in ticks, where circulating Vg binds,
consist of multiple modularly clustered cysteine-rich repeats,
called LDLR class A (LDLRA) repeats, which are approximately
40 amino acids long and are disulfide-bonded in the pattern CI–
CIII , CII–CV , and CIV–CVI (Goldstein et al., 1985). There is also
a cluster of acidic residues in each repeat that generally follows
the pattern (CDxxxDCxDGSDE), which is conserved between
the fourth and sixth cysteines of all insect VgRs. This cluster of
acidic residues within each LBD is critical for proper disulfide
bond folding and ligand-binding to the domain (Blacklow and
Kim, 1996; Fass et al., 1997). The LBD closest to the N-terminus,
ligand-binding domain 1 (LBD1), in all tick VgRs described
so far contains four LDLRA repeats while the LBD closest
to the C-terminus, ligand-binding domain 2 (LBD2), contains
eight, in contrast to the two LBDs found in insect VgRs where
LBD1 contains five repeats while there are eight in LBD2. This
difference contributes to insect LBD1 and LBD2 only having
an approximately 35% identity with tick VgR LBDs (Boldbaatar
et al., 2008; Smith and Kaufman, 2013).

In organisms less closely related evolutionarily to ticks, the
number of repeats can vary substantially including vertebrate
VgRs that have only a single 7- or 8-repeat LBD (Yamamoto
et al., 1986; Okabayashi et al., 1996). As shown in Figure 1, LBD1
in R. microplus, H. longicornis, and A. hebraeum is 83, 89, and
78% identical (i.e., amino acids match exactly) to the D. variabilis
LBD1, respectively. LBD2 in R. microplus, H. longicornis, and
A. hebraeum is 84, 73, and 77% identical to the D. variabilis
LBD2, respectively. This suggests that treatments targeting LBDs
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of tick VgRs may cross-react with multiple tick species while
not targeting insects or other unrelated organisms. Additionally,
there are essentially twice as many targets to interrogate in
some of the more ancestral species since a second LBD seems
to disappear in higher organisms. It is possible that genetic
duplication occurred early in the molecular evolution of tick
VgRs to generate new genetic material and was subsequently lost
in higher organisms as VgR function became more specialized.

Tick EGF-precursor homology domains, which follow
immediately after LBD1 and LBD2, contain four cysteine-rich
LDLR class B (LDLRB) repeats in each domain. This contrasts
insect VgRs that have four LDLRB repeats in the first domain
but only three repeats in the second. However, unlike LDLRA
repeats, LDLRB repeats follow the disulfide-binding pattern
CI–CIII , CII–CIV , and CV–CVI (Sappington and Raikhel,
2005). There are also EGF-like repeats of approximately 40
amino acids that exist singly or in pairs within these domains.
Some of these EGF-like repeats bind calcium to maintain
stability of the domain and prevent proteolytic degradation
(Figure 1A; Rao et al., 1995). Each tick EGF-precursor
homology domain, as in other organisms, contains six YWXD
motifs that form a β-propeller. The β-propeller is thought to
function as an acid-dependent ligand release mechanism in

endosomes but may also play an active role in ligand binding,
although this has only been proposed in larger members
of the lipoprotein receptor family (Andersen et al., 2013).
However, not all algorithms pinpoint six YWXD motifs in
this region in ticks and other organisms; research on this
domain confirmed that the motif is not always absolutely
conserved but there are always six repeats that must be present
for functionality. Therefore, all β-propeller domains shown in
Figure 1A are represented by six YWXD motifs even though
they may have initially been reported as having less. The
EGF-precursor homology domains may also serve as spacer
regions to maintain adequate distance between LBDs and
ensure that only ligands of certain sizes are retained by VgRs
(Springer, 1998; Innerarity, 2002; Jeon and Blacklow, 2003;
Andersen et al., 2013).

Smith and Kaufman (2013) reported only three EGF-
like repeats in the EGF-precursor homology domain present
following LBD1 in H. longicornis, but alternative algorithms, like
the SMART algorithm, identify four EGF-like repeats in that
domain (Smith and Kaufman, 2013; Letunic and Bork, 2018).
The presence of three or four EGF-like repeats in that domain
in H. longicornis is likely inconsequential as the basic elements
are present for that domain to be fully functional in either

TABLE 1 | Tick vitellogenin receptor (VgR) sequence information available to date.

Species Common name Protein name Source Acc.# UniProt ID SizeB

Ixodes scapularis Black-legged tick; Deer tick Vitellogenin receptor, putative Genomic EEC16350.1 B7QBX8 810

Ixodes scapularis Black-legged tick; Deer tick Vitellogenin receptor, putative Genomic EEC20133.1 B7QMR1 1200

Rhipicephalus microplusA Southern cattle tick Vitellogenin receptor cDNA AUQ44344.1 A0A2I7G3Y1 1799

Rhipicephalus microplus Southern cattle tick Vitellogenin receptor, partial cDNA AMZ04157.1 A0A1W5KSB7 788

Amblyomma hebraeumA Tropical bont tick Vitellogenin receptor cDNA AGQ57038.1 U5KCA6 1801

Dermacentor variabilisA American dog tick Vitellogenin receptor cDNA AAZ31260.3 Q45VP9 1798

Haemaphysalis longicornisA Bush tick Vitellogenin receptor, partial cDNA BAG14342.1 B1Q2W6 1781

Ornithodoros erraticus European soft tick Vitellogenin receptor cDNA – A0A293LRH2 874

Ornithodoros erraticus European soft tick Vitellogenin receptor cDNA – A0A293M1D3 1278

Ornithodoros erraticus European soft tick Vitellogenin receptor cDNA – A0A293N0S6 459

Ornithodoros erraticus European soft tick Vitellogenin receptor cDNA – A0A293LLZ8 640

Ornithodoros erraticus European soft tick Vitellogenin receptor cDNA – A0A293LUB6 505

Ornithodoros brasiliensis Mouro tick Vitellogenin receptor cDNA – A0A1D2AJA7 219

Ornithodoros brasiliensis Mouro tick Vitellogenin receptor cDNA – A0A1D2AIF9 166

Ixodes ricinus Castor bean tick Putative vitellogenin receptor cDNA JAA65139.1 A0A0K8R3T2 140

Ixodes ricinus Castor bean tick Putative vitellogenin receptor cDNA JAC91887.1 A0A090X7C9 221

Ixodes ricinus Castor bean tick Putative vitellogenin receptor cDNA JAB68489.1 V5GWI7 133

Ixodes ricinus Castor bean tick Putative vitellogenin receptor cDNA JAA73497.1 A0A0K8RQX7 100

Amblyomma cajennense Cayenne tick Putative vitellogenin receptor cDNA JAC21573.1 A0A023FLL9 336

Amblyomma cajennense Cayenne tick Putative vitellogenin receptor cDNA JAC24396.1 A0A023FRH2 389

Rhipicephalus appendiculatus Brown ear tick Vitellogenin receptor cDNA – A0A2D1UEP7 187

Rhipicephalus appendiculatus Brown ear tick Vitellogenin receptor cDNA – A0A131Z1S4 286

Ornithodoros turicata Relapsing fever tick Putative vitellogenin receptor cDNA – A0A2R5LQ71 265

Rhipicephalus pulchellus Zebra tick Vitellogenin receptor cDNA JAA55785.1 L7LVF0 286

Ornithodoros moubata African relapsing fever tick Vitellogenin receptor cDNA – A0A1Z5L4E0 226

Ornithodoros moubata African relapsing fever tick Vitellogenin receptor cDNA – A0A1Z5L2N2 79

There are 26 sequences available between the National Center for Biotechnology Information (NCBI) and the Universal Protein Database (UniProt) that identify as whole
or partial tick VgRs of which 4 have been functionally characterized (Accession numbers: AUQ44344.1; AGQ57038.1; AAZ31260.3; BAG14342.1).
AFunctionally characterized.
BLength in amino acids.
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FIGURE 1 | Tick vitellogenin receptor (VgR) structure and phylogeny in relation to VgRs from other organisms. (A) Tick VgRs from D. variabilis (DvVgR), R. microplus
(RmVgR), H. longicornis (HlVgR), and A. hebraeum (AhVgR). Percentages under the species identifier represent the percent identity of that species with the
full-length VgR amino acid sequence of D. variabilis. Percentages under the four highlighted domains represent the percent identity of that region in relation to the
D. variabilis VgR amino acid sequence. LBD1, ligand-binding domain 1; EGF precursor 1, epidermal growth factor (EGF)-precursor homology domain 1; LBD2,
ligand-binding domain 2; EGF precursor 2, epidermal growth factor (EGF)-precursor homology domain 2; “I” inside green pentagon, EGF-like repeat within LDLRB
repeat of LBD (non-calcium binding); “II” inside green pentagon, EGF-like repeat within LDLRB repeat of LBD (calcium binding); SP, signal peptide; TM,

(Continued)

Frontiers in Physiology | www.frontiersin.org 4 May 2019 | Volume 10 | Article 618123

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00618 May 17, 2019 Time: 16:29 # 5

Mitchell et al. Vitellogenin Receptor for Tick Control

FIGURE 1 | Continued
transmembrane domain; O, O-linked sugar domain; Cyto, cytoplasmic domain. (B) Unrooted maximum likelihood tree showing the phylogenetic relationship
between VgRs from 5 tick species (AAZ31260.3, Dermacentor variabilis; AGQ57038.1, Amblyomma hebraeum; AUQ44344.1, Rhipicephalus microplus;
BAG14342.1, Haemaphysalis longicornis; EEC20133.1, Ixodes scapularis), 2 mite species (ANS13820.1, Tetranychus cinnabarinus; AHN48901.1, Panonychus
citri), 9 insect species (AAK15810.1, Aedes aegypti; AAB60217.1, Drosophila melanogaster; BAC02725.2, Periplaneta americana; CAJ19121.1, Blattella
germanica; AAP92450.1, Solenopsis invicta; XP_026295652.1, Apis mellifera; ADK94452.1, Bombyx mori; AZN28756.1, Colaphellus bowringi; XP_026689064.1,
Diaphorina citri), 3 crustacean species (ADK55596.1, Macrobrachium rosenbergii; ROT71709.1, Penaeus vannamei; ABW79798.1, Penaeus monodon), and a sea
star (AMR68937.1, Patiria miniata). Bootstrap values from 1000 simulations are displayed at the nodes. Number and letter combinations in parenthesis are
Accession Numbers. Figure design modeled after figure from Smith and Kaufman (2013).

scenario. The EGF-precursor homology domain closest to the
N-terminus in R. microplus, H. longicornis, and A. hebraeum is
84, 93, and 79% identical to the same domain in D. variabilis,
respectively (Figure 1A), while the EGF-precursor homology
domain closest to the C-terminus in R. microplus, H. longicornis,
and A. hebraeum is 84, 73, and 77% identical to the same domain
in D. variabilis, respectively.

The O-linked sugar domain, a region rich in serine and
threonine residues, is found in most, but not all, vertebrae and
invertebrate VgRs. Research findings suggest that it may provide
rigidity to the receptor as it extends into the extracellular space,
afford protection from denaturation, or modulate proteolytic
cleavage of the ectodomain (Gent and Braakman, 2004; Tufail
and Takeda, 2009). The O-linked sugar domain is present in
the VgR of D. variabilis, H. longicornis, and A. hebraeum,
but is absent from the R. microplus VgR (Seixas et al., 2018).
A hydrophobic transmembrane domain is present in all VgRs
that tethers the receptor to the plasma membrane. Experiments
disabling this region resulted in inactive, truncated receptors
(Schneider and Nimpf, 2003). A cytoplasmic domain of all
four tick species also contains typical leucine-leucine/leucine-
isoleucine (LL/LI) and conserved FXNPXF sequences indicative
of internalization signals in VgRs from other organism. These
conserved residues play a critical role in receptor internalization
as they are responsible for delivering ligand-bound receptors
to internal endosomes where ligands are removed, and the
receptors are recycled back to the cell surface (Trowbridge,
1991). Phylogenic analysis shows that ticks form a distinct
clade when their VgRs are compared to those of mites,
insects, crustaceans, and a sea star (Figure 1B). However, the
functional significance of structural variations between tick
VgRs and those of other invertebrates and vertebrates remains
to be determined.

SILENCING VITELLOGENIN RECEPTOR
HALTS EGG FORMATION AND
DEPOSITION

RNA interference (RNAi) was utilized to ascertain the
functionality of tick VgRs from D. variabilis, H. longicornis,
A. hebraeum, and R. microplus. Mitchell et al. (2007) reported
for the first time successful knockdown of a VgR in any acarine
species. By disabling VgR messenger RNAs (mRNAs) the
receptor was rendered ineffective and substantial amounts of Vg
accumulated in the hemolymph of treated ticks rather than in the
oocytes. Northern blot analysis revealed that VgR mRNAs from

D. variabilis were abundant in the ovaries of vitellogenic females,
but other female tissues and male whole-body extracts showed
no VgR mRNAs. This observation revealed VgR expression to
be tissue- and sex-specific. In these experiments, newly emerged
unfed females were injected with 0.5 µg of double-stranded
RNA (dsRNA) and placed on a rabbit host. These females were
allowed to mate with introduced males and feed to repletion
(∼8 days), then collected, and held 0–4 days post drop-off (when
they were presumably fully vitellogenic, i.e., flooding nutrients
into developing oocytes) before being dissected for assessment.
In the PBS-injected control group the oocytes were almost
completely brown from Vg uptake 2 days post drop-off (oocyte
growth stage 4 as described in Balashov, 1972). In stark contrast,
most of the RNAi-treated oocytes had not progressed past
stage 2 in their development, which is typical of previtellogenic
oocytes, the ovary was largely white in color, and mated females
did not lay eggs.

Subsequently, H. longicornis (Boldbaatar et al., 2008),
A. hebraeum (Smith and Kaufman, 2013), and R. microplus
(Seixas et al., 2018) VgRs were sequenced, characterized, and
shown to share structural features with the D. variabilis receptor.
Table 1 shows all tick VgR sequences that are currently available
in the NCBI and UniProt databases (UniProt Consortium,
2007; Lipman et al., 2015). Molecular studies were conducted
to determine functionality and similar results were obtained
to the D. variabilis work. H. longicornis females injected with
1.0 µg VgR-dsRNA did not lay eggs and their ovaries were
predominantly white upon inspection 7 days post drop-off. In
A. hebraeum, 1.0 µg VgR-dsRNA was injected into females
and transcript suppression was observed, but blockage of Vg
entering oocytes at the level of the previous studies was not
achieved. It was suggested that this tick species may require
an additional unknown vitellogenin uptake factor (VUF) for
yolk uptake (Smith and Kaufman, 2013), but such a factor
remains to be identified. The most recent tick VgR described
was that of R. microplus where 8.0 µg VgR-dsRNA was
injected into partially engorged females that were then artificially
bloodfed for 28 h before dissection. RNAi treatment halted
Vg uptake as in previous experiments and hatching rates
were significantly reduced compared to controls. An interesting
additional observation was made where part-fed ticks that
reached a certain weight (>35 mg) were not significantly affected
by VgR-dsRNA introduction, which suggested a developmental
threshold for efficacy. Further studies need to determine the
amount of dsRNA necessary to fully inhibit vitellogenesis and
pathogen migration across the VgR in all tick species, the
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optimal time and methods of delivery, and whether or not a
VUF is involved.

VITELLOGENIN RECEPTOR
PHYSIOLOGY AND TICK-BORNE
PATHOGENS

Transovarial transmission is an important process for the
maintenance of tick-borne pathogens (Randolph, 1994).
Silencing VgR in H. longicornis not only halted oocyte
development, but it also blocked Babesia gibsoni transmission
from the midgut into oocytes (Boldbaatar et al., 2008). B. gibsoni
is a protozoan that causes canine babesiosis, a disease whose
clinical manifestations in dogs can range from mild fever and
lethargy to multi-organ failure and death (Solano-Gallego et al.,
2016). This observation had not been previously described in
ticks even though researchers knew the tick ovary played an
important role in pathogen transovarial transmission. Hussein
et al. (2019) demonstrated a similar finding in R. microplus
where silencing the VgR blocked B. bovis transmission and
inhibited ovary maturation. This study also reported that
while >90% of the females in all test groups laid eggs,
the egg masses from the VgR-dsRNA-treated group were
misshapen, and weighed less than half (43 ± 3.36 mg) of
the buffer-injected (121 ± 4.94 mg) and untreated groups
(109± 4.32 mg).

MICROBIAL HIJACKING OF
VITELLOGENESIS THROUGH
VITELLOGENIN RECEPTOR

As noted in the preceding section, inhibiting the VgR of
R. microplus, an arthropod of great economic importance
to the livestock industry globally, blocked transmission of
B. bovis to maturing oocytes just as B. gibsoni transmission
was blocked by silencing the H. longicornis VgR. B. bovis,
the causative agent of bovine babesiosis, causes millions of
dollars of damage annually by destroying cow hides, disrupting
meat production, and disturbing milk production (Bock et al.,
2004). Pathogen transmission from adult to young at the VgR
interface should be examined further for potential intervention
to control tick-borne diseases. Recently, it was demonstrated
that vertical transmission of the rice stripe virus (RSV) in
Laodelphax striatellus, the small brown planthopper, occurs
when RSV hitchhikes by binding to Vg entering developing
oocytes through VgR-mediated endocytosis (He et al., 2018).
A similar mechanism may have evolved among tick-borne
pathogens for transovarial transmission to the progeny of
infected gravid females. Additionally, it is hypothesized that
ticks have more than one site of Vg synthesis, as was
observed in L. striatellus (Rosell-Davis and Coons, 1989).
Compelling evidence exists supporting tick Vg synthesis in the
fat body, midgut, and some ovary tissue of various species

(Thompson et al., 2007; Boldbaatar et al., 2010; Khalil et al.,
2011; Smith and Kaufman, 2014; Ramírez Rodríguez et al.,
2016). Only Vg from planthopper hemocytes bound RSV,
which suggests a conformational difference whereby specific
viral surface peptides could allow this interaction to occur
(Huo et al., 2019).

TICK CONTROL STRATEGIES
EXPLOITING VITELLOGENIN RECEPTOR

In addition to injection, RNAi can be delivered effectively
orally or topically to ticks and other arthropods for control
purposes (Killiny et al., 2014; Marr et al., 2014). Therefore,
VgR-dsRNA could potentially be applied directly to ticks
or potential hosts or, alternatively, delivered parenterally for
systemic host protection. To improve transport and control
release, organic nanocarriers like liposomes or inorganic
nanoparticles could be employed to improve dsRNA survivability
or target specific tissues or cellular compartments (Lombardo
et al., 2019). The rapid development of genome editing
technologies, like those based on CRISPR/Cas9 (Sun et al.,
2017), present the opportunity for biotechnology approaches
targeting tick VgRs.

Vaccine development utilizing recombinant tick VgRs should
be thoroughly appraised to inhibit oocyte maturation, egg
deposition, and pathogen transmission (Xavier et al., 2018).
VgRs are desirable targets because tick species have a single
gene copy and as far as we know they are expressed only in
the ovary. Although tick VgRs appear inaccessible to specific
host antibodies, it is known that ticks have a “leaky gut”
whereby antibodies could reach, and bind concealed VgRs
(Kemp et al., 1989; da Silva Vaz et al., 1996; Jeffers and
Roe, 2008; Hope et al., 2010). “Concealed” antigens may
not be part of the typical tick-host interaction but can still
be exploited to elicit an anti-tick immunological response.
However, bioengineering of the recombinant protein may
be required to enhance immunogenicity and overcome the
need for frequent booster vaccinations to continually stimulate
the specific anti-tick immune response (Opdebeeck, 1994;
Willadsen, 2008). Reverse vaccinology could be applied to
develop VgR-based anti-tick vaccines whereby epitopes would
be identified to produce subunit vaccines or by using such
sequences to produce chimeras containing other relevant
peptide sequences (Guerrero et al., 2012; Miller et al., 2012;
Valle and Guerrero, 2018).

FUTURE DIRECTIONS

Tick VgRs are candidates for innovative tick control technologies
as they play a critical role in tick reproduction and the
transovarial transmission of tick-borne pathogens. Conserved
structural characteristics suggests that designer molecules
targeting VgRs could be tick-specific. However, tick VgRs
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also share structural characteristics with other arthropod pests.
Biotechnological advances offer the opportunity to exploit this
feature to innovate control technologies that are safer for non-
target species and other, more simplistic vaccines.

CONTRIBUTION TO THE FIELD
STATEMENT

While much effort has been put into understanding vitellogenesis
in insects and other organisms, much less is known of
this process in ticks. There are several steps that facilitate
yolk formation in developing oocytes of which the VgR
is a key component. The tick VgR binds Vg circulating
in the hemolymph to initiate receptor-mediated endocytosis
and its transformation into vitellin (Vn). The conversion
of Vg into Vn, the final form of the yolk protein, occurs
inside oocytes of the female tick ovary. Vn is critical
to tick embryos since it serves as the nutritional source
for their development, survivability, and ultimately for the
continuation of the species. Recent studies also suggest that
pathogenic microbes, i.e., Babesia spp., that rely on ticks
for propagation and dissemination likely “hitchhike” onto Vg
molecules as they enter developing oocytes through VgRs.
Suppressing VgR messenger RNA synthesis via RNA interference
(RNAi) completely blocked Babesia spp. transmission into
developing tick oocytes, thereby inhibiting vertical transmission
of these pathogenic microbes from female to eggs. Detailed
knowledge of the molecular structure and functional role of
tick VgRs enables biotechnological applications to innovate

control technologies for integrated management of ticks and
tick-borne diseases.
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Comparative Susceptibility of
Different Populations of Amblyomma
sculptum to Rickettsia rickettsii
Monize Gerardi, Alejandro Ramírez-Hernández, Lina C. Binder, Felipe S. Krawczak†,
Fábio Gregori and Marcelo B. Labruna*

Department of Preventive Veterinary Medicine and Animal Health, Faculty of Veterinary Medicine, University of São Paulo,
São Paulo, Brazil

The bacterium Rickettsia rickettsii is the etiological agent of Brazilian spotted fever
(BSF), which is transmitted in Brazil mainly by the tick Amblyomma sculptum. Herein,
larvae and nymphs of six populations of A. sculptum were exposed to R. rickettsii
by feeding on needle-inoculated guinea pigs, and thereafter reared on uninfected
guinea pigs or rabbits. Two tick populations were exposed to autochthone R. rickettsii
strains, whereas four tick populations were exposed to non-autochthone strains. The
six geographically different populations of A. sculptum showed different susceptibilities
to R. rickettsii, higher among the two tick populations that were exposed to their
autochthone R. rickettsii strain. In addition, higher rates of transovarial transmission of
R. rickettsii and vector competence success also included the two tick populations
that were exposed to autochthone R. rickettsii strains. These results indicate that the
susceptibility of A. sculptum to R. rickettsii varies among different tick populations,
with a clear bias for higher susceptibility to an autochthone R. rickettsii strain that
has already coevolved with a tick population for some time. Our results demonstrated
that the R. rickettsii infection induces higher mortality of engorged larvae and nymphs,
and tend to reduce the reproductive fitness of engorged females. All together, these
results might explain the low R. rickettsii-infection rates of A. sculptum under natural
conditions (usually <1%), and indicate that an A. sculptum population should not be
able to sustain a R. rickettsii infection for successive tick generations without the creation
of new cohorts of infected ticks via horizontal transmission on vertebrate rickettsemic
hosts (amplifying hosts). Finally, despite of the ubiquitous distribution of A. sculptum in
southeastern and central-western Brazil, most of the populations of this tick species
are devoid of R. rickettsii infection. This scenario might be related to two major factors:
(i) insufficient numbers of susceptible amplifying hosts; and (ii) lower susceptibilities of
many tick populations. While the first factor has been demonstrated by mathematical
models in previous studies, the second is highlighted by the results observed in the
present study.

Keywords: spotted fever group Rickettsia, experimental infection, vector competence, transovarial transmission,
transstadial maintenance
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INTRODUCTION

The bacterium Rickettsia rickettsii is the etiological agent of
Brazilian spotted fever (BSF), the deadliest tick-borne disease
of the New World. In southeastern Brazil, 776 cases of BSF
were laboratory-confirmed in humans from 2007 to 2015, with
an overall case-fatality rate of 55% (Oliveira et al., 2016).
While several tick species of the genus Amblyomma have been
implicated in the transmission of R. rickettsii to humans in South
America (Labruna et al., 2014), Amblyomma sculptum (formerly
called as Amblyomma cajennense in southeastern Brazil) is the
most important vector, since most of the BSF-confirmed cases
have been associated to this tick species (Pinter et al., 2011;
Krawczak et al., 2014; Labruna et al., 2017).

Amblyomma sculptum, a member of the A. cajennense
species complex, is by far the most frequent human-biting
tick species in Brazil (Guglielmone et al., 2006; Ramos et al.,
2014; Martins et al., 2016). While this may suggest a high
exposure of humans to R. rickettsii infection, the incidence
of BSF has been as low as 0.14/100,000 inhabitants (Oliveira
et al., 2016), thanks to the very low R. rickettsii-infection rates
among A. sculptum populations, reported to be between 0.05
and 1.28% (Guedes et al., 2005, 2011; Krawczak et al., 2014;
Labruna et al., 2017). The very low R. rickettsii-infection rates
of A. sculptum under natural conditions has been attributed
to the lower susceptibility of this tick species to the bacterium
when compared to other tick species that are found with
much higher infection rates under natural conditions, such as
Amblyomma aureolatum and Rhipicephalus sanguineus sensu
lato (s.l.) (Labruna et al., 2008, 2011; Pacheco et al., 2011;
Ogrzewalska et al., 2012; Soares et al., 2012).

Amblyomma sculptum has a ubiquitous distribution in
southeastern and central-western Brazil (Martins et al., 2016);
however, only a few populations of this tick species have been
found infected by R. rickettsii (Sangioni et al., 2005; Pacheco
et al., 2007, 2009; Soares et al., 2012). This scenario could
be linked to different susceptibilities to R. rickettsii infection
among different populations of A. sculptum. Previous studies
that quantified the susceptibility of A. sculptum to R. rickettsii
employed a rickettsial strain that was originally isolated from
A. aureolatum ticks in an area without A. sculptum (Labruna
et al., 2008; Soares et al., 2012). Therefore, more reliable data
could be obtained with additional studies employing A. sculptum-
derived R. rickettsii strains. Based on the above statements, the
present study evaluated the comparative susceptibility of different
populations of A. sculptum to the infection by R. rickettsii,
using two rickettsial strains that were originally isolated from
A. sculptum in Brazil.

MATERIALS AND METHODS

Ethics Statements
This study has been approved by the Institutional Animal Care
and Use Committee (IACUC) of the Faculty of Veterinary
Medicine of the University of São Paulo (protocols 3104/2013
and 5948070314). Field capture of ticks was authorized by the

Brazilian Ministry of the Environment (permit SISBIO Nos.
43259-1 and 11459-1).

Ticks
A total of six geographically distinct populations of A. sculptum
were used in this study, as detailed in Table 1. From five
populations, unfed adults were collected on the vegetation by
dragging or dry ice traps following Terassini et al. (2010)
or Szabó et al. (2009), and brought alive to the laboratory,
where adult ticks were allowed to feed on tick-naïve rabbits,
in order to establish five independent tick colonies. From a
sixth tick population (E-ITU), engorged females were collected
from capybaras (Hydrochoerus hydrochaeris) and brought to the
laboratory to start a tick colony.

For all six tick colonies, off-host conditions were provided
by an incubator set for a temperature of 27◦C, 85% relative
humidity and photoperiod 0:24 (light:dark). Our experimental
infestations were started with the F1 larvae (first lab generation)
of each of the six tick colonies. Before starting the experiments,
we had the following evidence that these ticks were free
of rickettsial infection: all engorged females that yielded the
F1 larvae, as well as a small sample of their egg batches
were negative by real-time PCR for the genus Rickettsia
(protocol described below) at the end of oviposition; and
all rabbits remained seronegative to R. rickettsii (protocol
described below) 21 days after being infested with field-
collected adult ticks.

Among the six colonies of A. sculptum, three were from BSF-
endemic areas in which fatal cases of BSF have been reported
recently, in association with the transmission by A. sculptum.
Three other colonies were from areas where BSF was never
reported (non-endemic areas), which include a highly anthropic
area in the state of São Paulo, and two natural areas with a rich
biodiversity (Table 1).

Rickettsia rickettsii Strains
Two strains of R. rickettsii were used in this study, strain Itu
and strain Pampulha. The former was isolated from A. sculptum
collected in a BSF-endemic area in Itu municipality (Krawczak
et al., 2014), the same area where we collected A. sculptum
adult ticks to form our E-ITU tick colony. The later was
collected in the Pampulha Lake area, a BSF-endemic area in
Belo Horizonte City (Labruna et al., 2017), where we collected
A. sculptum adult ticks to form our E-PAM tick colony.
Both R. rickettsii strains were originally isolated through the
inoculation of guinea pigs with field-collected A. sculptum
tick homogenate and subsequently adaptation of the strain
to Vero cell culture (Krawczak et al., 2014; Labruna et al.,
2017). However, only the guinea pig lineage of each strain
(never in vitro cultured) was used for experimental infections
in the present study. For this purpose, each rickettsial strain
has been maintained through guinea pig passages in our
laboratory, and in each passage we have cryopreserved fragments
of infected spleen, lung, liver, and brain. In the present
study, we used fragments of these four organs of the third
guinea pig passage of each isolate to inoculate guinea pigs, as
described below.
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TABLE 1 | General characteristics of the local origin of the Amblyomma sculptum populations that originated the six tick colonies used in the present study.

Tick colony
code

Origin
(municipality,
state)

Conservation status
of the origin

Main hosts
sustaining the
A. sculptum
population

Status for
Brazilian spotted
fever
(R. rickettsii)

References

E-ITU Itu, São Paulo Highly anthropic, low
biodiversity

Capybaras Endemic Krawczak et al., 2014

E-PIC Piracicaba, São
Paulo

Highly anthropic, low
biodiversity

Capybaras Endemic Perez et al., 2008

E-PAM Belo Horizonte,
Minas Gerais

Highly anthropic, low
biodiversity

Capybaras Endemic Labruna et al., 2017

NE-PIS Pirassununga, São
Paulo

Highly anthropic, low
biodiversity

Capybaras Non-endemic Horta et al., 2007

NE-POC Poconé, Mato
Grosso

Natural area, high
biodiversity

Tapirs, peccaries Non-endemic Melo et al., 2016

NE-GSV Chapada Gaúcha,
Minas Gerais

Natural area, high
biodiversity

Tapirs, peccaries Non-endemic Barbieri et al., 2019

Tick Infestation Protocols
Throughout this study, larvae and nymphs were allowed to
feed on tick-naïve adult male (or female in a few cases)
guinea pigs, whereas adult ticks were allowed to feed on
tick-naïve adult male domestic rabbits. In either case, tick
infestations were performed inside cotton sleeves (10–20 cm
diameter) that were glued to the shaved back of each animal,
as previously described (Pinter et al., 2002; Horta et al.,
2009). Ticks (larvae, nymphs or adults, 20–30 days old)
were released into the sleeve. Larval infestations consisted
of approximately 500–1500 larvae per guinea pig; nymphal
infestations consisted of 80–100 nymphs per guinea pig;
and adult infestations consisted of 7–20 couples per rabbit.
The sleeves were opened daily, and the detached engorged
ticks were removed, counted and immediately taken to the
incubator where molting (for engorged larvae and nymphs)
or oviposition (for engorged females) was observed daily.
Engorged females were individually weighed in an electronic
balance (precision of 0.0001 g) at the detachment day. Molting
success (survivorship) was determined for engorged larvae
and nymphs whereas the following biological parameters were
determined for engorged females: feeding period (number
of days from placement of the ticks on the host to the
detachment), oviposition success (proportion of engorged
females that successfully oviposited), preoviposition period
(number of days from detachment to the beginning of
oviposition) and egg mass incubation period (number of
days from the beginning of oviposition to the hatching of
the first larva). Additionally, the total egg mass laid by
each female was weighed at the end of oviposition and a
conversion efficiency index (CEI = mg egg mass/mg engorged
female × 100), which measures the efficiency with which
a tick species converts body weight into eggs (Drummond
and Whetstone, 1970), was determined for each female that
oviposited. Percentage of hatching for each female egg mass was
visually estimated according to Labruna et al. (2000). During
the experiment, animals were fed with commercial pellets and
water ad libitum.

Experimental Procedures
Most of the experimental procedures used in this study were
exactly the same that were used in a previous study at our
laboratory, in which an A. sculptum population from Pedreira,
state of São Paulo, was experimentally infected with R. rickettsii
strain Taiaçu, previously isolated from the tick A. aureolatum
(Soares et al., 2012). These procedures were adopted, so most of
our results can be compared to the results reported by Soares et al.
(2012), as presented below in the Discussion section.

In the present study, the strain Itu of R. rickettsii was used for
experimental infection of five tick colonies: E-ITU, E-PIC, NE-
PIS, NE-POC, and NE-GSV. The strain Pampulha of R. rickettsii
was used for experimental infection of only the E-PAM tick
colony. With these procedures, we had two tick colonies exposed
to autochthone strains of R. rickettsii (E-ITU to strain Itu; E-PAM
to strain Pampulha), and four tick colonies exposed to a non-
autochthone strain of R. rickettsii (E-PIC, NE-PIS, NE-POC, and
NE-GSV to strain Itu); in the latter case, one tick colony (E-
PIC) was from a BSF-endemic area, while the remaining three
tick colonies were from BSF non-endemic areas. In addition,
NE-POC and NE-GSV were from highly preserved areas with
rich biodiversity, whereas NE-PIS was from a highly anthropic
area (Table 1).

Procedures of experimental infection of ticks with R. rickettsii
and the follow up infestations, from F1 larvae to F3 larvae
(or F3 nymphs for a single tick colony) were the same
for each tick colony, and are summarized in Figure 1.
In all cases, the initial exposition of ticks to R. rickettsii
infection consisted of ticks (larvae or nymphs) feeding on
R. rickettsii-infected guinea pigs. For this purpose, samples
from our stock of cryopreserved guinea pig-infected organs
were thawed at room temperature, crushed in a mortar with
brain–heart infusion (BHI) and the resultant homogenate was
used to inoculate guinea pigs intraperitoneally, as previously
described (Soares et al., 2012). At the same day of guinea pig
inoculation, these animals were infested with ticks. During the
F1 generation, three experimental groups of ticks (GL, GN,
and CG) were formed in each colony. GL and GN consisted
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FIGURE 1 | Continued
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FIGURE 1 | Diagram illustrating experimental procedures with each of the six colonies of Amblyomma sculptum ticks from F1 larvae to F3 larvae. GL and GN ticks
were exposed to Rickettsia rickettsii-inoculated guinea pigs during the F1 larval and nymphal stages, respectively, and thereafter, they were reared through the F2

larval stage on susceptible animals (guinea pigs for larvae and nymphs; rabbits for adult ticks). GL + N ticks were dually exposed to R. rickettsii-inoculated guinea
pigs, firstly during the F2 larval stage, secondly during the F2 nymphal stage, and then reared through the F3 larval stage on susceptible rabbits. CG ticks were the
uninfected control group, always exposed to susceptible guinea pigs or rabbits in parallel to the infected groups.

of ticks that were exposed to R. rickettsii-inoculated guinea
pigs during the F1 larval or nymphal stages, respectively, and
thereafter they were reared through the F2 larval stage on
susceptible hosts (guinea pigs or rabbits). CG was the uninfected
control group, always exposed to susceptible, uninfected
hosts (Figure 1).

In the second lab generation of the study, F2 larvae of the
uninfected control group (CG) of each tick colony were exposed
to R. rickettsii-inoculated guinea pigs, and the resultant nymphs
were also exposed to R. rickettsii-inoculated guinea pigs, forming
the GL + N group (ticks with dual exposure to R. rickettsii-
inoculated guinea pigs). These ticks were reared through the
F3 larval or nymphal stage, with ticks feeding on susceptible,
uninfected hosts. In parallel, CG ticks were reared through
the F3 larval stage, always exposed to susceptible, uninfected
hosts (Figure 1).

Guinea Pig and Rabbit Evaluation
All infested animals had their rectal temperature measured from
0 to 21 days post-inoculation or infestation (dpi). Guinea pigs
were considered febrile when rectal temperature was >39.5◦C
(Monteiro, 1931); rabbits were considered febrile when rectal
temperature was >40.0◦C (Monteiro, 1933). The occurrence
of scrotal reactions (edema, congestion, necrosis), typical of
R. rickettsii acute infection in guinea pigs and rabbits (Monteiro,
1933), were annotated. In all infestations, approximately 0.5–
1.0 mL of blood was obtained from each guinea pig or
rabbit at days 0 and 21 dpi. Guinea pig blood samples
were collected intra-cardiacally under anesthesia (20 mg/Kg
xylazine + 20 mg/kg cetamin + 1 mg/kg acepromazin), while
rabbit samples were collected through the central ear vein.
Samples were centrifuged to obtain sera, which were tested for
seroconversion to R. rickettsii, as described below. If any guinea
pig or rabbit died before 21 dpi, it was subjected to necropsy,
when we tried to obtain a blood sample through cardiac puncture.
In addition, a lung sample was collected and evaluated by PCR for
rickettsial infection, using the protocol described below.

Molecular Analysis
Throughout the study, samples of unfed larvae, nymphs and
adults, eggs, and engorged females at the end of oviposition,
were tested by PCR for detection of rickettsial DNA. For
this purpose, DNA was extracted from eggs (in pools of
≈50 eggs or individually), unfed larvae (in pools of ≈50
larvae or individually), and unfed nymphs by the boiling
method, as previously described (Horta et al., 2005), and
from unfed adult ticks or engorged females at the end of
oviposition by the guanidine isothiocyanate-phenol technique
(Sangioni et al., 2005). Guinea pig or rabbit lung fragments
were submitted to DNA extraction using the DNeasy tissue

Kit (Qiagen, Chatsworth, CA, United States). Blank tubes were
always included in the DNA extraction procedures, as negative
controls of this step.

Extracted DNA samples were tested by a Taqman real-time
PCR assay targeting the rickettsial gltA gene, as described (Soares
et al., 2012). The sensitivity of this PCR assay was determined
to be one DNA copy of R. rickettsii (Labruna et al., 2004).
Tick DNA samples that were shown to contain no rickettsial
DNA by the real-time PCR described above were tested by a
conventional PCR protocol targeting the tick mitochondrial 16S
rRNA gene, as previously described (Mangold et al., 1998). If the
tick sample yielded no product by this PCR, it was considered
that DNA extraction was not successful, and the sample was
discarded from the study. Random samples of F1 adult ticks,
positive by the real-time PCR assay, were further tested using
a conventional PCR assay targeting a 532-bp fragment of the
rickettsial ompA gene, as described (Regnery et al., 1991); PCR
products were DNA-sequenced and the resultant sequences were
submitted to BLAST analysis1 in order to confirm the identity of
the Rickettsia species.

Serological Analysis
Guinea pig and rabbit blood serum samples were individually
tested by the indirect immunofluorescence assay (IFA) using
crude antigens derived from R. rickettsii strain Taiaçu, as
previously described (Labruna et al., 2007). Each serum was
diluted in two-fold increments with PBS from 1:64 to the
endpoint titer (Labruna et al., 2007). A commercial fluorescein
isothiocyanate-labeled goat anti-rabbit IgG (Sigma Diagnostics,
St. Louis, MO, United States) or rabbit anti-guinea pig IgG
(Sigma Diagnostics) was used. In each slide, a serum previously
shown to be non-reactive (negative control) and a known reactive
serum (positive control) were tested at the 1:64 dilution. These
serum samples were from the study of Soares et al. (2012).

Statistical Analyses
The proportions of ticks that successfully molted or oviposited
fertile eggs from different groups, the proportion of R. rickettsii-
infected ticks from different colonies, and fatality rates of
inoculated guinea pigs were compared by using the chi-
square test. Reproductive parameters of engorged females
were compared between colonies/groups by using the t-test,
after the Kolmogorov–Smirnov normality test. Analyses were
performed using the program Epi InfoTM version 7 (chi-square)
and Minitab R© 18.1 (t-Student). Significant differences were
considered for P < 0.05.

1www.ncbi.nlm.nih.gov/blast
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Phylogenetic Analyses of Ticks
In order to perform a comparative genetic analysis of R. rickettsii-
infected and uninfected ticks of each colony, we generated partial
sequences of the tick mitochondrial 16S rRNA gene and the
tick second internal transcribed spacer (ITS2). Noteworthy, the
uninfected tick samples were composed by adult ticks that were
exposed toR. rickettsii infection (through feeding as larvae and/or
nymphs on rickettsemic guinea pigs), but were shown to contain
no rickettsial DNA when tested as unfed adults by the real-time
PCR protocol described above.

From each tick colony, DNA of R. rickettsii-infected and
uninfected ticks were submitted to two PCR protocols, one
targeting a ≈460-bp fragment of the tick mitochondrial 16S
rRNA gene (Mangold et al., 1998) and one targeting a ≈1,100-
bp of the tick nuclear ribosomal region, which includes the entire
ITS2, as previously described (Marrelli et al., 2007). All PCR
products were treated with ExoSap (USB, Cleveland, OH, United
States) and sequenced in an ABI automated sequencer (Applied
Biosystems/Thermo Fisher Scientific, model ABI 3500 Genetic
Analyzer, Foster City, CA, United States) with the same primers
used for PCR. The consensus 16S rRNA sequences were aligned
by using Clustal/W v.1.8.1 (Thompson et al., 1994), including
the 16S rRNA sequence of Amblyomma tonelliae from Paraguay
retrieved from GenBank (KF179349), which was used as the
outgroup. A nucleotide identity matrix was calculated by using
the Bioedit software v.7.0.5.3 (Hall, 1999). A phylogenetic tree
was generated with the Maximum Likelihood criteria (Tamura
3-parameter model) for the 16S rRNA mitochondrial gene
partial nucleotide sequences (410 sites on the dataset) and 1,000
bootstrap replicates using Mega X software (Kumar et al., 2018).

RESULTS

Inoculated Guinea Pigs
In order to form the R. rickettsii-infected tick cohorts, larvae and
nymphs of the six colonies were exposed to R. rickettsii by feeding
on guinea pigs that had been inoculated with homogenates of
R. rickettsii-infected guinea pig organs. A total of 72 guinea
pigs were inoculated, which all but one developed fever that

started 3–8 dpi (median: 4; mean: 3.9 ± 0.9), and lasted for 3–11
days (median: 5; mean: 5.4 ± 2.0) (Supplementary Tables S1–
S12). Ticks that had fed on the only non-febrile-inoculated
guinea pig (guinea pig G.P.78) were discarded from the study
(Supplementary Table S6). Rickettsial infection was confirmed
in all febrile guinea pigs by seroconversion to R. rickettsii at
21 dpi (endpoint titers ranging from 16,384 to 65,536; median:
32,768) or by detection of rickettsial DNA in a lung sample
collected from those guinea pigs that died during the febrile
period. For instance, 53 out of 71 guinea pigs died during the
febrile period (Supplementary Tables S1–S12), resulting in an
overall fatality rate of 74%. Considering the two R. rickettsii
strains separately, fatality rates were 75% (45/60) for strain Itu,
and 72% (8/11) for strain Pampulha (P > 0.05). Larval or
nymphal feeding periods lasted from 3 to 10 days, with most of
the engorged ticks detaching between 4 and 7 dpi. Since larval and
nymphal infestations were performed at the same day of guinea
pig inoculation, tick feeding period overlapped with the febrile
period, a condition that certifies that these ticks fed during the
rickettsemic period; hence, they were exposed to R. rickettsii.

Rickettsial Infection in GL Ticks
The GL ticks consisted of F1 larvae initially exposed to R. rickettsii
by feeding on rickettsemic guinea pigs, and thereafter, reared
until F2 unfed larvae by feeding on susceptible hosts. After
F1 acquisition larval feeding, rickettsial infection rates of F1
nymphs (transstadial perpetuation of R. rickettsii from larvae
to nymphs) varied from 0 to 16% among the six tick colonies,
with higher rates for the two tick colonies that were exposed
to autochthone R. rickettsii strains, namely E-ITU and E-PAM
(Table 2). Infestation of these F1 nymphs on susceptible guinea
pigs resulted in successful rickettsial transmission (fever followed
by death or seroconversion with high endpoint titers) in all
three guinea pigs exposed to E-ITU and E-PAM nymphs,
only one guinea pig exposed to NE-PIS or NE-GSV, and
none of the guinea pigs exposed to E-PIC and NE-POC
(Table 3). Transstadial perpetuation of R. rickettsii from F1
nymphs to adults were observed by DNA detection only in
E-ITU and E-PAM ticks (33 and 47%, respectively), which
were infected with autochthone R. rickettsii strains (Table 2).

TABLE 2 | Tick-Rickettsia rickettsii acquisition (feeding on rickettsemic guinea pig) and maintenance (transstadial perpetuation and transovarial transmission).

Tick colony Transstadial perpetuation: Transstadial perpetuation: Transovarial transmission
larvae to nymphsa nymphs to adultsb ratec

GLd GN GL + Nd GL GN GL + N GL GN GL + N

E-ITU 4/25 (16)a – 3/36 (8)a 5/15 (33) 0/15 (0) 9/15 (60) 2/16 (12) 3/11 (27) 4/20 (20)

E-PIC 1/40 (3)a,b – 3/30 (10)a 0/10 (0) 0/30 (0) 0/30 (0) 0 (0/0) 0 (0/0) 0/2 (0)

E-PAM 3/36 (8)a,b – 9/22 (41)b,c 7/15 (47) 10/15 (67) 5/15 (33) 1/7 (14) 1/6 (17) 0/4 (0)

NE-PIS 1/55 (2)b – 0/10 (0)a 0/25 (0) 3/28 (11) 20/30 (67) 2/11 (18) 1/15 (7) 3/19 (16)

NE-POC 1/80 (1)b – 0/15 (0)a 0/20 (0) 0/15 (0) 3/15 (20) 0 (0/0) 0 (0/0) 1/8 (13)

NE-GSV 0/48 (0)b – 5/31 (16)a,c 0/16 (0) 4/22 (18) 7/30 (23) 0/5 (0) 1/6 (17) 3/11 (27)

GL, R. rickettsii-acquisition feeding as larvae; GN, R. rickettsii-acquisition feeding as nymphs; and GL + N, dual R. rickettsii acquisition-feeding, as larvae and as nymphs.
aNo. PCR-positive unfed nymphs/no. unfed nymphs tested (% infection). bNo. PCR-positive unfed adults/no. unfed adults tested (% infection). cNo. females with PCR-
positive eggs or larvae/no. PCR-positive females at the end of oviposition (% transovarial transmission). dDifferent letters in the same column mean significantly different
infection rates (P < 0.05).
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TABLE 3 | Results of rickettsial transmission by ticks (vector competence) of six colonies of Amblyomma sculptum that were allowed to feed on susceptible hosts
(guinea pigs for larvae and nymphs; rabbits for adults).

Tick colony No. hosts that became infected by R. rickettsii/no. infested hostsa

GL ticks GN ticks GL + N ticks Total (%)

F1 nymphs F1 adults F2 larvae F1 adults F2 larvae F2 nymphs F2 adults F3 larvae F3 nymphs

E-ITU 3/3 2/2 – 2/2 – – 3/3 2/2 1/1 13/13 (100)

E-PIC 0/3 0/2 – 0/2 – – 1/3 – – 1/10 (10)

E-PAM 3/3 1/2 1/1 1/2 1/1 – 0/1 – – 7/10 (70)

NE-PIS 1/3 1/2 – 2/2 1/1 1/1 2/3 – – 8/12 (67)

NE-POC 0/3 0/2 – 0/2 – – 3/3 – – 3/10 (30)

NE-GSV 1/3 1/2 – 1/2 – – 2/3 2/3 – 7/13 (54)

Previous to these infestations, Rickettsia rickettsii-acquisition feedings were performed on rickettsemic guinea pigs that were infested with F1 larvae (GL ticks), F1 nymphs
(GN ticks) and F2 larvae and nymphs (GL + N ticks). GL, R. rickettsii-acquisition feeding as larvae; GN, R. rickettsii-acquisition feeding as nymphs; and GL + N, dual
R. rickettsii acquisition-feeding, as larvae and as nymphs. aHosts were considered infected by R. rickettsii when they became febrile after tick infestation, and the infection
was confirmed by seroconversion with high endpoint titers to R. rickettsii or by detection of rickettsial DNA in their lungs if they died during the febrile period. –, not done.

Infestation of F1 adults on susceptible rabbits resulted in
successful rickettsial transmission (fever followed by death or
seroconversion with high endpoint titers) in all two rabbits
exposed to E-ITU ticks, and one out of two rabbits exposed to
E-PAM, NE-PIS, and NE-GSV adults, and none of the two rabbits
exposed to either E-PIC or NE-POC (Table 3). Transovarial
transmission of R. rickettsii was observed by DNA detection
in engorged females of only the E-ITU, E-PAM, and NE-
PIS tick colonies. In these cases, the transovarial transmission
rate (no. females with PCR-positive eggs or larvae/no. PCR-
positive females at the end of oviposition × 100) varied
from 12 to 18% (Table 2). For these infected females with
rickettsial transovarial transmission, we calculated the filial
infection rate (No. infected eggs or larvae/No. tested eggs or
larvae × 100), which was 100% for either E-ITU or E-PAM
ticks (infected with autochthone R. rickettsii strains), and 0–
10% for NE-PIS ticks (infected with non-autochthone R. rickettsii
strain) (Supplementary Table S13). The transovarial acquisition
infection of E-PAM F2-infected larvae was confirmed by allowing
part of these larvae to feed on a guinea pig, which became
ill and seroconverted to R. rickettsii (guinea pig G.P. 73 in
Supplementary Table S5).

Rickettsial Infection in GN Ticks
The GN ticks consisted of F1 nymphs initially exposed to
R. rickettsii by feeding on rickettsemic guinea pigs, and
thereafter, reared until F2 unfed larvae or nymphs by feeding
on susceptible hosts. After F1 acquisition nymphal feeding,
rickettsial infection rates of F1 adults (transstadial perpetuation
of R. rickettsii from nymphs to adults) were observed by
DNA detection in ticks of only three tick colonies, 67% for
E-PAM, 11% for NE-PIS, and 18% for NE-GSV (Table 2).
Infestation of these F1 adults on susceptible rabbits resulted
in successful rickettsial transmission (fever followed by death
or seroconversion with high endpoint titers) in all two
rabbits exposed to either E-ITU, E-PAM or NE-PIS ticks,
and one out of two rabbits exposed to NE-GSV adults,
and none of the two rabbits exposed to either E-PIC or
NE-POC (Table 3). Transovarial transmission of R. rickettsii

was observed by DNA detection in engorged females of the
E-ITU, E-PAM, NE-PIS, and NE-GSV tick colonies. In these
cases, the transovarial transmission rate varied from 7 to
27% (Table 2). For these infected females with rickettsial
transovarial transmission, the filial infection rates were 90–
100% for E-ITU, 60% for E-PAM, 10–50% for NE-PIS, and
70% for NE-GSV (Supplementary Table S13). The transovarial
acquisition infection of either E-PAM or NE-PIS F2-infected
larvae was confirmed by allowing part of these larvae to feed on
guinea pigs, which became ill and seroconverted to R. rickettsii
(guinea pigs G.P.74 in Supplementary Table S5, and G.P.102 in
Supplementary Table S7). Moreover, NE-PIS F2 nymphs (molted
from the engorged larvae that had fed on G.P.102) were also
able to transmit R. rickettsii to guinea pig G.P.103 (Tables 3 and
Supplementary Table S7).

Rickettsial Infection in GL + N Ticks
The GL + N ticks consisted of F2 uninfected ticks that were
dually exposed to R. rickettsii by feeding on rickettsemic guinea
pigs during both larval and nymphal feeding, and thereafter,
reared until F3 larvae or nymphs by feeding on susceptible hosts.
After F2 acquisition nymphal feeding, rickettsial infection rates
of F2 nymphs (transstadial perpetuation of R. rickettsii from
larvae to nymphs) were observed by DNA detection in ticks
of four tick colonies, 41% for E-PAM, 16% for NE-GSV, 10%
for E-PIC, and 8% for E-ITU ticks (Table 2). After the second
acquisition feeding (F2 nymphs on rickettsemic guinea pigs),
rickettsial infection rates of F2 adults (transstadial perpetuation
of R. rickettsii from nymphs to adults) were observed in ticks
of five out of the six tick colonies, 67% for NE-PIS, 60% for
E-ITU, 33% for E-PAM, 23% for NE-GSV, and 20% for NE-
POC ticks; rickettsial infection was not detected in any of the
E-PIC adult ticks (Table 2). Infestation of these F2 adults on
susceptible rabbits resulted in successful rickettsial transmission
(fever followed by death or seroconversion with high endpoint
titers) in all three rabbits exposed to either E-ITU or NE-
POC ticks, two out of three rabbits exposed to either NE-PIS
or NE-GSV ticks, and one out of three rabbits exposed to
E-PIC adults. Rickettsial transmission was not observed in any
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of the two rabbits exposed to either E-PIC or NE-POC, and
in the one exposed to E-PAM ticks (Table 3). Transovarial
transmission of R. rickettsii was observed in engorged females
of four colonies, with transovarial transmission rates of 27%
for NE-GSV, 20% for E-ITU, 16% for NE-PIS, and 13% for
NE-POC. There was no transovarial transmission in E-PIC and
E-PAM ticks (Table 2). For the infected females with rickettsial
transovarial transmission, the filial infection rates were 30–100%
for NE-GSV, 0–100% for E-ITU, 50–100% for NE-PIS, and
100% for NE-POC (Supplementary Table S13). The transovarial
acquisition infection of either E-ITU or NE-GSV F2-infected
larvae was confirmed by allowing part of these larvae to feed on
guinea pigs, which became ill and seroconverted to R. rickettsii
(guinea pigs G.P.28 and G.P.29 in Table S2, and G.P.171 and
G.P.172 in Table S12). Moreover, E-ITU F2 nymphs (molted
from the engorged larvae that had fed on G.P.29) were also
able to transmit R. rickettsii to guinea pig G.P.30 (Tables 3 and
Supplementary Table S2).

CG Ticks and Additional Molecular Tests
Each of the six tick colonies had its own CG group, which
consisted of uninfected ticks that were reared in parallel to each
of the infected groups, always exposed to susceptible guinea pigs
or rabbits. During all infestations from F1 larvae to F2 adults, all
animals remained afebrile and did not seroconvert to R. rickettsii.
Moreover, larvae, nymphs and adult ticks were always negative by
PCR, indicating absence of rickettsiae in this tick control group
(Supplementary Tables S1–S12).

All Rickettsia-negative samples from the six experimental
groups yielded amplicons by the PCR assay targeting the tick 16S
rRNA gene, indicating that DNA extraction was successful. The
only few exceptions, five tick samples that failed to amplify the
tick 16S rRNA gene, were discarded from the study. Random
samples of two R. rickettsii-infected F1 adult ticks per colony
yielded ompA amplicons that generated DNA sequences 100%
identical to the sequence of R. rickettsii strain Taiaçu from
GenBank (KU321853).

Tick Molting Success and Reproductive
Performance
Molting success rates of engorged larvae to nymphs were higher
for CG (uninfected ticks) than for GL or GL + N (exposed
to R. rickettsii) ticks in all six tick colonies, with statistically
significant differences (P < 0.05) in most of the cases (Table 4).
A similar trend was observed for engorged nymphs, which
displayed significantly higher (P < 0.05) molting success for
CG ticks in most of the times when compared to GL, GN or
GL + N ticks (Table 4). Hence, exposure to R. rickettsii infection
caused higher mortality rates of engorged larvae and nymphs of
all six tick colonies.

Overall, the reproductive performance of engorged females
of the uninfected ticks tended to be higher than those of the
R. rickettsii-infected ticks, as demonstrated by higher engorged
female weight, egg mass weight, CEI, and % egg hatching values
of the uninfected females (Supplementary Tables S14–S19).
However, only in a few cases these values were significantly
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different (P < 0.05) between uninfected and infected females
of the same tick group, as for example, the engorged female
weight and % egg hatching values in the GL group of E-ITU
ticks (Supplementary Table S14), engorged female weight and
CEI values in the GL + N group of E-PIC ticks (Supplementary
Table S15), the CEI values in the GL group of E-PAM ticks
(Supplementary Table S16), and the % egg hatching values in
the GL group of NE-PIS ticks (Supplementary Table S17) and
the GL+N group of NE-POC ticks (Supplementary Table S18).

Tick Molecular and Phylogenetic
Analyses
Regarding the mitochondrial 16S rRNA gene, we generated
partial sequences from a total of 98 R. rickettsii-infected ticks
(4–43 sequences from each of the six colonies) and from 138
uninfected ticks (15–43 ticks from each of the six colonies)
(Supplementary Table S20). Ticks of each colony yielded a
single haplotype, except for the E-PAM ticks, which yielded
two distinct haplotypes (A and B). E-PIC and NE-PIS ticks
shared the same haplotype, as also did NE-GSV and NE-POC
ticks, and also E-ITU and part of the E-PAM ticks; the other
part of E-PAM yielded a unique haplotype (Supplementary
Table S21). Despite these inter-colony differences, R. rickettsii-
infected and uninfected ticks of the same colony shared a
single haplotype. Even among E-PAM ticks (the only colony
that generated more than one haplotype), each of the two
haplotypes were shared by both infected and uninfected ticks.
Differences among the seven haplotypes of A. sculptum ranged
from 0% (between the above identical haplotypes) to 3.3%
[between E-PAM (haplotype B) and either NE-PIS or E-PIC].
E-PAM haplotypes A and B differed by 3% (Supplementary
Table S21). The phylogenetic tree containing these seven 16S
rRNA haplotypes shows two major clusters, one containing
E-ITU, E-PAM (haplotype A), E-PIC and NE-PIS ticks, which
segregated under high bootstrap support (96%) from the
other clade that contains NE-GSV, NE-POC, and E-PAM
(haplotype B) (Figure 2).

Regarding the nuclear ITS2 nuclear gene, we generated partial
sequences of 557-bp from a total of 77 R. rickettsii-infected
ticks (3–40 sequences from each of the six colonies) and from
112 uninfected ticks (8–40 ticks from each of the six colonies).
All these sequences were identical to each other, and when
submitted to BLAST analysis, they were 100% identical to several
A. sculptum sequences from Brazil (KU169885-KU169888).

DISCUSSION

Exposure of ticks of six geographically different populations of
A. sculptum to R. rickettsii acquisition feeding and transmission
revealed different susceptibilities among the six tick populations.
After larval acquisition feeding (GL ticks), these differences were
clearly in favor of higher infection rates for the two tick colonies
that were exposed to their autochthone R. rickettsii strain, namely
strain Itu for E-ITU ticks, and strain Pampulha for E-PAM
ticks. Rickettsial infection rates in F1 unfed nymphs of these
two colonies were significantly higher than those observed in

the other four tick colonies, which were exposed to R. rickettsii
strain Itu. These differences among GL ticks were even more
remarkable for the F1 adult stage, as shown by 33 and 47%
rickettsial detection in unfed adults of E-ITU and E-PAM ticks,
in contrast to 0% for the remaining tick colonies (Table 2).
The same trend was somewhat observed when R. rickettsii
acquisition feeding occurred during the nymphal stage (GN
ticks) or during both larval and nymphal feeding (GL + GN
ticks), as shown by generally higher rickettsial infection rates
among E-PAM and E-ITU ticks. While comparable infection
rates were sometimes observed in ticks of the other colonies,
it is noteworthy that 0% infection rates were observed several
times for E-PIC, NE-PIS, NE-POC and NE-GSV ticks. In
addition, highest rates of transovarial transmission of R. rickettsii
also included E-PAM and E-ITU ticks, while 0% rates were
more frequent on the other tick colonies (Table 2). These
results were corroborated by the vector competence infestations,
which resulted in more events of successful transmission of
R. rickettsii when susceptible hosts were infested by E-PAM
and E-ITU ticks; i.e., 70–100% successful transmission versus
10–67% (Table 3). All together, these results indicate that the
susceptibility of A. sculptum to R. rickettsii varies among different
tick populations, with a clear bias for higher susceptibility to an
autochthone R. rickettsii strain that has already coevolved with a
tick population for some time.

Soares et al. (2012) evaluated the susceptibility of an
A. sculptum population by an A. aureolatum-derived strain of
R. rickettsii, using the same type of protocols of the present
study. Their results for the GL group (acquisition feeding during
the larva stage) were comparable with our results for the tick
colonies that were exposed to a non-autochthone R. rickettsii
strain, although their GN group (acquisition feeding during the
nymphal stage) displayed infection rates similar or superior to
all GN groups of the present study. On the other hand, most
of the transovarial acquisition infection-larvae of the study of
Soares et al. (2012) failed to transmit R. rickettsii to guinea pigs,
contrasting to the high vector competence of the transovarial
acquisition infection-larvae of the present study. These results
reinforce our above statement that suggests the existence of
some adaptive interaction of R. rickettsii strains with its natural
tick populations. Interestingly, our molecular analyses of two
tick genes (16S rRNA and ITS2) showed that ticks of the two
most R. rickettsii-susceptible populations of the present study
(E-PAM and E-ITU) shared the same 16S rRNA haplotype
(Figure 2), suggesting a genetic role in the tick-R. rickettsii
interaction. However, further studies are needed to investigate
this interaction more deeply, which could also be affected by tick
endosymbionts, as for example, bacteria of the genera Coxiella,
which have been reported to infect some A. sculptum (reported
as A. cajennense) populations (Machado-Ferreira et al., 2011;
Duron et al., 2015).

Regardless of the different susceptibilities of A. sculptum
populations to R. rickettsii, Soares et al. (2012) and the present
study clearly demonstrated that this tick species is partially
refractory to R. rickettsii infection, in conjunction with relatively
low transovarial transmission rates, always <50%. In addition,
our results demonstrated that the R. rickettsii infection induces
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FIGURE 2 | Maximum likelihood tree based on the Tamura 3-parameter model for the 16S rRNA mitochondrial gene partial nucleotide sequences of six tick colonies
(E-ITU, E-PIC, E-PAM, NE-PIS, NE-POC, and NE-GSV) of Amblyomma sculptum (410 sites on the dataset). The sequence of Amblyomma tonelliae from Paraguay
(KF179349) was used as outgroup. The numbers at each node are bootstrap values greater than 60% from 1,000 replicates. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. The map of Brazil indicates the geographical location of each of the seven A. sculptum haplotypes from the
tree. The numbers of sequences obtained for infected and uninfected ticks for each haplotype are shown within parentheses.

higher mortality of engorged larvae and nymphs, and tend
to reduce the reproductive fitness of engorged females; this
later impairment was also demonstrated by Soares et al.
(2012). While these findings have been used to explain the
low R. rickettsii-infection rates of A. sculptum under natural
conditions, usually <1% (Krawczak et al., 2014; Labruna et al.,
2017), they indicate that an A. sculptum population should not
be able to sustain a R. rickettsii infection for successive tick
generations without the creation of new cohorts of infected
ticks via horizontal transmission on vertebrate rickettsemic
hosts (amplifying hosts). In this case, capybaras have been
incriminated as the main amplifying host of R. rickettsii for
A. sculptum ticks in most of the BSF-endemic areas of Brazil
(Souza et al., 2009; Polo et al., 2017). Finally, despite the
ubiquitous distribution of A. sculptum in southeastern and
central-western Brazil (Martins et al., 2016), most of the
populations of this tick species are devoid of R. rickettsii
infection (Sangioni et al., 2005; Pacheco et al., 2007, 2009).
This scenario might be related to two major factors: (i)
insufficient numbers of susceptible amplifying hosts; and (ii)

lower susceptibilities of many tick populations. While the
first factor has been demonstrated by mathematical models
(Polo et al., 2017), the second is highlighted by the results
observed in the present study.
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Metarhizium is an entomopathogenic fungus widely employed in the biological
control of arthropods. Hemocytes present in the hemolymph of invertebrates are
the cells involved in the immune response of arthropods. Despite this, knowledge
about Rhipicephalus microplus hemocytes morphological aspects as well as their
role in response to the fungal infection is scarce. The present study aimed to
analyze the hemocytes of R. microplus females after Metarhizium robertsii infection,
using light and electron microscopy approaches associated with the cytotoxicity
evaluation. Five types of hemocytes (prohemocytes, spherulocytes, plasmatocytes,
granulocytes, and oenocytoids) were described in the hemolymph of uninfected ticks,
while only prohemocytes, granulocytes, and plasmatocytes were observed in fungus-
infected tick females. Twenty-four hours after the fungal infection, only granulocytes
and plasmatocytes were detected in the transmission electron microscopy analysis.
Hemocytes from fungus-infected tick females showed several cytoplasmic vacuoles
with different electron densities, and lipid droplets in close contact to low electron
density vacuoles, as well as the formation of autophagosomes and subcellular material
in different stages of degradation could also be observed. M. robertsii propagules
were more toxic to tick hemocytes in the highest concentration tested (1.0 × 108

conidia mL−1). Interestingly, the lowest fungus concentration did not affect significantly
the cell viability. Microanalysis showed that cells granules from fungus-infected and
uninfected ticks had similar composition. This study addressed the first report of fungal
cytotoxicity analyzing ultrastructural effects on hemocytes of R. microplus infected with
entomopathogenic fungi. These results open new perspectives for the comprehension
of ticks physiology and pathology, allowing the identification of new targets for the
biological control.
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INTRODUCTION

Ticks are obligate hematophagous ectoparasites relevant to public
and veterinary health (De la Fuente et al., 2008; Kernif et al.,
2016). The cattle tick, Rhipicephalus microplus, has an enormous
negative impact on livestock. The economic impact has increased,
particularly in tropical countries and financial losses of USD
3.24 billion per year only in Brazil have been reported (Grisi
et al., 2014). The improper use of chemical acaricides is
frequently reported and causes the raising of resistant tick
populations in addition to the environmental, meat, and milk
contamination. Accordingly, alternative control methods using
entomopathogenic fungi have been studied to decrease the use
of these chemicals (Schank and Vainstein, 2010; Camargo et al.,
2012; Perinotto et al., 2017).

Metarhizium anisopliae sensu lato (s.l.) is a complex of species
of cosmopolitan entomopathogenic fungi which includes species
that can infect specific hosts, as Metarhizium acridum with
Orthoptera insects, or a wider range of insect groups, such as
Metarhizium robertsii and M. anisopliae sensu stricto (s.s.). These
fungi are also considered endophytes and rhizosphere competent
(Hu et al., 2014; Vega, 2018). All R. microplus life stages have
been shown to be sensitive to entomopathogenic fungal infection
(Alonso-Díaz et al., 2007; Leemon and Jonsson, 2008), either
in vitro assays (Perinotto et al., 2017), associated with chemical
acaricides (Bahiense et al., 2008; Webster et al., 2015), or in vivo
tests using available commercial products (Camargo et al., 2016).

Metarhizium infection starts with the fungal propagule
attachment on the hosts’ surface and active penetration (Madelin
et al., 1967). After penetration, the hyphae present in the
hemolymph differentiate into blastospores and the host dies due
to a set of occurrences such as: physical damage, pathological
changes occurring in the hemolymph, histolytic action, blocking
of the digestive system, and even production of micotoxins
(Bidochka et al., 1997; Alves, 1998; Roberts and St Leger, 2004).
Nevertheless, the host can fight against the fungal infection
triggering its immune system by starting processes such as
phagocytosis, nodule formation, melanization, encapsulation,
and secretion of antimicrobial peptides (Kopácek et al., 2010;
Hajdušek et al., 2013).

Tick immune system is composed of humoral and cellular
defense responses (Schmidt et al., 2001; Lavine and Strand,
2002). In general, the humoral immune response involves several
antimicrobial peptides, reactive oxygen species and enzymatic
cascades that regulate coagulation and hemolytic melanization
processes (Gillespie et al., 1997; Smith and Pal, 2014). The cellular
reactions are triggered immediately after the microorganism
invasion and directly involve the attack of these microorganisms
by hemocytes (Tan et al., 2013). Hemocytes are circulating
cells present in the hemolymph that also be found connected
to the fatty body, nephrocytes, and salivary glands (Sterba
et al., 2011). Innate immune mechanisms have already been
reported for several invertebrates (Brayner et al., 2007; Nation,
2016; Iacovone et al., 2018), including ticks (Gillespie et al.,
1997; Johns et al., 2001; Feitosa et al., 2015), considering
phagocytosis as the most important innate response (Bayne,
1990; Ehlers et al., 1992), that in ticks is mediated mainly by

granulocytes and plasmatocytes (Dolp, 1970; Fujisaki et al., 1975;
Kuhn and Haug, 1995; Zhioua et al., 1996; Inoue et al., 2001;
Borovicková and Hypsa, 2005; Feitosa et al., 2018). Despite
this, little has been reported about cellular immune response
in R. microplus ticks, since most studies are based on the tick
humoral responses (Nakajima et al., 2003; Fogaça et al., 2004;
Angelo et al., 2014; Chávez et al., 2017).

Hemocytes are extremely relevant for studies about
interactions between the host and its pathogens (Jones,
1962; Crossley, 1975; Lackie, 1980; Gupta, 1986; Paskewitz and
Christensen, 1996; Chen and Lu, 2018; Iacovone et al., 2018).
Arthropods’ hemocytes classification and terminology were
framed mostly based on insect studies, while this literature is still
scarce for ticks (Nevermann et al., 1991; Borovicková and Hypsa,
2005; Araújo et al., 2008; Cunha et al., 2009; Laughton et al.,
2011). Additionally, compared to insects, literature about the cell
response of ticks challenged with pathogens is poorly explored.

Studies reported that circulating hemocytes of adult
mosquitoes infected with pathogens may decrease (Hillyer
et al., 2005; Castillo et al., 2006, 2011; Brayner et al., 2007;
Bryant and Michael, 2014) and have their morphology altered
(Au et al., 2003; Kwon et al., 2014). It is known that the
number of circulating hemocytes of R. microplus ticks infected
with entomopathogenic fungi dropped off in comparison to
uninfected females (De Paulo et al., 2018), despite this, to the
present date, alterations in the morphology of hemocytes from
R. microplus ticks infected with pathogens have not been reported
yet, as studies were conducted mainly with R. sanguineus and
Dermacentor variabilis ticks (Eggenberger et al., 1990; Ceraul
et al., 2002; Feitosa et al., 2015, 2018). Undoubtedly, further
approaches to understand the immune system of ticks have to
overcome the discussion of hemocyte types, especially when its
identification is based just on morphological analyzes, while
histochemical differentiation and functional aspects are largely
neglected. Accordingly, the aim of this study was to analyze the
hemocytes of R. microplus females infected or not by M. robertsii,
using light microscopy, cytotoxicity test, transmission electron
microscopy (TEM), and transmission electron microscopy with
energy-dispersive X-ray spectrometer (TEM-EDS).

MATERIALS AND METHODS

Fungal Isolate and Tick Obtainment
One fungal isolate, M. robertsii ARSEF 2575, was used in
the present study. The fungal isolate was obtained from the
Agriculture Research Service Collection of Entomopathogenic
Fungal Cultures (ARSEF) (USDA-US Plant, Soil and Nutrition
Laboratory, Ithaca, NY, United States). Cultures were grown on
PDA (potato dextrose agar) at 25◦C ± 1◦C and ≥80 relative
humidity (RH) for 14 days. A conidial suspension was used to
infect the ticks.

Rhipicephalus microplus fully engorged ticks were obtained
from artificially infested animals [the present experiment was
part of a project approved by the Veterinary Institute Ethics
Committee of the Federal Rural University of Rio de Janeiro
(CEUA UFRRJ no. 037/2014)]. After collection on the stalls
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floor, fully engorged tick females were immersed in running
water followed by 0.05% sodium hypochlorite solution for
three min, then dried, identified and weighed for homogeneous
division of the groups.

Entomopathogenic Fungi Inoculation
Into R. microplus Ticks
Fungal suspensions were prepared by suspending M. robertsii
ARSEF 2575 conidia in 0.1% polyoxyethylene sorbitan
monooleate (Tween R©80) sterile aqueous solution (v/v). For
fungal inoculation, engorged females were divided into seven
homogeneously weighed groups with 20 females each (for
the bioassay) and three homogeneously weighed groups with
20 females each (for the microscopy analysis). The negative
control group did not receive any treatment (tick females under
physiological conditions), and treated females were inoculated
with 5 µL of ARSEF 2575 fungal suspension or 5 µL 0.1%
Tween R©80 aqueous solution (v/v) into the foramen located
between the dorsal scutum and the capitulum, using an insulin
syringe (Johns et al., 1998). All the experiments were performed
in triplicate (except the bioassay) and repeated three times.

Bioassay With Engorged Females
Tick females were homogeneously weighed based on the Yule’s
formula (Sampaio, 2002). Groups were inoculated as mentioned
before and divided as follows: A group was treated with 5 µL 0.1%
Tween R©80 aqueous solution (v/v) and the fungus-infected groups
were infected with six different fungal concentrations (1.0 × 103,
104, 105, 106, 107 or 108 conidia mL−1). Fungal suspensions
were adjusted to each concentration using Neubauer’s chamber.
Fungal concentrations that were used in the present bioassay
were the same used in the forward described cell viability
test. The highest concentration (1.0 × 108 conidia mL−1) was
defined based on the concentration commonly used for topical
treatments in ticks. Tick females were maintained at 27 ± 1◦C
and ≥80% RH in the dark. Tick mortality was recorded 24 and
48 h after the treatments.

Hemolymph Collection
Ticks infected with fungi (each tick infected with 5 µL of
1.0 × 107 conidia mL−1, a sublethal concentration), ticks
inoculated with Tween R©80 aqueous solution (v/v) and the
negative control group (ticks under physiological conditions, a
untreated group) had their hemolymph collected according to
Angelo et al. (2010) through the ruptured cuticle at the dorsal
surface of the tick female using a needle, 24 h after infection. The
hemolymph drops were collected with a capillary glass coupled to
a flexible rubber. Samples were placed in microtubes containing
30 µL protease inhibitor cocktail (Inhibit R©Sigma-Aldrich) and
82 µL saline buffer (1.5 M NaCl, 50 mM EDTA, pH 7.2).
Microtubes were kept on ice throughout the collection.

Cell Viability Test
Three hundred engorged tick females were used for the cell
viability test. Hemolymph of uninfected females was collected
and the hemocytes harvested according to De Paulo et al. (2018).

Hemocytes were resuspended in 50 mL sterilized Leibovitz’s L-
15 culture medium (Gibco R©) at double strength, supplemented
with 20% fetal bovine serum (FBS), 2 g. L−1 glucose, and 100 UI
mL−1 penicillin, adjusted to pH 7.0–7.2. Cells were then seeded
into 96 well plates at 5 × 104 cells mL−1 in a final volume of
170 µL culture medium. Cells were allowed to attach to the well
surface for 1 h. Hemocytes were then exposed to 10 µL conidial
suspensions using six different concentrations (1.0 × 103, 104,
105, 106, 107, or 108 conidia mL−1) chosen to make it possible
to assemble a kinetic curve. 24 h after fungal exposure, 20 µL of
resazurin (Sigma-Aldrich) at 0.13 mg mL−1 were added in each
well, and the plate incubated for 1, 2, 3, and 4 h. Fluorescence was
read using a microplate reader Chameleon (Hidex R©) at 530 nm
excitation and 590 nm emission. Relative hemocyte viability
was calculated considered unexposed cells as controls (≈100%
viability). Experiments were carried out in triplicate and repeated
three times with new engorged females and a new batch of fungus.

Light Microscopy Analysis
Hemolymph Smear
Drops from total hemolymph (plasma and hemocytes) of
untreated ticks (negative control group), ticks inoculated with
0.1% Tween R©80 and ticks infected with 107 conidia mL−1 were
collected 24 h after infection and placed directly onto glass
slides, dried at room temperature for 20–30 min, and fixed in
methanol PA (Sigma-Aldrich) for 3 min. Slides were then stained
with Giemsa (Sigma-Aldrich) [diluted 1:9 in buffered distilled
water Brayner et al. (2005)] for 30 min, rapidly washed with
buffered distilled water, and observed by light microscope. Five
stained slides were performed per group. One hundred cells per
slide were count for differential hemocytes counts. Differential
hemocytes counts were expressed based on the amount of each
hemocyte type in the total cells counted.

Hemocytes in Historesin
For light microscopy, hemocytes from ticks infected with 107

conidia mL−1 (collected 24 h after infection) and hemocytes
from Tween-inoculated ticks were removed from plasma
(De Paulo et al., 2018) and immediately immersed in 4%
paraformaldehyde in 0.2 M Millonig buffer (pH 7. 2) for 6 h at
room temperature. Samples were then centrifuged at 500 × g
for 3 min, supernatant was discarded, the hemocytes pellet
dehydrated in ascending ethanol series (70–100%), embedded
in pure historesin overnight, and finally embedded in historesin
plus hardener (Leica) at 4◦C for 24 h. Three micrometers
thick histological sections were stained with methylene blue
for morphological studies. The sections were observed and
photographed under a DM LS (Leica) light microscope coupled
to a DFC420 camera (Leica) and Leica Application Suite version
3.1.0 imaging software.

Transmission Electron Microscopy
Hemocytes from infected ticks (107 conidia mL−1), ticks
inoculated with Tween R©80 and untreated ticks were collected
24 h after infection, removed from plasma (De Paulo et al., 2018),
and fixed in 2% glutaraldehyde for 3 h at 4◦C. The samples
were then centrifuged at 500 × g for 3 min, the supernatant was
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discarded, the cells’ pellet was washed in 0.2 M Millonig buffer
for 15 min, centrifuged at 500 × g for 3 min, and then post-
fixed in 1% OsO4 at room temperature for 3 h. After that, pellets
were washed in Millonig buffer, dehydrated in ascending acetone
series (30, 50, 70, 90, and 100%), pre-embedded in Polybed
812 resin-acetone (1:1) overnight at room temperature, and
embedded in pure resin at room temperature for 8 h. After resin
polymerization (72 h) at 60◦C, ultrathin sections were obtained,
stained with uranyl acetate and lead citrate. The examination was
performed in Jeol 100 CX II and LEO EM 906E transmission
electron microscope.

X-Ray Microanalysis of Cells Granules
The chemical composition of R. microplus granulocytes’ granules
was determined by energy-dispersive X-ray spectrometer (TEM-
EDS, H7650/Hitachi H-700 FA). Hemocytes from Tween-
inoculated ticks and fungus-infected ticks (107 conidia mL−1)
were prepared as described for transmission electron microscopy
and a quantitative characteristic of ions and maps of their
distribution were obtained with a Hitachi H-8100 TEM
microscope (Hitachi, Tokyo, Japan) equipped with energy-
dispersive X-ray spectrometer (EDS, OXFORD INCA x-sight,
Abingdon, Oxfordshire, United Kingdom).

Statistical Analysis
Bioassay data were analyzed by one-way ANOVA followed by
Newman-Keuls Multiple Comparison Test (P ≤ 0.05). Cell
viability data were analyzed by one-way ANOVA followed by
Tukey’s test for pair-wise comparisons (P ≤ 0.05). For analysis
of hemocytes populations, multiple t-tests were used for pair-
wise comparisons (P ≤ 0.05). All data were analyzed through
GraphPad Prism version 5.00 for Windows (GraphPad Software,
San Diego, CA, United States).

RESULTS

Bioassay With Engorged Females
Conidia of M. robertsii isolate ARSEF 2575 used to infect adult
females had 98% germination after incubation for 24 h at

27 ± 1◦C and ≥80% RH. Females’ mortality percent is shown in
Figure 1. In general, tick mortality was proportional to conidial
concentration, (i.e., the higher the conidial concentration, the
higher the tick mortality) (Figures 1A,B). Ticks infected with 107

conidia mL−1 showed 21% ± 2.35 mortality 24 h after infection
and 48% ± 2.35 mortality 48 h after infection, while ticks infected
with 108 conidia mL−1 had 31,66% ± 2.0 and 83,3% ± 4.71
mortality 24 and 48 h after infection, respectively.

Cell Viability Test
The kinetic curve shows hemocytes viability 24 h after fungal
exposure in different times of incubation with resazurin
(Figure 2). It was possible to observe that hemocytes viability was
similar 3 and 4 h after incubation (Figure 2). M. robertsii ARSEF
2575 conidia were more toxic to R. microplus hemocytes at 107

conidia mL−1 and 108 conidia mL−1, reducing cell viability in
15, 53% ± 1.58 and 36.1% ± 1.48 24 h after the fungal addition,
respectively (Figure 3). Despite lower fungal concentrations
(103, 104, 105, and 106 conidia mL−1) can also influence cell
viability, drastic reductions started at the higher concentrations
(i.e., 107 and 108).

Light Microscopy Analysis
Prohemocytes, spherulocytes, granulocytes, plasmatocytes, and
oenocytoids were observed in both engorged R. microplus females
under physiological conditions and tween-inoculated ticks after
Giemsa staining. The concentration of these hemocytes was
the same for both groups (Figure 4). On the other hand, when
engorged females were infected with M. robertsii, spherulocytes
and oenocytoids were not observed. In addition, prohemocytes
and granulocytes were present in the same amounts in controls
and fungus-infected groups, only plasmatocytes amounts were
statistically different between uninfected (negative control
and tween-inoculated) and infected groups. All cells had
the basophilic nucleus and the following characteristics:
Prohemocytes (ranging from 8 to 10 µm) as relatively small
cells, with large nucleus (Figures 5A, 6A). Granulocytes
(measuring approximately 12 to 15 µm) as circular cells
that were observed in two different forms: with a more central

FIGURE 1 | Mean percent (%) mortality and standard deviation of Rhipicephalus microplus adult females infected with Metarhizium robertsii ARSEF 2575 conidia in
different concentrations (1.0 × 103, 104, 105, 106, 107 and 108 conidia mL−1). Each group had 20 tick females. Mortality percent was recorded (A) 24 h and (B)
48 h after fungal inoculation. Mean values (±) standard deviation followed for the same letter do not differ statistically by ANOVA test (P ≥ 0.05). The bioassay was
conducted three times, on three different days, using new ticks and conidial preparations each day.
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FIGURE 2 | In vitro cytotoxic assay of Metarhizium robertsii ARSEF 2575
against Rhipicephalus microplus hemocytes using a resazurin-based assay (to
evaluate cell viability). R. microplus hemocytes were exposed to different
concentrations (1.0 × 103, 104, 105, 106, 107, and 108 conidia mL−1) of
fungal suspensions. Twenty-four hours after exposure, resazurin was used for
four different incubation times (1, 2, 3, and 4 h). ANOVA followed by Tukey’s
test was used. Experiments were repeated with at least three independent
biological samples.

FIGURE 3 | Effect of Metarhizium robertsii on the cellular proliferation of
Rhipicephalus microplus hemocytes at 3 h incubation with resazurin. Mean
values (±) standard deviation followed for the same letter do not differ
statistically by ANOVA test (P ≥ 0.05). Experiments were repeated with at
least three independent biological samples.

FIGURE 4 | Mean percent and standard deviation of Rhipicephalus microplus
hemocytes population (prohemocytes, granulocytes, plasmatocytes,
spherulocytes and oenocytoids) of untreated tick females (ticks under
physiological conditions), tween-inoculated ticks and fungus-infected ticks.
R. microplus females were infected with Metarhizium robertsii ARSEF 2575.
Mean values (±) standard deviation followed by ∗ differ statistically by multiple
t-tests (P ≤ 0.05). A total of 100 cells were counted in each slide (five slides
were analyzed for each group). Experiments were repeated with at least three
independent biological samples.

nucleus or eccentric nucleus (Figures 5B,C, 6B,C). Spherulocytes
(measuring approximately 12 to 15 µm) had oval shape, with
spherules in the cytoplasm (Figures 5D, 6D). Plasmatocytes

(measuring approximately 20 µm) presented a varied shape,
with the nucleus displaced of the central region of the cell; some
plasmatocytes had pseudopodia (Figures 5E, 6E). Oenocytoids
were larger-sized (approximately 20 µm) exhibiting the nucleus
displaced of the central region of the cells (Figures 5F, 6F).
Additionally, spherulocytes, plasmatocytes, and oenocytoids
exhibited poorly Giemsa-stained areas (Figures 5D–F, 6D–F).
Granulocytes from fungus-infected ticks showed fewer granules
than hemocytes from untreated or tween-inoculated ticks.
Prohemocytes were similar in uninfected or fungus-infected
females (Figure 5A, 6A, 7A). The cells’ cytoplasm from infected
ticks showed heterogeneity (Figure 7B) and also intense
vacuolization (Figure 7C).

Historesin analysis was used to compare the hemocytes types
[i.e., prohemocytes, granulocytes, and plasmatocytes (Figure 8)]
observed in both fungus-infected and tween-inoculated
ticks. After fungal infection, prohemocytes had the same
morphology than the prohemocytes from tween-inoculated
tick females (Figures 8A,D). Despite this, granulocytes
apparently lost granules, since cells from infected females
had fewer granules than the granulocytes from uninfected ticks
(Figures 8B,E). Plasmatocytes of fungus-infected females also
showed morphological changes, exhibiting vacuoles in their
cytoplasm (Figures 8C,F).

Transmission Electron
Microscopy Analysis
Based on presence or absence of granules, cell shape, presence
or absence of pseudopodia, nucleus location, endocytic activity,
endoplasmic reticulum and homogeneity of the cytoplasm,
R. microplus hemocytes were classified as follows: Prohemocytes:
small cells with a large and central nucleus, none or few
granules, and mitochondria (Figures 9A, 10A). Granulocytes:
exhibited central or eccentric nuclei, cytoplasmic projections and
lots of granules with different electron densities (Figures 9B,C,
10B,C). Spherulocytes: large cells with homogeneous electron
densities spherules occupying virtually the entire cytoplasm
(Figures 9D, 10D). Plasmatocytes: variable sized cells with no
or few granular inclusions in the cytoplasm and pseudopodia
(Figures 9E,F, 10E,F). Oenocytoids were not observed in
TEM analysis. No differences were observed between untreated
and tween-inoculated tick females, except granulocytes from
ticks under physiological conditions apparently exhibited more
plasma membrane projections (Figures 9C, 10C).

Some morphological differences were observed in hemocytes
of R. microplus ticks after fungal infection. Twenty-four hours
after infection, prohemocytes, spherulocytes and oenocytoids
could not be observed, only granulocytes and plasmatocytes.
Plasmatocytes had intense cytoplasmic vacuolization and double
wall fungal conidia in the cytoplasm (Figures 11A–D), suggesting
phagocytosis of conidia. In addition, these cells displayed
autophagosome with material at different stages of degradation,
plasma membrane rupture, suggesting a necrosis process,
healthy mitochondria, nucleus with normal appearance and an
increased endoplasmic reticulum. Granulocytes from fungus-
infected ticks had fewer granules than granulocytes of uninfected
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FIGURE 5 | Hemocytes representation found in the hemolymph of R. microplus engorged females under physiological conditions (untreated ticks) after Giemsa
staining. (A) Prohemocyte, (B,C) Granulocyte, (D) Spherulocyte, (E) Plasmatocyte and (F) Oenocyte. Nucleus (N), cytoplasm (c), granules (thin black arrow),
spherules (s) and pseudopodia (thick black arrow). Bars = 5 µm.

FIGURE 6 | Hemocytes representation found in the hemolymph of R. microplus engorged females from tween-inoculated ticks after Giemsa staining.
(A) Prohemocyte, (B,C) Granulocyte, (D) Spherulocyte, (E) Plasmatocyte and (F) Oenocyte. Nucleus (N), cytoplasm (c), granules (thin black arrow), spherules (s) and
pseudopodia (thick black arrow). Bars = 5 µm.

ticks, also exhibited autophagosomes with material at different
stages of degradation and the presence of multivesicular bodies
(Figures 11E,F). Hemocytes from fungus-infected tick females
had nuclei showing extensive regions of euchromatin, several

cytoplasmic vacuoles with different electron densities, subcellular
material in degradation stage or already degraded, and the
presence of autophagosome or multivesicular bodies, suggesting
an autophagy process (Figure 11).
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FIGURE 7 | Hemocytes representation found in the hemolymph of R. microplus engorged females from fungus-infected ticks after Giemsa staining.
(A) Prohemocyte, (B) Granulocyte and (C) Plasmatocyte. Nucleus (N), cytoplasm (c), vacuoles (∗) and granules (thin black arrow). Bars = 5 µm.

FIGURE 8 | Hemocytes representation found in the hemolymph of Rhipicephalus microplus engorged females (A–C) inoculated with 0.1% Tween R©80 aqueous
solution (v/v) or (D–F) infected with Metarhizium robertsii after methylene blue staining. Prohemocytes (A) from tween-inoculated ticks and (D) from fungus-infected
ticks; granulocytes (B) from tween-inoculated ticks and (E) from fungus-infected ticks; plasmatocytes from (C) tween-inoculated group and (F) from fungus-infected
ticks. Nucleus (N), cytoplasm (c), nucleolus (nu), granule (g) and vacuoles (∗). Bars = 5 µm.

Characterization of Cells Granules by
Microanalysis
Microanalysis demonstrated that M. robertsii ARSEF 2575
infection did not affect the composition of R. microplus
granulocytes’ electron dense granules (Figure 12). Granules of
granulocytes from tween-inoculated ticks and fungus-infected
ticks were composed only by oxygen and carbon.

DISCUSSION

Some entomopathogenic fungi are known to be highly virulent
to ticks, as well as to different species of insects (Roberts and
St Leger, 2004; Wang and St Leger, 2006; Leemon and Jonsson,
2008; Samish et al., 2014; Perinotto et al., 2017). Interestingly,
entomopathogenic fungi have a variety of mechanisms that

can neutralize the host defenses, such as the production of
secondary metabolites able to suppress the insect immune system
(Dubovskiy et al., 2013). This suppression of immune reactions is
one of the main mechanisms governing the outcome of relations
between a host and an invader. Furthermore, Metarhizium
spreads in nutrient-rich hemocoel through immunological
evasion and adaptation to osmotic stress (Wang and St Leger,
2006; Huang et al., 2015). Here, M. robertsii ARSEF 2575
was virulent to R. microplus engorged females after fungal
inoculation. Several factors are involved in the virulence of a
fungal isolate to arthropods, especially ticks that are much less
susceptible than insects (Rot et al., 2013; Erler and Ates, 2015;
Mohammadyani et al., 2016; Alves et al., 2017; Fischhoff et al.,
2017). Distinct fungal virulence to different populations of the
same host (Perinotto et al., 2012), host species, life stage of the
host (i.e., some species and stages are more susceptible than
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FIGURE 9 | Electromicrographs of R. microplus hemocytes in normal physiological conditions (untreated-ticks). (A) Prohemocyte with nucleus (N) and mitochondria
(m) in its cytoplasm. (B,C) Granulocytes with nucleus (N), electron dense granules (g), and plasma membrane projection (black arrow). (D) Spherulocyte with nucleus
(N) and spherules (s) in the cytoplasm. (E,F) Plasmatocytes with nucleus (N), mitochondria (m), endoplasmic reticulum (ER), electron dense granules (g), vacuole (v),
and plasma membrane projections (black arrow). Bars = 2 µm.

others), and the quantity of fungal propagules applied to the
arthropod pest (Alden et al., 2001; Ment et al., 2012) are some
of these factors. Analyzing the results of the present study, the
highest fungal concentration (i.e., 1.0 × 108 conidia mL−1, the

one more frequently used for tick control) in the longest time of
infection (i.e., 48 h) yielded the best tick mortality rate; while the
lowest fungal concentrations (i.e., 1.0 × 104, 105, and 106 conidia
mL−1) resulted in similar mortality rates. Despite the longer

Frontiers in Physiology | www.frontiersin.org 8 May 2019 | Volume 10 | Article 654148

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00654 May 27, 2019 Time: 14:37 # 9

Fiorotti et al. Tick Hemocytes Infected With Metarhizium

FIGURE 10 | Electromicrographs of hemocytes from R. microplus engorged females inoculated with 0.1% Tween R©80 aqueous solution (v/v). (A) Prohemocyte with
nucleus (N), electron dense granule (g) and mitochondria (m) in its cytoplasm. (B,C) Granulocytes with nucleus (N), electron dense granules (g), and plasma
membrane projection (black arrow). (D) Spherulocyte with nucleus (N) and spherules (s) in the cytoplasm. (E,F) Plasmatocytes with nucleus (N), mitochondria (m),
electron dense granules (g), vacuole (v), and pseudopodia (black arrow). Bars = 2 µm.

time of infection, greater the negative effects for the host. The
mortality rates of ticks 48 h after fungal inoculation in the higher
doses, prevented the hemolymph collection since hemolymph
collected from near-to-death or dead females is not colorless

but red, suggesting midgut disruption and fungal colonization of
organs such as ovaries (Liu et al., 2009; Ment et al., 2012; Sanchez-
Roblero et al., 2012; De Paulo et al., 2018). The same happens with
the hemolymph collected 24 h after inoculation with the highest
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FIGURE 11 | Electromicrographs of R. microplus hemocytes from fungus-infected ticks. (A) Plasmatocyte with nucleus (N), endoplasmic reticulum (ER),
autophagosome (a) with material at different stages of degradation (∗) and plasma membrane projection (black arrow). (B) Plasmatocyte with nucleus (N), electron
dense granules (g), vacuolization (v), endoplasmic reticulum (ER), autophagosome (a) with material at different stages of degradation (∗). (C) Plasmatocyte with
nucleus (N), nucleolus (nu), mitochondria (m), endoplasmic reticulum (ER), presence of lipid droplets (LD) adjacent to low electron density vacuoles (v) and
autophagosome (a) with material at different stages of degradation (∗). (D) Plasmatocyte with nucleus (N), double wall fungal conidia in the cytoplasm (fu), intense
vacuolization (v), mitochondria (m), plasma membrane rupture (black arrow) and autophagosome (a) with material at different stages of degradation (∗).
(E) Granulocyte with nucleus (N), electron dense granules (g), mitochondria (m), endoplasmic reticulum (ER), plasma membrane projection (black arrow) and
autophagosome (a) with material at different stages of degradation (∗). (F) Granulocyte with nucleus (N), endoplasmic reticulum (ER), autophagosome (a) and
multivesicular bodies (MVB). Bars = 2 µm.

fungal concentration (1.0 × 108 conidia mL−1). Accordingly,
the ultrastructural and cytotoxic analyses of hemocytes from
fungus-infected ticks were performed with hemolymph collected
24 h after fungal inoculation after inoculation with 1.0 × 107

conidia mL−1.
During the fungal infectious process, the arthropod can fight

the pathogen through humoral and cellular immunity; the last

one is mediated by hemocytes (Sterba et al., 2011). The present
study demonstrated that the entomopathogen M. robertsii
negatively affected R. microplus tick hemocytes, possibly causing
cell death. The kinetic curve of the hemocytes viability test 24 h
after exposure to M. robertsii showed that the highest resazurin
activation (i.e., the lowest hemocytes viability) occurred with 3 h
of incubation, after this time, activity remained stable. There
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FIGURE 12 | Emission spectra obtained by Energy Dispersive X-Ray Spectroscopy (X-EDS) in TEM performed on 3 µm sections of (A) granulocytes from
tween-inoculated ticks and (B) granulocytes from fungus-infected ticks. Spectra obtained focusing the incident electron beam on the granulocyte electron-dense
granules of which characteristic energies of non-X-ray emission are evident. Multiple X-EDS analyses have been performed in each group; the ones that exhibited a
pattern in common with the rest of the acquired spectra are shown. It is also possible to observe the presence of copper (Cu), a component of the TEM supporting
grid; osmium (Os), used as fixative; lead (Pb), and uranium (U) that are used as staining.

are no studies involving resazurin and tick hemocytes, or even
evaluating entomopathogenic fungal toxicity to these cells. Most
studies with arthropod hemocytes are focused on MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] (Jose
et al., 2011) and assays performed over heavy metal toxicity
(Katsumiti et al., 2014, 2015; Minguez et al., 2014). Analyze
the cells’ viability is crucial for toxicity tests and MTT is
widely used, however, it has lower sensibility and needs a
higher incubation time in comparison to resazurin, once MTT
measures the mitochondrial dehydrogenate (Mosmann, 1983).
In addition, resazurin test is easy to be performed because
it does not need culture media removal or organic solvents
(Mosmann, 1983; Xu et al., 2015).

Studies about R. microplus cellular morphology and
ultrastructure are scarce; for this reason, hemocytes identification
through light and transmission microscopy was based on
other tick species and other arthropods (Carneiro and
Daemon, 1997; Borovicková and Hypsa, 2005; Habeeb and
El-Hag, 2008; Feitosa et al., 2015, 2018). Silva et al. (2006)
studies with light microscopy reported six hemocytes types
in R. microplus hemolymph described as prohemocytes,
granulocytes, plasmatocytes, spherulocytes, adipohemocytes,
and oenocytoids. The last two were found to be less abundant.
In the present study, only five cell types were observed:
prohemocytes, granulocytes with different morphologies,
plasmatocytes, spherulocytes, and oenocytoids, also diverging
from studies with R. sanguineus, where adipohemocytes were
also reported (Feitosa et al., 2015). After fungal infection, it
was possible to observe that prohemocytes morphology was
similar to prohemocytes from uninfected R. microplus ticks,
unlike granulocytes and plasmatocytes. Granulocytes from
fungus-infected ticks apparently lost granules and plasmatocytes
of infected females showed cytoplasm vacuolization. The

morphological alterations of plasmatocytes suggested the
phagocytic activity and also may indicate a process to cell death,
already reported by Sharma et al. (2008) and Shaurub et al.
(2014). Some cells from untreated or treated ticks exhibited
poorly stained areas (Figures 5–7), what is suggested to be a
result of the differences between intracellular components.
Accordingly, further studies are needed to characterize
those areas for a better understanding of the organelles
present in these cells.

Electron microscopy is very important for hemocytes
characterization. Despite this, until the present date, the
ultrastructural description of R. microplus hemocytes was not
available in the literature. Accordingly, the morphological
descriptions in the present study were compared with other
tick species (Borovicková and Hypsa, 2005; Habeeb and El-
Hag, 2008; Feitosa et al., 2015, 2018). Here, prohemocytes
had similar morphology to those described by Habeeb and El-
Hag (2008) and Feitosa et al. (2015) for other tick species. In
the ultrastructure analysis, these cells showed ribosomes and
mitochondria, but little endoplasmic reticulum and Golgi. The
similar morphological characteristics of this hemocyte reported
by this and other studies may be related to its function,
since the prohemocyte is considered the precursor of other
hemocytes (Lavine and Strand, 2002; Kavanagh and Reeves,
2004). Nevertheless, the origin of the other hemocytes is still
unclear (Nation, 2016).

Plasmatocytes were abundant, polymorphic, had either central
or eccentric nuclei, vesicles with different sizes, small vacuoles
and mitochondria (Sonenshine and Roe, 2014). However, in the
present study, cytoplasmic and pseudopodia projections, and
an agranular or slightly granular cytoplasm were observed, in
contrast to the findings of Feitosa et al. (2015) that described
plasmatocytes with only small granulations. This and other
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studies suggested that this cell type is strongly involved in the
immune response, through the removal of apoptotic cells, but
mainly due to phagocytosis and encapsulation of pathogens,
analogous to the actions of monocytes in vertebrates (Tojo
et al., 2000; Lavine and Strand, 2002; Jiang et al., 2009;
Honti et al., 2014).

Insect granulocytes are generally elliptic cells showing
protease activity with acid phosphatase in the lysosomal
compartments (Nation, 2016). For other tick species such
as Ornithodoros moubata and Ixodes ricinus, granulocytes
were distinguished in two types, based on the electron
density and maturation of their granules (Borovicková
and Hypsa, 2005; Sonenshine and Roe, 2014), while for
R. sanguineus differentiation of granulocytes types was
described based on cell maturation (Feitosa et al., 2015).
In the present study, these cells had granules with different
sizes, different electron densities and also diverse nucleus
position in the cytoplasm. Despite this, we did not distinguish
these cells in different types, since it was necessary to
investigate the granules’ composition before staggering
additional classifications.

Spherulocytes are less abundant cells in the hemolymph,
however, in R. sanguineus they appear to be more abundant
(Carneiro and Daemon, 1997; Feitosa et al., 2015). In the present
study, these cells present spherules in the cytoplasm and less
organelles corroborating with other studies with insects (Brayner
et al., 2005) and tick (Sonenshine and Hynes, 2008). In insects,
this cell type is suggested to be involved with tissue renewal,
transport of substances such as hormones and even production
of some hemolymph proteins (Negreiro et al., 2004).

Adipohemocytes are cells found in insects and some
tick species with varying sized and shape lipid droplets,
throughout the entire cytoplasm, some mitochondria, and
eccentric nucleus (Cunha et al., 2009). In Aedes aegypti, this
cell type is considered the second most abundant and may
have some granules (Hillyer et al., 2003). In ticks, a study
with R. sanguineus reported this cellular type was rarely
found in the hemolymph (Feitosa et al., 2015). In the present
study, this cell type was not observed, endorsing other studies
with ticks (Borovicková and Hypsa, 2005; Habeeb and El-
Hag, 2008). The absence of these cells in the present study
is suggested to reflect its low abundance or absence in
R. microplus hemolymph, or a misclassification since these cells
are microscopically identical fat body cells or can even be
mistaken by plasmatocytes with lipid droplets (Gupta, 1985;
Hillyer et al., 2003; Nation, 2016).

Oenocytoids are cells the exhibit varied size and shape,
without pseudopodia, and usually with an eccentric nucleus
(Gupta, 1985). They are non-phagocytic cells but may be
involved in the encapsulation process (Eggenberger et al.,
1990). At light microscopy these cells show homogeneous
cytoplasm or small refractory granulations (Carneiro and
Daemon, 1997). Transmission microscopy revels few
organelles, but some mitochondria and electron luscent
vesicles may be present (Giulianini et al., 2003). In ticks, this
hemocyte type is not abundant (Silva et al., 2006; Feitosa
et al., 2015). In the present study few oenocytoids were

detected and only at light microscopy. It is suggested that
the low abundance of these cells is due to its easy disruption
associated with calcium mobilization that activates protein
kinase C and open calcium channels, inducing increased
intracellular osmotic pressure, causing cell disruption
(Shrestha et al., 2015).

Hemocytes have several functions, featuring protection
against pathogens, production and secretion of peroxidases,
encapsulation and phagocytosis (Nation, 2016). The interactions
between entomopathogenic fungi and tick hemocytes are not
well elucidated, so the morphological characterization of these
cells and the changes caused by the infectious process can help
to investigate the lower susceptibility that these arthropods have
toward entomopathogenic agents.

Granulocytes from fungus-infected ticks showed apparently
fewer granules and some cells also exhibited vacuolization.
These cells are guided to initiate, mediate and terminate the
encapsulation process, forming a monolayer on the foreign agent
(Sonenshine and Hynes, 2008). Despite this, in the present study,
encapsulation processes of M. robertsii conidia by granulocytes
were not observed, possibly due to the infection stage here
analyzed (24 h after infection), considered advanced.

Plasmatocytes from fungus-infected ticks exhibited
cytoplasmic vacuolization and double wall fungal conidia
in the cytoplasm, suggesting a process of conidia phagocytosis.
Vacuolization in plasmatocytes was also observed in other
arthropod species after pathogens challenging (Sharma et al.,
2008; Shaurub et al., 2014). In addition, in the present study, cells
from tick-infected ticks lost its filopodia, endorsing Ghasemi
et al. (2013) reports, and exhibited an increased endoplasmic
reticulum. The endoplasmic reticulum is a membranous network
which is responsible for protein biosynthesis, for example, and
also acts as calcium storage (Berridge et al., 2003). For this
reason, endoplasmic reticulum has significant importance in
cellular stimuli, nutrient availability or redox status. When
one cell has abundance of this organelle, it means this cell is
trying to produce and secrete more protein seeking to control
adversities in the intracellular media (Zhang and Kaufman,
2008). Nevertheless, further studies are needed to investigate the
complete process of phagocytosis or fungal internalization and
the resulting autophagy hemocytes.

Non-visualization of other cell types such as prohemocytes,
spherulocytes and oenocytoids in the tick hemolymph after
fungal infection is suggested to reflect the reduction in the
concentration of these cell types considering that these cells do
not have specific functions in the cellular immune response,
and, for that reason, they are supposed to be more vulnerable
to the pathogenic infection (Lavine and Strand, 2002; Cunha
et al., 2009). Prohemocytes may also be in a lower concentration
because these cells may have differentiated into granulocytes
and plasmatocytes (Feitosa et al., 2015). Additionally, secondary
metabolites produced by Metarhizium can cause hemocytes
apoptosis reducing the number of circulating hemocytes in the
hemolymph (Wiegand et al., 2000).

The encapsulation of pathogens or foreign bodies is one of
the most common defense processes in arthropods succeeding
to encompass larger targets such as nematodes (Bronskill, 1962;
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Peters and Ehlers, 1997; Mastore et al., 2015). In insects,
granulocytes are responsible for this process, in which several
layers of the cells surround the pathogen, forming a capsule
and inactivating it by the production of free radicals (Nappi
and Ottaviani, 2000). In ticks, the process remains evident in
plasmatocytes (Kopácek et al., 2000). In the present study, neither
encapsulation nor nodulation processes were observed.

The fungal parasitism in arthropod cells has been reported
for the fungus Microsporidium, which are eukaryotes, obligate
parasites of several animal species and was also considered an
entomopathogenic fungus (Polar et al., 2008). A large number of
pathogens are able to survive in host cells, such as Histoplasma
capsulatum fungus that can be phagocytosed by human alveolar
macrophages and still is capable of multiplying itself within the
cell (Newman et al., 2006). Supposedly, intracellular colonization
of the fungus support itself, allowing some type of latency
with a negative impact for the arthropod host health, although
some factors as the nutritional stress can cause a rapid
fungal growth, leading to host desiccation and arthropod death
(Kurtti and Keyhani, 2008).

Exposure of insect hemocytes to pathogens such as viruses,
bacteria, protozoa, and other microorganisms can trigger a cell
response to the infection (Nation, 2016). Cells populations
increase in hemolymph as a feedback to the infection
process until the pathogens are eliminated. Nevertheless, when
microorganisms are highly pathogenic, cells will be leaning to
start autophagy processes. Additionally, the autophagic pathway
seems to play an important role during the pathogen-host cell
interaction, favoring or hindering the infection. Autophagy refers
to the mechanism of degradation of cytoplasmic components
through the lysosomal route, selectively or non-selectively. This
process occurs physiologically throughout the cell cycle, but
it is exacerbated under stress conditions such as nutritional
deprivation. Autophagy promotes cell cycle modulation, growth,
antigenic presentation, cytokine production, and degradation of
intracellular pathogens in certain cell types (Munz, 2009). The
imbalance of the autophagic pathway (increase or decrease) can
lead to cell death (Kroemer and Levine, 2008). In the present
study, an autophagosome was observed in hemocytes from
fungus-infected ticks, suggesting an autophagic processes.

Previous studies involving autophagy were limited to its role in
non-selective recycling of intracellular material to the lysosome,
in response to starvation (Mizushima et al., 2004; Kroemer et al.,
2010). Nevertheless, autophagy is now recognized as a process
with several specialized functions, including elimination of large
endogenous material in a selective way, such as mitophagy and
xenophagy. Autophagosomes are identified by multiple assays,
including fluorescent dyes and TEM ultrastructural analysis
(Klionsky et al., 2012). Studies with Drosophila melanogaster
and Caenorhabditis elegans demonstrated the contribution of
autophagy to innate immune response, mainly when adaptive
immunity is absent (Benjamin et al., 2013; Yin et al., 2016;
Zimmermann et al., 2016; Kmiec et al., 2017). In D. melanogaster,
autophagy is promoted by host pattern recognition receptors
(PRRs), whereas in C. elegans, xenophagy is used to target
Microsporidia (Bakowski et al., 2014). Recent studies started to
unveil the involvement of autophagy with host tolerance rather

than resistance to infection caused by extracellular pathogens
(Kuo et al., 2018). Nevertheless, more investigation is required to
elucidate why ticks are more tolerant to entomopathogenic fungi
than insects, focusing especially in autophagy studies, since ticks
have short life cycle.

The present study demonstrated the first evaluation
of R. microplus hemocytes using transmission electron
microscopy and elucidated some aspects associated to this
tick’s cellular immune response to entomopathogenic fungi
through cytotoxicity, TEM, and bioassay analysis, seeking to
understand this host’s higher tolerance to entomopathogenic
fungi in comparison to insects. Our study unveiled important
observations necessary for the comprehension of tick physiology
and tick pathology, supporting the progress of new strategies for
the biological control of ticks.
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Tropical theileriosis caused by Theileria annulata infection is a significant livestock
disease affecting cattle health and productivity resulting in substantial monetary losses
in several countries. Despite the use of an effective vaccine for disease control still,
a high incidence of infection is reported from India. One of the many reasons behind
the ineffective disease control can be the existence of genetically diverse T. annulata
parasite population in India. Therefore, studies focusing on understanding the genotypes
are warranted. In this study, we have performed a genetic analysis of the Indian
T. annulata field cell lines and the vaccine line using microsatellite markers, Genotyping
based sequencing (GBS) and tams1 gene polymorphism. The degree of allelic diversity
and multiplicity of the infection was determined to be high in the Indian population.
No geographical sub-structuring and linkage disequilibrium were observed in the
population. High population diversity was found which were similar with countries like
Oman, Tunisia, and Turkey in contrast to Portugal and China. The presence of multiple
genotypes as determined by microsatellite marker genotyping, GBS analysis and tams1
gene polymorphism point toward a panmictic parasite population in India. These findings
are the first report from India which would help in understanding the evolution and
diversity of the T. annulata population in the country and can help in designing more
effective strategies for controlling the disease.

Keywords: Theileria annulata, genetic profiling, microsatellite markers, genotyping based sequencing,
antigenic diversity

INTRODUCTION

In India, tropical theileriosis accounts for high mortality and economic loss to the livestock
industry (George et al., 2015). The disease is caused by Theileria annulata belonging to the phylum
apicomplexan, its life cycles requires a vector (ixodid tick) and host (cattle or buffalo). Currently, a
live attenuated schizont lymphocyte cell line is used as a vaccine for controlling the T. annulata
infection in India (Chakraborty et al., 2017). Despite the availability of a licensed vaccine and
a theileriocidal drug, buparvaquone (BPQ), the disease still represents a severe threat to animal

Frontiers in Physiology | www.frontiersin.org 1 June 2019 | Volume 10 | Article 673158

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2019.00673
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fphys.2019.00673
http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2019.00673&domain=pdf&date_stamp=2019-06-07
https://www.frontiersin.org/articles/10.3389/fphys.2019.00673/full
http://loop.frontiersin.org/people/392941/overview
http://loop.frontiersin.org/people/391969/overview
http://loop.frontiersin.org/people/463513/overview
http://loop.frontiersin.org/people/391675/overview
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00673 June 7, 2019 Time: 12:16 # 2

Roy et al. Genetic Profiling of Indian T. annulata Parasites

health and productivity especially to the crossbreed cattle. The
major disadvantages with the current vaccine are the requirement
of re-vaccination after every 3 years, maintenance of cold chain
and transportation in liquid nitrogen. Additionally, cases of drug
resistance were also reported from the field (Mhadhbi et al.,
2010, 2015; Sharifiyazdi et al., 2012). Another important aspect
which may reduce the vaccine effectiveness will be the presence
of heterogeneous parasite population in the field. Hence, it is
essential to investigate the genetic diversity of the T. annulata
parasites currently prevalent in India.

The life cycle of the Theileria parasites involved both asexual
and sexual reproduction, with later responsible for genetic
recombination but restricted to the tick (Mans et al., 2015).
As parasite diversity is mainly driven by recombination events,
it is having a crucial role in deciding the fate of the parasite
control measures. Previous reports have shown genetic diversity
among the T. annulata parasites using a panel of 10 micro and
minisatellite markers, tams1 gene PCR, and indirect fluorescence
assay (IFA) (Shiels et al., 1986; Dickson and Shiels, 1993; Katzer
et al., 1998; Gubbels et al., 2000a,b; Wang et al., 2014). The genetic
diversity of T. annulata parasites using microsatellite marker
have been reported previously from various countries like Oman
(Al-Hamidhi et al., 2015), Sudan, Tunisia, Turkey, (Weir et al.,
2007, 2011) Portugal (Gomes et al., 2016), and China (Yin et al.,
2018). However, the parasite diversity studies from India are
very scarce; the few available reports are based on IFA and PCR
using 18S rRNA and tams1 genes (Manuja et al., 2006; Wang
et al., 2014; George et al., 2015). With significant advancement
in the field of genomics and genotyping and with the availability
of the T. annulata whole genome sequence, the likelihoods of
genotype-based population genetic studies are open. The genetic
resolution of the parasite diversity can be improved by studying
more number of markers, like in closely related parasite Theileria
parva and Plasmodium falciparum (Campino et al., 2011; Henson
et al., 2012; Hayashida et al., 2013; Hemmink et al., 2016; Chen
et al., 2017). Genotyping based sequencing (GBS) is one such
next-generation sequencing based strategy which can identify
variants/SNPs for high diversity species with accuracy and cost-
effectiveness (Elshire et al., 2011; Gurgul et al., 2018).

It is significant to study the genetic diversity of the T. annulata
parasite for developing new vaccines, new therapies, and
designing more effective disease controlling strategies. In this
study, we have used the T. annulata live attenuated vaccine
line and parasite cell lines isolated from animals infected
by T. annulata for understanding the antigenic, allelic, and
genotypic diversity of the Indian parasite population. Our study
will not only help in understanding the genetic diversity in the
Indian T. annulata parasites but also provide a comparative
account with parasites from different countries and vaccine line
currently in use.

MATERIALS AND METHODS

In vitro Culture of Theileria Cell Lines
Theileria annulata infected lymphocyte cell lines were established
by culturing the peripheral blood mononuclear cells (PBMCs)

isolated from the whole blood of the infected cattle from
the states of Telangana and Andhra Pradesh in India. The
infected animals were cross breed (Jersey breed) and had
never been vaccinated against tropical theileriosis. The cell
lines were grown in the RPMI 1640 medium at 37◦C as
per standard protocol (George et al., 2015). The vaccine cell
line (V) was purchased from the Indian Immunologicals Ltd.,
Hyderabad. The DNA was extracted from the parasite lines
using standard phenol/chloroform method and was confirmed
by PCR using T. annulata surface protein (Tasp) primers as
mentioned in Table 1.

Micro and Mini Satellite Marker Analysis
The known micro (TS 5, 9, 12, and 16) and minisatellite (TS
6, 8, 15, 20, 25, and 31) markers were used for genotyping
T. annulata parasites (Weir et al., 2007). The 5′ end of the
forward primers of all ten loci were fluorescently labeled with
FAM dye. The PCR was done using locus-specific primers to
amplify all the markers as mentioned before (Weir et al., 2007,
2011). The purified PCR product was then run on the ABI
3730Xl genetic analyzer with ROX labeled GS500 standard size
marker for genotyping analyses. Further analyses was carried
out by GeneMarker V2.7. The allele count was analyzed for
each locus in the range of 100–500 bp. The peaks higher than
32% of the predominant peak was used for scoring allele to
avoid minor amplification or PCR artifacts and a predominant
allele at each locus is used to prepare the multilocus genotype
(MLG) for each sample (Table 2; Weir et al., 2007, 2011). The
MLG data was used to calculate the genetic distance matrix
and heterozygosity at each locus using GenAlEx 6.5 software
(Peakall and Smouse, 2012). The genetic distance matrix was used
for performing PCoA analysis using GenAlEx 6.5 software. AIS
(index of Association), VD (Variance of the pairwise differences),
LMC (Upper 95% confidence limits of Monte Carlo simulation),
and LPARA (parametric tests) were calculated using Lian 3.7
(Haubold and Hudson, 2000).

Genotyping Based Sequencing
The DNA isolated from the 6 parasite strains (C1, C2, V,
C4, C5, and C6) was checked for its quality and quantity
using Nanodrop and Qubit. Genomic DNA (300 ng) was
digested by double digestion using Pstl-HF and MluCl restriction
enzyme at 37◦C for 4 h. The resulting digested fragments were
directly ligated to a pair of restriction site-specific adapters
at 20◦C for 1 h using T4 DNA ligase. The adapter-ligated
fragments were subjected to PCR amplification (10 cycles)
to amplify the adapter-ligated fragments and to add sample
specific dual index barcodes (Nextera XT v2 Index Kit, Illumina,

TABLE 1 | Primers used in the study.

Primer name Sequence (5′–3′) Product size TM

Tasp For ATGAAATTCTTCTACCTTTTTG 1065 bp 60

Tasp Rev ACAACAATCTTCGTTAATGCGA

Tams For ATGTTGTCCAGGACCACCCTC 858 bp 55

Tams Rev TTAAAGGAAGTAAAGGACTGA
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TABLE 2 | Allele diversity among the different parasite strains for the 10 micro and Mini satellite markers.

Sample ID Chr 1 Chr 2 Chr 3 Chr 4

TS15 TS16 TS20 TS31 TS8 TS9 TS12 TS5 TS6 TS25

C1 3 4 3 4 3 2 4 3 6 1

C2 2 1 5 12 6 3 3 2 7 6

C3 5 4 4 15 12 3 9 4 20 2

C4 7 7 3 7 4 2 1 2 20 2

C5 7 2 6 6 4 7 11 5 6 5

C6 5 1 4 7 12 2 2 1 4 2

V 3 2 3 16 3 4 5 2 20 2

Tunisia 8 12 13 18 24 22 18 8 16 7

Turkey 7 7 10 10 8 9 10 6 10 7

Chr, Chromosome.

United States). The amplified Illumina-compatible sequencing
library was quantified by Qubit fluorometer (Thermo Fisher
Scientific, MA, United States) and its fragment size distribution
was analyzed on Agilent 2200 Tape Station. The library
was used to run the Illumina single-end sequencing (75X1,
NextSeq) for all the samples. The raw reads quality from
the Illumina run were checked using FastQC. T. annulata
genome specific reads were separated through alignment using
Bowtie2, and aligned reads from each of the samples were
used for variant identification. A merged FASTQ file was
generated for all the six samples using the good reads
for the organism. This merged FASTQ file was aligned to
the reference genome of T. annulata (GCF_000003225.3)
using Bowtie2. The alignment quality was checked using
Qualimap software. To filter out low-quality SNPs/variants,
the TASSEL-GBS pipeline was used for filtering minor allele
frequency (MAF) and inbreeding coefficient. The consensus
sequence generated from the run for each cell line was used
for performing a multiple sequence alignment using ClustalW
algorithm. The Ankara genome sequence was also included
in the analysis as a control. Gblocks program was used
to identify the conserved stretches in the genomes. Finally,
MEGA7 program was used to calculate the phylogenetic distance
between the parasite strains and for drawing a phylogenetic
tree using the consensus sequence (Wang et al., 2014). The
evolutionary history and phylogenetic tree were generated using
the neighbor-joining method.

Tams1 Based Antigenic Diversity
Analysis
The DNA isolated from the seven parasite strains was used
for amplifying the tams1 gene using for and rev primers
(Table 1). The purified PCR products of 858 bp were then
cloned into the pBSK vector using the TA cloning method
followed by Sanger’s sequencing to confirm the tams1 gene.
The sequencing results were further confirmed by checking the
specificity of the sequence using blast analysis. The previously
published tams1 gene sequences from the three continents Asia,
Africa and Europe were used for calculating the phylogenetic
relationship between the strains using MEGA7 software

(Wang et al., 2014). Accession number of the sequences that
were used U222888.1 (Ankara), Z48739.1 (Ankara), GU130193.1
(Iraq: Kurdistan), AF214819.1 (Mauritania), JX683683.1
(Gansu: China), AF214911.1 (Turkey: Ankara), AF214872.1
(Tunisia: Northern), AY672541.1 (Iran), EU563912.1 (China:
Xinjiang), AF214828.1 (Portugal), AF214860.1 (Italy: Northern
Sicily), AF214812.1 (Spain: Cáceres), EF618726.1 (India:
Chennai), EF618728.1 (India: Chennai), JX648210.1 (South
India: Tamil Nadu), AF214840.1 (India: Hissar), AF214891.1
(Tunisia: Northern), AF214861.1 (Italy: Northern Sicily),
AF214908.1 (Turkey: Ankara), AF214806.1 (Spain: Cáceres),
AF214797.1 (Bahrain), GU130190.1 (Iraq:Kurdistan region),
AB690863.1 (Srilanka: Polonnaruwa), GU130192.1 (Iraq:
Kurdistan region), EF092918.1 (Iran: Qazvin Boein Zahra).
These sequences were collected from the NCBI site and imported
in MEGA7 software and aligned using the ClustalW method.
The evolutionary history and phylogenetic tree were generated
using the neighbor-joining method.

Ethics Statement
Collection of less than 5 ml of blood, in accordance with national
legislation, is exempt from ethical approval requirements.

FIGURE 1 | Comparison of Multiplicity of Infection (MOI) in Six countries. The
graph represents the range of MOI in six countries.
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TABLE 3 | Comparison of heterozygosity and linkage equilibrium analysis.

Country He IAS VD LMC LPARA Linkage

India 0.82041 0.0191 0.4571 0.6571 0.5732 LE

Oman 0.8307 0.019 1.4595 1.29 1.29 LD

China 0.5 0.1224 2.6253 1.5727 1.5635 LD

Turkey 0.8817 0.0207 1.0671 0.9495 0.944 LD

Tunisia 0.8841 0.0117 0.9534 0.9128 0.9088 LD

Portugal 0.625 0.0272 2.0247 1.8679 1.8521 LD

He, Estimated heterozygosity; IAS, Standard index of association; VD, Mismatch variance (linkage analysis); LMC, Upper 95% confidence limits of Monte Carlo simulation;
LPARA, Parametric tests; LD, Linkage disequilibrium; LE, Linkage equilibrium.

FIGURE 2 | Principal Component Analysis (PCoA) of T. annulata parasite population from India, Oman, Ankara, Sudan, and Tunisia. PCoA analysis based on the
MLG profiles of the T. annulata parasites was done to understand the geographical distribution of the parasites in different countries. The two coordinates along with
the proportional of variance (%) used for doing the analysis are shown in X and Y axis.

Further, professional veterinarians collected blood samples after
obtaining oral consent from farm owner.

RESULTS

High Allelic Diversity Observed in the
Indian Parasite Populations
Microsatellite analysis was done for the seven parasite cell lines
(C1, C2, C3, C4, C5, C6, V) using the 10 markers. All the markers
showed high polymorphisms in the Indian parasites although in
few cell lines a single allele was observed for TS16, TS12, TS5,
and TS25. The diversity of alleles ranged from one to twenty
among the Indian parasite cell lines. In C3, C4, and V, highest
polymorphism (n = 20) was observed for TS6 marker. Whereas
low polymorphism (n = 1) was observed against markers TS16,
TS12, TS5, and TS25 in C2, C6, C4, and C1 cell lines (Table 2).

The MOI for the Indian parasitic cell lines ranged from 3.3 to
7.8, with an average MOI of 5.31 (Figure 1). The MOI range of

the Indian population was higher when compared to the parasite
from Sudan, Oman, China, Portugal, and Turkey which ranged
from 1.0 to 5.78.

High Population Diversity, Linkage
Equilibrium and No Geographical Sub
Structuring Seen in the Indian Population
The allelic profiles were used to create MLG data set for each
marker using the predominant allele for the Indian population.
The MLG data was further used for calculating heterozygosity,
linkage disequilibrium and the genetic distance between the
parasite strains. The estimated heterozygosity (He) for the Indian
population was found to be 0.82041 which was determined
by using the predominant allele dataset for each marker and
averaged across all ten loci (Table 3). For understanding the
Indian population differentiation, linkage analysis was performed
by calculating values of IS

A = 0.0191 and VD = 0.4571 which
was found to be less than LMC = 0.6571 and LPARA = 0.5732
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FIGURE 3 | Distribution of reads, SNP call rates and Phylogenetic relationship determined from the GBS analysis. (A) The figure shows the read count in millions
generated using the GBS experiments done for the six different T. annulata cell lines. (B) The figure shows the SNP call rate between the six cells lines used for the
GBS when compared to the Ankara reference strain. (C) The figure shows SNP distribution within the four chromosomes and mitochondria for the six cell lines used
for the GBS study. (D) The evolutionary distances were computed using the maximum composite likelihood method and are in the units of the number of base
substitutions per site. The analysis involved seven nucleotide sequences. Bootstrap values are shown next to the nodes. Evolutionary analysis was performed
with MEGA7.

indicating linkage equilibrium (LE). The PCoA analysis showed
no specific geographical distribution between the Indian parasites
when compared to the parasites from other countries like Oman,
Sudan, Tunisia, and Turkey. The analysis showed C1 and C2
parasites cluster with Sudan while C5 and C6 with Tunisia and
Oman suggesting allelic similarities. The C3 and V clustered
together in a separate cluster while C4 and parasite from Turkey
didn’t cluster with anyone. The variation among the samples was
found to be 53.11 and 29.27% for the first and second coordinates
of the graph, respectively (Figure 2).

GBS Identified Genetic Polymorphisms
Among the Different Theileria Parasites
The Illumina reads generated after sequencing were aligned
with the T. annulata Ankara strain for identifying T. annulata
specific sequences and SNPs in the Indian parasite cell lines. The
alignment helped in constructing a consensus DNA sequence
for the six parasites. The GBS sequencing results showed
that all the six parasites were well represented and had
an average read count of 0.18 million/sample (Figure 3A).
The distribution of SNP call rate for the samples ranged

from 7.87 to 23.61% and was represented for the individual
samples (Figure 3B). The SNPs were well distributed among
the four T. annulata chromosomes (Chr) with Chr 1 having
the highest number 3210 SNPs followed by Chr 2, 3, 4,
and mitochondrial DNA in all the samples (Figure 3C). The
phylogenetic relationship between the Indian parasites (n = 6)
were calculated based on the SNPs detected in the GBS
sequences including the Ankara parasite sequence. The analysis
identified C1 and C6 close to the Ankara sequence based on
the genetic polymorphisms in the respective sequences. C4 and
C5 were clustered together while C2 showed similarity with
V (Figure 3D).

Antigenic Diversity Was Observed for the
tams1 Gene Among the Parasites
The phylogenetic analysis was performed based on the
neighbor-joining method using the tams1 gene sequences
of seven Indian parasites (GenBank accession IDs
MK034698-MK034704) and 25 previously reported parasites.
The clusters were divided into two groups on the basis of
previously published data (Wang et al., 2014). C1, C2, and
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FIGURE 4 | Phylogenetic tree based on the tams1 gene sequences from different countries. The evolutionary history was inferred using the neighbor-joining method.
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches. The
evolutionary distances were computed using the maximum composite likelihood method and are in the units of the number of base substitutions per site. The
analysis involved 32 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were a total of 363 positions in the final dataset.
Evolutionary analysis was concluded in MEGA7.

C6 were clustered in group 1 while C4, C5, and V were in
group 2 (Figure 4). The Indian isolates were distributed in both
groups along with other countries like Spain, Italy, Tunisia, Iran,
Bahrain, Turkey, and Iraq.

DISCUSSION

Despite the availability of a vaccine against T. annulata,
theileriosis is frequently reported in India (George et al., 2015).
The genetic diversity among the parasite strains can be one
of the reasons for the failure to constraint the disease. This
is the first report from India, where the genetic and allelic
structure of the Indian parasites cell lines was investigated
which revealed antigenic and allelic diversity among the
parasite population. The parasite diversity data will be helpful
in revamping or designing new vaccines for controlling the
disease. Theileria infected bovine lymphocyte cell lines were

utilized for understanding the parasite diversity in India using
microsatellite markers, tams1 gene-based antigenic diversity and
GBS analysis. The vaccine strain from India and the already
published data for other worldwide T. annulata strains were
used for understanding and comparing the diversity among the
parasite cell lines.

The microsatellite data analysis showed high population
diversity among Indian parasites, which is in line with previous
findings from Oman, Tunisia, and Turkey though less diversity
was reported from Portugal and China (Weir et al., 2007, 2011;
Al-Hamidhi et al., 2015; Gomes et al., 2016; Yin et al., 2018).
The presence of multiple genotypes in each sample represented
by high MOI values has been previously shown to be linked to
high transmission intensity in related parasites like P. falciparum
(Pinkevych et al., 2015). The MOI values were found to be higher
when compared with values reported from other countries (Weir
et al., 2007, 2011; Al-Hamidhi et al., 2015; Gomes et al., 2016;
Yin et al., 2018). The allelic analysis showed the presence of
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unique alleles when compared with previously reported alleles.
The Indian parasite population was found to be in LE in contrast
to LD that is reported for the majority of countries. In China,
LE was observed region wise, however, LD was reported when
the same analysis was done by taking samples from different
regions as a population (Yin et al., 2018). The small sample size
can be one of the reasons for the detection of LE in the Indian
population and further studies with more samples are needed to
verify the same. Despite the high genetic diversity, the population
structure was found to be panmictic as represented using the
PCoA analysis. The PCoA analysis clustered Indian parasites
with Oman, Sudan, and Tunisia while least similarity was found
with Turkey isolate. The Indian parasite population didn’t show
any geographical sub-structuring based on the PCoA analysis
when analyzed with other country strains like Oman, Tunisia,
Sudan, and Turkey.

The tams1 gene has been shown to be a promising candidate
for carrying antigenic diversity studies in T. annulata parasites
(Gubbels et al., 2000b; Wang et al., 2014). There are contradictory
reports with respect to tams1 gene sequence with some suggesting
no geographic specificity and other showing region specificity
based on the gene polymorphism (Gubbels et al., 2000b; Wang
et al., 2014). Our results showed Indian parasite strains to be
clustered in both group 1 and 2 which is different from the
previous report which showed them to be present in only group
1 (Wang et al., 2014).

The GBS analysis also confirmed the genetic diversity among
the Indian parasites. The analysis showed few strains from
India to be similar to Ankara strain from Turkey based on the
diversity in the parasite genome. The phylogenetic tree showed
a panmictic parasite population in India based on the genetic
diversity. The major limitation associated with next-generation
sequencing methods like GBS is the purity of the DNA sample,
which in case of T. annulata parasites is tricky as it is difficult
to separate the pure parasite from the host lymphocyte cell. The
presence of host DNA in the sample has led to low SNP call

rate for the parasite in our GBS study. In future, we plan to use
more powerful techniques like WGS with high coverage to better
understand the genetic diversity and the genome of the Indian
parasite strains.

The current study not only highlights the genetic and allelic
diversity present among the IndianT. annulata but also compares
it with the isolates reported from other countries. It also sheds
light on the genetic and allelic diversity among the Indian
parasite and the vaccine by the use of microsatellite marker,
tams1 sequencing and GBS. These findings indicate that a
heterogeneous parasitic population is prevailing in India causing
theileriosis and may render the vaccine ineffective due to high
diversity. It is essential to perform genetic diversity studies
including the parasite population from different parts of India to
map the diversity among the overall natural parasite population.
It will help in identifying new vaccine targets and policy to
control the disease.
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Tick feeding requires the secretion of a huge number of pharmacologically dynamic
proteins and other molecules which are vital for the formation of the cement cone, the
establishment of the blood pool and to counter against the host immune response.
Glycine-rich proteins (GRP) are found in many organisms and can function in a variety
of cellular processes and structures. The functional characterization of the GRPs in the
tick salivary glands has not been elucidated. GRPs have been found to play a role in the
formation of the cement cone; however, new evidence suggests repurposing of GRPs
in the tick physiology. In this study, an RNA interference approach was utilized to silence
two glycine-rich protein genes expressed in early phase of tick feeding to determine their
functional role in tick hematophagy, cement cone structure, and microbial homeostasis
within the tick host. Additionally, the transcriptional regulation of GRPs was determined
after exposure to biotic and abiotic stresses including cold and hot temperature, injury,
and oxidative stress. This caused a significant up-regulation of AamerSigP-34358, Aam-
40766, AamerSigP-39259, and Aam-36909. Our results suggest ticks repurpose these
proteins and further functional characterization of GRPs may help to design novel
molecular strategies to disrupt the homeostasis and the pathogen transmission.

Keywords: ticks, cement proteins, glycine-rich proteins, salivary glands, Amblyomma americanum

INTRODUCTION

The Lone-Star tick Amblyomma americanum is of significant health concern in the United States,
given its expanding geographic range and vector-competence for diseases such as by Ehrlichia
chaffeensis, Borrelia lonestari, Ehrlichia ewingii, Francisella tularensis, Theileria cervi and heartland
virus (Childs and Paddock, 2003; Goddard and Varela-Stokes, 2009). A. americanum has recently
been associated with delayed anaphylaxis to red meat and is the first recorded example of
an ectoparasite causing food allergy in the United States (Commins et al., 2011; Crispell
et al., 2019). The bites from A. americanum are causing this unusual allergic reaction to meat
(Platts-Mills and Commins, 2013).
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Ticks are the most successful group of organisms and
have developed the hematophagous trait to feed on vertebrate
blood. During the attachment phase, the tick must establish
a firm attachment by secreting multiple pharmacologically
active proteins and other compounds in its saliva. Some of
these compounds solidify once inside the host skin to form a
proteinaceous matrix called the cement cone (Bishop et al., 2002;
Bullard R. et al., 2016). This cement cone protects the hypostome
(mouth part) while also anchoring the tick into the host dermis.
Ticks of both long (Longirostrata) and short (Brevirostrata)
mouthpart species secrete this proteinaceous matrix. Analysis of
multiple adhesives from various species of glue-producing insects
showed a prevalence of glycine in many of the proteins identified.
Of all the adhesives tested, each species contained at least one
protein which was classified as glycine rich, with 11–36% glycine
content (27/33 proteins). Other amino acids also overrepresented
include serine (12–33% in 17 proteins) and alanine (12–17% in 2
proteins) (Zhang et al., 2013).

Saliva molecules interact with the host immune system to
assist the tick in establishing a liquid blood pool. Previous data
have confirmed the proteins secreted through the saliva are not
constituently expressed throughout the entirety of the blood
meal, but are rather differentially expressed (Karim et al., 2011;
Karim and Ribeiro, 2015). These proteins are responsible for
mediating the host response by preventing clot formation, wound
healing, immune system activation, and inflammatory cascades
(Childs and Paddock, 2003). In addition to the modulation of the
host immune system, some of the secreted proteins accumulate
around the tick mouthparts and harden to form a cement
cone which has previously been described in detail from our
lab (Bullard R. et al., 2016). Proteomic analysis of these cones
have identified multiple protein families such as GRPs, protease
inhibitors, mucins and various uncharacterized cement cone
proteins among these GRPs are predominant (Bullard R. et al.,
2016; Bullard R.L. et al., 2016). One class of proteins found in
the cement cone, GRP, has documented roles of physiological
functions and structural characteristics in a variety of organisms
(Zottich et al., 2013; Xu et al., 2014; Bullard R. et al., 2016).

GRPs are known to be a major structural component of spider
silk (Winkler and Kaplan, 2000; Xia et al., 2010; Tokareva et al.,
2013), insect cuticles (Zhang et al., 2008), and plant cell walls
(Mousavi and Hotta, 2005). GRPs have also been implicated in
anti-microbial activity (Wang et al., 2008), anti-freeze functions
(Graham and Davies, 2005; Mok et al., 2010), RNA-binding
(Kim et al., 2007), and anti-platelet aggregation (Schemmer
et al., 2013). Starvation responsive, injury induced response, and
defense against microbes and predators have been lined with the
GRPs expression in insect hemolymph (Baba et al., 1987; Taniai
et al., 2014; Yi et al., 2014; Pentzold et al., 2016).

It is currently unknown if the GRPs which are upregulated
during the stress response play a role in mediating the stress
directly or indirectly by interfering with the gene expression.
Our work on the transcriptome analysis of A. americanum
salivary glands identified various differentially and constitutively
expressed GRPs, among which 14 glycine-rich proteins contained
signal peptides, and 24 lacked signal peptides (Karim and Ribeiro,
2015). In this study, a sample of tick GRPs are analyzed to identify

the types of glycine repeats found within the sequence. The
transcripts of two GRPs up-regulated during early tick feeding
are depleted using RNA interference to examine their functional
role in tick hematophagy. The transcriptional expression of these
GRPs was also determined in ticks with abiotic and biotic stresses.
After evaluation of the feeding phenotypes of the knockdown
ticks, further analysis of GRP expression is performed to identify
functions in microbial maintenance and the tick’s response to
stressful stimuli.

MATERIALS AND METHODS

Ethics Statement
All animal experiments were carried out in strict accordance
with recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes of
Health, United States. The protocol of tick feeding on sheep
(#15101501.1) was approved by the Institutional Animal Care
and Use Committee of University of Southern Mississippi.

Materials
All common laboratory supplies, and chemicals were purchased
from Sigma-Aldrich (St. Louis, MO, United States), Fisher
Scientific (Grand Island, NY, United States), or Bio-Rad
(Hercules, CA, United States) unless otherwise specified.

Bioinformatics Analysis
Coding sequences of GRPs were obtained from A. americanum
transcriptome study (Karim and Ribeiro, 2015) and various
biological databases. Sequences were aligned using muscle
alignment tool1 and graphically presented via Snapegene viewer.

Ticks and Tissue Dissection
Ticks were purchased from the Oklahoma State University Tick
Rearing Facility. Adult unfed male and female A. americanum
were kept according to standard practices (Patrick and Hair,
1975) at room temperature (25◦C) with approximately 90%
relative humidity for a photoperiod of 14 h light/10 h dark.
Ticks were infested on a sheep and partially blood-fed females
were pulled after 5 days of post-infestation to obtain tissues.
The blood-fed female A. americanum were dissected within 4 h
of removal and collection from the sheep. Tick salivary glands
were dissected as described previously (Karim and Ribeiro,
2015). Salivary gland tissues were pooled and stored in RNAlater
(Life Technologies, Carlsbad, CA, United States) at −80◦C
until further use.

Transcriptional Gene Expression
Analysis
RNA Isolation and cDNA Synthesis
The methods to extract total RNA and cDNA synthesis were
conducted as described previously (Bullard R.L. et al., 2016).
RNA was extracted from the pooled-dissected tick salivary glands

1http://www.ebi.ac.uk
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and cDNA was synthesized from these samples to determine the
transcriptional expression of GRPs. Briefly, frozen tick tissues
were placed on ice to thaw and RNAlater was carefully removed
with precision pipetting. RNA was isolated from the time point
pooled salivary glands using illustra RNAspin Mini kit (GE
Healthcare Life sciences) protocols. RNA concentration was
measured using a NanoDrop spectrophotometer and stored at
−80◦C or used immediately. To synthesize cDNA, 2 µg of RNA
were reverse transcribed using the iScript cDNA synthesis kit
(Bio-Rad). The reverse transcription reaction was then set-up in
a Bio-Rad thermocycler under the following conditions: 5 min
at 25◦C, 30 min at 42◦C, 5 min at 85◦C, and hold at 10◦C.
The resultant cDNA was diluted to a working concentration of
25 ng/µL with nuclease-free water and stored at−20◦C until used
(Bullard R.L. et al., 2016).

Reverse Transcription Quantitative PCR (RT-qPCR)
Assay
A list of all genes tested in this study is provided in
Supplementary Table S1. The transcript level of GRPs was
quantified by a RT-qPCR assay as described earlier (Bullard R.L.
et al., 2016). Briefly, 50 ng of cDNA was used in a total of 20 µL
reaction using SYBR Green supermix with 300 nM of each gene
specific primer. The samples were subjected to the following
thermocycling conditions: 95◦C for 30 s; 35 cycles of 95◦C for
5 s and 60◦C for 30 s with a fluorescence reading after each cycle;
followed by a melt curve from 65 to 95◦C in 0.5◦C increments.
Each reaction was performed in triplicate along with no template
controls. Gene expression was normalized using ubiquitin as the
reference gene and compared against treatment control.

DsRNA Synthesis and Tick Injections
The gene of interest was amplified using gene specific primers
and purified using the QIAquick PCR Purification Kit (QIAGEN,
Germany). Gene specific T7 promoter sequences were added
to the 5′ and 3′ end of the purified product using PCR and
were purified. The purified T7 PCR products was confirmed by
sequencing and transcribed into dsRNA using the T7 Quick High
Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA,
United States). The dsRNA produced was purified via ethanol
precipitation and the concentration was measured using a
NanoDrop spectrophotometer and was analyzed on a 2% Agarose
gel. Individual unfed female ticks were injected with irrelevant
(GFP dsRNA) and target gene dsRNAs (AamersigP-41539, and
Aam-40766) using a 31-gauge needle to a final concentration
of 500 ng as described previously (Bullard R.L. et al., 2016).
Ticks were kept overnight at 37◦C to determine trauma/death
related to microinjections. Next day ticks are infested on sheep.
The ticks were infested on a sheep the next day. Attachment
was monitored daily and photographed. Ticks attached within
24 h of infestation were considered attached and monitored until
repletion. Partially blood-fed ticks (5 days post-infestation) were
pulled and dissected for gene expression analysis.

Quantification of Total Bacterial Load
The total bacterial load in tick tissues was determined using
the method described previously (Narasimhan et al., 2014;

Budachetri and Karim, 2015). Briefly, a 25 µl volume reaction
mixture contained 25 ng of tissue cDNA, 200 (µM 16S RNA
gene primer and iTaq Universal SYBR Green Supermix (Bio-Rad)
followed by qPCR assay using following conditions: 94◦C for
5 min followed by 35 cycles at 94◦C for 30 s, 60◦C for 30 s, and
72◦C for 30 s. A standard curve was used to determine the copy
number of each gene. The bacterial copy number was normalized
against A. americanum ubiquitin copy number in control tissues
and gene silenced tick. All samples were run in triplicate.

Stress Exposure
Cold Stress
Supplementary Figure S1 illustrates the approaches utilized to
determine the stress induced expression of glycine-rich proteins
at organismal and tissue level. A total of 15 unfed female ticks
were incubated at 4◦C in an incubator with 90% relative humidity
and a photoperiod of 14 h light/10 h dark cycle for a month
to mimic winter like conditions. GRP gene expression was
determined in the whole tick and dissected tissues. A total of 3
individual ticks were crushed to extract total RNA, while five pairs
of salivary glands were pooled for the expression studies.

Heat Stress
A total of 15 unfed female adult ticks were kept at 40◦C in
an incubator with 42% relative humidity and a photoperiod of
14 h light/10 h dark cycle for 1 week. The expression of selected
GRP genes was measured at both tissue and organismal levels as
described above.

Injury Stress
Fifteen female ticks were injured by piercing the cuticle or pulling
a hind leg from the tick. The ticks were placed in a 25◦C incubator
with 90% relative humidity maintaining photoperiod of 14 h
light/10 h dark cycle to recover from the injury for 1 week. GRP
expression was measured in both pooled salivary gland tissues
(from five ticks) and in individually crushed whole ticks.

Oxidative Stress
Fifteen female ticks were injected with 10 mM Paraquat to induce
a high oxidative stress environment in the tick tissues and allowed
to recover over a 48-h period in 25 (◦C incubator with 90%
relative humidity maintaining photoperiod of 14 h light/10 h dark
cycle. GRP expression was measured in both dissected salivary
glands (pooled salivary glands from five ticks) and in crushed
whole ticks (three individual ticks). In order to control for any
transcriptional changes due to the injection, data from the injury
stress exposed ticks were used for normalization.

Atomic Force Microscopy, Quantitative
Nanoscale Mechanical Characterization
(AFM-QNM) of the Tick Cement Cone
The cones from the in vivo fed ticks and from the artificially
membrane fed ticks were sectioned along their lengths via cryo-
microtoming. The thickness of each section was 20 (µm.
The sections were then analyzed via AFM-QNM. AFM-QNM
was performed with a Dimension Icon (Bruker) instrument
in tapping mode. Silicon nitride probes (RTESP from Bruker)
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with a typical resonance frequency of 324–358 kHz, spring
constant of 20–80 N/m, length of 115–135 µm, and tip
radius of 8 nm were utilized for the imaging. A relative
calibration method using a standard polystyrene film of
2.7 GPa (from Bruker) was utilized. The AFM images were
captured at a scan rate of 1 Hz and 256 × 256 pixels of
data points were collected. Images were taken at different
locations (at least three) across the surface. NanoScope 5.30r2
software was used to capture the images. The height images
were analyzed via NanoScope Analysis 1.5 (Bruker) image
processing software.

Data Analysis
All data are expressed as mean (SEM unless otherwise stated.
Statistical significance between the two experimental groups
or their respective controls was determined by the t-test
using Graph Pad prism 7 (La Jolla, CA, United States).
P-values of <0.05 were considered significant. Transcriptional
expression levels were determined using Bio-Rad software (Bio-
Rad CFX MANAGER v.3.1), and the expression values were
considered significant if the P-value was 0.05 when compared
with the control.

RESULTS

Bioinformatic Analysis of GRP
Sequences
GRPs are characterized purely by the overabundance of
glycine in the protein’s sequence. This complicates typical
bioinformatic analyses which would predict structure and
function by comparing the unknown protein’s sequence to
other well described proteins. GRP sequences provide little
information since they are not classified based on structural
and functional aspects. Sequence identity is insignificant as
the sheer number of glycine residues account for most of
the homologous residues. To determine if the GRPs selected
from the A. americanum sialotranscriptome (Karim and
Ribeiro, 2015) could be grouped, the tripeptide and penta-
peptide repeats commonly found in GRPs were used as
a way to group the proteins (Table 1). When compared
in this way, a possible pattern begins to emerge. GRPs
with fewer amino acids typically have the GGX repeat
whereas proteins with more than 200 amino acids have
a near equal mixture of GGX and GXG repeats. While
GXXXG repeats are found in these proteins, they are
not more abundant than the tripeptide repeats listed.
Interestingly, a scanning for motif identification of all nine
GRPs in Prosite, only showed the presence of a motif in
AamerSigP-34358 (PISGGSGGVRLPGQSGSKPG: T RNA
ligase signature motif) (Table 1). Multiple sequence alignment
of all selected nine GRP amino acid sequences only showed
GGX and GXG repeats (Supplementary Figure S2). This
pattern does not hold true when looking at GRPs from
other organisms or even other ticks of the same species,
so this information may not be a usable criterion for
identifying GRP classes.

Expression of GRPs After the Depletion
of a GRP Transcript and Cement Cone
Analysis
The injection of dsRNA-AamerSigP-41539 (GXG/GGX)
effectively depleted AamerSigP-41539 transcripts by >95% (data
not shown). Each of the remaining GRPs were also analyzed to
determine any off-target or compensatory effects (Figure 1A).
Although the GRP transcript was significantly reduced, there was
no measurable change in the ability of the tick to attach to the
host, maintain a firm attachment, or ability to feed successfully
(Figure 1B). Two GRPs, AamerSigP-39259 (GGX/GXG) and
Aam-36909 (GGX/GXG), are over expressed when AamerSigP-
41539 is depleted (Figure 1A). Interestingly, the depletion of
AamerSigP-41539 also results in the depletion of Aam-41540
(GGX) and Aam-3099 but there is no significant change in
AamerSig-34358 or Aam-40766 (Figure 1A).

Similar methods were used to elucidate the impact of gene
silencing of an additional GRP, Aam-40766 (GGX/GXG). The
depletion of Aam-40766 transcripts were verified using qRT-
PCR and impact of gene silencing was monitored as feeding
progressed. As seen with AamerSigP-41539, the depletion of
Aam-40766 yielded no significant changes in attachment or
engorgement weight (Figure 2B). The expression of the other
GRPs was measured to identify compensatory mechanisms
(Figure 2A). The depletion of Aam-40766 resulted in the
reduction of five other GRPs (Aam-41235, AamerSigP-41913,
AamerSigP-41539, Aam-41540, and Aam-3099). The other GRPs
tested showed no change in expression levels.

Only a few cones from Aa-41539 depleted ticks and irrelevant
double stranded RNA injected ticks were collected with cement
cones attached at the tick mouthparts. However, it is important
to note that of all the ticks fed, less than 10 cones were
collected which made it difficult to determine whether the
lack of cement cones from knocked-down ticks is due to a
change in phenotype or just a complication of cement cone
retrieval. AFM-QNM analysis of cone (Figure 3) recovered
from control (irrelevant double stranded RNA injected) ticks
showed that the modulus of the cone varies in different regions
of cone. More specifically, the modulus of the cone decreases
(2.9; 4.6; 7.1 GPa) as the cement penetrates deep into the
host skin. Similarly, AFM-QNM analysis of the cement cone
obtained from an AamSigP-41539 (Figure 4) depleted tick
showed smaller than average modulus (2.5 and 6.2 GPa) in
comparison to related section of cones (2.9 and 7.1 GPa)
from control ticks.

Impact of GRP Silencing on Total
Microbial Load
GRPs have been implicated in a variety of functional roles
throughout the animal and plant world. Given that no
measurable difference was observed in attachment or feeding
in the GRP depleted ticks, it is possible that GRPs AamerSigP-
41539 and Aam-40766 may play a role in pharmacological
characteristics of tick saliva. To determine if tick GRPs may
play a role in maintaining bacterial communities, the total
bacterial load was calculated by measuring 16S rRNA in the
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TABLE 1 | Protein characteristics and tripeptide repeats of nine AaGRPS.

Gene ID Number of
amino
acids

Molecularweight
(kDa)

Noteworthyamino
acidprevalence

Noteworthy
amino acid

repeats/motif

GRPs class
based on amino

acid repeats

Aam-41235 (GBZX01001012.1) 107 10.0 22.4%Gly 22.4%
Ser 15.0% Ala

GGX Class I

AamerSigP-34358 (GBZX01000232.1) 205 18.7 30.7% Gly 17.1%
Ser 13.2% Pro

GGX/GXG/
PISGGSGGVRLP

GQSGSKPG

Class I /III

Aam-40766 (GBZX01000067.1) 310 29.4 27.7% Gly 19% Ser
11% Ala

GGX/GXG Class I/III

AamerSigP-39259 54 51.7 22.2% Gly 16.7%
Ser 13.0% Ala

GGX/GXG Class I/III

AamerSigP-41913 (GBZX01000836.1) 116 11.8 19.8% Gly GGX Class I

AamerSigP-41539 (GBZX01000853.1) 116 11.6 24.1% Gly 13.8%
Ala 10.3% Ser

GXG/GGX Class I/III

Aam-41540 (GBZX01001942.1) 222 22.6 20.3% Gly 13.1%
Ala

GGX Class I

Aam-36909 (GBZX01000052.1) 325 UD 29.2% Gly 20.6%
Ser

GGX/GXG Class I/III

Aam-3099 (GBZX01000254.1) 202 20.0 23.3% Gly 15.3%
Ala

N/A N/A

GRP classes are categorized based on presence of amino acid sequence repeats.

FIGURE 1 | RNA interference-based silencing of AamerSigP-41539 (glycine-rich protein gene) in the lone-star tick (Amblyomma americanum). (A) Compensatory
transcriptional expression of selected grp genes was determined in AamerSigP-41539 silenced partially blood-fed tick salivary glands. (B) Mass of replete or forcibly
removed 12 days fed female ticks. Ubiquitin was used as a housekeeping gene to normalize the transcriptional expression.

tissue. In the irrelevant dsRNA injected ticks, after 5 days
of feeding, there were approximately 20 16S rRNA molecules
for every 10,000 tick Ubiquitin (Figure 5A). However, in
the case of AamerSigP-41539 deficient ticks, this increases
to 400 16S rRNA molecules for every 10,000 ubiquitin.
This 20-fold increase signifies that AamerSigP-41539 is at
least partially responsible for the maintaining of microbial
homeostasis within the tick salivary glands (Figure 5A).
The exact mechanism of this role is yet to be determined.
Additional studies on this protein, it’s mechanism and how
it affects microbial growth requires further investigation. In
contrast to the significant bacterial growth in AamerSigP-
41539 depleted ticks, when Aam-40766 is knocked down, the

change in 16S rRNA is only 2-fold (Figure 3B). It should
be noted that the AamerSigP-41539 ticks were partially fed
for 5 days while the Aam-40766 ticks were partially fed
for 8 days. This could have an effect on the magnitude
difference between the two studies. It was noticed during
data analysis of all datasets (including those not shown
here) that GRPs were upregulated even in non-relevant
dsRNA injections such as GFP. During RNAi, the ticks are
subjected to injections and high humidity heat conditions
to recover from injury trauma. Previous research in plants
has shown the increased presence of GRPs during wound
healing. A tick GRP responsible for wound healing would
explain these results. A look into the expression of GRPs
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FIGURE 2 | RNA-interference based gene silencing of Aam-40766 (glycine-rich protein gene) in the lone-star tick (A. americanum). (A) Transcriptional expression of
Aam-40766 and other glycine-rich proteins in the gene silenced partially blood-fed tick tissues. (B) Mass of replete or forcibly removed 12 days fed female ticks.
Ubiquitin was used as a housekeeping gene to normalize the transcriptional expression.

FIGURE 3 | AFM-QNM images of the cement cone obtained from a naturally fed tick. (A,a), (B,b), (C,c) are the height and modulus images of the section 1, 2, and
3 of the cement cones, respectively. An average modulus of 2.9, 4.6, 7.1 GPa was obtained for the section 1, 2, and 3, respectively.

during stress conditions and other known GRP functions
were then performed.

Effect of Abiotic Stress on GRP
Transcript Levels
To further identify potential GRP functions within the
salivary glands, ticks were exposed to low temperatures,

high temperatures, injury, and oxidative stress to identify stress
related GRPs (Figure 6). The GRP expression profile of tick
tissues after cold exposure shows the differential expression of
many GRPs. The cold temperature presumably decreases the
metabolic rate of the tick which down regulates many proteins
(Figure 6A). The decreased expression of Aam-41235 (4-fold),
Aam-36909 (2-fold), Aam-3099 (9-fold), and the complete
depletion of Aam-41540 transcripts are conceivably due to this
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FIGURE 4 | AFM-QNM images of the cement cone obtained from an Aam-41539 silenced tick. (A,a), and (B,b) are the height and modulus images of the section 1,
and 2 of the cement cones, respectively. An average modulus of 2.5, and 6.2 GPa was obtained for the section 1, and 2, respectively.

FIGURE 5 | Total bacterial load in GRP silenced tick tissues. The ticks from both irrelevant dsRNA (GFP) and target genes were blood feed and partially fed ticks
were removed from the host past 5 days infestation. Within 2 h of tick removal from the hosts, the ticks were dissected to isolate salivary glands and stored in
RNAlater before RNA extraction and cDNA synthesis. Total bacterial loads were estimated by qPCR and reference to ubiquitin in the tick salivary glands.
(A) Changes in 16S rRNA abundance after depletion of AamerSigP-41539. (B) Changes in 16S rRNA abundance after depletion of Aam-40766.

decrease in metabolic rate or the GRP is not expressed in the
unfed time stages. The low temperature, however, does cause
an increase in AamerSigP-34358 (29-fold), Aam-40766 (2-fold),
and AamerSigP-39259 (7-fold). An increase in the temperature

also affects the GRP expression profile in the whole tick samples.
When the ticks are exposed to high temperatures (Figure 6B),
there is a decrease in Aam-41235 (20-fold), AamerSigP-41539
(2-fold), and Aam-3099 (31-fold). But there is an increase
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FIGURE 6 | Transcriptional expression of tick GRP genes in unfed ticks after stress exposure. Quantitative reverse transcriptase PCR (qRt-PCR) was used to
determine the transcriptional expression levels of tick GRPs. (A) cold temperature, (B) hot/humid temperature, (C) injury, and (D) oxidative stress. The expression
levels in tick control samples were set to 1, as represented by dashed lines. Ubiquitin was used as a housekeeping gene to normalize the transcriptional expression.

in many of the other GRPs including AamerSigP-34358 (43-
fold), Aam-40766 (11-fold), AamerSigP-39259 (23-fold), and
Aam-36909 (5-fold). The GRP expression of injured ticks
was also measured. These tick samples had a decrease in
GRPs such as Aam-41235 (10-fold), Aam-36909 (11-fold),
and Aam-3099 (13-fold). The expression of AamerSigP-34358
and AamerSigP-39259 were again upregulated like the other
stress conditions; however, the fold change is much higher
(83-, and 347-fold, respectively). Similarly, oxidative stress in
the whole tick showed upregulation of signal peptides namely
AmerSigP-34358 (160 fold); AamerSigP-39259 (2 fold). Two
GRPs such as Aam-41235 and Aam-36909 were found to be
upregulated by two-fold while hypothetical secreted peptides
AamerSigp-41539 and AamerSigp-41913 were found to be
down-regulated; however, there was no expression of Aam-
41540, Aam-40766, and Aam-3099 under oxidative stress
in the whole tick.

The gene expression in the salivary glands show a similar
change when exposed to stress (Figure 7). The salivary
glands of ticks exposed to the low temperature (Figure 5A)
have an increase of AamerSigP-34358 (6.6-fold), AamerSigP-
39259 (3-fold), and Aam-36909 (8-fold). There is a significant
decrease in Aam-40766 (6-fold), however, no change is seen
in Aam-3099. Aam-41235 did not amplify in the salivary

glands, and AamerSigP-41913, AamerSigP-41539, and Aam-
41540 were not tested due to limited sample availability.
Under heat stress there was upregulation of two signal
peptides, AamerSigP-34358 and AamerSigP-39259 by three-fold
and seven-fold, respectively. However, protein Aam-40766 was
slightly upregulated while other proteins such as Aam-36909
and Aam-3099 was downregulated by eight-fold and seven-fold,
respectively while there was no expression of Aam-41539.

Similar results are seen in salivary glands after an injury has
occurred to the tick (Figure 7C). A decrease in Aam-40766
(8-fold) and the non-amplification of Aam-41235 and Aam-
3099 show a change in the salivary glands from preparing for
attachment and blood feeding to dealing with the trauma of
the injury. Although the salivary glands are not directly injured
by the removal of one of the hind legs, there is an increase in
AamerSigP-34358 (88-fold), AamerSigP-39259 (34-fold), and a
slight increase of Aam-36909 (2.4-fold). As the tick is feeding,
it encounters a wide range of reactive oxygen species, which
can cause oxidative stress in the tick. The GRP expression after
injection with paraquat is similar to that of cold and injured
ticks (Figure 7D). There is no amplification in Aam-41235 or
Aam-3099, a decrease in Aam-40766 (17-fold) and an increase
in AamerSigP-34358 (24-fold), AamerSigP-39259 (8-fold), and
Aam-3099 (3-fold).
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FIGURE 7 | Transcriptional expression of tick GRP genes in unfed tick salivary glands after stress exposure. Quantitative reverse transcriptase PCR (qRt-PCR) was
used to determine the transcriptional expression levels of tick GRPs. (A) cold temperature, (B) hot/humid temperature, (C) injury, and (D) oxidative stress. The
expression levels in tick control samples were set to 1, as represented by dashed lines. Ubiquitin was used as a housekeeping gene to normalize the transcriptional
expression.

DISCUSSION

The functional characterization of novel molecules regulating
diverse physiological responses in ticks, is very important for
targeted control of ticks. To catalog the salivary transcripts,
we have carried out a comprehensive RNA-Seq analysis of
the A. americanum salivary glands (Karim and Ribeiro, 2015).
From the sialotranscriptome data, identification of several
GRPs prompted us to characterize their functional role in
tick hematophagy. Existing literature indicated that GRPs are
responsible for mediating the host response by preventing
clot formation, wound healing, immune system activation, and
inflammatory cascades (Francischetti et al., 2009). However, in
many insects and arthropods, GRPs play a significant structural
role. From spider silk to barnacle glue, GRPs are necessary
for adhesion and strength. The selection of both Aam-40766
and AamerSigP-41539 was based on their up-regulation during
early phase of tick feeding on the host as reported in our
published work (Bullard R.L. et al., 2016). It was hypothesized
that the reduction of GRP transcripts up-regulated during

early phase of tick feeding would interfere with cement cone
formation thereby, making attachment difficult both at the initial
attachment and throughout the prolonged blood meal. This
was not the case as well as no change in blood meal uptake
was observed (Figures 1B, 2B). This lack of lethal phenotypic
change could be due to prepackaged GRPs synthesized before
the injection of dsRNA. The existence of these proteins prior
to the initiation of feeding would allow the tick to immediately
utilize these proteins to establish the bite site and begin cement
cone formation. Previously in this research group, we have shown
that transcript depletion alone was not sufficient to change the
feeding phenotype but when combined with protein inhibitors, a
lethal phenotype was observed (Kumar et al., 2016). Hence, this
indicates that RNAi alone might not be the perfect tool to study
genes involved in attachment on the host, which are expressed
early tick feeding stages.

Ticks must use their barbed mouthparts (hypostome) to
pierce deeply into the host’s dermis (skin), then incase the
hypostome in a narrow secreted cement cone. In addition to
maintaining a stealthy but secure attachment, the cement cone
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FIGURE 8 | Proposed biological activities of GRPs in tick biology. The extent of which each GRP participates in all listed physiological processes are not yet clear.

provides a conducive environment for the injection of pathogenic
microbes into the host. Cement cones have been shown to contain
a number of GRPs, which display significant structural and
functional heterogeneity across the animal and plant kingdoms,
suggesting their involvement in multiple physiological processes
(Figure 8). The AFM-QNM result of related microtome section
of cement cone indicated significant variation of their modulus.
Cement which is close to the epidermis of the host skin
exhibited higher modulus and the cement formed deep inside
the host skin had lower modulus among control and Aam-41539
silenced ticks which indicates that of Aam-41539 might have vital
role in proper cone development. Since Aam-41539 is highly
expressed in early feeding stage along with the slight changes
seen in cone development and homologous peptide sequence
have been identified in previous cone proteome analysis it can be
expected that this GRP might have direct or indirect roles in the
development of cone (Karim and Ribeiro, 2015; Bullard R. et al.,
2016; Hollmann et al., 2018). While removing the ticks from the
host, care was taken to ensure maximum cone retrieval; however,
it was not possible to collect cones from each test condition at
the same point of feeding. This is a complication of this area of
research and therefore cannot be considered indicative of changes
in the cement cone formation without significant investigation.

The tick genome is incredibly large and contains multiple
copies of structurally and functionally similar proteins. Previous
data from this lab has shown these proteins are not expressed
all at once or all throughout the blood meal but rather during

small time frames of the blood meal (Bullard R.L. et al., 2016).
This could be evolutionarily designed so that the tick is able to
switch through all of the available genes to prevent detection
from the host immune system. This becomes more complicated
when applying this concept to GRPs. Because of the way GRPs
are identified, it is possible that the nine selected nine GRPs may
posses variety of functions. This would not fit into the switching
hypothesis as the expression of one GRP would not compensate
for another. The GRP expression in AamerSigP41539 depleted
ticks, shows the upregulation of three Aa-GRPs (AamerSigP-
34358, AamerSigP-39259, and Aam-36909, Figure 1A). However,
when these results are compared to the gene expression in ticks
suffering from injury stress, the same genes are upregulated.
It is unlikely that the changes in the gene expression are a
response from the tick to compensate for the loss of function from
AamerSigP-41539 but rather a response to the injection injury
during the delivery of the double stranded RNA.

There is a class of GRPs with antimicrobial activities in
insects. Glycine rich antimicrobial peptides (GR-AMPs) are
typically small peptides and can act on the microbes in
a bacteriostatic fashion. Gloverins, an anti-microbial peptide
isolated from Hyalophora gloveri, contains 18% glycine and
has no significant similarities to known antimicrobial peptides.
Antimicrobial peptides can range from only a few dozen residues
to a few hundred as gloverins and attacins (Yi et al., 2013).
Based on this criterion, the AaGRPs could serve as antimicrobial
peptides. Another family of glycine rich antimicrobial peptides
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are plasticins from South American hylid frogs (Scorciapino
et al., 2013). Plasticins are able to disrupt the membrane mimetic
environments (Carlier et al., 2015)such as a cell membrane of
evading pathogens.

The increase in 16S rRNA is used as a measure of bacterial
growth in the salivary glands. However, each bacterial cell
contains more than 1 copy of 16S rRNA and so the increase
cannot be taken as a true increase of bacteria. In the case of
Aam-40766 depleted ticks, there is a 2-fold increase of 16S
rRNA molecules (Figure 5B). This increase could be due to an
increase in bacteria or to an increase of protein production in
the bacteria or a mixture of both. The 20-fold increase of 16S
rRNA in AamerSigP-41539 depleted ticks (Figure 5A), however,
cannot be attributed solely to an increase in protein production.
This increase must be due, at least in part, to an increase
in bacteria cells.

In plants, GRPs are well documented to exhibit differential
expression during multiple stress conditions. In Arabidopsis, a
glycine rich domain protein (AtGRDP2) which is expressed
throughout plant development and when AtGRDP2 is
functionally not present there is a decrease in plant growth
(Ortega-Amaro et al., 2015). The over expression of this
protein results in increased growth and increased tolerance
to stress conditions such as increase salinity (Ortega-Amaro
et al., 2015). GRPs have also been differentially expressed in
Bombyx mori after periods of starvation, although the exact
mechanism involved has not yet been identified (Taniai et al.,
2014). The lone-star ticks have expanded their geographic range
into new areas of the northern and mid-western United States
(Munzon et al., 2016; Sonenshine, 2018). Range expansion
of A. americanum presents a significant public health threat
in northeastern and southern Canada (Springer et al., 2015).
The northward expansion of this tick’s geographic range
is consistent with climate change. This also suggests the
possibility of adaptive evolution in distinct tick populations
from New York, Oklahoma, and historic populations in the
Carolinas (Munzon et al., 2016). To explore the role of AaGRPs
in the stress response, ticks were exposed to various stress
conditions such as cold temperature, hot temperature, oxidative
stress, and injury (Figures 6, 7). When the gene expression of
stressed salivary glands is compared to stressed whole ticks,
it becomes apparent that some of the genes are differentially
expressed in different tissues. This is most evident in the
expression of Aam-40766 and Aam-36909. In stressed salivary
glands (Figure 7), Aam-40766 is down regulated in each of
the conditions. However, when the whole tick is used, Aam-
40766 is upregulated which indicates there might be tissue
specific regulation of Aa-40766 expression. It is also possible
that this protein is utilized by other tick tissues and is not
necessary for blood feeding. Contrary to this, Aam-36909 is
down regulated in cold stress and injury stress of whole ticks
(Figure 6) but is upregulated in both of those stress conditions
in the salivary glands. Aam-36909 may play a role in a cellular
process in the salivary glands which is necessary for proper
function but is not present to any large extent in the other
tissues. More work is required to determine the mechanism of
stress mediation.

CONCLUSION

Gene depletion of two GRPs by RNAi revealed that identifying
the GRPs responsible for cement cone formation will be
much more difficult than depleting a few proteins. The
redundant nature of the tick genome allows for many levels
of compensatory mechanisms. While the gene expression of
GRPs after AamerSigP-41539 depletion seems to reveal one
such compensatory mechanism, further investigation of the GRP
functions revealed that this is a response to the injection injury
not to the depletion of AamerSigP-41539. The identification of
the effect of stress on GRP expression renders routine studies
impossible. An attempt was made at knocking down AamerSigP-
34358 which is upregulated during the early feeding as well
as during stress. The injection of the double stranded RNA
increased the transcripts to such a level that the “depleted”
ticks contained more transcripts than the no treatment controls.
Therefore, to determine the functions of GRPs, other methods
must be developed which do not induce a stress on the tick.

The finding that GRPs are involved in the stress response
of the ticks leads to the question of why these genes are over
expressed during the feeding stages. Typically feeding is not
considered a stress on the tick as it is a necessary process.
A new hypothesis has emerged from the data presented here that
individual GRPs may play multiple roles during different stages
of the tick life cycle. The GRPs may function as antimicrobial
or serve any of the other necessary functions for blood feeding
when a tick is attached to the host but during times of molting,
fasting, or overwintering the same GRPs may be repurposed for
stress mediation. A growing body of evidence suggest that GRPs
are involved in the physiological and evolutionary adaptation
of organisms to abiotic and biotic stresses (Figure 8). The role
of GRPs remain mostly elusive in the context of cement cone
assembly, covert attachment, and cone disassembly. The diversity
of functions and structural domains, together with different but
specific expression patterns, indicate that this complex protein
group can be implicated in numerous physiological functions
(Figure 8). Ticks are uniquely adapted to variety of stress
including prolonged feeding, abiotic, and biotic stresses during its
life cycle. More work is required to fully elucidate the functions
of the proteins, and recombinant protein expression will be key
to that process. A functional characterization of GRPs may help
to design novel molecular strategy to disrupt the homeostasis and
hence the pathogen transmission.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the Supplementary Files.

AUTHOR CONTRIBUTIONS

RB and SK conceived and designed the experiments. RB,
SRS, PKD, and SK performed the experiments. RB, SEM,
and SK analyzed the data. SEM and SK contributed
reagents, materials, and analysis tools. RB, SRS, and

Frontiers in Physiology | www.frontiersin.org 11 June 2019 | Volume 10 | Article 744176

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00744 June 15, 2019 Time: 10:23 # 12

Bullard et al. GRPs of Ticks

SK wrote the manuscript. All authors have read and approved the
final version of the manuscript.

FUNDING

This work was supported by grants from the National
Institutes of General Medical Sciences awards (Grant Nos. R15
GM123431 and P20 GM103476). The funders had no role in
study design, data collection, analysis, decision to publish, or
manuscript preparation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2019.00744/full#supplementary-material

FIGURE S1 | Experimental design to examine the transcriptional expression of
glycine-rich proteins at organismal and tissue level after stress exposure.

FIGURE S2 | Multiple sequence alignment of selected glycine-rich proteins.
Sequences are highlighted based on amino acid property and conservation.

TABLE S1 | List of primers used in this study.

REFERENCES
Baba, K., Okada, M., Kawano, T., Komano, H., and Natori, S. (1987). Purification of

Sarcotoxin III, a new antibacterial protein of Sarcophaga peregrina. J. Biochem.
102, 69–74. doi: 10.1093/oxfordjournals.jbchem.a122042

Bishop, R., Lambson, B., Wells, C., Pandit, P., Osaso, J., Nkonge, C., et al. (2002). A
cement protein of the tick Rhipicephalus appendiculatus, located in the secretory
e cell granules of the type III salivary gland acini, induces strong antibody
responses in cattle. Int. J. Parasitol. 32, 833–842. doi: 10.1016/s0020-7519(02)
00027-9

Budachetri, K., and Karim, S. (2015). An insight into the functional role
of thioredoxin reductase, a selenoprotein, in maintaining normal native
microbiota in the Gulf Coast tick (Amblyomma maculatum). Insect Mol. Biol.
24, 570–581. doi: 10.1111/imb.12184

Bullard, R., Allen, P., Chao, C. C., Douglas, J., Das, P., Morgan, S. E., et al. (2016).
Structural characterization of tick cement cones collected from in vivo and
artificial membrane blood-fed Lone Star ticks (Amblyomma americanum). Tick
Tick Borne Dis. 7, 880–892. doi: 10.1016/j.ttbdis.2016.04.006

Bullard, R. L., Williams, J., and Karim, S. (2016). Temporal gene expression analysis
and RNA silencing of single and multiple members of gene family in the
Lone Star Tick Amblyomma americanum. PLoS One 11:e0147966. doi: 10.1371/
journal.pone.0147966

Carlier, L., Joanne, P., Khemtémourian, L., Lacombe, C., Nicolas, P., El Amri, C.,
et al. (2015). Investigating the role of GXXXG motifs in helical folding and self-
association of plasticins, Gly/Leu-rich antimicrobial peptides. Biophys. Chem.
196, 40–52. doi: 10.1016/j.bpc.2014.09.004

Childs, J. E., and Paddock, C. D. (2003). The ascendancy of Amblyomma
americanum as a vector of pathogens affecting humans in the United States.
Annu. Rev. Entomol. 48, 307–337.

Commins, S. P., James, H. R., Kelly, L. A., Pochan, S. L., Workman, L. J.,
Perzanowski, M. S., et al. (2011). The relevance of tick bites to the production
of IgE antibodies to the mammalian oligosaccharide galactose-α-1,3-galactose.
J. Allergy Clin. Immunol. 127, 1286–1293. doi: 10.1016/j.jaci.2011.02.019

Crispell, G., Commins, S. P., Archer-Hartmann, S. A., Choudhary, S.,
Dharmarajan, G., Azadi, P., et al. (2019). Discovery of alpha-gal-containing
antigens in North American tick species believed to induce red meat allergy.
Front. Immunol. 10:1056. doi: 10.3389/fimmu.2019.01056

Francischetti, I. M. B., Sa’-Nunes, A., Mans, B. J., Santos, I. M., and Ribeiro,
J. M. C. (2009). The role of saliva in tick feeding. Front. Biosci. 14:2051–2088.
doi: 10.2741/3363

Goddard, J., and Varela-Stokes, A. S. (2009). Role of the lone star tick, Amblyomma
americanum (L.), in human and animal diseases. Vet. Parasitol. 160, 1–12.
doi: 10.1016/j.vetpar.2008.10.089

Graham, L., and Davies, P. (2005). Glycine-rich antifreeze proteins from snow fleas.
Science 310:461. doi: 10.1126/science.1115145

Hollmann, T., Kim, T. K., Tirloni, L., Radulović, ŽM., Pinto, A. F. M., Diedrich,
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The last three decades of research into tick salivary components have revealed several
proteins with important pharmacological and immunological activities. Two primary
interests have driven research into tick salivary secretions: the search for suitable
pathogen transmission blocking or “anti-tick” vaccine candidates and the search for
novel therapeutics derived from tick salivary components. Intensive basic research in the
field of tick salivary gland transcriptomics and proteomics has identified several major
protein families that play important roles in tick feeding and overcoming vertebrate anti-
tick responses. Moreover, these families contain members with unrealized therapeutic
potential. Here we review the major tick salivary protein families exploitable in medical
applications such as immunomodulation, inhibition of hemostasis and inflammation.
Moreover, we discuss the potential, opportunities, and challenges in searching for novel
tick-derived drugs.

Keywords: ticks, therapeutics, immunomodulation, salivary proteins, anti-inflammatory proteins, hemostasis

INTRODUCTION

The data being generated in the high-throughput era are rapidly shifting research and development
efforts toward novel and precise therapeutics that target specific pathological mechanisms
and populations and diminish harmful side-effects (Paul et al., 2010; Jorgensen, 2011). Drug
discovery pipelines can take a number of different forms including high-throughput screening
of compound libraries or compounds similar to existing drugs, drug repurposing (Shim and
Liu, 2014; Grammer and Lipsky, 2017), target-oriented molecular design, target searching using
systems pharmacology approaches (Huang et al., 2014; Zhou et al., 2016), and searching for
novel bioactive substances in various organisms. The latter approach is becoming increasingly
attractive, as massive screening has proven to be less cost-effective than anticipated and, with
rapid development in mass spectrometry, narrowing of active fractions to individual compounds
is becoming easier (Wang et al., 2019). Apart from medicinal plants and/or herbal mixtures
(Li and Weng, 2017), other sources – such as arthropods and parasites – have also proven
to be useful (Cherniack, 2011; Ratcliffe et al., 2014; El-Tantawy, 2015). Unlike plant products
that usually kill or repel herbivores and pests and have diverse effects on vital vertebrate
physiology, parasitic proteins evolved to target specific vertebrate defense mechanisms. For
example, the leech Hirudo officinalis produces the strongest known natural anti-coagulant hirudin,
and hirudin and its artificial derivatives like bivalrudin are now used in clinical practice to
treat coagulation disorders. Similarly, tick salivary proteins hold promise for the treatment of
those processes they subvert, particularly immune-related diseases and hemostatic disorders.
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TICK SALIVARY SECRETIONS AND
TICK-HOST-PATHOGEN INTERACTIONS

Ticks are obligate blood-feeding ectoparasites of vertebrates
including lizards, birds, and mammals (Jongejan and Uilenberg,
2004). As such, they must cope with diverse host defense
mechanisms (Ribeiro and Francischetti, 2003; Francischetti et al.,
2009) triggered by the bite/injury itself and the concomitant
infection. The infections transmitted by ticks can be passive,
such as from pathogens like poxviruses or apicomplexa present
in blood on the tick hypostome or regurgitated during feeding
(Tuppurainen et al., 2011; Hammer et al., 2016), and/or active
when ticks are vectors for pathogens. Ticks can transmit
bacteria of the genera Borrelia, Anaplasma, Rickettsia, Francisella,
and others; protozoan parasites of the genus Babesia; and
several viruses, with tick-borne encephalitis virus a major
tick-transmitted viral pathogen in humans (Swanson et al.,
2006; Coipan et al., 2013; Berggoetz et al., 2014; Jahfari
et al., 2016; Kazimirova et al., 2017; Dehhaghi et al., 2019).
Early works on tick saliva (Wikel, 1982; Ribeiro et al.,
1985) showed that ticks actively modulate and/or inhibit host
defense mechanisms, thus enabling the tick to complete its
blood meal and facilitate pathogen transmission, as reviewed
elsewhere (Francischetti et al., 2009; Wikel, 2013; Kotal et al.,
2015). The latter effect has been described as saliva-assisted
(originally saliva-activated) transmission (SAT) (Nuttall and
Labuda, 2004, 2008), and several molecules have been described
as SAT factors (Kazimirova and Stibraniova, 2013). It has been
hypothesized that targeting salivary factors using a vaccine
could block pathogen transmission (Neelakanta and Sultana,
2015), but despite successful vaccination and RNA interference
experiments, such vaccines have yet to be clinically effective
for most tick species (Neelakanta and Sultana, 2015). This is
at least in part due to high functional redundancy among
salivary components (Chmelar et al., 2016) or because salivary
proteins are often beneficial but not indispensable for pathogen
transmission (Pospisilova et al., 2019). However, from another
perspective, these proteins represent a diverse and abundant
library of pharmacoactive molecules with potential for medical
exploitation. The functions and activities of numerous salivary
components have been described and reviewed elsewhere
(Chmelar et al., 2012, 2017; Kazimirova and Stibraniova, 2013;
Simo et al., 2017). Here we review tick salivary protein families
with potential for medical use, and in doing so we highlight
that tick salivary secretions represent a unique source of novel
drugs that are only just starting to be exploited and translated for
clinical benefit.

TICK SALIVARY PROTEIN FAMILIES
WITH THERAPEUTIC POTENTIAL

Thanks to comprehensive transcriptomic and proteomic studies
of tick salivary glands and saliva, 10s of protein families have
been identified in ticks (Oleaga et al., 2007; Oliveira et al.,
2013; Schwarz et al., 2013; Mudenda et al., 2014; Tirloni et al.,
2014, 2015, 2017; Karim and Ribeiro, 2015; Xu et al., 2015;

Yu et al., 2015; de Castro et al., 2016; Kim et al., 2016; Esteves
et al., 2017; Ribeiro et al., 2017). Some have been experimentally
proven to possess anti-inflammatory, anti-hemostatic, anti-
complement, and/or immunomodulatory activities, as reviewed
elsewhere (Chmelar et al., 2012; Kazimirova and Stibraniova,
2013). Several diverse but abundant secreted protein groups have
been repeatedly identified in transcriptomes from tick salivary
glands. Their experimentally evidenced activities are summarized
in Figures 1, 2, and their potential medical uses are discussed
in detail below.

Lipocalins
Lipocalins form a large family of barrel-shaped proteins with
specific folds creating pockets that usually bind hydrophobic
molecules such as steroids or lipids. Lipocalins form the largest
and most diverse protein family in ticks. They were originally
described as histamine-binding proteins (Paesen et al., 1999) but
were later found to bind other biogenic amines such as serotonin
(Sangamnatdej et al., 2002; Mans et al., 2008b) and bioactive
lipids (leukotrienes, thromboxanes, or cholesterol) (Keller et al.,
1993; Beaufays et al., 2008; Mans and Ribeiro, 2008; Roversi et al.,
2017). Apart from binding small hydrophobic molecules, tick
lipocalins can also bind larger proteins such as the C5 component
of the complement cascade (Nunn et al., 2005; Fredslund
et al., 2008). The lipocalin from the tick Ornithodoros moubata
(Coversin) displayed a therapeutic effect in disease models (Soltys
et al., 2009; Romay-Penabad et al., 2014; Pischke et al., 2017)
and is already being tested in clinical trials for the treatment
of thrombotic microangiopathy (Brocklebank and Kavanagh,
2017; Goodship et al., 2017). The lipocalin Japanin from
Rhipicephalus appendiculatus was found to modulate dendritic
cell differentiation, thus altering subsequent T cell-dependent
cellular responses (Preston et al., 2013). Several other tick
lipocalins have been successfully tested in other disease models;
for example, histamine binding lipocalin Ha24 from Hyalomma
asiaticum inhibited cell recruitment and histamine secretion in
a mouse experimental asthma model (Wang et al., 2016), and
rEV131 and rEV504 from R. appendiculatus inhibited allergic
asthma and acute respiratory distress syndrome by scavenging
histamine (Couillin et al., 2004; Ryffel et al., 2005; Weston-
Davies et al., 2005). Therefore, tick lipocalins are proven drug
candidates that target hemostasis, complement, inflammation,
and acquired immunity.

Protease Inhibitors
Endogenous protease inhibitors regulate many physiological
processes in mammals, and their dysregulation leads to some
serious diseases and even cancer development. Several protease
inhibitor families have been identified in tick saliva. Serine
protease inhibitors form four groups – Kunitz-domain inhibitors,
serpins, trypsin inhibitor-like cysteine-rich domain inhibitors
(TIL-domain inhibitors), and Kazal-domain inhibitors – while
the cysteine protease inhibitors usually belong to the cystatin
family. Tick protease inhibitors and their functions are
reviewed elsewhere (Schwarz et al., 2012; Blisnick et al.,
2017; Porter et al., 2017; Parizi et al., 2018), and the
therapeutic potential of serpins and cystatins was outlined in
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FIGURE 1 | Major tick salivary protein families and their roles in hemostasis.

FIGURE 2 | The immunomodulatory and anti-complement activities of the major tick-secreted protein families.

our previous review (Chmelar et al., 2017). Here we discuss the
therapeutic potential of the other two groups, Kunitz- and TIL-
domain inhibitors.

Kunitz-Domain Protease Inhibitors
The Kunitz-domain protease inhibitors are the second largest
family of secreted salivary proteins. Ticks possess Kunitz
inhibitors with one to seven Kunitz domains, and most have been
characterized as anti-coagulants that inhibit various proteases
in the coagulation cascade (Corral-Rodriguez et al., 2009;
Chmelar et al., 2012). Other family members possess anti-platelet

activity due to integrin binding (see section “Disintegrins”).
Their anti-platelet and anti-coagulatory properties make Kunitz
inhibitors interesting as novel and target-specific drugs. Indeed,
a Kunitz-domain protein Ir-CPI (Ixodes ricinus contact phase
inhibitor) was shown to be a very efficient inhibitor of the
contact phase of the coagulation cascade (Decrem et al., 2009),
which is now being exploited in pre-clinical testing1. As well
as hemostasis regulation, the Kunitz inhibitors Ixolaris and
Amblyommin-X have displayed anti-cancer therapeutic potential

1www.bioxodes.com
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(Carneiro-Lobo et al., 2009; Chudzinski-Tavassi et al., 2010;
Barboza et al., 2015; de Souza et al., 2016).

Similar to lipocalins, Kunitz-domain tick inhibitors are a
large and diverse group of proteins that could be used in drug
development for human disease. Their highest potential lies
in their anti-hemostatic properties, for which several Kunitz
inhibitors have already been patented.

TIL-Domain Inhibitors
TIL-domain inhibitors represent another abundant group of tick
salivary protease inhibitors. TIL-domain inhibitors are small
(6–9 kDa), structurally conserved proteins with five disulfide
bridges. Their inhibitory activity against trypsin was originally
described in the parasitic nematode Ascaris lumbricoides.
Proteins with the same cysteine scaffold were subsequently
described as anti-coagulants in the helminth Ancylostoma
caninum (Stassens et al., 1996) or in the skin secretions in
the frog Bombina bombina (Mignogna et al., 1996). Moreover,
they have also been identified in bee hemolymph (Bania et al.,
1999) and as toxins in Scorpiops jendeki scorpion venom (Chen
et al., 2013). The TIL-domain structure has been resolved, and
the loop with the active P1 site is also recognized in non-tick
proteins (Huang et al., 1994; Mignogna et al., 1996; Bania et al.,
1999; Cierpicki et al., 2000). In addition to its anti-protease
activity, scorpion TIL-domain inhibitor Sj7170 stimulated tumor
growth and metastasis formation (Song et al., 2014). TIL-domain
inhibitors play a regulatory role in Drosophila seminal fluid (Lung
et al., 2002), and TIL domains are present in the large complex
molecule of von Willebrand factor (Zhou et al., 2012), albeit with
unknown function.

In tick salivary glands, TIL-domain inhibitors were the most
abundant and diverse protein family with 108 members in
R. appendiculatus and 64 in I. ricinus (Lieskovska et al., 2015; de
Castro et al., 2016), suggesting that they are important in host
defenses. Moreover, due to their conserved structure and known
active site, TIL-domain inhibitors seem to be good candidates for
protein engineering.

Disintegrins
Disintegrins form a large group of proteins that were originally
described in snake venom as 60–80 kDa cysteine-rich proteins
containing an integrin-binding motif Arg-Gly-Asp (RGD). This
domain is also typical in extracellular matrix proteins and
enables platelet binding via integrins and subsequent thrombus
formation. RGD domains in soluble proteins such as disintegrins
prevent platelet aggregation, which is crucial for the success
of hematophagous parasites (Assumpcao et al., 2012). Three
Kunitz domain-containing disintegrins have been functionally
characterized: disagregin from O. moubata, which shows low
similarity to Kunitz inhibitors and does not actually contain
an RGD domain (Karczewski et al., 1994; Karczewski and
Connolly, 1997); savignygrin from Ornithodoros savignyi (Mans
et al., 2002a,b); and monogrins from Argas monolakensis (Mans
et al., 2008a). Another group of tick disintegrins includes
variabilin (Wang et al., 1996), which was the only group
member characterized and later named ixodegrins (Ixodida
+ disintegrins) after their discovery in the Ixodes pacificus

transcriptome (Francischetti et al., 2005). Variabilin was shown
to block the binding of fibrinogen to integrin αIIbβ3 (Wang
et al., 1996). The second tick protein characterized in the
ixodegrin family was YY-39 from Ixodes scapularis, which was
shown to bind integrin αIIbβ3 and thus compete with fibrinogen
binding to platelets (Tang et al., 2015). Ixodegrins are structurally
similar to snake venom disintegrins and usually contain RGD
or KGD domains. Given their properties, they may be candidate
therapeutics as novel anti-thrombotic agents.

Basic Tail Secreted Proteins (BTSPs)
The first BTSP family member was identified and described
as one of 14 immunodominant antigens in I. scapularis
and named Salp14 (Das et al., 2001). More homologs were
subsequently found in the transcriptomes of I. scapularis
(Valenzuela et al., 2002) and other tick species, where BTSP
usually forms one of the most abundant and diverse putatively
secreted groups (Francischetti et al., 2005; Schwarz et al.,
2013; Karim and Ribeiro, 2015; de Castro et al., 2016).
Salp14 and its smaller homolog Salp9Pac are anti-coagulants
important for tick feeding, as evidenced by RNA interference
studies in ticks (Narasimhan et al., 2002, 2004). Another
BTSP family member, Ixonnexin, promoted fibrinolysis by
accelerating plasminogen activation and inhibiting factor Xa
(Assumpcao et al., 2018). An immunogen originally named
P8 (Schuijt et al., 2011b) displayed lectin binding properties
and acted as a complement inhibitor (Schuijt et al., 2011a),
thus protecting Borrelia spirochetes from complement attack
(Wagemakers et al., 2016).

The BTSP family contains 100s of members, some with
modifications such as acidic tails or no tail instead of basic
tails, which are usually composed of lysine and arginine
residues (Francischetti et al., 2008). They work as anti-coagulants
and specific complement inhibitors, both of which are very
attractive drug targets.

Salp15
Wikel (1982) observed that tick infestation inhibited mitogen-
induced guinea-pig T cell proliferation. Since, then, many
effects of tick saliva on T cell function have been described
(Kotal et al., 2015). The best characterized tick salivary
protein with a direct effect on T cells is Salp15 from
I. scapularis (Anguita et al., 2002), a member of a large
family of heavily glycosylated proteins that seem to be unique
to prostriate ticks such as Ixodes spp. (Wang et al., 2014).
Salp15 binds specifically to the CD4 co-receptor on T cells,
thus inhibiting cell signaling, reducing IL-2 production, and
promoting CD4+ T cell activation (Anguita et al., 2002; Garg
et al., 2006; Juncadella et al., 2007). The immunomodulatory
potential of Salp15 has been tested in several in vivo models
with promising therapeutic results, e.g., in inhibiting HIV
infection (Juncadella et al., 2008), experimental autoimmune
encephalomyelitis (Juncadella et al., 2010), transplantation
rejection (Tomas-Cortazar et al., 2017), and asthma (Paveglio
et al., 2007). In addition to its anti-CD4+ T cell effect,
Salp15 is also a suppressor of dendritic cell function (Hovius
et al., 2008; den Dunnen et al., 2009), suggesting another
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use in targeted therapy. In addition, Salp15 inhibited TLR2-
dependent inflammation and production of antimicrobial
peptides by keratinocytes (Marchal et al., 2011). Apart from
its immunomodulatory activities (Juncadella and Anguita,
2009), it has also been associated with protection of Borrelia
spirochetes from the immune system (Ramamoorthi et al., 2005;
Dai et al., 2009).

Metalloproteases
Metalloproteases form large group of physiologically
important enzymes that play a role in extracellular matrix
degradation, protein shedding from the cell surface, and
enzyme activation. Tick salivary metalloproteases accelerate
fibrinolysis (Francischetti et al., 2003; Beaufays et al., 2008),
thus their function is anti-hemostatic. Two proteins from
I. scapularis from the ADAMTS family (a disintegrin and
metalloprotease with thrombospondin motifs) significantly
inhibited neutrophil function, broadening the range of
possible metalloprotease activities (Guo et al., 2009).
The abundancy and diversity of metalloproteases in tick
saliva is high; however, using them as therapeutics can be
problematic due to their stability and the long-term maintenance
of their activity.

Evasins
Chemokines play a role in cell recruitment to inflammation
sites and therefore play crucial roles in promoting inflammatory
responses (Charo and Ransohoff, 2006). Evasins form a family
of chemokine-binding proteins first identified in Rhipicephalus
sanguineus (Frauenschuh et al., 2007; Deruaz et al., 2008).
Homologs were also found in Amblyomma and Ixodes species;
however, in Ixodes, the homology is very weak (Hayward
et al., 2017). Evasin-1 and evasin-4 bind CC chemokine
members, while evasin-3 is specific for CXC chemokines
(Frauenschuh et al., 2007; Deruaz et al., 2008). Evasin-1 can
inhibit neutrophil, T cell, and macrophage migration and the
production of inflammatory cytokines, from which originates
its therapeutic potential. Evasin-1 has shown benefit in the
treatment of pulmonary fibrosis (Russo et al., 2011) and
graft versus host disease (Castor et al., 2010). Evasin-4 can
interact with at least 18 CC chemokines, inhibit eosinophil
recruitment (Vieira et al., 2009; Deruaz et al., 2013), and
was effective against post-infarction myocardial injury and
remodeling (Braunersreuther et al., 2013). Evasin-3 effectively
inhibited myocardial reperfusion (Montecucco et al., 2010) and
neutrophil recruitment (Deruaz et al., 2008), thereby reducing
atherosclerotic vulnerability for ischemic stroke (Copin et al.,
2013). Evasin-3 was also shown to inhibit neutrophil-mediated
inflammation in a mouse acute pancreatitis model (Montecucco
et al., 2014). The therapeutic potential of evasins is reviewed in
Bonvin et al. (2016).

TICK PROTEINS AND BIOENGINEERING

The preceding discussion highlights that tick salivary proteins
can target every possible immune mechanism and therefore

have the potential to be used as drugs, especially against
disorders of hemostasis, immune-mediated inflammatory
diseases, and also against tumor growth. Indeed, many tick
molecules have been patented for these reasons (Nuttall and
Paesen, 2000; Nunn, 2004; Chudzinski-Tavassi et al., 2005);
moreover, Coversin has already been, and continues to be,
tested in clinical trials (ClinicalTrials.gov: NCT03829449,
NCT03427060, NCT02591862, NCT03588026) for paroxysmal
nocturnal hemoglobinuria and microscopic and thrombotic
microangiopathy (Brocklebank and Kavanagh, 2017;
Goodship et al., 2017). However, the pharmacokinetics and
pharmacodynamics of tick proteins can limit their therapeutic
potential. Similar to any large molecule of exogenous origin,
tick salivary proteins display strong immunogenicity. This can
be overcome using several modifications such as PEGylation
[attachment of polyethylene glycol (PEG) polymers], which
should, in addition to decreasing immunogenicity, improve
solubility (Veronese and Mero, 2008; Jokerst et al., 2011).
Another possibility is humanization of the proteins, in which
potential T cell epitopes are eliminated or changed. This
approach has been used with great success for monoclonal
antibodies designed predominantly for cancer treatment
by the fusion of the hypervariable parts of mouse-derived
monoclonal antibodies to human heavy chains (De Groot
and Scott, 2007). A similar approach could be used for
tick serpins, where the reactive center loop (RCL), which
is responsible for serpin specificity, would be of tick origin,
and the conserved serpin scaffold would be of human origin
(Silverman et al., 2010; Whisstock et al., 2010). The concept
of creating novel serpins by combining the RCL and scaffold
from different serpins has been proven with the fusion of the
furin inhibitor B8 and the mutant variant of α1-antitrypsin
(Izaguirre et al., 2013, 2019). Furthermore, a novel extracellular
inhibitor of human granzyme B was produced by combining
mouse RCL and a human scaffold into a single chimera
(Marcet-Palacios et al., 2015). Despite these promising results,
there is no experimental evidence that the same approach
would be successful for tick salivary molecules as well. Our
understanding of the interaction between tick salivary secretion
and host immune system is still incomplete, and immune
tolerance is not the only obstacle in turning tick proteins
into drugs.

In addition to immunogenicity, small proteins and
peptides, which many tick salivary proteins are, usually
have a short circulatory half-life. This problem can be
solved by fusing the studied protein with the Fc fragment
of human IgG. Such a fusion was performed with evasin-4
but without success (Bonvin et al., 2016). PASylation – protein
conjugation with the polymeric sequence of Pro, Ala, and
Ser – is a relatively new method similar to PEGylation that
can prolong protein half-life in the circulation by several
days (Schlapschy et al., 2013). There are ways to modify
tick salivary proteins to improve their pharmacodynamics
and pharmacokinetics, some of which have already been
successfully used, such as PASylation of Coversin (see section
“Lipocalins”), which inhibited its degradation in plasma
(Kuhn et al., 2016).
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CONCLUDING REMARKS

Based on experimental evidence and/or the membership of
proteins to well-described families, the function of some tick
proteins has been proven or at least inferred. For some families,
functional knowledge is still lacking. Therefore, tick salivary
proteins remain rather poorly explored with respect to their
therapeutic applications. Most efforts aiming to develop new
drugs from ticks focus on the two largest families, Kunitz-
domain inhibitors and lipocalins, as these groups contain new
members with novel functions via several genetic mechanisms
(Mans et al., 2008b; Schwarz et al., 2014). However, other groups
deserve attention as well, such as TIL-domain protease inhibitors,
Salp15, evasins, and many others. This minireview summarizes
the main protein groups to emphasize the therapeutic potential
of tick salivary proteins and some of the problems faced with
clinical translation.
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Chmelař et al. Pharmacological Potential of Tick Salivary Proteins

Weston-Davies, W., Couillin, I., Schnyder, S., Schnyder, B., Moser, R., Lissina,
O., et al. (2005). Arthropod-derived protein EV131 inhibits histamine
action and allergic asthma. Ann. N. Y. Acad. Sci. 1056, 189–196.
doi: 10.1196/annals.1352.009

Whisstock, J. C., Silverman, G. A., Bird, P. I., Bottomley, S. P., Kaiserman, D., Luke,
C. J., et al. (2010). Serpins flex their muscle: II. Structural insights into target
peptidase recognition, polymerization, and transport functions. J. Biol. Chem.
285, 24307–24312. doi: 10.1074/jbc.R110.141408

Wikel, S. (2013). Ticks and tick-borne pathogens at the cutaneous interface:
host defenses, tick countermeasures, and a suitable environment for pathogen
establishment. Front. Microbiol. 4:337. doi: 10.3389/fmicb.2013.00337

Wikel, S. K. (1982). Influence of Dermacentor andersoni infestation on lymphocyte
responsiveness to mitogens. Ann. Trop Med. Parasitol. 76, 627–632. doi: 10.
1080/00034983.1982.11687593

Xu, X. L., Cheng, T. Y., Yang, H., Yan, F., and Yang, Y. (2015). De novo sequencing,
assembly and analysis of salivary gland transcriptome of Haemaphysalis flava
and identification of sialoprotein genes. Infect. Genet. Evol. 32, 135–142. doi:
10.1016/j.meegid.2015.03.010

Yu, X., Gong, H., Zhou, Y., Zhang, H., Cao, J., and Zhou, J. (2015).
Differential sialotranscriptomes of unfed and fed Rhipicephalus

haemaphysaloides, with particular regard to differentially expressed genes
of cysteine proteases. Parasit. Vectors 8:597. doi: 10.1186/s13071-015-1
213-7

Zhou, W., Wang, Y., Lu, A., and Zhang, G. (2016). Systems pharmacology in
small molecular drug discovery. Int. J. Mol. Sci. 17:246. doi: 10.3390/ijms
17020246

Zhou, Y. F., Eng, E. T., Zhu, J., Lu, C., Walz, T., and Springer, T. A. (2012). Sequence
and structure relationships within von Willebrand factor. Blood 120, 449–458.
doi: 10.1182/blood-2012-01-405134

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
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Ticks are obligatory blood-feeding ectoparasites, causing blood loss and skin damage
in their hosts. In addition, ticks also transmit a number of various pathogenic
microorganisms that cause serious diseases in humans and animals. Ticks evolved
a wide array of salivary bioactive compounds that, upon injection into the host skin,
inhibit or modulate host reactions such as hemostasis, inflammation and wound healing.
Modulation of the tick attachment site in the host skin involves mainly molecules which
affect physiological processes orchestrated by cytokines, chemokines and growth
factors. Suppressing host defense reactions is crucial for tick survival and reproduction.
Furthermore, pharmacologically active compounds in tick saliva have a promising
therapeutic potential for treatment of some human diseases connected with disorders in
hemostasis and immune system. These disorders are often associated to alterations in
signaling pathways and dysregulation or overexpression of specific cytokines which,
in turn, affect mechanisms of angiogenesis, cell motility and cytoskeletal regulation.
Moreover, tick salivary molecules were found to exert cytotoxic and cytolytic effects
on various tumor cells and have anti-angiogenic properties. Elucidation of the mode of
action of tick bioactive molecules on the regulation of cell processes in their mammalian
hosts could provide new tools for understanding the complex changes leading to
immune disorders and cancer. Tick bioactive molecules may also be exploited as new
pharmacological inhibitors of the signaling pathways of cytokines and thus help alleviate
patient discomfort and increase patient survival. We review the current knowledge
about tick salivary peptides and proteins that have been identified and functionally
characterized in in vitro and/or in vivo models and their therapeutic perspective.

Keywords: tick saliva, immunomodulation, host defense, pharmacological molecules, immunological disorders

INTRODUCTION

For centuries, humans have exploited arthropods (insects, scorpions, spiders, centipedes, ticks)
and other invertebrates (leeches, hookworms, snails, etc.) and their products (honey, royal jelly,
venom, propolis, etc.) or biologically active substances derived from them as valuable resources to
treat various diseases (Cherniack, 2010, 2011; Chen et al., 2018; Koh et al., 2018). Their properties
range from immunomodulatory, analgesic, anti-bacterial, anti-coagulant, anticancer, diuretic and
anesthetic to anti-rheumatic. Many human cultures, especially in Asia, Africa and South America,
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have used arthropods in traditional medicine and highly
appreciated their therapeutic potential. In some cases, whole
organisms, in others individual ingredients have been used.
The capabilities of maggots (larvae of blowflies) feeding
on necrotic tissues to heal wounds are among well-studied
medical application of insects (maggot therapy) (Wolf and
Hansson, 2003). Of other invertebrates, medicinal leeches have
been applied, e.g., in reconstructive microsurgery, and in
treatment of phlebitis (Eldor et al., 1996) or osteoarthritis
(Michalsen et al., 2002). Anticoagulants designed based on
their product, hirudin and its derivatives, have been used as
antithrombotics (Markwardt, 2002; Chudzinski-Tavassi et al.,
2018; Koh et al., 2018). Endoparasitic helminths have been used
to cure inflammatory bowel diseases (Buning et al., 2008), and
cantharidin, a derivate from blister beetles, has been applied
for warts, molluscum contagiosum (Moed et al., 2001) and in
anticancer therapy (Efferth et al., 2005; Liu and Chen, 2009).
The enormous richness and diversity of arthropods, the wide
range of biological activities exerted by their products, the use of
some species and their products or derivatives as drugs against
common and important diseases suggest that arthropods are a
rich, and yet unexplored and unexploited source of potentially
useful compounds for development of new therapeutic agents for
modern medicine (Pemberton, 1999).

Among blood-feeding arthropods, ticks occupy a unique
position. Their parasitic lifestyle resulted in development of a
wide spectrum of evasive and disarming mechanisms of host
defense reactions. Tick salivary glands produce and secrete into
the feeding site in the host skin an impressive amount and variety
of bioactive molecules modulating hemostatic, inflammatory and
immune responses as well as wound healing. The composition
of tick saliva is highly complex and changes through the feeding
process. There are a few comprehensive and recent reviews on
the composition and role of saliva in tick feeding and tick-host-
pathogen interactions (Francischetti et al., 2009; Kotal et al., 2015;
Blisnick et al., 2017; Šimo et al., 2017; Nuttall, 2018; Wikel, 2018).
They all highlight the fact that only an integrated understanding
of the physiological roles of tick bioactive molecules and
their mode of action can elucidate complex changes in the
mammalian hosts, leading to immune disorders and cancer,
and disclose therapeutically valuable molecules. This review is
focused on identified tick salivary peptides and proteins with
known structure and function(s) which are promising candidates
for development of drugs and their recombinant forms have been
tested in disease models in vitro and/or in vivo. Non-peptide
molecules (e.g., nucleosides, lipids) contained in tick saliva are
beyond the scope of this paper.

TICKS AND PHARMACOLOGICAL
PROPERTIES OF THEIR SALIVA

Ticks are blood feeders and bioactive compounds in their saliva
have a promising therapeutic potential for treatment of some
human diseases associated with hemostatic and immunological
disorders (Mans, 2005; Hovius et al., 2008; Francischetti, 2010;
Štibrániová et al., 2013; Sousa et al., 2015; Bonvin et al., 2016;

Chudzinski-Tavassi et al., 2016, 2018; Chmelar et al., 2017;
Murfin and Fikrig, 2017; Parizi et al., 2018). Tick salivary glands,
a paired organ consisting of acini in grape-like clusters, produce
saliva secreted by the feeding tick into the host primarily to
enable blood feeding by suppressing local hemostatic and host
immune responses (Francischetti et al., 2009; Kazimírová and
Štibrániová, 2013; Wikel, 2013; Kotal et al., 2015; Šimo et al., 2017;
Nuttall, 2018). Tick feeding, in addition, enables host infection
with pathogenic microorganisms carried by ticks. Cutting-edge
high-throughput technologies used during the last decade for
studying composition and function of tick saliva have revealed
its complexity (Ribeiro et al., 2006; Francischetti et al., 2011;
Radulovič et al., 2014; Kotsyfakis et al., 2015; Tan et al., 2015;
Xu et al., 2015; de Castro et al., 2016; Mans, 2016; Bonnet
et al., 2018); not surprisingly, considering the tick’s biology and
their parasitic lifestyle, i.e., strict hematophagy, short-term (soft
ticks) to long-lasting feeding (hard ticks) on the vertebrate host,
and broad spectrum of hosts. The composition of tick saliva
is complex and changes with biological factors such as gender,
developmental stage, feeding stage and/or the presence/absence
of microorganisms, pathogenic as well non-pathogenic (Liu et al.,
2014; Ayllón et al., 2015; Kotsyfakis et al., 2015; Yu et al., 2015;
Bonnet et al., 2017, 2018).

Tick saliva is a mixture of proteins, peptides and non-
peptide molecules that interfere with various components of
hemostasis, wound healing, and both arms of the immune
system of the vertebrate hosts, including enzymes, cytokines,
complement, antibodies, cell signaling components, immune
cells (Francischetti et al., 2009; Mans, 2016; Nuttall, 2018;
Wikel, 2018). In addition, cytotoxic and cytolitic activities
acting against different cell types, impairment of cancer cells
migration and signaling pathways, as well as anti-angiogenic
properties have been demonstrated for saliva of different
hard tick species (Kazimirova et al., 2006; Poole et al., 2013;
Holíková et al., 2018; Sousa et al., 2018; de Sá Jr. et al., 2019;
Gradowski do Nascimento et al., 2019), showing that tick saliva
is an important source for designing new anticancer drugs
(Kazimírová, 2011; Sousa et al., 2015; Chudzinski-Tavassi et al.,
2016). Proteinaceous components of the tick saliva are grouped
into families like lipocalins, proteins with Kunitz type domain,
metalloproteases, serpins, cystatins, basic-tail secreted proteins,
small peptide inhibitors, some protein families unique to ticks,
and proteins and peptides of unknown structure and function
(Ribeiro et al., 2006; Francischetti et al., 2009; Chmelar et al.,
2012). Interestingly, a high redundancy and multifunctionality
of the tick salivary compounds has been revealed, whereby
many of them can target multiple components of hemostasis
and, in addition, also components of the immune system
(Francischetti et al., 2009; Chmelar et al., 2016; Šimo et al., 2017).

PROTEASE INHIBITORS

Transcriptome and proteome studies of tick salivary glands
(SGs) discovered an enormous protein diversity and unique
proteins belonging to novel protein families with unknown
functions (Francischetti et al., 2011; Radulovič et al., 2014;
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Kotsyfakis et al., 2015; Mans, 2016; Esteves et al., 2017). Many
of these proteins are differentially expressed during the feeding
process (Mans et al., 2008; Kotsyfakis et al., 2015).

Enzyme activity inhibitors represent a very abundant group
and include, among others, protease inhibitors containing the
Kunitz domain, serine protease inhibitors (serpins), cysteine
proteinase inhibitors (cystatins), peptides of the hirudin-
like/madanin/variegin superfamily, and basic tail proteins (de
Miranda Santos et al., 2004; Francischetti et al., 2005, 2009;
Ribeiro et al., 2006; Garcia et al., 2014; Liu and Bonnet, 2014;
Parizi et al., 2018).

Kunitz Domain Containing Proteins
Members of the Kunitz domain family, the one of the larger
protein families expressed in tick salivary glands, have been
functionally characterized primarily as anti-hemostatic agents
that block or inhibit host blood coagulation and/or platelet
aggregation (Corral-Rodriguez et al., 2009; Chmelar et al., 2012;
Parizi et al., 2018), but some of them have been found to display
multiple functions, e.g., ixolaris (de Oliveira et al., 2012) or
Amblyomin X (Chudzinski-Tavassi et al., 2010).

Hemostasis is the first line of defense against the tick bite
and the first stage of wound healing. It comprises a series
of physiological processes that stop bleeding at the site of
vascular injury by formation of a hemostatic plug. Three major
mechanisms are involved in hemostasis: (i) vasoconstriction –
termination of bleeding from damaged blood vessels, (ii)
coagulation – production of a fibrin clot, (iii) formation of
a platelet plug. The enzymes in the coagulation cascade are
activated through different pathways, depending on various
endogenous and exogenous factors (Hoffman et al., 2009). Ticks
have evolved various and effective countermeasures against the
different mechanisms of the vertebrate hemostatic system and
can target single or multiple host coagulation factors (Maritz-
Olivier et al., 2007; Francischetti et al., 2009; Kazimírová et al.,
2010; Chmelar et al., 2012; Šimo et al., 2017). Thrombin is the
main target for majority of the identified tick anticoagulants
(Table 1) and inhibition of thrombin generation is one of
the main strategies to prevent thrombosis (Kazimírová et al.,
2010; Chmelar et al., 2012). However, drugs that target other
coagulation factors, e.g., factor Xa (FXa) would be an alternative
treatment when thrombin generation has already occurred
(Yeh et al., 2012). In spite of the wide range of different
identified inhibitors derived from tick salivary glands, due to
strict criteria for clinical use, only a limited number passed
pre-clinical and clinical tests. For example, only preliminary
validations of the tick anticoagulant peptide (TAP) has been
performed in vivo using animal models, but TAP has never
been tested in humans due to a slow onset of action and
because its antigenicity, and a single study performed for ixolaris
in a rat model awaits future validation (Maritz-Olivier et al.,
2007). However, as tick anticoagulants bind specifically to their
target molecules, they are important molecular tools to study
and increase our understanding of the mechanisms of host
blood coagulation. Examples include the mapping of thrombin
exosites by ornithodorin derived from Ornithodoros moubata
(van der Locht et al., 1996), understanding the prothrombinase

complex formation by using ixolaris from I. scapularis (Monteiro
et al., 2005), or characterization of the molecular mechanisms
that maintain the procofactor state of circulating FV and the
conversion of FV to active cofactor FVa by means of recombinant
TIXC-5 from I. scapularis (Aleman and Wolberg, 2013; Schuijt
et al., 2013). In addition, information on the structure and
function of tick-derived anticoagulants can be used in designing
synthetic peptides as a basis for development of novel drugs
(Maritz-Olivier et al., 2007; Koh et al., 2018).

The tick anticoagulant peptide TAP is the first Kunitz-
domain protease inhibitor identified in tick saliva that was
functionally characterized and prepared in recombinant form. It
was originally isolated from the soft tick O. moubata (Waxman
et al., 1990). TAP is a single Kunitz domain direct slow, tight-
binding competitive inhibitor of FXa, with a unique binding
mode and high affinity to FXa (Wei et al., 1998). Recombinant
forms of TAP (rTAP) have been tested in a variety of animal
models of venous and arterial thrombosis showing that the
molecule was more effective than heparin and was at least as
effective as hirudin, but produced less bleeding (Yeh et al., 2012).
For example, in an in vivo study, following an infusion into
rhesus monkeys rTAP inhibited generation of fibrinopeptide A
induced by thromboplastin (Neeper et al., 1990). In another
study, the antithrombotic effect of rTAP was tested and compared
with heparin in a baboon model of arterial thrombosis. The
results also demonstrated the antithrombotic effect of rTAP
without alterations of primary hemostasis (Schaffer et al., 1991).
In a mouse carotid artery thrombosis model, TAP-antibody
targeting activated platelets fusion protein was more effective
than enoxaparin without prolonged bleeding time in comparison
to conventional anticoagulants (Stoll et al., 2007). These results
initiated speculations that drugs targeting FXa could be safer
than thrombin inhibitors, although TAP has not been tested in
humans (Yeh et al., 2012). In addition, direct FXa inhibitors,
including TAP, could potentially be used in prevention of
other diseases, such as atherosclerosis or atrial fibrillation,
because FXa as well as thrombin are involved in mediation
of protease-activated receptor signaling and modulation of
cellular mechanisms in the abovementioned pathophysiological
processes (Spronk et al., 2014).

Ornithodorin from O. moubata was the first thrombin
inhibitor identified in a soft tick. It has two domains of the
Kunitz basic pancreatic trypsin inhibitor (BPTI) family. The
N-terminal domain binds to the active site of thrombin, the
C-terminal domain binds at the fibrinogen recognition exosite.
Ornithodorin is a slow, tight-binding, competitive inhibitor of
thrombin (van der Locht et al., 1996).

Another tick Kunitz domain protease inhibitor with
promising antithrombotic and anti-tumor therapeutic usage,
Ixolaris, a two-Kunitz domain inhibitor that displays homology
to the tissue factor (TF) pathway inhibitor (TFPI), was obtained
by screening the cDNA library derived from salivary glands
of Ixodes scapularis (Francischetti et al., 2002, 2004). Ixolaris
inhibits factor VIIa (FVIIa)/TF–induced factor (FX) activation
by binding to the FXa exosite (Francischetti et al., 2002) and
also binds plasmatic FX, decreases heparin-catalyzed inhibition
by antithrombin III, and impairs binding of FXa to plasmatic
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TABLE 1 | Examples of tick salivary molecules of therapeutic interest in human diseases.

Molecule Main function: Target(s) Proposed drug Tick species References

Protease inhibitors

Serine protease inhibitors -
Kunitz domain containing
proteins

TAP Anticoagulant: FXa Antithrombotic Ornithodoros moubata Waxman et al., 1990; Corral-Rodriguez
et al., 2009

Ornithodorin Anticoagulant: thrombin Antithrombotic O. moubata van der Locht et al., 1996

Ixolaris Anticoagulant: inhibitor of contact system
proteins (VIIa/tissue factor-induced FX, FXa)
Antithrombotic, antitumor (glioblastoma,
melanoma)

Ixodes scapularis Francischetti et al., 2002; Nazareth
et al., 2006; Carneiro-Lobo et al., 2009;
de Oliveira et al., 2012

Amblyomin-X Anticoagulant: FXa, FVIIa/TF complex activity,
prothombin conversion Antitumor,
anti-angiogenetic

Amblyomma sculptum (formerly
A. cajennense)

Batista et al., 2010; Drewes et al.,
2012, 2015; Maria et al., 2013;
Pacheco et al., 2014; Branco et al.,
2016; Chudzinski-Tavassi et al., 2016

BmTI-A Anticoagulant: inhibitor of contact system
proteins, inhibits plasmin, elastase, and plasma
kallikrein Inhibitor of wound healing and vessel
formation Anti-angiogenetic

Rhipicephalus. (Boophilus)
microplus

Tanaka et al., 1999; Soares et al., 2016

Ir-CPI Anticoagulant: inhibitor of contact system
proteins, blocks FXII, FXI, and kallikrein
activation Antithrombotic

Ixodes ricinus Decrem et al., 2009

TdPI Immunomodulation: innate immune responses,
inflammation, inhibitor of human skin β-tryptase
Anti-inflammatory

Rhipicephalus appendiculatus Paesen et al., 2007

Tryptogalinin Immunomodulation: innate immune responses,
inhibitor of human skin β-tryptase
Anti-inflammatory

I. scapularis Valdés et al., 2013

Haemangin Wound healing, angiogenesis: inhibits
angiogenesis and neovascularization
Anti-angiogenetic

Haemaphysalis longicornis Islam et al., 2009

Disagregin Antiplatelet agent: inhibitor of glycoprotein
IIb/IIIa (integrin αIIbβ3) Antithrombotic

O. moubata Karczewski et al., 1994

Serine protease inhibitors –
Serpin domain family

Iris Anticoagulant: thrombin, FXa
Immunosuppression: pro-inflammatory
cytokines Drug acting in regulation of
TNF-alpha overexpression

I. ricinus Leboulle et al., 2002; Prevot et al., 2009

IRS-2 Immunomodulation: innate immune responses
– T cells, T17 cells, cathepsin G, chymase
Treatment of autoimmune diseases

I. ricinus Chmelar et al., 2011; Palenikova et al.,
2015

Cystatins (cysteine protease
inhibitors)

Sialostatin L Immunomodulation: acquired immune
responses – cathepsin L and V, papain,
dendritic cells maturation Immunosuppressive
drug for asthma attack

I. scapularis Kotsyfakis et al., 2006; Sa-Nunes et al.,
2009; Horka et al., 2012; Klein et al.,
2015; Lieskovská et al., 2015b

Sialostatin L2 Immunomodulation: acquired immune
responses - cathepsin L, V and S, papain,
interferon Anti-inflammatory

I. scapularis Kotsyfakis et al., 2007; Chen et al.,
2014; Lieskovská et al., 2015a,b

Iristatin Immunomodulation: innate immune responses
Immunotherapeutic

I. ricinus Kotál et al., 2019

DsCystatin Immunomodulation: cathepsin L and B,
pro-inflammatory cytokines, TLR signaling
pathway Anti-inflammatory

Dermacentor silvarum Sun et al., 2018

(Continued)
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TABLE 1 | Continued

Molecule Main function: Target(s) Proposed drug Tick species References

Hirudin-
like/Madanin/Variegin
superfamily

Variegin Anticoagulant: thrombin Antithrombotic Amblyomma variegatum Koh et al., 2007, 2011;
Kazimírová et al., 2015

Avathrin Anticoagulant: thrombin Antithrombotic,
coating of medical devices

A. variegatum Iyer et al., 2017, 2019|

Sculptin Anticoagulant: thrombin Antithrombotic A. sculptum Iqbal et al., 2017

Madanin-1, 2, chimadanin Anticoagulant: thrombin Antithrombotic H. longicornis Iwanaga et al., 2003; Thompson et al.,
2017

Hyalomin 1 Anticoagulant: thrombin Antithrombotic Hyalomma marginatum Jablonka et al., 2015

Basic tail-secreted proteins

Salp14 Anticoagulant: FXa Antithrombotic I. scapularis Narasimhan et al., 2002

Ixonnexin Modulator of haemostasis: promotes fibrinolysis
Antithrombotic

I. scapularis Assumpção et al., 2018

Lipocalins

OmCI Complement: inhibitor of C5 activation
Coversin: second-generation complement
inhibitor; acute and chronic inflammation

O. moubata Nunn et al., 2005; Roversi et al., 2007;
Barratt-Due et al., 2011

Moubatin and other lipocalins
of the moubatin clade from soft
ticks

Antiplatelet agent: inhibition of platelet
aggregation, binds to thromboxane A2
Antithrombotic

O. moubata Waxman and Connolly, 1993; Mans
and Ribeiro, 2008; Francischetti, 2010

Ra-HBPs Innate immune responses: histamine-binding
Anti-inflammatory

R. appendiculatus Paesen et al., 1999; Mans, 2005

SHBP Innate immune responses: histamine and
serotonine-binding Anti-inflammatory

D. reticulatus Sangamnatdej et al., 2002

Japanin Immunomodulation: monocyte-derived
dendritic cells, reprogrammes dendritic cell
responses Immunotherapeutic (autoimmune
disorders, allergies, transplant rejection, acute
and chronic inflammatory diseases)

R. appendiculatus Preston et al., 2013; Roversi et al.,
2017

HA24 Innate immune responses: histamine-binding
Anti-inflammatory

Hyalomma asiaticum Wang et al., 2016

Ixodegrin superfamily

Variabilin Antiplatelet agent: inhibitor of glycoprotein
IIb/IIIa (integrin αIIbβ3) Antithrombotic

Dermacentor variabilis Wang et al., 1996

YY-39 Antiplatelet agent: blocks platelet adhesion to
soluble collagen and bind to glycoprotein IIb/IIIa
Antithrombotic

Ixodes pacificus Tang et al., 2015

Metastriate-specific families

Evasins Innate immune responses: chemokine binding
Anti-inflammatory (myocarditis, arthritis),
anti-fibrotic

Rhipicephalus sanguineus and
other hard ticks

Hajnicka et al., 2005; Frauenschuh
et al., 2007; Deruaz et al., 2008;
Hayward et al., 2017; Singh et al.,
2017; Eaton et al., 2018

Small immunoregulatory
peptides

Hyalomin-A and -B Innate immune responses: pro-inflammatory
cytokine inhibitor Anti-inflammatory

H. asiaticum asiaticum Wu et al., 2010

Amregulin Innate immune responses: pro-inflammatory
cytokine inhibitor Anti-inflammatory

A. variegatum Tian et al., 2016

∼8 kDa tick-derived C5
inhibitors

RaCI Complement: inhibitor of C5 activation
Anti-inflammatory

R. appendiculatus Matthijs et al., 2016

(Continued)
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TABLE 1 | Continued

Molecule Main function: Target(s) Proposed drug Tick species References

Prostriate-specific families

Isac protein family

Isac Complement: inhibition of the alternative
complement pathway (AP) by destabilizing the
C3 convertase Anti-inflammatory

I. scapularis Valenzuela et al., 2000

Salp 20 Complement: inhibits the AP by binding
properdin and dissociating active C3
convertase Anti-inflammatory

I. scapularis Tyson et al., 2007; Hourcade et al.,
2016

Irac I, II Complement: inhibition of AP by destabilizing
the C3 convertase Anti-inflammatory

I. ricinus Daix et al., 2007

IxACs Complement: inhibits the AP by binding
properdin Anti-inflammatory

I. ricinus Couvreur et al., 2008

Family of 15 kDa salivary
proteins

Salp15 Immunosuppression: multifunctional, CD4+ T
cells, dendritic cells Immunosuppressive
therapy in transplantation

I. scapularis Anguita et al., 2002; Hovius et al.,
2008; Tomás-Cortázar et al., 2017

Putative secreted salivary
gland proteins

TIX-5 (formerly P23) Anticoagulatio: inhibitor of FXa-mediated FV
activation

I. scapularis Schuijt et al., 2011, 2013

EF-hand calcium-binding
proteins

Longistatin Anticoagulant: plasminogen activator, degrades
fibrin clots, antagonist to RAGE and
suppresses inflammation during severe tissue
injury Antithrombotic RAGE-regulated diseases,
e.g.; Alzheimer’s disease, psoriasis, diabetic
complications and tumorigenesis

H. longicornis Anisuzzaman et al. (2010, 2011, 2014,
2015)

Glycine-rich, or proline-rich,
collagen-like superfamily

Glycine-rich cement proteins – cement cone,
prevent loss of fluids and secures tick
mouthparts in the skin New medical adhesives

Various species of hard ticks Suppan et al., 2018

TAP, tick anticoagulant peptide; BmTI-A, Boophilus microplus trypsin inhibitor A; Ir-CPI, coagulation contact phase inhibitor from Ixodes ricinus; TdPI, tick-derived peptidase
inhibitor; Iris, I. ricinus immunosuppressor; IRS-2, I. ricinus serpin 2; DsCystatin, Dermacentor silvarum cystatin; Ra-HBPs, Rhipicephalus appendiculatus histamine-binding
proteins; SHBP, Dermacentor reticulatus serotonin-histamine binding protein; OmCI, Ornithodoros moubata complement inhibitor; HA, Hyalomma asiaticum; RaCI,
R. appendiculatus complement inhibitor; Isac, Ixodes scapularis anticomplement; Irac, I. ricinus anticomplement; Salp, salivary protein; IxACs, Ixodes anticomplement
proteins; YY-39, ixodegrin from I. pacificus; TIX-5, tick inhibitor of factor Xa toward factor V.

or immobilized heparin (Monteiro et al., 2005). By using a rat
model, application of ixolaris resulted in effective antithrombotic
activity, without hemorrhage and bleeding (Nazareth et al.,
2006). Several evidences showed close correlation between
thrombosis and cancer (Timp et al., 2013). Ixolaris was shown to
block TF-dependent procoagulant activity in human melanoma
cell lines and inhibit their metastatic potential as well as tumor
angiogenesis in mice, without evidence of bleeding (de Oliveira
et al., 2012). Ixolaris was also associated with reduced tumor
vascularization and expression of vascular endothelial growth
factor (VEGF) in a human glioblastoma model (Carneiro-Lobo
et al., 2009, 2012). All this makes ixolaris a promising agent for
anticancer therapy. In a recent study, the therapeutic potential
of Ixolaris in chronic infections with immunodeficiency virus
(HIV) has been demonstrated (Schechter et al., 2017). Despite
effective anti-HIV infection therapy, persistent inflammation
involving activated monocytes and their product (e.g., soluble
TF) can result in cardiovascular and thromboembolic diseases
(Funderburg and Lederman, 2014). In a non-human primate

model, pigtail macaques chronically infected with Simian
immunodeficiency virus (SIV) exhibited high numbers of
monocytes expressing TF and producing proinflammatory
cytokines such as tumor necrosis factor (TNF)-α, interleukin
(IL)-1β and IL-6, simultaneously leading to coagulopathy and
inflammation. In vitro, low doses of Ixolaris inhibited TF
activity (formation of FXa) in peripheral blood mononuclear
cells (PBMCs) derived from chronically SIV-infected macaques
and in unstimulated and LPS-stimulated PBMCs originating
from anti-HIV therapy naïve and treated HIV+ suppressed
humans, but without effect on TF expression or cytokine
production (Schechter et al., 2017). In vivo, administration of
Ixolaris to pigtails macaques showed reduced levels of IL-17 and
decreased expression of Glut-1, CD80 and CD86 (i.e., markers
associated with activation of lymphocytes), and resulted in
lower concentration of CD4+ and CD8+ T cells (HLA-DR+,
CD38+) and reduced expression of TF by CD14+ monocytes.
In addition, Ixolaris-treated animals showed reduced plasma
D-dimer levels, indicating cardiovascular comorbidities, lower
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SIV viremia and no developing disease up to 100 days after
infection. This study has suggested a great potential of Ixolaris
in anticoagulant therapy of HIV+ humans and in treatment of
other inflammatory diseases (Schechter et al., 2017).

Amblyomin-X is a non-competitive inhibitor of FXa
identified in salivary glands of Amblyomma cajennense (currently
A. sculptum) ticks (Batista et al., 2010). It contains a single
Kunitz domain and is able to inhibit FXa, prothrombinase
and tenase activities (Morais et al., 2014; Branco et al., 2016).
In an in vitro murine melanoma model, Amblyomin-X
decreased tumor mass and reduced metastasis as well as induced
apoptosis (Chudzinski-Tavassi et al., 2010; Ventura et al.,
2013). It also displays cytotoxic activity on several human
tumor cells, among them SK-Mel-28 (human melanoma)
or Mia-PaCa-2 (human pancreatic adeno-carcinoma) cell
lines, but not on non-tumor cells (Simons et al., 2011), and
promotes apoptosis probably by targeting the ubiquitin-
proteasome system (Chudzinski-Tavassi et al., 2010). In
addition, Amblyomin-X induces apoptosis in murine renal
adenocarcinoma (RENCA) cells, mitochondrial damage and
the production of reactive oxygen species (ROS) (Akagi et al.,
2012; Maria et al., 2013). Amblyomin-X impairs cell migration
and causes actin cytoskeleton disruption in human tumor
cells (Schmidt et al., 2018). In addition, tumor regression
and the reduction of lung metastasis after administration of
recombinant Amblyomin-X have been observed in animal
models (de Souza et al., 2016). Apart its effects on tumor
growth, Amblyomin-X displays antiangiogenic properties
and inhibits vascular endothelial growth factor A (VEGF-
A)-induced angiogenesis in both the dorsal subcutaneous
tissue of mice and the chicken chorioallantoic membrane by
modulation of endothelial cell proliferation and adhesion,
especially of membrane expression of platelet-endothelial
cell adhesion molecule-1 (PECAM-1) (Drewes et al., 2012,
2015), suggesting the possible application of Amblyomin-X
as a local inhibitor to undesired neovascularization. Recently,
the protein is being developed as anti-tumor drug and is
under preclinical evaluations, undergoing pharmacokinetic
and toxicity investigations in animals (Boufleur et al., 2019;
Maria et al., 2019). These studies revealed that Amblyomin-
X did not cause any mortality in mice, toxicity signs were
observed only at higher doses, and there was no accumulation of
Amblyomin-X in any organ.

Rhipicephalus (Boophilus) microplus possess a trypsin
inhibitor A, BmTI-A, a two Kunitz domain inhibitor involved
in counteracting host hemostasis. BmTI-A blocks neutrophil
elastase, plasma kallikrein (Tanaka et al., 1999), trypsin and
plasmin and, according to the latest information, it inhibits
angiogenesis in a vessel formation assay in vitro (Soares et al.,
2016). Neutrophil elastase is a serine proteinase secreted
by neutrophils and macrophages during inflammation and
destroys bacteria. It belongs to the same family as chymotrypsin
and is closely related to other cytotoxic immune serine
proteases, such as granzymes and cathepsin G. Abnormal
expression of neutrophil elastase can cause emphysema, a
chronic obstructive pulmonary disease. In elastase-induced
experimental emphysema, BmTI-A minimizes parenchymal

lesions in mice, suggesting the potential application of this
inhibitor in emphysema treatment (Lourenço et al., 2014).

Ixodes ricinus- derived inhibitor of contact phase, Ir-CPI,
with one Kunitz domain inhibits the intrinsic coagulation
pathway by interference with FXIIa, FXIa and kallikrein. In
addition, it protects Ir-CPI treated mice against collagen-
and epinephrine-induced thromboembolism without increasing
bleeding (Decrem et al., 2009).

Tick-derived protease inhibitor, TdPI, was identified in
salivary glands of Rhipicephalus appendiculatus females (Paesen
et al., 2007). TdPI is only expressed during the first 4 h after
tick attachment and manipulates host immune defenses during
the tick feeding process. It is a glycosylated Kunitz-related
potent inhibitor of human β-tryptase and trypsin and moderately
affects human plasmin (Paesen et al., 2007; Bronsoms et al.,
2011). Human β-tryptases, specific serine proteases of mast
cells, together with leukocyte elastase and chymase, are involved
in inflammation and different aspects of tissue remodeling
(Caughey, 2007). Beta-tryptase is a clinically useful marker of
mast cells and their activation and in addition, it contributes
to the pathogenesis of allergic inflammatory disorders, e.g.,
asthma. Thus, β-tryptase is a potential therapeutic target of
tryptase inhibitors which have therapeutic potential in asthma
(Sommerhoff and Schaschke, 2007). TdPI is able to penetrate
mouse mast cells and may block the autocatalytic activation of
tryptase required for its biological action (Paesen et al., 2007).
Thus, TdPI-derived drugs could be used as inhibitors of mast cell
tryptase in the control of injury caused by parasites, and in the
treatment of allergies.

Tryptogalinin, an I. scapularis salivary Kunitz-type
protein, was found to inhibit a number of serine proteases
involved in inflammation and vertebrate immunity: β-tryptase,
β-trypsin, α-chymotrypsin, plasmin, matriptase and elastase,
showing a potential broad effect against mast cell proteins
and other host enzymes (Valdés et al., 2013). Tryptogalinin
is phylogenetically related to TdPI and provides another
example when understanding of the structure and function
of a tick protein could help in engineering highly specific
pharmacological agents.

Haemangin was identified as a salivary Kunitz inhibitor
in Haemaphysalis lonigicornis which is up-regulated during
blood feeding (Islam et al., 2009). It strongly inhibits
trypsin, chymotrypsin and plasmin and thereby supporting
plasmin-dependent fibrinolysis inhibition and indicating
its antiproteolytic potential on angiogenic cascades (Islam
et al., 2009). Haemangin also blocks chick aortic explant
angiogenesis and neovascularization of chick chorioalantoic
membrane, demonstrating that it can inhibit both pre-existing
vessel angiogenesis and neovascularization. Haemangin also
impedes differentiation, proliferation, and tube formation and
significantly induces expression of a variety of genes involved in
apoptosis, angiogenesis and wound healing in human umbilical
vein endothelial (HUVEC) cells (Islam et al., 2009).

Disagregin is a Kunitz-type protein derived from O. moubata
that inhibits activation of platelet aggregation through integrin
aIIbb3 (Karczewski et al., 1994). It does not contain the RGD
motif that binds to the fibrinogen-binding site and thus, it is
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unique in its sequence as well as function and could serve to
design therapeutically useful antithrombotics.

Serine Protease Inhibitors – Serpin
Domain Family
Serpins form one of the largest families of serine protease
inhibitors ubiquitously distributed in nature, yet abundant
in ticks (Francischetti et al., 2009). Several next-generation
sequencing transcriptome studies revealed a high number of
transcripts, e.g., over 150 in genus Amblyomma, around 20 in
Rhipicephalus and at least 36 in I. ricinus, but only 20 tick serpins
from different tick species have been functionally characterized.
One of their functions is manipulation of host innate immune
responses by impacting enzymes released from neutrophils, mast
and dendritic cells (DCs).

The first tick serpin affecting host immune defenses was
identified in salivary glands of I. ricinus and was named Iris
(Leboulle et al., 2002). It inhibits T cells and splenocytes
proliferation and alters cytokines levels of PBMC (Leboulle
et al., 2002). It also suppresses coagulation and fibrinolysis by
inhibition of thrombin, FXa and tissue plasminogen activator
(Prevot et al., 2006). In addition, Iris inhibits secretion of
TNF-α after binding on monocyte/macrophage cells (Prevot
et al., 2009). Thus, Iris modulates multiple host processes
simultaneously via independent mechanisms and potentially can
serve for design of therapeutic for TNF-α overexpression induced
pathological situations.

Ixodes ricinus serpin 2 (IRS-2) is a serine protease inhibitor
that specifically inhibits two proteases, cathepsin G and chymase
(Figure 1) that are secreted in mammals by stimulated
neutrophils and mast cells, respectively. Cathepsin G is involved
in tissue remodeling during inflammation, thus IRS-2 postpones
this process, as well as platelet aggregation resulting in facilitating
feeding (Chmelar et al., 2011). IRS-2 also modulates production
of IL-6 by DCs, and subsequently differentiation and maturation
of T helper 17 cells (Th17) via the IL-6/STAT-3 (Signal
Transducer and Activator of Transcription 3) signaling pathway
(Palenikova et al., 2015). In addition, IRS-2 impedes the paw
edema development and the influx of neutrophils in an animal
model of acute inflammation (Chmelar et al., 2011).

Cystatins (Cysteine Protease Inhibitors)
Cystatins represent a large superfamily of reversible and
tight-binding inhibitors of papain-like cysteine proteases and
legumains (Abrahamson et al., 2003). They regulate diverse
vertebrate biological processes such as development of immune
system, epidermal homeostasis, antigen presentation, neutrophil
chemotaxis during inflammation, or apoptosis. Tick cystatins can
interfere with both, innate and adaptive immune responses of the
vertebrate host (Lieskovská et al., 2015a,b). Over the last decade,
around 20 cystatins from various hard and soft ticks have been
identified and biochemically analyzed for their role in the tick’s
physiology and blood feeding (Schwarz et al., 2012). All these
cystatins are effective inhibitors of papain-like cysteine proteases,
but not of legumain and belong to two of four existing cystatin
subgroups, namely type 1 cystatins/stefins) and type 2 cystatins.

While stefins are known to be primarily intracellular cytoplasmic
proteins, type 2 are expressed and secreted in salivary glands and
midgut and therefore have been more intensively studied in ticks.
Sialostatin L was found first in the salivary glands of I. scapularis
ticks by a sialotranscriptome study (Valenzuela, 2002) and later
Sialostatin L2 was described (Kotsyfakis et al., 2007).

Sialostatin L exerts miscellaneous immunosuppressive effects
on mammalians. It is a potent inhibitor of lysosomal cysteine
cathepsins L, C, V, S, X (Figure 1) and papain, proliferation
of CD4+ cells and cytotoxic T cells (Kotsyfakis et al., 2006,
2007, 2010; Sa-Nunes et al., 2009), migration of neutrophils
during acute inflammation, secretion of cytokines by mast
cells, DCs and lymphocytes, and shows preventive potential
against autoimmune diseases (Kotsyfakis et al., 2006; Sa-Nunes
et al., 2009). On one side, mammalian cathepsins S, L, and
V represent key players in the vertebrate immunity through
their participation in the antigen presentation processes of
DCs and macrophages, on the other hand, they are involved
in many pathological processes, such as psoriasis, muscular
dystrophy, neurodegenerative disorders, cancer, etc. Sialostatin
L strongly decreases the production of IL-9 by Th9 cells,
essentially involved in the induction of asthma symptoms.
Application of sialostatin L almost completely abrogates airway
hyperresponsiveness and eosinophilia in a model of experimental
asthma and experimental data suggest its preventing effect
in this disease model (Horka et al., 2012), probably by
suppressing mast cell-derived IL-9 production by inhibiting IRF4
(Klein et al., 2015). In a mouse model of multiple sclerosis,
in vivo administration of Sialostatin L during the immunization
phase of experimental autoimmune encephalomyelitis pointedly
prevents disease symptoms associated with decreased production
of IFN-γ and IL-17 and proliferation of specific T cell
(Sa-Nunes et al., 2009).

Sialostatin L2 impairs cathepsins C, L, S and V, diminishes
secretion of IL-1b and IL-18 by macrophages and inhibits
maturation of caspase-1. Upon infection with bacterial
agents (e.g., Anaplasma phagocytophilum), Sialostatin L2
can significantly attenuate the severity of the disease due to its
anti-inflammatory effects (Chen et al., 2014). Sialostatin L2 was
found to suppress the interferon mediated immune response
and enhance TBEV replication in murine DCs (Lieskovská
et al., 2015a) and impair the production of proinflammatory
chemokines in murine DCs upon infection with Borrelia
burgdorferi (Lieskovská et al., 2015a).

Iristatin, a novel type 2 cystatin was identified in I. ricinus
(Kotál et al., 2019). It suppresses vertebrate cathepsins C and
L with similar affinity as sialostatins, production of T-cell
derived cytokines, such as pro-inflammatory IFN-γ and IL-2 by
stimulated Th1 cells, anti-inflammatory cytokine IL-4 by Th2
cells and IL-2 and IL-9 by Th9 cells, without effect on IL-17
production by Th17 cells. In mast cells, it blocks IL-9 and IL-
6 production, but not IL-4. Furthermore, Iristatin inhibits OVA
antigen-induced murine CD4+ T-cell proliferation in vitro and
in vivo leukocyte (neutrophils and myeloid cells) recruitment in a
mouse model of thioglycollate induced peritonitis. Iristatin with
such a broad-spectrum of immunosuppressive activities may be
useful in the therapy of immune-mediated diseases.
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FIGURE 1 | Effects of selected tick salivary proteins on host immune cells and their potential therapeutic usage to treat immunological disorders. IRS-2, BmTI, and
Sialostatin L modulate functions of enzymes released by immune cells, resulting in inhibition of their biological and pathological functions.

DsCystatin was identified by screening of the cDNA
of Dermacentor silvarum salivary glands (Sun et al., 2018).
DsCystatin impairs the activities of human cathepsins L and B
and the expression of pro-inflammatory cytokines IFNγ, TNFα,
and IL6 in mouse bone marrow-derived macrophages. It inhibits
activation of mouse bone marrow-derived DCs and activation of
NFκB in TLR2 and TLR4 signaling pathways. In a mouse arthritis
model, DsCystatin suppresses joint inflammation induced by
CFA and B. burgdorferi. DsCystatin could potentially be used in
the cure of inflammatory diseases.

Small Peptide Inhibitors of the
Hirudin-Like/Madanin/Variegin
Superfamily
This superfamily comprises mainly small antithrombins and is
probably specific to metastriate ticks (Francischetti et al., 2009).

Variegin is a 32-residue peptide derived from the salivary
glands of partially fed female Amblyomma variegatum ticks. Its
C-terminal tail displays homology to hirudin and is one of the
smallest thrombin inhibitors in nature (Koh et al., 2007). It is
a direct thrombin inhibitor and binds to thrombin from the
active site to exosite-I (Koh et al., 2011). Upon binding, variegin
is cleaved by thrombin, and its cleavage product continues to
inhibit the thrombin active site in a non-competitive manner
(Koh et al., 2009). Variegin is structurally and functionally similar
to, but is more potent than bivalirudin (hirulog), a drug used
for the treatment of patients with acute coronary syndromes

(Lincoff et al., 2004; Stone et al., 2006). Pharmacokinetic studies
involving rats confirmed that variegin, similar to other small
peptide antithrombins, e.g., bivalirudin, was rapidly excreted
by the renal route, which makes it suitable for short-lasting
intravenous anticoagulation during surgical procedures1.

Variegin-like thrombin inhibitors are probably synthesized
in ticks as larger precursors that can be processed into
multiple variants. Iyer et al. (2017) described avathrin, a new
variegin-like thrombin inhibitor in A. variegatum. Similar to
variegin, avathrin is a fast, tight-binding competitive inhibitor
interacting with the thrombin active site and exosite-I after
binding to thrombin. Avathrin is cleaved by thrombin, but
the C-terminal cleavage product continues to exert prolonged
inhibition. Avathrin prevented thrombosis better than hirulog-1
in a FeCl3-induced murine carotid artery thrombosis model (Iyer
et al., 2017, 2019). Variegin-like peptides represent perspective
candidates for designing anticoagulants to prevent arterial and
venous thrombosis during invasive procedures and for coating of
medical devices.

Sculptin, a new thrombin inhibitor was identified in the
transcriptome of salivary glands of Amblyomma sculptum
(formerly A. cajennense) (Iqbal et al., 2017). Scupltin consists
of 168 amino acid residues, has four similar repeats, shares
few similarities with hirudin, but is more similar with serine
protease inhibitors of the antistasin family. Sculptin is a
novel class of competitive, specific and reversible thrombin

1https://patents.google.com/patent/US9217027
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inhibitors and its mechanism of inhibition slightly differs from
hirudin. Sculptin is cleaved by thrombin, but its fragments
have no thrombin inhibitory activity. In contrast, fragments
produced after hydrolysis by FXa are able to inhibit thrombin
independently. Sculptin and its independent domain(s) have a
potential to become novel antithrombotic drugs.

Madanin-1, 2 and chimadanin are small, cystein-free
(∼6 kDa) specific antithrombins isolated from the salivary
glands of H. longicornis (Iwanaga et al., 2003). These peptides
behave as cleavable competitive inhibitors of thrombin,
bind to the active site and exosite II of the enzyme, and
lose their affinity to thrombin upon proteolysis (Figueiredo
et al., 2013; Thompson et al., 2017). Tyrosine sulfation of
madanin-1 and chimadanin are crucial for their thrombin
inhibitory activity. A dramatic increase in their potency
was observed following tyrosine sulfation, with the sulfated
tyrosine residues binding to exosite II of thrombin. The
importance of tyrosine sulfation and the unique binding
mode of these peptides make them promising candidates
for the development of next generation thrombin inhibitors
(Thompson et al., 2017).

Hyalomin 1, a 59-residue cystein-free peptide was identified
in the salivary gland transcriptome of Hyalomma marginatum
rufipes. The peptide is a selective and competitive inhibitor
of thrombin, interacting with both the active site and exosite
I of the enzyme (Jablonka et al., 2015). Hyalomin-1 also
inhibits the thrombin-mediated activation of FXI, thrombin-
mediated platelet aggregation, and the activation of FV by
thrombin. It is cleaved by thrombin and cleavage region and
the C-terminal fragment inhibited the enzyme similar to
the full-length peptide. Testing of hyalomin-1 in a mouse
model of thrombosis increased arterial occlusion time,
making the peptide as another candidate for development
of antithrombotic drugs.

Basic Tail-Secreted Proteins (BTSP)
This family comprises over hundred proteins that were found
primarily in Ixodes species (Francischetti et al., 2009; Chmelar
et al., 2012). In spite some homologs from metastriate ticks
were identified, BTSP seem to be typical for prostriate ticks.
Most members of this protein family contain a basic carboxy
terminus (tail) (Francischetti et al., 2009). Only two BTSP have
been functionally characterized. They include anticoagulants
with novel mode of action, derived from salivary glands of
I. scapularis: salivary protein 14 (Salp14), and Ixonnexin.

Salp14, a 9.8 kDa protein, was found to impair the intrinsic
pathway of coagulation and specifically inhibit FXa, but it does
not inhibit other proteases (Narasimhan et al., 2002).

Ixonnexin is a 11.8 kDa salivary protein, displaying homology
to Salp14 (Assumpção et al., 2018). It also interacts with FXa,
but in addition, promotes fibrinolysis in vitro by enzymatically
productive ternary complex through binding to tissue type
plasminogen activator (t-PA) and plasminogen. In in vivo
experiments, ixonnexin was found to inhibit FeCl3-induced
thrombosis in mice and appears as a novel modulator of
fibrinolysis that can be involved in studies on participation of
plasmin in ischemic events, tumor growth and metastasis.

LIPOCALINS

Lipocalins, a family of ubiquitous barrel-shaped proteins with
low molecular weight, perform multiple biological functions,
including the regulation of cell homeostasis and immune
responses via sequestering small hydrophobic molecules such as
vitamins, steroids, histamine, serotonin, prostaglandin, involved
in modulation of platelet aggregation, vasoconstriction and
inflammation (Schlehuber and Skerra, 2005). Lipocalins are
a protein family with a large expansion in ticks; in soft
ticks they act as anti-complement factors (Nunn et al., 2005;
Tambourgi and van den Berg, 2014), inhibitors of platelet
aggregation (Keller et al., 1993; Waxman and Connolly, 1993)
and toxins (Mans et al., 2003), while in hard ticks they scavenge
biogenic amines such as histamine and serotonin (Paesen et al.,
1999; Sangamnatdej et al., 2002) or leukotriene B4 (LTB4)
(Beaufays et al., 2008). Tick lipocalins are considered outliers
since they lack the three structural conserved motifs typical
of the general lipocalin family, which are apparently designed
to accommodate charged, hydrophilic ligands. Unlike other
lipocalins, tick lipocalins harbor two internal binding sites, the
H for histamine with high affinity and the L also for histamine
but weakly (Paesen et al., 2000).

OmCI (O. moubata Complement Inhibitor), a 16.8-kDa
protein from O. moubata, is the first described natural
complement inhibitor from ticks, targeting specifically
the C5 activation step in the complement cascade (Nunn
et al., 2005; Roversi et al., 2007; Mans and Ribeiro, 2008;
Barratt-Due et al., 2011).

The vertebrate complement system is a key member of
innate defenses against infection, maintaining tissue homeostasis
and orchestrating the crosstalk between adaptive and innate
immunity (Harris, 2018). However, it is also involved in
common and serious diseases, among them in many autoimmune
diseases such as rheumatoid arthritis, diabetes mellitus type 1,
systemic lupus erythematosus, multiple sclerosis, and myasthenia
gravis (Mollnes et al., 2002). Complement can be activated
by four pathways (classical, alternative, lectin, and thrombin)
(Duncan et al., 2007; Thiel, 2007; Zipfel et al., 2007a,b).
Although, complement association with disease has driven a
boom in complement drug discovery based on natural sources,
very few drugs have progressed to late-stage clinical studies
due to high target concentration and turnover, unwanted
side effects and lack of clarity around disease mechanism
(Tambourgi and van den Berg, 2014).

OmCI binds directly to C5 and thus inhibits cleavage
into anaphylatoxin C5a and C5b, a subunit of the membrane
attack complex (MAC; C5b-9) and prevents MAC-mediated lysis
and destruction of red blood cells in paroxysmal nocturnal
hemoglobinuria (PNH) and tissue destruction in various other
complement-mediated inflammatory and autoimmune diseases
(Hepburn et al., 2007; Fredslund et al., 2008). In addition,
OmCI captures the inflammatory mediator leukotriene B4, a
potent chemotactic agent and activator of neutrophils (Yoshikai,
2001). A recombinant form of OmCI (known as Coversin and
rEV576) has shown efficacy in numerous animal models of
complement-mediated diseases and successfully accomplished a
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phase Ia clinical trial. The protein is protective in rat experimental
models of passive and active autoimmune myasthenia gravis.
OmCI-treated animals exhibited fewer symptoms and a markedly
attenuated inflammatory response (Hepburn et al., 2007; Soltys
et al., 2009). Coversin, if not bound to C5, has a very short plasma
half-life and requires frequent dosing. N-terminal conjugation
with a 600 amino acid polypeptide composed of Pro, Ala, and Ser
has improved the pharmacokinetics of Coversin by extending the
half-time, slowing kidney clearance, and considerably reducing
background hemolysis of erythrocytes. Moreover, Coversin
reduced lysis of erythrocyte as effectively as its non-conjugated
form in a clinically relevant in vitro model of the complement-
mediated disease, PNH (Kuhn et al., 2016).

Moubatin is a lipocalin derived from salivary glands of
O. moubata. It inhibits platelet aggregation induced by collagen
(Keller et al., 1993; Waxman and Connolly, 1993) and binds
to thromboxane A2, a potent platelet aggregation agonist and
vasoconstrictor (Mans and Ribeiro, 2008). Moubatin was found
to relax rat aorta pre-constricted by U46619 (a thromboxane
A2 mimetic) and inhibit its contraction induced by U46619
(Mans and Ribeiro, 2008).

The hard tick R. appendiculatus has two types of salivary
lipocalins that are structurally resolved, bind different ligands and
have separate functions, namely, R. appendiculatus-histamine
binding proteins, Ra-HBPs (Paesen et al., 1999) and Japanin
(Preston et al., 2013). The high-affinity Ra-HBPs were identified
in both genders of the tick: RaHBP1 and 2 are specific for
females, Ra-HBP3 is associated with males. Ra-HBP1 and 2 are
around 20 kDa unglycosylated monomeric proteins secreted by
the tick females during the early feeding stage, while Ra-HBP3
is a glycosylated dimeric protein produced throughout feeding.
Ra-HBP2 and 3 show strong affinity to histamine whereas
affinity of Ra-HBP1 is weak. Ra-HBP2 has been proposed for
therapeutic use since it sequesters two histamine molecules,
with different affinities, thereby reducing inflammatory responses
(Paesen et al., 1999, 2000).

Serotonin-histamine binding protein, SHBP, identified in
Dermacentor reticulatus ticks (Sangamnatdej et al., 2002) is
a lipocalin simultaneously binding serotonin and histamine.
Serotonin represents a key neurotransmitter of the central
nervous system and is also involved in a number of neurological
disorders (Dinan, 1996). Similarly to histamine, serotonin is a key
mediator of inflammation (Askenase et al., 1980) produced by
mast cells and platelets.

The described histamine binding proteins and related protein
family members were under investigation as potential therapeutic
agents for the treatment of various diseases: Ra-HBP2 (as rEV-
131) for conjunctivitis (Nuttall and Paesen, 2001b), allergic
rhinitis and asthma (Nuttall and Paesen, 2001a), carcinoid
syndrome and rheumatoid arthritis (Weston-Davies, 2004), Dr-
SHBP for treatment of carcinoid syndrome with high production
of serotonin (Schnirer et al., 2003) and post-chemotherapy emesis
with nausea and vomiting due to various neurotransmitters
involving serotonin. The latter treatment focused on serotonin
receptor antagonists (Hesketh, 2004). In both cases, SHBP
primarily targets serotonin, with secondary anti-inflammatory
effects due to its histamine-binding capabilities.

In a murine allergic asthma model, the intranasal
administration of Ra-HBP2 to immunized mice before antigen
challenge prevented airway hyper-reactivity by 70%, and also
abrogated peribronchial inflammation, pulmonary eosinophilia,
mucus hypersecretion, and IL-4 and IL-5 secretion and effectively
reduced airway resistance, comparable with budesonide, the
conventionally prescribed corticosteroid (Couillin et al., 2004).
In a corticosteroid-resistant LPS-induced murine model
of acute respiratory distress syndrome, rEV-131 decreased
bronchoconstriction, activation and influx of neutrophils. In
phase I and II clinical trial this lipocalin showed safety and
pharmacological activity in treatment of allergy in humans
(Schlehuber and Skerra, 2005).

Japanin is a 17.7 kDa N-glycosylated lipocalin which exists
in complex with cholesterol (Preston et al., 2013; Roversi et al.,
2017). It reprograms DCs, antigen-presenting cells, so they
no longer respond to a wide spectrum of stimuli in vitro
specific for immune recognition. DCs, resident cells within most
peripheral tissues (including skin), represent a bridge between
innate and adaptive immunity as the important initiators and
modulators of T cell responses. Japanin blocks differentiation
of DCs from monocytes and on one side impedes upregulation
of co-stimulatory molecules and pro-inflammatory cytokines in
response to stimuli and on other side it promotes upregulation
of co-inhibitory molecules and the anti-inflammatory cytokine
IL-10 (Preston et al., 2013). Although the exact mechanism by
which Japanin modulates DCs has not been fully described, the
molecule may represent a novel tool to modulate DCs with
possible therapeutic applications, such as prevention or treatment
of transplant rejection or autoimmune diseases.

HA24, identified in the salivary glands of the tick Hyalomma
asiaticum, represents a new lipocalin protein with particular
histamine binding capacity (Wang et al., 2016). Its recombinant
form binds specifically to histamine in a dose-dependent
manner, and can provide palliation from allergic asthma in mice
(Yanan et al., 2016).

IXODEGRIN SUPERFAMILY

Ixodegrins include cysteine-rich proteins containing the RGD
(Arg-Gly-Asp) or KGD (Lys-Gly-Asp) motif that interfere with
fibrinogen binding to platelets and exert antiplatelet activities
(Francischetti et al., 2009). As GPIIb/IIIa inhibitors are widely
used clinically during coronary interventions (Hashemzadeh
et al., 2008), tick-derived disintegrins could also serve as
candidates for drug design.

Variabilin, derived from salivary glands of Dermacentor
variabilis, is 5-kDa RGD-containing disintegrin and was the first
RGD-containing antagonist isolated from ticks (Wang et al.,
1996). It blocks ADP-induced platelet aggregation and prevents
integrin aIIbb3 binding to immobilized fibrinogen. It also an
antagonist of the vitronectin receptor αvβ3 and attenuates
osteosarcoma cell adhesion to vitronectin. Its sequence differs
from other known naturally occurring antagonists of GPIIb-IIIa.

Ixodegrins identified in Ixodes pacificus and I. scapularis
salivary gland transcriptomes display sequence homology
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to variabilin, including the RGD domain (Francischetti
et al., 2005, 2009). Using the sequence of ixodegrin in the
I. pacificus transcriptome (Francischetti et al., 2005), the
molecule YY-39 was synthesized and refolded for studies
on its effects on platelets and thrombosis in vivo (Tang
et al., 2015). YY-39 decreased adenosine diphosphate
(ADP)-, thrombin- and thromboxane A2-induced platelet
aggregation. In addition, it inhibited platelet adhesion to
soluble collagen and bound to purified GPIIb/IIIa. YY-39
also reduced thrombus weight in an in vivo experimental rat
arteriovenous shunt model and as well as blocked thrombosis
in a carrageenan-induced mouse tail thrombosis model.
However, in the tested animal models, YY-39 showed little
bleeding complication, which makes the molecule a promising
antithrombotic agent.

METASTRIATE-SPECIFIC FAMILIES

Over thirty families of proteins have been found exclusively
in metastriate ticks (Francischetti et al., 2009), but only a
few have been functionally characterized. These include small
immunoregulatory proteins that modulate vertebrate immune
responses, mainly acting on cytokines and chemokines.

Cytokines, a diverse group of small secreted proteins
(interleukins, growth factors, chemokines), represent key
humoral controllers of cells in their interactions and
communications and regulators of processes under normal,
developmental and pathological conditions (inflammation,
wound healing). Cytokine through binding to their specific
receptors orchestrate immune responses, including the
recruitment of immune cells into the site of inflammation.
Uncontrolled expressions of cytokines are associated with
inflammatory, autoimmunity even with cancer, thus members of
cytokine networks are targets for development of new effective
therapeutics. Ticks either suppress production of cytokines by
various immune cells or directly inhibit cytokines by binding
ligands. However, from all anticytokine activities described
in different tick species (Hajnická et al., 2001; Hajnicka et al.,
2005, 2011; Vančová et al., 2007, 2010; Peterková et al., 2008;
Slovák et al., 2014), only hyalomins (Wu et al., 2010), Amregulin
(Tian et al., 2016) and chemokine binding factors named
Evasins derived from Rhipicephalus sanguineus (Frauenschuh
et al., 2007; Deruaz et al., 2008) have been functionally and
structurally characterized.

Small Immunoregulatory Peptides
Hyalomin-A and -B were identified in salivary glands of the
hard tick Hyalomma asiaticum asiaticum (Wu et al., 2010). Both
immunosuppressant peptides exert significant anti-inflammatory
activities, either directly by inhibiting LPS-induced production
of inflammatory cytokines – TNF-α, monocyte chemotactic
protein-1and IFN-γ in mouse splenocytes or indirectly by
stimulating secretion of immunosuppressant cytokine IL-10.
Moreover, both hyalomins scavenge free radical 2,2′-azinobis 3-
ethylbenzothiazoline-6-sulfonic acid (ABTS+) radicals in vitro
and inhibit adjuvant-induced arthritis in mice in vivo.

Tian et al. (2016) structurally and functionally characterized
a small immunosuppressant peptide Amregulin from
A. variegatum. Amregulin inhibits in vitro secretion of
inflammatory cytokines – TNF-α, IL-8, IL-1 and IFN-γ by
LPS stimulated rat splenocytes in a dose-dependent manner.
Like hyalomins, this peptide shows concentration dependent
antioxidant activity by scavenging free radical ABTS+, but not
2,2-diphenyl-1-picrylhydrazyl (DPPH) and by reducing ferric
ions (Fe3+) to Fe2+. Amregulin also significantly inhibits Freuds
adjuvant-induced paw inflammation in mouse models in vivo.

Evasins
Three salivary glycoproteins, found in the brown dog tick
R. sanguineus, are secreted during a feeding and bind to host
chemokines, thus inhibiting the host inflammatory response
(Frauenschuh et al., 2007; Deruaz et al., 2008). Evasin-1 and -3
are high specific binders of only three CC chemokines (CCL3,
CCL4, and CCL18) and a subset of CXC chemokines (CXCL1, -
2, -3, -5, -8), respectively, whereas Evasin-4 demonstrated more
promiscuity effect by interaction with at least 18 chemokines
of the CC subfamily. Evasin-1 in a dose-dependent manner
reduced CCL3-induced influx of neutrophils in a peritoneal
cell recruitment assay and showed high efficiency in reducing
fibrosis resulted from neutrophil infiltration into the lung
after bleomycin treatment, and also decreased the mortality
observed in this model (Russo et al., 2011). Evasin-3 is
effective in several neutrophil-dependent disease models with
regards to its in vitro effect mentioned above. Montecucco
et al. (2014) demonstrated beneficial effects of Evasin-3 and
partially of Evasin-4 on inflammatory processes in pancreas
and lungs in a mouse model of acute pancreatitis (AP).
Evasin-3 treatment of mice with cerulein-induced AP decreased
recruitment of neutrophils, production of ROS and apoptosis in
the lungs and inhibited necrosis and apoptosis of neutrophils
and macrophages in the pancreas. Evasin-4 only decreased
the abundance of macrophages in lungs, without any effects
in the pancreas. A dose-dependent Evasin-3 inhibition of
CXCL8 induced leukocyte infiltration into the peritoneal
cavity is determined. In an antigen-induced arthritis by BSA,
intradermal injection of Evasin-3 significantly suppresses disease
symptoms. In case of ischemic reperfusion injury, Evasin-
3 showed higher efficiency than Evasin-1, even though only
Evasin-1 effectively inhibited first DCs recruitment to the
site of infection with Leishmania major, mediated by CCL3
released from neutrophils (Charmoy et al., 2010). Moreover,
Evasin-1 is able to reduce skin inflammation observed in
D6−/− mice in response to 12-O-tetradecanoylphorbol-13-
acetate (Deruaz et al., 2008). Castor et al. (2010) studied effects
of Evasin-1 on pathogenesis of acute graft-versus-host disease
(GVHD) in mice, induced by transplantation of C57BL/6J
murine splenocytes to B6D2F1 mice. GVHD is a complication
occurring in allogeneic bone marrow transplantation with
significant morbidity and mortality in humans (Ferrara and
Deeg, 1991), and is characteristic by CCL3 expression and
CCL3-induced recruitment and proliferation of T cells. Although
application of Evasin-1 did not interfere with GVH-leukemia
in mice, Evasin-1 treatment reduced levels of IFN-γ and
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CCL5, but not TNF-α, reduced the number of CD4+ and
CD8+ T cells infiltrating the small intestine and the damage
of intestine and liver. In addition, Evasin-1 also ameliorated
GVHD and provided partial relief from symptoms, whereby
the effect was comparable to glucocorticosteroid dexamethasone
and was similar to protection observed in CCL3−/− mice.
Furthermore, both Evasin-3 and -4 effectively reduce post-
infarction myocardial injury and remodeling (Braunersreuther
et al., 2013) and Evasin-4 is effective in DSS-induced colitis
(Vieira et al., 2009). Because of its broad CC chemokine-
binding spectrum, Evasin-4 is considered the most suitable
candidate for design of a therapeutic agent. By sequence
similarity searches in transcriptomes of hard ticks, mainly
of the Rhipicephalus, Amblyomma, and Ixodes genera, over
250 putative evasin sequences were detected (Hayward et al.,
2017). Eight of them were expressed in Escherichia coli and
exhibited high-affinity binding to human chemokines. They
were classified into C8 and C6 evasins. By using the yeast
surface display method, Singh et al. (2017) detected ten novel
polyvalent CC-chemokine binding evasin-like molecules from
eight hard tick species of the Rhipicephalus and Amblyomma
genera. One of them, P672 from Rhipicephalus pulchellus,
was found to bind to CCL8 and its properties could be
altered by homology modeling, demonstrating that the function
of tick evasins can be manipulated to design novel drugs
(Eaton et al., 2018).

∼8 kDa Tick-Derived C5 Inhibitors
RaCI (Rhipicephalus appendiculatus C5 Inhibitor) belongs to
a novel protein family of ∼8 kDa tick-derived C5 inhibitors.
It was identified in the transcriptome of R. appendiculatus
salivary glands (Matthijs et al., 2016) and its sequence shares no
similarity to previously characterized tick complement inhibitors.
RaCI binds human C5 and blocks the generation of C5a
and membrane attack complex formation. RaCI exhibits cross-
species reactivity which can be used in disease models on
animal to test therapeutic efficacy of drug candidates. The
small size of RaCI in comparison with the previously described
OmCI and retaining its potency after its further reducing
may potentially aid drug administration. As OmCI and RaCI
target different sites on C5 (C5d-CUB and C5d-MG1-MG2,
respectively), RaCI may be used to tune therapeutic effects of
complement 5 inhibitors.

PROSTRIATE-SPECIFIC FAMILIES

Out of the six protein families included in this group, only
members of one group, i.e., the Isac protein family, have been
characterized functionally. This group comprises salivary anti-
complement proteins derived from I. scapularis and I. ricinus
(Francischetti et al., 2009).

Isac Protein Family
Several tick saliva molecules with promising anti-complement
activities have been identified and characterized in ticks of
the Ixodes genus: Isac and Salp20 in I. scapularis (Valenzuela

et al., 2000; Tyson et al., 2007), Irac I, Irac II (Daix et al.,
2007), and IxACs (Couvreur et al., 2008) in I. ricinus. Isac
and Irac proteins specifically inhibit the alternative pathway
(AP) of complement via blocking C3 convertase, whereby this
inhibition can lead to immunosuppression or diminishing
of opsonization. On the other hand, depletion of serum C3
detected in neuromuscular junction, an important factor
determining severity of myasthenia gravis, is appreciated
in some patients with this autoimmune neuromuscular
transmission diseases. Salp20, displaying homology to
Isac, inhibits the AP by binding properdin, which is a
positive regulator of this pathway (Tyson et al., 2008;
Hourcade et al., 2016). Couvreur et al. (2008) cloned and
expressed proteins from I. ricinus, named IxACs, showing
40% identity to Isac and Irac. IxACs also inhibit the AP by
binding to properdin.

Family of 15 kDa Salivary Proteins
Salp15, a 15 kDa immunosuppressive cystein-rich glycoprotein,
was identified in salivary glands of I. scapularis (Anguita
et al., 2002). It inhibits directly the activation of CD4+ T
cells through binding on the coreceptor CD4, which results
in signaling pathway inhibition, reduced IL-2 production and
CD25 (IL-2Rα) expression (Juncadella et al., 2007; Garg et al.,
2014), and also indirectly via inhibition of DCs functions by
binding on lectin type. Salp15 binding to CD4 is persistent and
induces a long-lasting immunomodulatory effect, probably due
to induction of an increased expression of the ectoenzyme, CD73,
in regulatory T cells and increased production of adenosine
(Tomás-Cortázar et al., 2017). This immunomodulatory protein
is a promising candidate for treatment of T-cell-mediated
autoimmune diseases involving asthma or allogeneic transplant
tolerance. Paveglio et al. (2007) tested Salp15 in a mouse model
of human allergic asthma with typical imbalance of CD4+ T
cells toward Th2 cells and overproduction of cytokines IL-4, IL-
5, and IL-13, leading to production of IgE, eosinophilpoiesis,
production and secretion of mucus. Mice were intra-peritoneally
sensitized with OVA in aluminum hydroxide in combination
with or without Salp15, followed by OVA-aerosol treatment.
Salp15 significantly reduced all features of allergic asthma
mentioned above thus effectively prevented the development
of experimental asthma. An opposite effect of Salp15 was
detected in a mouse model of multiple sclerosis, experimental
autoimmune encephalomyelitis (EAE), the progression of which
is directly associated with Th17 and Th1 cells secreting IL-
17 and IFN-γ, respectively (El-behi et al., 2010). Surprisingly,
application of Salp15 led to enhanced activation of Th17
cells and consequently to increased production of IL-17 and
development of severe EAE in mice in vivo and to induced
differentiation of Th17 cells with IL-6 and without TGF-β in vitro.
Salp15 did neither affect infiltration of T cells to the central
nervous system, nor the development of antibody responses
against the eliciting peptide PLP139−151 or the presence of
IFN-γ in the sera. The reported effect can be associated with
repression of IL-2 during T cell differentiation, which could
be achieved also by TGF-β and/or other immunosuppressants
(Juncadella et al., 2010).
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Putative Secreted Salivary Gland
Proteins
TIX-5 (‘Tick Inhibitor of factor Xa toward factor V,’ formerly
P23) was originally identified as a salivary antigen by screening
I. scapularis nymphal salivary gland yeast surface display
library with nymph-immune rabbit sera (Schuijt et al., 2011).
Recombinant P23 demonstrated anti-coagulant activity. The
anticoalgulant properties of P23 renamed to TIX-5 were further
characterized (Schuijt et al., 2013). The studies show that TIX-
5 specifically inhibits FXa-mediated factor V (FV) activation
involving the B-domain of FV and reveal that activation of FV
by FXa is a crucial event in the initiation of thrombin generation.
The data not only elucidate a unique molecular mechanism by
which ticks inhibit host blood coagulation, but propose a revised
blood coagulation scheme in which direct FXa-mediated FV
activation occurs in the initiation phase of coagulation. These
findings could potentially results in novel therapeutic approaches
for anticoagulation (Aleman and Wolberg, 2013).

EF-Hand Calcium-Binding Proteins
Longistatin was the first EF-hand calcium-binding protein
identified and characterized from salivary glands of an ixodid
tick, H. longicornis (Anisuzzaman et al., 2010). The protein
was found to function as an anticoagulant and plasminogen
activator, hydrolyze fibrinogen and delay fibrin clot formation
(Anisuzzaman et al., 2011). Moreover, longistatin modulates host
immune responses and inflammation associated with tick bites
by binding to the receptor for advanced glycation end products
(RAGE) that mediates immune cell activation and is highly
expressed in the host skin at inflammatory sites (Anisuzzaman
et al., 2014). Due to its ability to block RAGE, longistatin
may be a therapeutic tool against RAGE-regulated diseases such
as Alzheimer’s disease, psoriasis, diabetic complications and
tumorigenesis (Anisuzzaman et al., 2015).

GLYCINE-RICH, OR PROLINE-RICH,
COLLAGEN-LIKE SUPERFAMILY

This superfamily of proteins produced in tick salivary glands is
subdivided to a number of subgroups and includes, e.g., cuticle
proteins, collagens, small and large GGY peptides, metastriate
spider-like cement protein, Ixodes-specific collagen-like small
peptides, metastriate and argasidae proteins distantly related to
Ixodes collagen-like proteins, etc. (for details see Francischetti
et al., 2009). Of interest to medical applications are proteins
associated with tick cement. The main function of the cement
is to anchor mouthparts of the feeding tick to the host skin and
seal the feeding lesion during attachment. There are important
differences in the strategy of attachment of metastriate and
prostriate ticks as well as in the ultrastructure, mechanical
properties and chemical composition of their cement (for
review see Suppan et al., 2018). Metastriate ticks having shorter
mouthparts produce an abundant cement protein cone, whereas
prostriate ticks have longer mouthparts that allow mechanical
attach into the host dermis, and thus produce less cement.

Considering the adhesive and sealing properties of tick
cement, its potential applications as a template for biomimetic
tissue adhesives is proposed (Suppan et al., 2018). Currently
available tissue glues contain toxic substances, have weak bonding
forces, and/or do not cover all possible fields of application
in surgery and microsurgery (for review see Suppan et al.,
2018). However, to be able replace currently used tissue glues by
adhesives developed based on the structure and function of tick
cement, the adhesive molecules produced in tick salivary glands
need to be further explored.

CONCLUSION

The mammalian hemostatic and immune systems represent
robust complex networks, comprising diverse humoral
and cellular biological structures and processes that are
essential for protection against disease, injuries or any other
potentially damaging disturbers. Hemostasis belongs to
the first line of defense and prevents from blood loss after
damage of blood vessels. Functioning properly, both the
hemostatic and the immune system identify a variety of
threats and the immune system distinguishes them from
the own healthy tissue. Hemostatic and immune pathways
are closely interconnected. Any disorders of the immune
system can result in immunodeficiency, autoimmune diseases,
inflammatory diseases, even cancer, in which events of innate
and adaptive immune responses, but also coagulation factors
participate. Current treatment options of such diseases have
often limited effectiveness, are accompanied by many side
effects or are insufficient. Therefore researchers are looking
for alternative medicaments derived from nature, for example,
from plants, animals, or microorganisms. Ticks are astounding
“pharmacologists.” Their saliva contains hundreds of proteins
and low molecular weight effectors with immunomodulatory,
anti-inflammatory, anti-clotting and anti-platelet as well as
antitumor and antiangiogenic properties with high affinity,
avidity and selectivity for their targets in the host defense
mechanisms. Moreover, many of the tick-derived molecules
show specific, yet unknown functions and modes of action. Thus,
ticks are promising sources for discovering and designing new
medical treats targeting various pathways of the mammalian
physiology. In addition to their high target specificity, tick-
derived products have a low risk of microbial resistance,
toxicity and immunogenicity (Simons et al., 2011). However, the
exploration and exploitation of the pharmacological potential
of ticks is still in its infancy. The candidates for designing novel
drugs mentioned in this study have been tested in various
animal models of human diseases and have shown promising
continues. Unfortunately, only a few of them advanced to
pre-clinical investigations, e.g., TAP, Ra-HBP, Dr-SBP, OmCI, or
Amblyomin-X. The tick lipocalin RaHBP exhibited high ligand
specificity and affinity and data from clinical trial exhibited
beneficial effects in human allergy. Lipocalins are promising
new therapy candidates based on their natural ligand-binding
functions to store and transport small compounds, which
together with their structure (small polypeptide chain) led to
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design of artificial binding proteins “anticalins” with novel
specificities, for example as transporters for pharmaceuticals. In
general, it is a very long way from basic research to translation
to the clinical praxis and, according to Murfin and Fikrig
(2017), with many gaps and lacks. It is known that arthropod
molecules are unstable, have a short half-life (for example OmCI
mentioned in this review) or are cytotoxic, thus they require
improved pharmacokinetics, optimization of dosage, delivery
way, etc. (Ratcliffe et al., 2014). Another complication in drug
development based on tick molecules is the identification of
the mode of action of individual molecules within the complex
mixture of saliva, where synergistic effect of molecules is
presumed in the context of tick feeding. Thus, for therapeutic
benefit identification of the interacting partners would be
necessary. Last but not least, the high costs of development
of new drugs designed on the basis of tick molecules is very
relevant, thus the approval processes are not very attractive.

However, only profound basic studies of the biological functions
of tick molecules can lead to discovery and approval of new
therapeutic agents.
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Although ticks prevalent in various agro-systems of Pakistan are associated with
economic losses, information is still missing about the tick’s diversity, hosts they infest,
seasonal dynamics and molecular phylogeny of Rhipicephalus microplus in Khyber
Pakhtunkhwa (KP) Pakistan. This study for the first time enlisted ticks infesting diverse
hosts including humans in various regions of KP. A total of 8,641 ticks were collected
across the northern, southern and central regions of KP and were morpho-taxonomically
categorized into six genera comprising 17 species, R. microplus (n = 3,584, 42%),
Hyalomma anatolicum (n = 2,253, 27%), Argas persicus (n = 1,342, 16%), Hya.
impeltatum (n = 586, 7%), R. turanicus (n = 161, 2%), R. haemaphysaloides (n = 142,
2%), R. annulatus (n = 132, 2%), Hae. montgomeryi (n = 123, 1.4%), Hya. marginatum
(n = 110, 1.3%), R. sanguineus (n = 34, 0.4%), and Hae. longicornis (n = 31, 0.4%). Ticks
infesting wild animals included Amblyomma gervaisi, Amb. exornatum, Amb. latum,
Dermacentor marginatus, and Hae. indica, while ticks collected from humans included
R. microplus, R. annulatus, Hya. anatolicum, Hya. marginatum, and Hae. punctata. The
overall prevalence of ticks infesting domestic animals was 69.4% (536/772). Among
animal hosts, cattle were found highly infested (87.2%, 157/180) followed by buffalos
(79%, 91/114), domestic fowls (74.7%, 112/150), goats (68.3%, 82/120), dogs (66.7%,
32/48), horses (61.3%, 49/80), and sheep (16.3%, 13/80). Analysis revealed that the tick
burden significantly differed among domestic animals and was found to be high in cattle,
followed by buffalos, goats, sheep, domestic fowl, dogs, and horses. Seasonal patterns
of ticks distribution showed highest prevalance in July, August, and September due to
the prevailing high temperature and humidity during these months. The phylogenetic
analysis of cattle tick R. microplus based on partial mitochondrial cytochrome oxidase
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subunit I (COX1), 16S ribosomal RNA (16S rRNA) and internal transcribed spacer 2
(ITS2) sequences, revealed that R. microplus prevalent in this region belongs to clade C
which include ticks originating from Bangladesh, Malaysia, and India. Further large scale
studies across the country are necessary to explore the molecular and cross breeding
aspects at the geographical overlapping of various tick species and their associated
pathogens to facilitate designing control strategies as well as awareness against tick
infestation in the region.

Keywords: ticks, hosts, R. microplus, Khyber Pakhtunkhwa, Pakistan

INTRODUCTION

Ticks are hematophagous arthropods, notorious vectors of
human and animal pathogens and constitute an emerging
economic and health problem in tropical and sub-tropical
regions (de la Fuente et al., 2017). As a major challenge
to public health and veterinary sector, ticks can harbor
several pathogens that cause numerous infectious diseases.
The emergence and resurgence of several tick-borne diseases
pose increasing public health concerns (Gratz, 1999; Paddock
and Childs, 2003; Jones et al., 2008). As a vector reservoir
for several emerging and re-emerging infectious pathogens of
medical and veterinary importance, ticks transmit a wide variety
of arboviruses (Crimean-Congo hemorrhagic fever virus, tick-
borne encephalitis virus), bacteria (Rickettsia spp.), spirochetes
(Anaplasma spp. Borrelia spp. and Ehrlichia spp.) and protozoans
(Babesia spp. and Theileria spp.), more than any other blood
feeding arthropod (Labruna et al., 2004; Gondard et al., 2017;
Schorderet-Weber et al., 2017). These voracious ectoparasites
can infest wild, terrestrial, semi-aquatic vertebrates and humans,
and are globally distributed from the Arctic to tropical regions
(Sherrard-Smith et al., 2012; Yu et al., 2015). Ten percent of the
total hard and soft tick species are known to transmit diseases
to humans and other animals (Parola and Raoult, 2001; Lew-
Tabor and Valle, 2016). Ticks and tick-borne diseases affect
approximately 80% of the world’s cattle population, particularly
in tropical and subtropical countries. Infestation with cattle
tick Rhipicephalus microplus economically impact the livestock
industry in different regions and annual losses due to only this
tick have been estimated 22–30 billion US$ (Jabbar et al., 2015;
Lew-Tabor and Valle, 2016).

The prevalence of ticks in different regions is mostly
associated with various environmental factors that affect tick
distribution and adaptation (Estrada-Peña, 2008). Like other
hematophagous arthropods, ticks spend their life cycle in
such an environment where they depend on host availability,
host lifestyle, host interaction with other animals, vegetation
coverage, habitat type and geo-climatic conditions (temperature
and humidity) for their survival and development (Estrada-
Peña, 2008; Gondard et al., 2017). Climatic changes influence
tick distribution, shape the biodiversity of ticks and tick-borne
pathogens and increase the risks of transmission of pathogens
to humans and other hosts (Leger et al., 2013; Dantas-Torres,
2015). The dispersal of ticks in previously tick free areas is
consociated with humans and other animals movements due to

environmental changes (Estrada-Peña, 2008; Dantas-Torres,
2015) which has resulted in the emergence and re-emergence of
tick-borne diseases.

Ticks that belong to the genus Rhipicephalus are responsible
for severe economic losses in tropical and subtropical agro-
systems. Previous studies have enlisted intraspecific variations in
genus Rhipicephalus based on morpho-taxonomic complications
in identification at species level (Lempereur et al., 2010;
Barker and Walker, 2014). Morphological variations in
Rhipicephaline ticks make it difficult to distinguish these
tick species morphologically and to date, several valid species of
Rhipicephalus (Boophilus) have been confirmed (Estrada-Peña
et al., 2012; Guglielmone et al., 2014; Ali et al., 2016; Coimbra-
Dores et al., 2018; Roy et al., 2018). The morpho-taxonomy
of R. microplus (cattle tick) has been challenged in the last
few years due to a hypothesis suggesting that biogeographical
and ecological separations have occurred in Boophilid ticks
across continents based on morphological and genetic variations
(García-García et al., 1999; de la Fuente et al., 2000; Ali
et al., 2016; Lew-Tabor et al., 2017). The genetic assemblage
study based on mitogenome (12S rRNA and 16S rRNA)
and microsatellites markers of R. microplus from America,
Asia, Australia and Africa have confirmed that R. microplus
consist of at least two different species (Labruna et al., 2009;
Low et al., 2015; Ali et al., 2016; Baron et al., 2018). Mating
experiments among these ticks evidenced that reproductive
crosses between R. microplus ticks from Australia and Argentina
or Mozambique are infertile while crosses between Boophilid
ticks from Argentina and Mozambique are fertile. These findings
based on genetic divergence and reproductive isolation put
forward that the Australian R. microplus strain is different from
the American, Asian and African strain. Phylogenetic analysis
of the R. microplus mitogenome (COX1 and 16S rRNA) and
internal transcribed spacer (ITS) gene revealed that R. microplus
is a complex of species. The cryptic diversity of R. microplus
complex includes R. annulatus, R. australis and two clades of
R. microplus, clade A and B. Clade A R. microplus includes
ticks from America and Africa and clade B includes ticks
from China (Labruna et al., 2009; Burger et al., 2014; Low
et al., 2015; Roy et al., 2018). Recent mitogenome approaches
based on COX1 and 16S rRNA haplotypes suggested a distinct
genetic assemblage of R. microplus from Malaysia resulting in
novel clade C which includes ticks from Pakistan, Bangladesh,
Myanmar, India and Malaysia (Low et al., 2015; Baron et al.,
2018; Roy et al., 2018).
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In Pakistan, valid studies have shown the prevalence of five
tick genera, including Hyalomma, Haemaphysalis, Rhipicephalus,
Ornithodoros, and Argus (Karim et al., 2017; Rehman et al.,
2017). The notable species compositions of genus Hyalomma
are Hya. anatolicum, Hya. scupense, Hya. kumari, Hya. isacci,
Hya. turanicum and Hya. dromedarii; genus Haemaphysalis
are Hae. bispinosa, Hae. montgomeryi, Hae. cornupunctata,
Hae. kashmirensis, and Hae. sulcata; genus Rhipicephalus
species compositions include R. microplus, R. annulatus, R.
haemaphysaloides, R. turanicus, and R. sanguineus; the genus
Argus is composed of Argas persicus and genus Ornithodoros is
represented by Ornithodoros tolozani (Hoogstraal and Varma,
1962; Kaiser and Hoogstraal, 1964; Robertson et al., 1970; Karim
et al., 2017; Rehman et al., 2017).

Pakistan is an agricultural country where livestock plays
a crucial role in the national economy. In Pakistan, climatic
conditions are extremely favorable for the growth and survival
of diverse tick species. These ticks cause severe problems for
livestock holders which mainly include low income farmers.
The majority of these farmers consider all tick species as one
species and are mostly unaware of the capability of pathogens
transmission to humans as well as other associated health risks.
Tick and tick-borne diseases are prevalent in the province
Khyber Pakhtunkhwa (KP) of Pakistan, causing economic loss
to livestock holders (Jabbar et al., 2015; Karim et al., 2017;
Rehman et al., 2017). However, there is a paucity of documented
information about ticks spatial distribution and diversity, their
diverse hosts and seasonal dynamics from this region. Therefore,
the present endeavor was focused on tick diversity to investigate
the present status of tick species infesting various animal
hosts, their seasonal dynamics and to obtain the evolutionary
information of cattle tick R. microplus which is prevalent
in the study area.

MATERIALS AND METHODS

Study Area
During the present study five districts namely Charsadda
(34◦09′49.4′′N 71◦44′53.4′′E), Mardan (34◦11′54.6′′N
72◦01′37.4′′E), Peshawar (34◦01′36.2′′N 71◦31′47.4′′E),
Lower Kohistan (35◦19′48.2′′N 73◦13′50.7′′E), and Karak
(33◦06′37.5′′N 71◦05′29.0′′E), in the northern, southern and
central KP (Northwestern geographic state of Pakistan previously
known as North-West Frontier Province) were selected to assess
the diversity of ticks, their hosts and seasonal dynamics. Nine
regions of each aforementioned districts were selected for ticks
sampling (Figure 1). A Global Positioning System (GPS) was
used to obtain geographic coordinates data and loaded onto a
Microsoft Excel sheet to develop a distribution map for the study
areas using ArcGIS 10.3.1.

Ethics Statement
The protocol for the present study was approved by the ethical
committee and board of study members of the Department of
Zoology Abdul Wali Khan University Mardan. Written informed

consent was obtained from the owners of animals and individuals
infested by ticks prior to tick collection.

Ticks Collection
Tick samples were collected during April 2017 to March 2018,
from different domestic animals (cattle, buffalo, horse, sheep,
goat, dogs, and domestic fowl) at different localities (villages and
towns) in various tehsils (an administrative division within the
district) of the aforementioned districts (Figure 1). For ticks
collection, a regular visit was made three times a month and
sampling was done randomly with the help of fine tweezers
from sampling animals reared at animal farms, houses or
grazing in the field. Collected specimens were rinsed with
distilled water followed by absolute ethanol to remove any
surface confined microbes and host contaminating tissues and
stored in properly labeled separate plastic tubes until further
analyses. The relevant information including age of host, physical
status, previous acaricides or any drugs used against ticks, the
body region from where ticks were isolated, date and place
of collection were recorded and all the samples were shipped
to the Parasitology laboratory of the department of Zoology,
Abdul Wali Khan University Mardan. Ticks were immediately
identified or preserved (100% ethanol or in a mixture of 95%
ethanol, 4% distilled water and 1% glycerol) (Walker et al., 2003)
for further study.

During collection, ticks were accidentally found infesting
humans and wild goats (locally known as markhor, a national
animal of Pakistan mostly found on the Himalaya Mountains).
Wild rodents (Indian gray mongoose), wild boars (wild pig),
and wild reptiles (monitor lizard and Indian python) were
captured by local farmers or found dead on highways. In this
collection, ticks were also included from districts other than
the above-mentioned districts such as Chitral (35◦53′40.9′′N
71◦41′31.1′′E), Haripur (33◦59′41.0′′N 72◦54′35.3′′E), Swabi
(34◦07′29.1′′N 72◦27′25.7′′E), and Nowshera (34◦00′27.8′′N
71◦59′09.8′′E) (Figure 2).

Morpho-Taxonomic Identification of
Ticks
Tick samples were identified morphologically using tick morpho-
taxonomic characters under stereozoom microscope (HT
Stereozoom) according to the standard relevant identification
keys (Walker et al., 2003; Apanaskevich and Horak, 2005, 2008,
2009; Ghosh and Misra, 2012; Nowak-Chmura, 2012; Madder
et al., 2014; Caetano et al., 2017).

DNA Extraction and Molecular
Identification
A total of 225 (45 per district) morphologically identified
R. microplus from nine locations in each of the five districts
were selected for genomic DNA extraction. Tick samples from
each district were separately pooled into five groups, each pool
containing ticks of a different location within the district. Ticks
were cleaned with distilled water, dried and cut into small
pieces using a sterile scalpel and homogenized by a sterile
micro pestle in separate 1.5 ml Eppendorf tubes. Genomic DNA
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FIGURE 1 | (A) Density map of tick burden in the selected districts (B) and spatial distribution of tick species in KP.

was separately extracted from each pool of tick samples using
the GeneJET Genomic DNA Purification Kit (Thermo Fisher
Scientific) according to the standard DNA extraction protocol
of the manufacturer. DNA concentration in the samples was
quantified using a Nanodrop ND-100 (Thermo Fisher Scientific)
and stored at −20◦C until further processing. COX1, 16S rRNA
and ITS2 gene fragments of R. microplus were amplified by PCR
in a thermocycler (HT, ILF, UK) using specific primers (Table 1).
PCR reactions were performed in a total volume of 25 µL
reaction mixture with a composition of 1 µL of each forward
and reverse primer, 2 µL of template DNA (50 ng), 7.5 µL of
deionized water and 13.5 µL of master mix (DreamTaq PCR
Master Mix [2X] (Thermo Fisher Scientific). The thermocycling
conditions for COX1, 16S rRNA and ITS2 were optimized
separately for each reaction. Standardized PCR conditions was,
an initial denaturation of 5 min at 95◦C followed by 35 cycles
of denaturation at 95◦C for 30 s, annealing at 53.8◦C for
COX1, 55.9◦C for 16S rRNA and 58◦C for ITS2 for 30 s, an
extension at 72◦C for 30 s and a final extension of 10 min at
72◦C. A negative control (distilled water) was included in each
run of the amplification reaction for validation. PCR products
were confirmed by running the amplified DNA in 2% ethidium
bromide stained agarose gel with a 50 bp DNA marker (Thermo
Fisher Scientific). The results were visualized using the GeneDoc
(UVP BioDoc-It Imaging System).

DNA Purification and Sequencing
The amplified PCR products were purified using the GeneClean
II kit (Qbiogene) according to the manufacturer’s instructions.
For the sequencing of PCR based amplified product, 45 DNA
samples of each district were separately grouped containing
fifteen samples for each gene fragment. The purified PCR
amplicons (45 PCR product samples, 15 samples for each marker)
were sequenced unidirectionally by Macrogen Inc. (Seoul,
South Korea). The obtained sequences (nucleotide sequences)
were analyzed using BioEdit V. 7.0.5 (Hall et al., 2011) and NCBI
BLAST1 (Altschul et al., 1990). All the relevant library sequences
of closely related species and of R. microplus complex available in
GenBank were downloaded and saved for downstream analysis
to construct a phylogenetic tree. The obtained sequences were
trimmed for the removal of unnecessary nucleotides and those
with 100% similarity with each other were discarded. Finally, 12
sequences were uploaded to NCBI GenBank including COX1 (4),
16S rRNA (3) and ITS2 (5).

Phylogenetic Analysis
The obtained trimmed sequences were aligned using ClustalW
in BioEdit Sequence Alignment Editor V 7.0.5 (Hall et al., 2011).
To test molecular phylogeny of the cattle tick R. microplus a

1https://blast.ncbi.nlm.nih.gov/Blast.cgi
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FIGURE 2 | Map showing locations of ticks (A) collected from humans (B) and wild animals.

multi locus analysis was performed for COX1 (Figure 3), 16S
rRNA (Figure 4), and ITS2 (Figure 5) partial sequences using the
Maximum likelihood method in MEGA v. X (Kumar et al., 2018)
with bootstrapping at 1000 replications (Tamura et al., 2013).

Statistical Analysis
The overall tick prevalence was calculated by the total ticks
divided by total hosts, host wise infestation was calculated by the
infested hosts divided by total examined. The mean percent of
collected ticks and binomial confidence intervals for proportion
were calculated (Table 2). The median tick burden was analyzed
on hosts by applying the Kruskal–Wallis test (P < 0.001) among

TABLE 1 | Primers used for the amplification of target partial genes of
R. microplus.

Gene Primer sequence Amplicons
size (nt)

References

COXI F: ATTTTACCGCGATGAATATACTCTAC 620 bp Present study

R: TCTGTTAATAGTATGGTAATAGCACCTG

16S
rRNA

F: ATTTTGACTATACAAAGGTATTGAAAT 376 bp Present study

R: ATTTAAAAGTTGAACAAACTTCTTATTT

ITS2 F: CACATATCAAGAGAGCCTTCGGC 267 bp Present study

R: CATCGTCTTGTGTAGCGTCGC

different hosts and the Pearson correlation test was applied for
the temporal distribution of ticks. The results were considered
statistically significant at p < 0.05.

RESULTS

Tick’s Description and Host Population
Morpho-taxonomic analysis categorized collected ticks into six
genera including 17 species (Figure 1). The highest number
of collected tick species was R. microplus (n = 3584, 42%)
followed by Hya. anatolicum (n = 2,253, 27%), A. persicus
(n = 1,342, 16%), Hya. impeltatum (n = 586, 7%), R. turanicus
(n = 161, 2%), R. haemaphysaloides (n = 142, 2%), R. annulatus
(n = 132, 2%), Hae. montgomeryi (n = 123, 1.4%), Hya.
marginatum (n = 110, 1.3%), R. sanguineus (n = 34, 0.4%),
and Hae. longicornis (n = 31, 0.4%) (Table 2 and Figure 6A).
Cattle were found infested separately by R. microplus, R.
haemaphysaloides, Hya. anatolicum, Hya. impeltatum, Hya.
marginatum and Hae. montgomeryi and buffalos were found
infested separately by R. microplus, R. haemaphysaloides, Hya.
anatolicum, and Hae. montgomeryi. On the other hand, goats
were found infested by Hae. montgomeryi, Hae. longicornis,
and Hya. impeltatum, and sheep were infested separately by
two species Hae. longicornis and Hya. impeltatum. R. annulatus
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FIGURE 3 | Maximum likelihood tree inferred from COX1 sequences of the genus Rhipicephalus and using Hyalomma sequence as outgrowth. GenBank accession
numbers are followed by species name and location of collection. Clade A includes R. microplus ticks from America, Malaysia, and China, clade B includes tick from
China and clade C includes ticks from Pakistan, India, Bangladesh, Myanmar, and Malaysia. Support values (Bootstrapping values) were indicated at each node. The
bar represents 0.020 substitutions per site. Sequences obtained in the present study were underlined.

and R. sanguineus were collected from dogs. Horses and
domestic fowls were found to be infested by a single species
of R. turanicus and A. persicus, respectively. Hosts infested
by multiple tick species were also recorded. For instance,
R. microplus and Hya. anatolicum were found infesting both
cattle and buffaloes (Table 3).

A total of 772 animals were observed throughout the study
period (April 2017 to March 2018) which included bovine (cattle,

180; buffalos, 114), ovine (sheep, 80), caprine (goats, 120), avian
(domestic fowl, 150) equine (horse, 80) and carnivorous (dogs,
48) hosts, from which 8,498 ticks were collected. The overall
prevalence of tick infested animals was 69.4% (536/772). Among
the tick infested hosts; cattle were found highly infested (87.2%,
157/180) followed by buffalos (79.8%, 91/114), domestic fowl
(74.7%, 112/150), goats (68.3%, 82/120), dogs (66.7%, 32/48),
horses (61.3%, 49/80), and sheep (16.3%, 13/80).
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FIGURE 4 | Maximum likelihood tree inferred from 16S rRNA sequences of the genus Rhipicephalus and using Hyalomma sequence as outgrowth. GenBank
accession numbers are followed by species name and location of collection. The clade A includes R. microplus from Pakistan, India, and China while Clade B
contains R. microplus from Africa, Malaysia and South America. Support values (Bootstrapping values) were indicated at each node. The bar represents 0.020
substitutions per site. Sequences obtained in the present study were underlined.

Tick Burden
Median tick burden recorded on host animals was 16 (median
16, Q1-Q3: 9-31) and showed a statistically significant difference
among the different host groups (χ2 = 157.83, df = 6, p < 0.001).
Median tick burden was high in cattle (median 29), followed by
buffalos (median 21.5), goats (median 21), sheep (13), domestic
fowl (12), dogs (8.5), and horses (6).

Seasonal Dynamics of Ticks
The tick species included in the seasonal dynamics analysis
were; Hya. anatolicum, Hya. marginatum, Hya. impeltatum, R.

microplus, R. haemaphysaloides, R. sanguineus, R. turanicus, R.
annulatus, Hae. montgomeryi, Hae. longicornis, and A. persicus.
Tick species showed spatio-temporal variations in their
distribution. Specifically, species of the genus Hyalomma were
mainly reported in dry regions while species belonging to the
genus Rhipicephalus were reported in semi-arid regions of the
study area (Figure 6B). During ticks collection, adult females
(partially fed or nymphs) were highly prevalent followed by
males and larvae (Table 2). Other tick species were not included
in the temporal analysis because they were collected by chance
from novel hosts (these hosts were not the focus of the present
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FIGURE 5 | Maximum likelihood tree inferred from ITS2 sequences of the genus Rhipicephalus and using Rhipicentor and Hyalomma sequences as outgrowth.
GenBank accession numbers are followed by species name and collection location. Support values (Bootstrapping values) were indicated at each node. The bar
represents 0.020 substitutions per site. Sequences obtained in the present study were underlined.

study) either from the study area or from other districts within
KP Pakistan, during some parts of the year. This included
tick species such as Amb. gervaisi, Amb. exornatum, Amb.
latum, D. marginatus, Hae. indica, and R. sanguineus from

monitor lizards, Indian pythons, markhor, mongoose and wild
boars, respectively.

The highest number of ticks were collected in July followed
by August and September as an increase in the infestation rate
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FIGURE 6 | (A) shows percent composition of collected tick species (B) and spatial distribution of ticks in various districts of KP, Pakistan.

of ticks were recorded during ticks collection and these finding
significantly correlated with an increase in mean temperature
[r(10) = 0.929, p < 0.01] and relative humidity [r(10) = 0.831,
p < 0.01] during these months in the region. As the mean
temperature fell and relative humidity decreased, the infestation
rate also decreased (Figure 7).

Ticks Infesting Humans and Wild
Animals
A total of 25 ticks were collected from humans (i.e., three
genera and five species including R. microplus, R. annulatus,
Hae. punctata, Hya. marginatum, and Hya. anatolicum). Ticks
collected from wild animals included Hae. indica (wild rodent,
n = 17), Amb. gervaisi and Amb. exornatum (monitor lizard,
n = 21 and n = 14), Amb. latum (Indian python, n = 23),
D. marginatus (wild goat, n = 31) and R. sanguineus (wild boar,
n = 12) (Table 4 and Figure 8).

Sequence and Phylogenetic Analysis
Genomic DNA extracted from morphologically identified
R. microplus tick samples were amplified by PCR using COX1,

16S rRNA and ITS2 specific primers (Table 1). Results were
observed on agarose gel electrophoresis and the resultant
amplicons (COX1, 16S rRNA and ITS2) were 620, 376, and
267 bp, respectively. After sequencing, BLAST analysis of the
COX1 nucleotide partial sequences showed 95–100% identity
with the same sequence reported from Pakistan (accession no.
MG459963), Bangladesh (accession no. MG459961, MG459962)
Myanmar (accession no. MG459964) and China (accession
no. KC503259). In the case of 16S rRNA nucleotide partial
sequences, BLAST analysis revealed that it shares a 98–100%
identity with previously reported sequences for R. microplus
from India (accession no. KY458969; MG811555) and China
(accession no. KU664521; MH208600). ITS2 partial nucleotide
sequences showed that it shares 99% identity with the same
sequences reported for the same tick species from India
(accession no. JX974346; MG978179), China (accession no.
JQ737125; JQ737124; KX450290; MG721034), Laos (accession
no. KC503276), Colombia (accession no. MF353138), and
Cambodia (accession no. KC503272). Similarly, the sequences
of COX1 (accession no. MK812968, MK836289, MK858219,
MK858220), 16S rRNA (accession no. MK463980, MK463981,
MK463982) and ITS 2 (accession no. MK480725, MK524212,

Frontiers in Physiology | www.frontiersin.org 9 July 2019 | Volume 10 | Article 793218

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00793 July 12, 2019 Time: 15:38 # 10

Ali et al. Tick Diversity in Khyber Pakhtunkhwa, Pakistan

TA
B

LE
2

|T
ic

k
sp

ec
ie

s
co

lle
ct

ed
fro

m
di

ve
rs

e
ho

st
s

ac
ro

ss
K

P,
P

ak
is

ta
n.

H
o

st
an

im
al

H
ya

lo
m

m
a

R
h

ip
ic

ep
h

al
u

s
H

ae
m

ap
h

ys
al

is
A

rg
u

s

H
ya

.
an

at
ol

ic
u

m
L/

M
/F

∗

H
ya

.
m

ar
g

in
at

u
m

L/
M

/F

H
ya

.
im

p
el

ta
tu

m
L/

M
/F

R
.m

ic
ro

p
lu

s
L/

M
/F

R
.h

ae
m

ap
h

ys
al

oi
d

es
L/

M
/F

R
.s

an
g

u
in

eu
s

L/
M

/F
R

.t
u

ra
n

ic
u

s
L/

M
/F

R
. a

n
n

u
la

tu
s

L/
M

/F
H

ae
.

m
on

tg
om

er
yi

L/
M

/F

H
ae

.
lo

n
g

ic
or

n
is

L/
M

/F

A
.p

er
si

cu
s

L/
M

/F

C
ow

20
7/

97
6/

56
1

4/
31

/2
3

34
/9

1/
16

1
14

8/
35

3/
12

91
8/

13
/4

0
1/

2/
8

10
/1

7/
34

19
/2

7/
33

0/
26

/2
1

0/
3/

6
–

B
uf

fa
lo

41
/8

9/
39

0/
9/

12
8/

40
/8

7
13

/2
9/

18
2

–
–

3/
16

/1
9

–
–

–
–

G
oa

t
11

/5
4/

22
2/

10
/5

0/
25

/2
8

7/
18

4/
39

8
4/

16
/2

2
–

9/
0/

2
0/

23
/1

4
4/

0/
8

–
–

S
he

ep
13

/3
9/

53
0/

0/
3

0/
8/

13
23

/1
37

/2
96

0/
9/

18
–

2/
13

/1
3

0/
11

/5
14

/1
7/

12
1/

2/
5

–

D
og

–
–

–
–

–
7/

7/
9

3/
0/

14
–

–
7/

2/
2

–

H
or

se
19

/9
4/

35
0/

8/
3

12
/3

5/
44

61
/1

96
/2

66
0/

4/
8

–
0/

4/
2

–
3/

4/
14

0/
0/

3
–

D
om

es
tic

fo
w

l
–

–
–

–
–

–
–

–
–

–
17

8/
31

7/
84

7

To
ta

l
2,

25
3

11
0

58
6

35
84

14
2

34
16

1
13

2
12

3
31

1,
34

2

M
ea

n
(%

)
26

.8
0

1.
38

6.
88

41
.9

0
1.

68
0.

44
1.

89
1.

55
1.

48
0.

40
15

.6
0

95
%

C
I

(2
5.

8–
28

.0
)

(1
.0

–2
.5

6)
(5

.3
–8

.0
)

(4
0.

2–
43

.7
)

(1
.0

–2
.8

)
(0

.1
–1

.1
2)

(1
.1

–3
.5

6)
(1

.7
–2

.2
0)

(1
.0

–2
.3

1)
(0

.1
–1

.2
0)

(1
4.

1–
17

.3
)

∗
N

ym
ph

s
or

pa
rt

ia
lly

fe
d

tic
ks

w
er

e
co

ns
id

er
ed

as
ad

ul
ts

(F
).

L,
la

rv
ae

;M
,m

al
e.

C
I,

C
on

fid
en

ce
In

te
rv

al
.

TABLE 3 | Collected ticks, their hosts and preferred attachment sites on different
hosts observed during present study.

Host Tick species collected Tick attachment site on
host body

Cattle R. microplus, R.
haemaphysaloides, Hya.
anatolicum, Hya. impeltatum,
Hya. marginatum, and Hae.
montgomeryi

(belly, dewlap, shoulders and
flanks) (axillae, groin, genital
areas, perineum and udder)

Buffalos R. microplus
R. haemaphysaloides, Hya.
anatolicum and Hae.
montgomeryi

(neck, shoulders, flanks, axillae,
groin, genital areas, perineum,
and udder)

Goat Hae. longicornis, R.
haemaphysaloides and Hya.
impeltatum

(neck, shoulder, groin, axillae,
genital areas, perineum, and
udder)

Dog R. annulatus and R. sanguineus (legs, shoulders, ears, and neck)

Sheep Hae. longicornis and Hya.
impeltatum

(groin, axilla, lags, genital areas
perineum, and udder)

Horses R. turanicus (shoulder)

Domestic
fowl

A. persicus (host plumage and nests)

Multiple tick species infesting same host

Cattle R. microplus and Hya. anatolicum

Buffalos R. microplus and Hya. anatolicum

MK531135, MK578158, MK577644) obtained in the present
study were deposited to the NCBI databank.

Maximum likelihood (ML) trees were inferred from COX1,
16S rRNA and ITS2 partial sequences of R. microplus to establish
its phylogenetic relationship. ML analysis of COX1 nucleotide
sequences revealed three clades, clade A includes ticks from
America, Malaysia, and China, clade B was comprised of ticks
originating from China (Burger et al., 2014; Low et al., 2015)
and clade C includes ticks from Pakistan, India, Bangladesh,
Myanmar, and Malaysia (Figure 3) (Roy et al., 2018). The COX1
phylogenetic analysis provided better support to resolve the
evolutionary relationships of R. microplus. On the other hand,
16S rRNA partial sequences provided little phylogenetic structure
of R. microplus complex and divided into two phylogenetic
clades, the clade A comprised of the R. microplus tick species
from China, India and Pakistan. Clade B includes R. microplus
ticks originating from Malaysia, Africa and America and the
R. australis (formerly recognized as R. microplus) from Australia,
Indonesia and New Caledonia formed a separate subclade along
with the aforementioned ticks (Figure 4). Based on ITS2 analysis,
all species of the R. microplus complex were clustered together
and the ITS2 tree provided support to the monophyly of
R. microplus complex (Figure 5).

DISCUSSION

Climatic change and global warming have a vital impact on
the distribution of ticks and tick-borne pathogens, as each
tick species selects a set of ecological conditions and biotopes
that determine its dispersal and outline risk areas for their
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FIGURE 7 | Seasonal dynamics of various tick species recorded during this study.

associated pathogens transmission (Leger et al., 2013). Tick
habitat expansion and novel pathogens (protozoans, bacteria,
rickettsia, and viruses) are re-emerging in new geographic
areas, posing a serious threat to public and veterinary health
(Estrada-Peña et al., 2013; Jore et al., 2014). In KP Pakistan,
the majority of farmers lack basic knowledge on ticks, their
disease causing potential and the wide variety of hosts they
infest, mostly resulting in a failure of controlling tick infestations.
The present study encompasses the identification of diverse
tick species and novel hosts, including humans, along with the
seasonal dynamics and molecular phylogeny of R. microplus
from north-western regions of Pakistan. The collected ticks
were categorized into six genera including 17 species of
medical and veterinary concern. We reported Amb. latum,
Amb. gervaisi, Amb. exornatum, A. persicus, D. marginatus, Hae.
indica, Hae. longicornis, Hae. punctata, Hae. montgomeryi, Hya.
impeltatum, H. anatolicum, Hya. marginatum, R. annulatus, R.
haemaphysaloides, R. microplus, R. sanguineus, and R. turanicus
from the KP province. The majority of these ticks are
responsible for the transmission of Babesia bovis, Theileria
annulata, Anaplasma marginale, and Anaplasma centrale in the
region (Jabbar et al., 2015). Our findings on the tick species
prevalent in Pakistan correspond with previously reported
studies (Manan et al., 2007; Karim et al., 2017; Rehman et al.,
2017). Additionally, these ticks have been shown to be responsible
for considerable losses in the livestock industry, causing severe
threats to animal hosts and public health (Tadesse et al., 2012;
Rehman et al., 2017).

Although ticks infestation on humans has been recorded
from other regions of the world (Guglielmone and Robbins,
2018), ticks infesting humans and wild animals have not been
previously reported in KP, Pakistan. During this study we found

R. microplus, R. annulatus, Hya. anatolicum, Hya. marginatum
and Hae. punctata (three genera and five species) infesting
humans (Figure 8). These ticks, for instance, R. microplus
(Labruna et al., 2005; Okino et al., 2010; Serra-Freire, 2010),
R. annulatus (Horak et al., 2005; Bakirci et al., 2014; Kar
et al., 2017) Hya. anatolicum (Estrada-Peña and Jongejan,
1999; Apanaskevich and Horak, 2005; Papa et al., 2011), Hya.
marginatum (Santos-Silva et al., 2011), and Hae. punctata
(Fernández-Soto et al., 2006; Briciu et al., 2011) parasitizing
humans have already been reported in other parts of the
world. Hae. indica from Indian gray mongoose are reported
in this study, tick infestation on mongoose have been reported
previously (Hoogstraal, 1970; Hoogstraal and Wassef, 1977;
Horak et al., 1999; Cheng et al., 2018). In the present study
Amb. gervaisi and Amb. exornatum parasitizing monitor lizards,

TABLE 4 | Tick species collected from wild animals during this study.

Infected host Collection date Collected
tick species

Number and
life stage∗

Wild rodent (Herpestes
edwardsi)

March 17, 2018 Hae. indica 17 (4L,10M,3F)

Monitor lizard (Varanus
varanus)

June 12, 2018 Amb. gervaisi 21 (3L,7M,11F)

Monitor lizard (Varanus
varanus)

July 15, 2018 Amb.
exornatum

14 (2L,5M,7F)

Wild goat (Capra falconeri) August 21, 2017 D. marginatus 31 (5L,9M,17F)

Wild boar (Sus scrofa) May 05, 2017 R. sanguineus 12 (2L,6M,4F)

Indian python (Python
molurus)

July 10, 2018 Amb. latum 23 (3L,9M,11F)

∗Nymphs or partially fed ticks were considered as adults (F). L, larvae; M, male.
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FIGURE 8 | Figure showing ticks infesting humans (A,B) (written informed
consent was obtained from the individuals for the publication of images), Hae.
indica collected from mongoose (Herpestes edwardsi) (C), and Amb. gervaisi
collected from monitor lizards (Varanus varanus) (D).

and Amb. latum infesting Indian pythons were also reported.
Amblyomma ticks are vectors of several pathogens known to
transmit disease causing agents to humans and has never
been investigated in Pakistan. Amblyomma species infesting
reptiles are vectors of Aeromonas hydrophila that cause bacterial
stomatitis, paralysis and pneumonia in snakes (Tenderio, 1953;
Stephen and Achyutha, 1979; Marcus, 1981; Stenos et al., 2005;
Hanson et al., 2007). D. marginatus were found to infest wild
goats (locally known as markhor), which demands further
studies to investigate the negative impact of this tick species in
markhor which is considered as endangered species. The genus
Dermacentor is of public and veterinary health concern as a
vector reservoir for several pathogens with unknown potential
risks in Pakistan. R. sanguineus, a vector of microorganisms
of medical and veterinary health concern such as Hepatozoon
canis and Ehrlichia canis (Dantas-Torres et al., 2018; Cabezas-
Cruz et al., 2019) was collected for the first time from wild
boars in the region.

Studies showing the seasonal pattern of tick distributions
have never been reported from KP, Pakistan. During this
study, information about the tick burden associated with
relative humidity and temperature was recorded which
is essential for the timing of potential control measures
in tick infestation season. The target study region has
high temperature and humidity during July, August
and September therefore, high tick infestations were
recorded during these months. On the other hand, due
to the low temperatures during December, January, and
February, several tick species were found to exhibit low
infestation rates.

Several studies have used COX1, 16S rRNA and ITS2 as
genetic markers for the accurate molecular identification and
phylogenetic relationship of various organisms, including hard
ticks such as R. microplus (Burger et al., 2014; Lv et al., 2014;
Low et al., 2015; Coimbra-Dores et al., 2018). COX1 sequences
have been used to show that cryptic species of R. microplus
contain and display different population structures in different
geographical regions (Burger et al., 2014; Low et al., 2015). Thus,
R. microplus appears to consist of a complex of distinct genetic
assemblages, namely R. australis, R. annulatus, R. microplus clade
A (Burger et al., 2014), R. microplus clade B (Burger et al.,
2014), and R. microplus clade C (Low et al., 2015). Burger et al.
(2014) showed that R. microplus from clade B (Southern China
and Northern India) is more closely related to R. annulatus
than to R. microplus from clade A (Asia, South America, and
Africa). In accordance with previous studies, phylogenetic trees
based on COX1, 16S rRNA and ITS2 of R. microplus were
obtained to establish the phylogenetic relationship of this tick
(Lv et al., 2014; Low et al., 2015; Csordas et al., 2016; Rehman
et al., 2017; Roy et al., 2018). COX1 was found to be an
established marker for the phylogenetic analyses and informative
for R. microplus phylogeny as compared to 16S rRNA and
ITS2 as the latter provides monophyletic support to Boophild
ticks (Burger et al., 2014). The COX1 phylogenetic analysis
provided support to resolve the evolutionary relationship of
R. microplus. Our findings about obtained COX1 sequences
and phylogenetic analysis are parallel with previous reports
from the region (Roy et al., 2018). ML analysis of COX1
nucleotide sequences revealed that these ticks are closely related
to clade C (Low et al., 2015; Roy et al., 2018) (Figure 3).
On the other hand, 16S rRNA partial sequences provided
support to the monophyly of R. microplus complex and our
tick sequences were clustered with clade A (Figure 4) (Brahma
et al., 2014; Lv et al., 2014; Low et al., 2015). Based on ITS2
analysis, all species of the R. microplus complex were clustered
together on the tree and provided support to the monophyly
of R. microplus complex. The phylogenetic relationship in
the R. microplus species complex was poor and could not
accurately categorized as a sister species since ITS2 is highly
conserved and is insufficient in distinguishing these closely
related species (Figure 5).

CONCLUSION

This study for the first time explored the tick diversity infesting
various hosts in KP, Pakistan. The important tick species
of domestic animal hosts are R. microplus, R. annulatus,
R. haemaphysaloides, R. sanguineus, R. turanicus, Hae.
montgomeryi, Hae. longicornis, Hya. marginatum. Hya.
anatolicum, Hya. impeltatum, and A. persicus. The seasonal
pattern of several tick species showed high infestation during
July, August and September in which high temperature and
humidity persists in the region. The collection of tick species
parasitizing humans in the study area may facilitate further
studies to identify the functional role of these parasites in
the transmission of pathogens that cause human diseases.
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Altogether, tick species such as Hae. indica, Amb. gervaisi,
Amb. exornatum, Amb. latum, D. marginatus, and R. sanguineus
were reported for the first time infesting wild animals in the
region. The phylogenetic relationship of cattle tick R. microplus
explored in this study will further help in defining control
strategies. These findings will facilitate awareness among the
local population about tick species diversity and their hosts
and future control strategies against ticks and tick-borne
diseases in Pakistan.
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Ticks and tick-borne pathogens affect health and welfare of companion animals
worldwide, and some human tick-borne diseases are associated with exposure
to domestic animals. Vaccines are the most environmentally friendly alternative to
acaracides for the control of tick infestations, and to reduce the risk for tick-borne
diseases affecting human and animal health. However, vaccines have not been
developed or successfully implemented for most vector-borne diseases. The main
limitation for the development of effective vaccines is the identification of protective
antigens. To address this limitation, in this study we used an experimental approach
combining vaccinomics based on transcriptomics and proteomics data with vaccination
trials for the identification of tick protective antigens. The study was focused on
Ixodes ricinus and Dermacentor reticulatus that infest humans, companion animals
and other domestic and wild animals, and transmit disease-causing pathogens. Tick
larvae and adult salivary glands were selected for analysis to target tick organs and
developmental stages playing a key role during tick life cycle and pathogen infection
and transmission. Two I. ricinus (heme lipoprotein and uncharacterized secreted
protein) and five D. reticulatus (glypican-like protein, secreted protein involved in
homophilic cell adhesion, sulfate/anion exchanger, signal peptidase complex subunit
3, and uncharacterized secreted protein) proteins were identified as the most effective
protective antigens based on the criteria of vaccine E > 80%. The putative function
of selected protective antigens, which are involved in different biological processes,
resulted in vaccines affecting multiple tick developmental stages. These results
suggested that the combination of some of these antigens might be considered to
increase vaccine efficacy through antigen synergy for the control of tick infestations
and potentially affecting pathogen infection and transmission. These antigens were
proposed for commercial vaccine development for the control of tick infestations in
companion animals, and potentially in other hosts for these tick species.
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INTRODUCTION

Tick-borne pathogens cause medically important infections
affecting dogs and other pet species worldwide (Liu et al.,
2018; Skotarczak, 2018), and some human tick-borne diseases
are associated with exposure to domestic animals (Estrada-Peña
et al., 2008; Kwit et al., 2018; Escárcega-Ávila et al., 2019). The
tick species (Acari: Ixodidae), Ixodes ricinus (Linnaeus, 1758) and
Dermacentor reticulatus (Fabricius, 1794) infest humans, pets and
other domestic and wild animals. I. ricinus transmits disease-
causing pathogens such as Borrelia spp. (Lyme disease and
various borreliosis), tick-borne encephalitis virus (TBEV; tick-
borne encephalitis) and Anaplasma phagocytophilum (human
and animal anaplasmosis) while D. reticulatus is a vector for
Francisella tularensis (tularemia), Rickettsia spp. (human and
animal rickettsiosis), Omsk hemorrhagic fever virus (OHFV;
Omsk hemorrhagic fever), and Babesia canis (canine babesiosis)
(Glickman et al., 2006; de la Fuente et al., 2008, 2015;
Beugnet and Marié, 2009).

Vaccines have not been developed or successfully
implemented for most vector-borne diseases (VBD) affecting
humans and animals (de la Fuente et al., 2017b). Therefore,
reduction of arthropod vector infestations is important for the
control of VBD (de la Fuente and Kocan, 2003; Sperança and
Capurro, 2007; Karunamoorthi, 2011; Coller et al., 2012; de la
Fuente and Contreras, 2015; de la Fuente et al., 2017b; de la
Fuente, 2018). Traditional control methods for arthropod vector
infestations are based on the use of chemical acaricides with
associated drawbacks such as selection of arthropod-resistant
strains and contamination of both the environment and animal
products (de la Fuente and Kocan, 2003; de la Fuente et al.,
2017b). Vaccination is an environmentally friendly alternative
for the control of vector infestations and pathogen infections
that allows control of several VBD by targeting their common
vector (de la Fuente et al., 2007, 2011, 2017b; de la Fuente and
Contreras, 2015; de la Fuente, 2018). Vaccines could be developed
to target different tick developmental stages and functions on
various hosts with the advantage of avoiding environmental
contamination and selection of pesticide resistant arthropod
vectors while improving animal welfare and production (de la
Fuente et al., 2017b; de la Fuente, 2018). The experience with the
only commercial vaccines available for the control of ectoparasite
infestations, TickGard and Gavac, demonstrated that these
vaccines contribute to the control of cattle tick populations while
reducing acaricide applications, but were difficult to introduce
into the market because of the absence of immediate effect
on tick infestations and the application in combination with
other control measures (de la Fuente and Kocan, 2003, 2006;
Willadsen, 2004; de la Fuente et al., 2007). The hypothesis
behind tick vaccine protective capacity is that ticks feeding on
immunized hosts ingest antibodies specific for the target antigen
that could reduce its levels and biological activity and/or interact
with conserved epitopes in other proteins resulting in reduced
tick feeding, development and reproduction (de la Fuente et al.,
2011, 2017b; Moreno-Cid et al., 2011; de la Fuente, 2018).

The limiting step in developing tick vaccines is the
identification of protective antigens (de la Fuente and Kocan,

2003; de la Fuente et al., 2018). Recent developments in
omics analyses of both ticks and tick-borne pathogen and the
application of systems biology to the study of tick-host-pathogen
molecular interactions have advanced our understanding of the
genetic factors and molecular pathways involved at the tick-host,
tick-pathogen and host-pathogen interface (de la Fuente, 2012;
de la Fuente et al., 2017a). These technologies are generating
extensive information, but algorithms are needed to use these
data for advancing knowledge on basic biological questions
and the discovery of candidate protective antigens for the
development of improved vaccines for the control of ticks and
VBD (de la Fuente and Merino, 2013; de la Fuente et al., 2016,
2018; Contreras et al., 2018).

Acaricides have been effectively used to reduce tick
infestations in companion animals (Otranto, 2018). However,
ticks and transmitted pathogens continue to be a major health
problem in dogs and other companion animals that require
the development of effective vaccines (Otranto, 2018). Previous
experiments have shown the possibility of using vaccines with
tick gut protein extracts, Subolesin/Akirin and Bm96 for the
control of Rhipicephalus sanguineus infestations in dogs (de la
Fuente et al., 2015), and with pathogen-derived antigens for the
control of VBD (e.g., Alhassan et al., 2018; Grosenbaugh et al.,
2018). Nevertheless, vaccines for the control of tick infestations
and transmitted diseases in companion animals have not been
registered and commercialized.

In this study, we used a vaccinomics approach based on
transcriptomics and proteomics data (de la Fuente and Merino,
2013; de la Fuente et al., 2016) in combination with vaccination
trials for the discovery of tick protective antigens for the control
of I. ricinus and D. reticulatus infestations in companion animals.
Dogs and rabbits were used as model animals. Tick larvae and
adult salivary glands were selected for analysis. Tick larvae are the
first developmental stage to infest hosts and acquire infection or
transmit pathogens that are transovarially transmitted. Salivary
glands produce a cocktail of anti-clotting, anti-platelet, anti-
inflammatory, vasodilatatory and immunomodulatory proteins
that interfere with host defenses to aid in tick blood feeding
and pathogen infection and transmission (Ayllón et al., 2015;
Chmelaø et al., 2016; Nuttall, 2018). The experiments resulted
in the identification of new antigens that showed a protective
efficacy of vaccination against I. ricinus and D. reticulatus
infestations in rabbits and dogs.

MATERIALS AND METHODS

Ethics Statement
White rabbits (Oryctolagus cuniculus) and Beagle dogs (Canis
lupus familiaris) were used in the experiments. Animal
experiments were conducted in strict accordance with the
recommendations of the European Guide for the Care and Use
of Laboratory Animals. Animals were housed and experiments
conducted at LLC ACRO Vet Lab (Pylipovichi village, Kiev
region, Ukraine) with the approval and supervision of the
Ukrainian Commission for Bioethics and Biosafety for animals
under the studies “Tick vaccine experiment on rabbits” number
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000369 and “Tick vaccine experiments on dogs” numbers 000576,
000577 and 000761.

Ticks and Sample Preparation
Ixodes ricinus ticks were originally obtained from the reference
laboratory colony maintained at the tick rearing facility of
the Institute of Parasitology of the Biology Centre of the
Academy of Sciences of the Czech Republic (Genomic Resources
Development Consortium, Contreras et al., 2014). D. reticulatus
ticks were obtained from a Dutch colony maintained at the
Utrecht Centre for Tick-borne Diseases (UCTD), Department
of Infectious Diseases and Immunology, Faculty of Veterinary
Medicine, Utrecht University, Utrecht, The Netherlands (Villar
et al., 2014). Tick colonies were maintained at the LLC ACRO
Vet Lab (Pylipovichi village, Kiev region, Ukraine) and used
for analysis and vaccination trials. I. ricinus unfed larvae whole
internal tissues (IL) and unfed adult salivary glands (ISG), and
D. reticulatus unfed larvae whole internal tissues (DL) and
unfed adult salivary glands (DSG) were processed. RNA and
proteins were extracted from approximately 500 larvae using
the AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Valencia,
CA, United States) and from 50 salivary glands (25 females
and 25 males) using Tri Reagent (Sigma-Aldrich, St. Louis,
MO, United States) according to manufacturer instructions.
RNA was purified with the RNeasy MinElute Cleanup Kit
(Qiagen, Valencia, CA, United States) and characterized using
the Agilent 2100 Bioanalyzer (Santa Clara, CA, United States)
in order to evaluate the quality and integrity of RNA
preparations. RNA concentration was determined using the
Nanodrop ND-1000 (NanoDrop Technologies Wilmington, DE,
United States). Protein concentration was determined using the
Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL,
United States) with BSA as standard. RNA yield was 10 µg (IL),
4 µg (ISG), 3.5 µg (DL), and 6 µg (DSG). Protein yield was 8 mg
(IL and DL), 1.4 mg (ISG), and 3 mg (DSG).

Transcriptomics Data Acquisition for
I. ricinus and D. reticulatus Samples
Purified RNAs were used for library preparation using the
TruSeq RNA sample preparation kit v.1 and the standard low
throughput procedure (Illumina, San Diego, CA, United States)
as previously reported (Genomic Resources Development
Consortium, Contreras et al., 2014; Villar et al., 2014). Briefly,
1 µg total RNA was used as starting material for library
preparation with the exception of the DL sample for which 0.7 µg
were used. Messenger RNA was captured using poly-dT magnetic
beads and purified polyA+ RNA was chemically fragmented
and reverse-transcribed. Remaining RNA was enzymatically
removed, and the second strand generated following an end
repair procedure and preparation of double-stranded cDNA for
adaptor ligation. Adaptor oligonucleotides containing the signals
for subsequent amplification and sequencing were ligated to both
ends and cDNA samples were washed using AMPure SPRI-
based magnetic beads (Beckman Coulter, IZASA, Barcelona,
Spain). Adapters contained identifiers, which allow multiplexing
in the sequencing run. An enrichment procedure based on

PCR was then performed to ensure that all molecules in the
library conserved the adapters at both ends. The number of
PCR cycles was adjusted to 10 for all samples except for DL
which needed up to 15 cycles. The final amplified library was
checked again on a BioAnalyzer 2100 (Agilent, Santa Clara, CA,
United States). Libraries were titrated by quantitative PCR using
a reference standard to characterize molecule concentration
per library (IL, 5.51 nM; ISG, 62.16 nM; DL, 12.44 nM;
DSG, 100.95 nM). Libraries were denatured and seeded on the
respective lanes of the flowcells at a final concentration after re-
naturalization of 10–14 pM. IL and ISG samples were run in
single-nucleotide flowcells while DL and DSG samples were run
in double-nucleotide flowcells to allow for pair-end sequencing.
After binding, clusters were formed in the flowcells by local
amplification using a Cluster Station apparatus (Illumina).
Following sequencing primer annealing, flowcells were loaded
into a GAIIx equipment (Illumina) to perform sequencing using
the TruSeq R© system (Illumina). IL and ISG samples were run
under a 1 × 75 bp single-end read protocol while DL and DSG
samples were run under a pair-end 2 × 100 bp protocol for de
novo RNA sequencing (RNAseq). After sequencing and quality
filtering, reads were split according to their different identifiers
and fastq files were generated to proceed to quality analysis and
gene expression analysis and/or de novo transcript assembly.
Transcriptomics data was submitted to Dryad Digital Repository1

or published here (Supplementary Dataset 1) and by Villar et al.
(2014) for I. ricinus and D. reticulatus samples, respectively.

Bioinformatics for I. ricinus and
D. reticulatus Transcriptomics Data
I. ricinus
The pipeline used for bioinformatics analysis of I. ricinus
transcriptomics data was similar to that described by Twine et al.
(2011) as previously reported (Genomic Resources Development
Consortium, Contreras et al., 2014). The reads from both IL
and ISG samples were mapped to the reference I. scapularis
genome (assembly JCVI_ISG_i3_1.02) using a TopHat-Cufflinks-
Cuffdiff pipeline (Langmead et al., 2009; Trapnell et al., 2009).
Transcript abundance was estimated using Cufflinks by analyzing
the number of reads mapped to each transcript and handling
the deviations due to the sample preparation (Langmead et al.,
2009). Finally, differential expression between IL and ISG was
characterized using Cuffdiff, integrated into the Cufflinks package
(Langmead et al., 2009). For analysis of genes coding for secreted
proteins, 6 subcellular localization predictors were chosen: WoLF
PSORT3, TargetP4, Protein Prowler5, SLP-Local6, PredSL7 and
CELLO8. All these tools have web services that enable batch
protein sequence submissions. Results for genes encoding for

1https://doi.org/10.5061/dryad.9js92
2http://www.ncbi.nlm.nih.gov/nuccore/NZ_ABJB000000000
3http://wolfpsort.org
4http://www.cbs.dtu.dk/services/TargetP/
5http://bioinf.scmb.uq.edu.au:8080/pprowler_webapp_1-2/
6https://sunflower.kuicr.kyoto-u.ac.jp/~smatsuda/slplocal.html
7http://aias.biol.uoa.gr/PredSL/
8http://cello.life.nctu.edu.tw
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predicted secreted proteins in IL and ISG were included in
Supplementary Dataset 2.

D. reticulatus
For D. reticulatus transcriptomics data, the 21,838,507 reads
(∼2.2 Gb) in DSG were compared against the I. ricinus selected
reference gene set (Table 1) using PROmer (Kurtz et al., 2004).
The query sequences were considered in their 3 reading frames
and the reference sequences only in the frame 1. PROmer results
were filtered by selecting the hits with a minimum length of 60 bp
for the extended similarity region and a minimum identity of 80%
in this region. Reads with hits fulfilling these requirements were
clustered to the selected gene with which they have PROmer hits.
We selected the read with hits and always also its paired read.
The reads belonging to each cluster were then assembled with
Velvet (Zerbino and Birney, 2008; Zerbino et al., 2009) to produce
a set of contigs clustered to the reference genes. A BLASTX was
then done against all proteins from Ixodidae included in the nr
database. For each cluster of contigs, we chose the most similar
protein to which the contigs aligned with more similarity, and
substituted that protein as the new reference protein for that
cluster. As expected, in many cases the most similar protein was
identical to the initial I. ricinus reference protein. Differential
gene expression between DL and DSG samples was determined
using χ2 test statistics with Bonferroni correction (P = 0.05) in
the IDEG6 software9.

Proteomics Data Acquisition for I. ricinus
and D. reticulatus Samples
Proteins were resuspended in 5% SDS and frozen at −20◦C
until use. Two hundred µg of protein extracts from the four
samples, IL, ISG, DL and DSG, were mixed with the same
quantity of Laemmli sample buffer x2 and applied using a 5-
well comb on a conventional SDS-PAGE gel (1.5 mm-thick,
4% stacking, 10% resolving). The electrophoretic run was
stopped as soon as the front entered 3 mm into the resolving
gel, so that the whole proteome became concentrated in the
stacking/resolving gel interface. The unseparated protein bands
were visualized by Coomassie Brilliant Blue R-250 staining,
excised, cut into cubes (2 × 2 mm) and treated with 0.1%
RapiGest SF surfactant (Waters, Milford. MA, United States)
according to manufacturer’s protocol in order to enhance the
subsequent in-gel trypsin digestion. After RapiGest treatment,
samples were digested overnight at 37◦C with 60 ng/µl trypsin
(Promega, Madison, WI, United States) at 5:1 protein:trypsin
(w/w) ratio in 50 mM ammonium bicarbonate, pH 8.8 containing
10% (v/v) acetonitrile. The resulting tryptic peptides from each
proteome were extracted by 1 h-incubation in 12 mM ammonium
bicarbonate, pH 8.8. Trifluoroacetic acid (TFA) was added to a
final concentration of 1% and the peptides were finally desalted
onto C18 OASIS HLB extraction cartridges (Waters, Milford,
MA, United States) and dried-down prior to reverse phase
high performance liquid chromatography (RP-HPLC) method
coupled with mass spectrometry (RP-HPLC-MS/MS) analysis
using a Surveyor LC system coupled to an ion trap mass

9http://compgen.bio.unipd.it/bioinfo/software/

spectrometer model LCQ Fleet (Thermo-Finnigan, San Jose, CA,
United States). Peptides were eluted using a 180-min gradient
from 5 to 40% solvent B in solvent A (solvent A: 0.1% formic
acid in water; solvent B: 0.1% formic acid in acetonitrile).
The LCQ Fleet was programmed to perform a data-dependent
MS/MS scan on the 3 most intense precursors detected in a full
scan from 400 to 1600 amu (1 µscan, 200 ms injection time).
Protein identification was conducted using SEQUEST algorithm
(Proteome Discoverer 1.1 package, Thermo Finnigan), allowing
optional modifications in Methionine (oxidation) and Cysteine
(carboxamidomethylation). Proteomics data was included in
Supplementary Dataset 3 or published by Villar et al. (2014) for
I. ricinus and D. reticulatus samples, respectively.

Bioinformatics for I. ricinus and
D. reticulatus Proteomics Data
The MS/MS raw files were searched against the Ixodidae Uniprot
database (28,771 entries in February 2012) with the following
constraints: tryptic cleavage after Arginine and Lysine, up to two
missed cleavage sites, and tolerances of 0.5 Da for precursor
ions and 0.8 Da for MS/MS fragment ions. Protein assignations
were first filtered with a SEQUEST XCorr > 2, but only proteins
with false discovery rate (FDR) ≤ 0.01 and identified with at
least 4 peptides were selected for further analysis from the
Ixodidae database. The MS/MS data was also used to search
against the database of predicted secreted proteins encoded by
the selected top 1,000 expressed genes in both IL and ISG.
In this case, proteins with sequence span > 2% were selected
for further analysis. Differential protein representation between
L and SG samples was determined using χ2 test statistics
with Bonferroni correction (P = 0.001) in the IDEG6 software
(see footnote 9).

Gene Ontology
Gene ontology (GO) analysis for Molecular Function (MF),
Cellular Component (CC) and/or Biological Process (BP)
was conducted using the cDNA Annotation System software
(dCAS; Bioinformatics and Scientific IT Program (BSIP),
Office of Technology Information Systems (OTIS), National
Institute of Allergy and Infectious Diseases (NIAID), Bethesda,
MD, United States10), AmiGO11 and UniProt12 using non-
redundant sequence database (nr) and databases of tick-specific
sequences13,14. The GO annotations for selected candidate tick
protective antigens were included in Supplementary Dataset 4.

Cloning of I. ricinus and D. reticulatus
Genes Encoding for Candidate
Protective Antigens
First, selected I. ricinus orthologs and D. reticulatus de novo
generated contigs were amplified by RT-PCR with I. scapularis

10http://exon.niaid.nih.gov
11http://amigo.geneontology.org/amigo
12http://www.uniprot.org
13http://www.ncbi.nlm.nih.gov
14http://www.vectorbase.org/index.php

Frontiers in Physiology | www.frontiersin.org 4 July 2019 | Volume 10 | Article 977228

http://compgen.bio.unipd.it/bioinfo/software/
http://exon.niaid.nih.gov
http://amigo.geneontology.org/amigo
http://www.uniprot.org
http://www.ncbi.nlm.nih.gov
http://www.vectorbase.org/index.php
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00977 July 25, 2019 Time: 15:54 # 5

Contreras et al. Anti-tick Vaccine for Companion Animals

TABLE 1 | Selected I. ricinus genes encoding for candidate tick protective antigens.

Ixodes gene ID Genbank accession
No. for I. scapularis

Genbank accession
No. for I. ricinus

Encoded protein Expression profile Selection criteria

472 ISCW000027
XM_002433472

GFVZ01075347 Uncharacterized protein Over in IL Transcriptomics: Top
1,000 expressed genes
in both IL and ISG
encoding for putative
secreted proteins

529a ISCW002303
XM_002399529

GFVZ01179036 Uncharacterized protein Over in IL

752b ISCW002070
XM_002403752

GADI01007371 DNA-bridging protein
BAF

Over in IL

082c ISCW024295
XM_002434082

GFVZ01108982 Secreted protein Over in IL

869a ISCW006458
XM_002434869

GFVZ01137642 Uncharacterized protein Over in IL

965a ISCW023699
XM_002415965

GFVZ01166334 Conserved hypothetical
protein

Over in IL

922a,c ISCW021228
XM_002403922

GEGO01004220 Vitellogenin 2 Over in IL Proteomics: Search
against Ixodidae
database with
FDR = 0.01,
identification with more
than 4 peptides and
filtered for BP and
redundancy

391c ISCW021710
XM_002411391

GANP01014013 Heme lipoprotein Over in IL

749c ISCW016308
XM_002407749

GFVZ01132208 Conserved hypothetical
protein

Over in IL

216c ISCW010436
XM_002406216

GFVZ01099159 Secreted salivary gland
peptide

Over in IL Proteomics: Search
against putative
secreted proteins
encoded by top 1,000
expressed genes in
both IL and ISG with
XCorr > 2 and
sequence span > 2%

892a ISCW002948
XM_002409892

GFVZ01048464 Gap1 Over in IL

450a ISCW018653
XM_002434450

GFVZ01135723 Vacuolar H+ ATPase Over in IL

950a ISCW013911
XM_002415950

GFVZ01068232 Hypothetical protein Over in IL

158c ISCW019448
XM_002401158

GEGO01005185 Glypican Over in IL

459 ISCW011801
XM_002411459

GFVZ01157992 Hypothetical protein Over in IL

251a ISCW023637
XM_002416251

GADI01004860 Secreted
metalloprotease

Over in ISG

178b ISCW017062
XM_002409178

GANP01001334 Zinc finger protein,
Palmitoyltransferase

Over in ISG

623 ISCW015091
XM_002414623

GFVZ01042726 Hypothetical protein Over in ISG

738a ISCW012232
XM_002413738

GEFM01006608 Sodium/glucose
cotransporter

Over in ISG

874a ISCW006195
XM_002399874

GFVZ01065454 Fasciclin
domain-containing
protein

Over in ISG

908a ISCW014557
XM_002414908

GFVZ01100779 Secreted protein Over in ISG

(Continued)
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TABLE 1 | Continued

Ixodes gene ID Genbank accession
No. for I. scapularis

Genbank accession
No. for I. ricinus

Encoded protein Expression profile Selection criteria

150 ISCW006313
XM_002436150

GANP01003227 Secreted protein Over in ISG

556a ISCW006654
XM_002400556

GADI01006770 Gamma-interferon
inducible lysosomal
thiol reductase

Over in ISG

016c ISCW019023
XM_002436016

GFVZ01163301 Secreted protein Over in ISG

971a ISCW006734
XM_002435971

GADI01005462 Hypothetical protein Over in ISG

964a,c ISCW001819
XM_002402964

GFVZ01127380 Conserved hypothetical
protein

Over in ISG Transcriptomics:
Biological process (BP)
GO for genes predicted
as encoding for
secreted proteins that
were among the top
1,000 expressed genes
overexpressed in ISG
and filtered for BP and
redundancy

427a ISCW015065
XM_002414427

GANP01009473 Solute carrier Over in ISG

490c ISCW003957
XM_002399490

GANP01008639 Aquaporin Over in ISG

058c ISCW023239
XM_002415058

GANP01004202 Sulfate/anion
exchanger

Over in ISG

912 ISCW002249
XM_002410912

GANP01011997 Sialin Over in ISG

078a ISCW005630
XM_002435078

GFVZ01037382 Sialin Over in ISG

432 ISCW019986
XM_002404432

GANP01006518 Monocarboxylate
transporter

Over in ISG

098 ISCW013157
XM_002413098

GANP01011927 Sodium-dependent
multivitamin transporter

Over in ISG

624 ISCW015092
XM_002414624

GFVZ01042726 Sodium/solute
symporter

Over in SG

145a ISCW019568
XM_002405145

GFVZ01171589 Signal peptidase 12
kDa subunit

IL = ISG Transcriptomics:
Biological process (BP)
GO for genes predicted
as encoding for
secreted proteins that
were among the top
1,000 expressed genes
in both IL and ISG and
filtered for BP and
redundancy

256a ISCW016779
XM_002403256

GFVZ01154332 Signal peptidase
complex subunit 3

IL = ISG

aGenes abandoned due to no amplification by RT-PCR or low expression levels in E. coli. bGenes removed from further analysis due to the GO CC prediction. cProteins
identified in the membrane fraction of IL with FDR < 0.01. IL, I. ricinus larvae and ISG, salivary glands.

or D. reticulatus sequence-specific primers and conditions
(Supplementary Table 1) using IL, ISG, DL and DSG RNA and
the iScript One-Step RT-PCR Kit with SYBR Green and the iQ5
thermal cycler (Bio-Rad, Hercules, CA, United States) following
manufacturer’s recommendations. The genes that did not
produce an amplicon after RT-PCR were eliminated from further
analyses (Tables 1, 2). Remaining coding regions for I. scapularis
sequences corresponding to selected I. ricinus orthologous
sequences and D. reticulatus de novo generated contig sequences

were synthesized (GenScript, Hong Kong) with optimized codon
usage for Escherichia coli (Supplementary Dataset 5).

Production of Recombinant Proteins and
Vaccine Formulations
For gene expression and the production of the recombinant
proteins, E. coli BL21 Star (DE3) One Shot cells (Invitrogen-
Life Technolgies, Inc., Grand Island, NY, United States)

Frontiers in Physiology | www.frontiersin.org 6 July 2019 | Volume 10 | Article 977230

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-10-00977 July 25, 2019 Time: 15:54 # 7

Contreras et al. Anti-tick Vaccine for Companion Animals

TABLE 2 | Selected D. reticulatus genes encoding for candidate tick protective antigens.

Dermacentor gene ID Ixodes gene ID Genbank accession No. for D. reticulatus Number of reads Expression profile (overexpressed in)

DL DSG I. ricinus D. reticulatus

S1a,c 964 MK895447 250 3206 ISG∗ DSG∗

S2 256 MK895448 881 1748 ISG∗ DSG∗

S3b 752 NA 68 82 IL DSG

S4b 178 NA 35 181 ISG∗ DSG∗

S5 892 MK895449 4 216 IL DSG

S6 912 MK895450 5 49 ISG∗ DSG∗

S7c 490 MK895451 45 2000 ISG∗ DSG∗

S8c 158 MK895452 0 34 IL DSG

S9 145 MK895453 9 49 ISG∗ DSG∗

S10c 391 MK895454 0 240 IL DSG

S11 459 MK895455 145 796 IL DSG

S12 098 MK895456 84 246 NS DSG

S13 738 MK895457 12 136 ISG∗ DSG∗

S14c 216 MK895458 3585 2088 IL∗ DL∗

S15 427 MK895459 30 702 ISG∗ DSG∗

S16 624 MK895460 49 481 NS DSG

S17c 908 MK895461 867 3972 ISG∗ DSG∗

S18c 058 MK895462 23 749 ISG∗ DSG∗

S19 950 MK895463 2 14 IL DSG

S20c 082 MK895464 67800 1839 IL∗ DL∗

S21 450 MK895465 64 105 IL DSG

S22 078 MK895466 5 27 ISG∗ DSG∗

S23c 016 MK895467 9 139 ISG∗ DSG∗

S24a 150 NA 0 1 ISG∗ DSG∗

S25 874 MK895468 2 39 ISG∗ DSG∗

S26a 529 NA 2 0 IL NS

S27a 749 NA 3 0 IL NS

∗Similar gene expression profile in I. ricinus and D. reticulatus. aGenes abandoned due to poor sequence information or low expression in E. coli. bGenes removed from
further analysis due to the GO CC prediction. cProteins identified in the membrane fraction of DL with FDR < 0.01. NA, no accession number because sequences were
not submitted due to poor sequence information or because genes were removed from further analysis due to the GO CC prediction. NS, not significant; IL, I. ricinus
larvae and ISG, salivary glands; DL, D. reticulatus larvae and DSG, salivary glands.

were transformed with the target gene cloned into the
pET101/D-TOPO expression vector (Invitrogen-Life
Technolgies). Recombinant E. coli were inoculated into
10 ml of Luria-Bertani (LB) containing 50 µg/ml ampicillin
(Sigma-Aldrich, St Louis, MO, United States) and 0.4% glucose
(Laboratorios CONDA S.A., Madrid, Spain) and kept growing
overnight at 37◦C with shaking. Two ml of the overnight
culture was propagated into 250 ml flasks containing 50 ml
LB, 50 µg/ml ampicillin and 0.4% glucose for 2 h at 37◦C
and 200 rpm, and then for 4 h after addition of 0.5 mM final
concentration of isopropyl-β-d-thiogalactopyranoside (IPTG,
Sigma-Aldrich) for induction of gene expression. The cells
were harvested by centrifugation at 3,900 × g for 15 min
at 4◦C and stored at −80◦C for protein purification. One
g of the cells harvested after induction of gene expression
were resuspended in 5 ml of lysis buffer (100 mM Tris-
HCl, pH 7.5, 250 mM NaCl, 7 M Urea, 10 mM imidazole)
containing protease inhibitor (Ref. 04693132001, Roche,
San Cugat del Vallés, Barcelona, Spain) and disrupted using
a cell sonicator (Model MS73; Bandelin Sonopuls, Berlin,

Germany). After disruption, the insoluble protein fraction
containing the recombinant antigens as inclusion bodies were
collected by centrifugation at 15,000 × g for 15 min at 4◦C
and stored at −20◦C before purification. The purification of
the recombinant protein was conducted using the automated
Maxwell 16 Polyhistidine Protein Purification Kit (Promega,
Madison, WI, United States). The eluted fraction containing
the purified denatured proteins was dialyzed against 1000
volumes of PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4), pH 7.4 for 12 h at 4◦C. Recombinant
proteins were then concentrated using an Amicon Ultra-
15 ultrafiltration device (cut off 10 kDa) (Millipore-Merck,
Darmstadt, Germany), and adjusted to 0.5 mg/ml. Protein
concentration was determined using bicinchoninic acid (Pierce
BCA Protein Assay Kit, Thermo Scientific, Rockford, IL,
United States). For vaccine formulation, recombinant proteins
or saline control were adjuvated in Montanide ISA 50 V2
(Seppic, Paris, France) for rabbit trials or Montanide PET
GEL A (Seppic), a ready-to-disperse polymeric adjuvant
designed to improve the safety and efficacy of vaccines for
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companion animals (Parker et al., 2009) for dog trials to a
final protein concentration of 250 µg/ml (Merino et al., 2013;
Contreras and de la Fuente, 2016, 2017).

Vaccination Trials in Rabbits
Three two-year-old rabbits per group were assigned to I. ricinus
or D. reticulatus trial injected subcutaneously (dorsum between
shoulders) at days 0 (T1) and 14 (T2) with 0.2 ml (50 µg) doses
of recombinant protein vaccine formulations or adjuvant/saline
using a syringe with removable needle (0.45 × 13 mm). Two
weeks after the last immunization (day 28; T3), rabbits in
vaccinated and control groups were infested with 200 I. ricinus
or D. reticulatus tick larvae of approximately 21 days after
hatching placed on bags located on each rabbit’s shaved ear
as described previously (Contreras and de la Fuente, 2016,
2017). Immunizations, tick larval infestations, collections and
evaluations were done blinded and the key to the experimental
groups was not disclosed until the end of the experiment.
Engorged tick larvae were collected, counted and weighted
as they dropped off between days 31 to 34. Fed larvae were
incubated at 21◦C, 80–82% humidity with 7 h dark and 17 h
light photoperiod until molting. The tick larvae successfully
molting to nymphal stage were collected and counted between
days 51 to 65. The number of engorged larvae, weight/larvae,
and percent of larvae molting to nymphs were evaluated. Data
were analyzed statistically to compare results for each tick species
between individuals fed on vaccinated and adjuvant/saline
injected control rabbits by Student’s t-test with unequal variance
(P = 0.05). Vaccine efficacy (E) was calculated as E (%) = 100
[1−(DL × DMN)], where DL is the reduction in the number
of engorged larvae and DMN is the reduction in the percent
of larvae molting to nymphs in ticks fed on vaccinated rabbits
when compared to the controls fed on adjuvant/saline injected
rabbits (Contreras and de la Fuente, 2016, 2017). Only parameters
with statistically significant differences were included in vaccine E
calculation. Results were included in Supplementary Dataset 6.

Vaccination Trials in Dogs
Three randomly mixed breed male and female dogs
(age > 6 months; body weight > 2 Kg) per group were assigned
to I. ricinus or D. reticulatus trial and injected subcutaneously
(loose skin on the side of the chest) at days 0 (T1) and 21
(T2) with 0.2 ml (50 µg) doses of recombinant protein vaccine
formulations or adjuvant/saline using a syringe with removable
needle (0.45 × 13 mm). Two weeks after the last immunization
(day 36; T3), dogs in vaccinated and control groups were infested
with I. ricinus or D. reticulatus 25:30 (female:male ratio) adults of
at least 10 days after molting and 100 nymphs of approximately
15 days after molting placed on feeding chambers (one chamber
per tick stage) glued on each dog’s shaved flank. Immunizations,
tick infestations, collections and evaluations were done blinded
and the key to the experimental groups was not disclosed until
the end of the experiment. Engorged tick females were collected,
counted and weighted as they dropped off between days 41
and 48. Fed females were incubated at 21◦C, 80–82% humidity
with 24 h dark photoperiod for approximately 1 month until
oviposition. Egg mass per tick was weighted and incubated

for fertility determined by counting the number of larvae per
tick. Engorged tick nymphs were collected and counted as they
dropped off between days 40 to 43. Detached engorged nymphs
were incubated at 21◦C, 80–82% humidity with 8 h dark and 16 h
light photoperiod until molting. The tick nymphs successfully
molting to adults were collected and counted approximately
1 month after collection. The number of engorged nymphs
and adult females, weight/female, oviposition (egg mass/tick),
fertility (No. hatching larvae), and number of nymphs molting
to adults were evaluated. Data were analyzed statistically to
compare results for each tick species between individuals fed
on vaccinated and adjuvant/saline injected control rabbits by
Chi2-test (P = 0.05). Vaccine efficacy (E) was calculated as E
(%) = 100 [1−(DN × DMA × DT × DO × DF)], where DN is
the reduction in the number of engorged nymphs, DMA is the
reduction in the number of nymphs molting to adults, DT is the
reduction in the number of engorged female ticks, DO is the
reduction in oviposition, and DF is the reduction in fertility in
ticks fed on vaccinated rabbits when compared to the controls
fed on adjuvant/saline injected dogs. Only parameters with
statistically significant differences were included in vaccine E
calculation. Results were included in Supplementary Dataset 6.

Analysis of IgG Antibody Response by
ELISA and Western Blot
In rabbits, blood samples were collected from each animal before
each immunization (T1 and T2) and tick infestation (T3). In
dogs, blood samples were collected from each animal before
each immunization (T1 and T2), tick infestation (T3) and at
day 75 (T4) to better evaluate the duration of the antibody-
mediated immune response in the major vaccine target species.
Blood samples were collected into sterile tubes and maintained
at 4 ◦C until arrival at the laboratory. Serum was then separated
by centrifugation and stored at −20◦C. An indirect ELISA test
was performed to detect IgG antibodies against recombinant
antigens in serum samples from vaccinated and control animals
collected at T1–T3 for rabbits or T1–T4 for dogs as described
previously (Merino et al., 2013; Contreras and de la Fuente,
2016, 2017). High absorption capacity polystyrene microtiter
plates were coated with 50 µl (0.02 µg/ml solution of purified
recombinant proteins) per well in carbonate-bicarbonate buffer
(Sigma-Aldrich). After an overnight incubation at 4◦C, coated
plates were blocked with 200 µl/well of blocking solution
(5% skim milk in PBS). Serum samples or PBS as negative
control were diluted (1:1000, 1:10,000, 1:100,000 v/v; optimal
dilution, 1:10,000) in blocking solution and 50 µl/well were
added into duplicate wells of the antigen-coated plates. After
an overnight incubation at 4◦C, the plates were washed three
times with a washing solution (PBS containing 0.05% Tween 20).
A goat anti-rabbit or anti-dog IgG-peroxidase conjugate (Sigma-
Aldrich) was added (diluted 1:3000 v/v in blocking solution)
and incubated at RT for 1 h. After three washes with washing
solution, 200 µl/well of substrate solution (Fast OPD, Sigma-
Aldrich) was added. Finally, the reaction was stopped with
50 µl/well of 3N H2SO4 and the optical density (OD) was
measured in an ELISA plate reader at 450 nm. Antibody levels in
vaccinated and control animals were expressed as the OD450nm
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FIGURE 1 | Tick transcriptomics and proteomics data. (A) Differential gene expression in I. ricinus larvae (L) and salivary gland (SG) samples. (B) Genes predicted by
different algorithms to encode for secreted proteins in I. ricinus larvae (IL) and salivary glands (ISG) samples. (C) Proteins identified with XCorr > 2 in the Ixodidae
database in IL, ISG, D. reticulatus larvae (DL) and salivary gland (DSG) samples. (D,E) Biological process (BP) GO for genes predicted as coding for secreted
proteins that were either (D) among the top 1,000 expressed genes in both IL and ISG or (E) overexpressed in ISG. Genes coding for hypothetical proteins or with
unknown function were excluded from the graph. The BPs selected for further analysis are marked with asterisks. (F–H) GO analysis for (F) biological process (BP),
(G) molecular function (MF) and (H) cell component (CC) of genes selected as coding for tick protective antigens. Genes coding for nuclear DNA-binding proteins
were removed from further analysis. Complete datasets are on Supplementary Datasets 1–4.

(ODanimalsera−ODPBScontrol) and compared between vaccinated
and control groups by ANOVA test (P = 0.05).

For Western blot analysis, 10 µg of selected purified
recombinant proteins and Rhipicephalus microplus Subolesin
(Merino et al., 2013) as negative control were separated by
electrophoresis in an SDS-12% polyacrylamide gel (Life Science,
Hercules, CA, United States) and transferred to a nitrocellulose
membrane. The membrane was blocked with 5% BSA (Sigma-
Aldrich) for 2 h at room temperature (RT) and washed three
times with TBS (50 mM Tris-Cl, pH 7.5, 150 mM NaCl,
0.05% Tween 20). Pooled sera collected at T3 from vaccinated
dogs were used as primary antibodies. Primary antibodies were
used at a 1:300 dilution in TBS, and the membrane was
incubated overnight at 4◦C and washed three times with TBS.
The membrane was then incubated with an anti-dog IgG-
horseradish peroxidase (HRP) conjugate (Sigma-Aldrich) diluted

1:15000 in TBS with 2% BSA. The membrane was washed four
times with TBS and finally developed with TMB (3,3′, 5,5′-
tetramethylbenzidine) stabilized substrate for HRP (Promega,
Madrid, Spain) according to the manufacturer recommendations.

Determination of mRNA Levels by
Real-Time RT-PCR
The expression of selected genes was characterized using total
RNA extracted from three separate pools of adult tick salivary
glands (25 females and 25 males each pool) and larvae (500
larvae each pool) using Tri Reagent (Sigma-Aldrich) according
to manufacturer instructions. Real-time RT-PCR was performed
on RNA samples using gene-specific oligonucleotide primers
(Supplementary Table 1) and the iScript One-Step RT-PCR
Kit with SYBR Green and the CFX96 Touch Real-Time PCR
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FIGURE 2 | Selection of genes coding for candidate I. ricinus tick protective antigens. Trascriptomics data were obtained from I. ricinus larvae (L) and salivary gland
(SG) samples followed by selection of top 1,000 most expressed genes in both samples and genes coding for secreted proteins. GO analysis for biological process
(BP) was then used to select for functionally relevant genes. Proteomics data was used for mining databases of Ixodidae and predicted secreted proteins. Selected
genes (N = 36; IDs. shown inside boxes) expressed or overexpressed (Over) in I. ricinus larvae (IL) and salivary glands (ISG) samples were finally subjected to GO
analysis for BP, molecular function (MF) and cell component (CC) to remove two genes coding for nuclear DNA-binding proteins (marked with asterisks), resulting in a
final set of 34 selected genes coding for candidate protective antigens. Complete datasets are on Supplementary Datasets 1–4.

Detection System (Bio-Rad, Hercules, CA, United States).
A dissociation curve was run at the end of the reaction to ensure
that only one amplicon was formed and that the amplicons
denatured consistently in the same temperature range for every
sample. The mRNA levels were normalized against tick ribosomal
protein S4 (rps4) as described previously using the genNorm
method (ddCT method as implemented by Bio-Rad iQ5 Standard
Edition, Version 2.0) (Ayllón et al., 2013). Normalized Ct values
were compared between salivary glands and larvae by Student’s
t-test with unequal variance (P = 0.05).

Protein Membrane Localization for
I. ricinus and D. reticulatus Candidate
Protective Antigens
To characterize the subcellular localization of proteins encoded
by selected genes, the proteomes of IL and DL were obtained
as described above but purifying membrane proteins prior
to analysis. Approximately 200 D. reticulatus and I. ricinus

larvae were pulverized in liquid nitrogen and homogenized
with a glass homogenizer (20 strokes) in 4 ml buffer (0.25 M
sucrose, 1 mM MgCl2, 10 mM Tris-HCl, pH 7.4) supplemented
with complete mini protease inhibitor cocktail (Roche, Basel,
Switzerland). Samples were sonicated for 1 min in an ultrasonic
cooled bath followed by 10 sec of vortex. After 3 cycles of
sonication-vortex, the homogenate was centrifuged at 200 × g
for 5 min at RT to remove cellular debris. The supernatant
was then centrifuged at 12000 × g for 30 min at 4◦C and
the pellet fraction enriched in crude plasma membranes was
collected, resuspended in 100 µl Laemmli sample buffer and
applied onto 1.2-cm wide wells on a 12% SDS-PAGE gel. The
MS/MS raw files were searched against the Ixodida (40,849 entries
in June 2013) Uniprot database and the protein database of
candidate protective antigens (Tables 1, 2) using the SEQUEST
algorithm (Proteome Discoverer 1.3, Thermo Scientific) with the
following constraints: tryptic cleavage after Arginine and Lysine,
up to two missed cleavage sites, and tolerances of 1 Da for
precursor ions and 0.8 Da for MS/MS fragment ions and the
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FIGURE 3 | Pipeline for the identification of tick protective antigens. The Venn diagrams depict the set of genes selected for further analysis as coding for candidate
tick protective antigens in I. ricinus and D. reticulatus. The graphs represent the vaccine E after vaccination trials in rabbits and dogs. Of the selected genes coding
for I. ricinus (N = 34) and D. reticulatus (N = 25) tick protective antigens, only 16 and 21, respectively, were produced as recombinant proteins for initial vaccination
screening in rabbits. After vaccination trial in rabbits, the criteria for the final selection of tick protective antigens for vaccination in dogs was based on vaccine
E > 40%, resulting in 4 I. ricinus and 9 D. reticulatus antigens. The vaccination trial in dogs resulted in an overall vaccine E > 80% for 216 and 391 gene antigens in
I. ricinus, and S2, S8, S17, S18, and S20 gene antigens in D. reticulatus. Full gene description and results are on Tables 1–3 and Supplementary Dataset 6.

searches were performed allowing optional Met oxidation and
Cys carbamidomethylation. A FDR < 0.01 was considered as
condition for successful peptide assignments. Results are shown
in Tables 1, 2.

RESULTS AND DISCUSSION

Algorithm for Selection of Genes
Encoding for Candidate Tick Protective
Antigens
According to Elvin and Kemp (1994) the conditions necessary
and sufficient for an effective tick protective antigen include that
(a) host antibodies should be able to gain access to the tick
antigen, (b) sufficient antibodies must gain access to the target
antigen, and (c) the formation of the antibody-antigen complex

should disrupt the normal function of the tick protein. In our
study, the hypothesis was that the genes encoding for functionally
important secreted proteins that are highly represented in both L
and SG would result in good candidate tick protective antigens.
These antigens should fulfill the above conditions (a–c) as
abundant functionally important secreted proteins would be
highly exposed to host antibodies and their interaction should
affect protein function, and thus tick feeding and/or development
and pathogen infection and transmission.

To fulfill these criteria, an algorithm was developed using
a vaccinomics approach to tick protective antigen discovery
(de la Fuente and Merino, 2013: de la Fuente et al., 2016).
The algorithm included the generation of transcriptomics
and proteomics data in tick L and SG, and selection of
gene transcripts and proteins highly represented in both
samples and encoding for predicted functionally important
secreted proteins. The initial dataset was obtained from
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FIGURE 4 | Characterization of candidate tick protective antigens. The 4 I. ricinus and 9 D. reticulatus candidate protective antigens were selected after vaccination
trial in rabbits with vaccine E > 40%. (A) The histidine-tagged recombinant proteins were produced using the pET101/D-TOPO expression vector in E. coli BL21
Star (DE3) cells. After induction of gene expression with IPTG, collected cells were disrupted and the insoluble protein fraction containing the recombinant antigens
as inclusion bodies were collected by centrifugation and purified by affinity to 16 polyhistidine. The eluted fraction containing the purified denatured proteins was
dialyzed and concentrated by ultrafiltration to 0.5 mg/ml. Ten µg of purified recombinant antigens were separated by SDS-12% polyacrylamide gel electrophoresis
and stained with Coomassie blue. Arrows indicate the position of recombinant antigens based on the predicted molecular weight. (B) The mRNA levels of selected
genes coding for most effective vaccine antigens in dogs were determined by real-time RT-PCR in tick salivary glands and larvae (IDs refer to annotations in
Tables 1–3). The mRNA levels were normalized against tick rps4 and normalized Ct values (Ave+SD) were compared between salivary glands and larvae by
Student’s t-test with unequal variance (∗P < 0.05; N = 3 biological replicates). (C) Western blot analysis of selected recombinant proteins and Subolesin as negative
control using pooled sera from vaccinated dogs collected at T3. Selected proteins were those corresponding to the most effective protective antigens with vaccine
E > 80%. Arrows indicate the position of recombinant antigens. MW, molecular weight marker.

I. ricinus because of the availability of the I. scapularis
genome sequence for data mining (Gulia-Nuss et al.,
2016). Genes selected in I. ricinus as encoding for tick
candidate protective antigens (Table 1) were then used to
find orthologous genes in D. reticulatus (Table 2). Tick IL
and ISG were selected to cover both initial (larvae) and final
(adult) developmental stages and tissues that are essential for
pathogen acquisition and transmission, respectively (Ayllón
et al., 2015; Chmelaø et al., 2016; Nuttall, 2018). I. ricinus
and D. reticulatus acquire infection when larvae feed on
infected hosts and after transtadial transmission, pathogen
is secreted from salivary glands during feeding of nymph
and adult ticks. Therefore, affecting these two developmental

stages should reduce both tick infestations and pathogen
infection/transmission.

Selection of I. ricinus Candidate
Protective Antigens
After RNAseq, the number of reads/sample corresponded to
27.7 and 27.2 millions for IL and ISG, respectively. Of them,
5,731,608 and 7,024,484 corresponded to pass filter high quality
reads aligned to IL and ISG samples, respectively. Of the
23,297 identified gene transcripts, 49% were included in the
analysis and not discarded due to not enough alignment,
high complexity or shallowly sequenced (Figure 1A and
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FIGURE 5 | Immune IgG antibody response in vaccinated rabbits and dogs. An indirect ELISA test was performed to detect IgG antibodies against recombinant
antigens in serum samples from vaccinated and control (A) rabbits and (B) dogs. Blood samples were collected from each animal before immunization (T1 and T2)
and tick infestation (T3), and at day 75 (T4) in dogs. Serum samples or PBS as negative control were diluted at the optimal dilution of 1:10,000 (v/v). Antibody levels
in vaccinated and control animals were expressed as the OD450nm (ODanimalsera–ODPBScontrol ) and compared between vaccinated and control groups by ANOVA test
(∗P < 0.05). IDs refer to annotations in Tables 1–3.

Supplementary Dataset 1). Of them, 13% were expressed
in IL or ISG only and 18% were overexpressed on either
tissue, but most of the identified genes (70%) did not show
differential expression between IL and ISG (Figure 1A and
Supplementary Dataset 1).

Genes encoding for secreted proteins were predicted using
different algorithms. Predictor’s performance was different with
a total of 1,042 genes predicted as encoding for secreted
proteins (Figure 1B). Protein Prowler performed rather poor
(269 predicted proteins) and almost all of them (259 proteins)
were identical to those predicted by TargetP. CELLO predicted
a low number of secreted proteins. Moreover, it predicted as
many as twelve different subcellular localizations, which made
the results difficult to analyze. Therefore, the results from
Protein Prowler and CELLO were discarded. Five hundred
and one genes were selected as encoding for secreted proteins
(Supplementary Dataset 2). These genes were predicted by at

least two predictors. Of them, 208 (41%) were overexpressed
in ISG and 97 (19%) were among the top 1,000 expressed
genes in both IL and ISG with 6 of them overexpressed in
IL (Supplementary Dataset 2). These 6 genes were selected as
encoding for candidate tick protective antigens (Figure 2 and
Table 1).

A total of 3,454 and 2,339 proteins were identified in
the Ixodidae database in IL and ISG, respectively. Of them,
after applying XCorr > 2, a total of 370 and 367 proteins
were identified in IL and ISG, respectively (Figure 1C and
Supplementary Dataset 3). An additional selection criterion
using FDR ≤ 0.01 and protein identification with at least 4
peptides resulted in the selection of 21 and 11 proteins in
IL and ISG, respectively (Figure 2). Finally, after filtering for
redundant biological function, 3 genes were selected from IL
as encoding for candidate tick protective antigens (Figure 2
and Table 1). The search against the database of predicted
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secreted proteins encoded by the selected top 1,000 expressed
genes in both IL and ISG (Supplementary Dataset 4) using
XCorr > 2 and sequence span > 2% resulted in the identification
of 6 and 10 proteins in IL and ISG, respectively that were
selected as candidate tick protective antigens (Figure 2 and
Table 1).

The GO analysis of transcriptomics data resulted in different
BP for genes predicted as encoding for secreted proteins that were
either overexpressed in ISG or among the top 1,000 expressed
genes in both IL and ISG (Figures 1D,E). In genes highly
expressed in both IL and ISG, metabolic processes was the most
represented (27%) BP (Figure 1D). In genes overexpressed in
ISG, transmembrane transport (23%) and metabolic processes
(17%) were the most represented BP (Figure 1E). Genes in the
signal peptide processing BP (Figure 1D) and transmembrane
transport (Figure 1E) were filtered for highly similar sequences
and resulted in 11 genes (9 overexpressed in ISG and 2
highly expressed in both IL and ISG) that were selected as
encoding for candidate tick protective antigens (Figure 2 and
Table 1).

Finally, GO analysis for BP, MF and CC was conducted
for the selected 36 genes encoding for candidate protective
antigens (Figure 2 and Table 1). The results showed that approx.
40% of genes had unknown BP and MF (Figures 1F,G). As
predicted, most of the genes (95%) encoded for membrane
and secreted proteins, but two genes (ID Nos. 752 and
178) encoded for predicted nuclear DNA-binding proteins

TABLE 3 | Results of the vaccination trials in dogs.

Gene ID DN (%) DMA (%) DT (%) DWA (%) DO (%) DF (%) E (%)

I. ricinus

082 6 0 0 0 0 0 6

216 20 5 33 5 0 67 83∗

391 37 33 9 0 49 68 94∗

749 0 0 0 0 0 0 0

D. reticulatus

S2 40 41 0 22 69 0 89∗

S8 64 60 0 0 63 0 95∗

S10 10 9 0 1 71 0 76

S12 11 12 0 0 65 9 75

S14 0 0 0 0 75 0 75

S16 0 0 0 0 60 0 60

S17 41 50 11 0 43 0 85∗

S18 55 60 0 0 43 4 90∗

S20 55 63 0 6 67 14 95∗

The number of engorged nymphs and adult females, weight/female, oviposition
(egg mass/tick), fertility (No. hatching larvae), and number of nymphs molting
to adults were evaluated. Vaccine efficacy (E) was calculated as E (%) = 100
[1−(DN × DMA × DT × DO × DF)], where DN is the reduction in the number
of engorged nymphs, DMA is the reduction in the number of nymphs molting to
adults, DT is the reduction in the number of engorged female ticks, DO is the
reduction in oviposition, and DF is the reduction in fertility in ticks fed on vaccinated
rabbits when compared to the controls fed on adjuvant/saline injected dogs. Only
parameters with statistically significant differences (P < 0.05) were included in E
calculation. All results are shown in Supplementary Dataset 6. ∗Antigens with
vaccine E > 80% were selected as the most effective tick protective antigens.

(Figure 1H). Although these two genes were initially
predicted as encoding for secreted proteins, they were
removed from further analysis due to the GO CC prediction
(Figure 2 and Table 1). The most represented BP and MF
corresponded to transmembrane transport (22%; Figure 1F)
and transporter activity (28%; Figure 1G), respectively.
Additionally, BP involved in development (8%), reproduction
(oogenesis and oviposition; 6%), protein secretion (signal
peptide processing; 3%) and immunity (3%) were also
represented (Figure 1F).

The final set of genes coding for I. ricinus tick candidate
protective antigens included 34 candidates (Figures 2, 3, Table 1,
and Supplementary Dataset 4).

Selection of D. reticulatus Candidate
Protective Antigens
The number of reads/sample corresponded to 21.7 millions
for DL and 21.8 millions for DSG. The 21,838,507 reads
(∼2.2 Gb) in DSG were compared against the selected
set of I. ricinus genes encoding for candidate protective
antigens (Table 1), clustered and assembled to produce a
set of contigs with homology to selected reference genes.
These contigs were then analyzed for differential expression
between DL and DSG samples and compared to results in
I. ricinus (Table 2). The results showed that 16/27 (59%)
of D. reticulatus genes had an expression pattern similar to
I. ricinus (Table 2).

A total of 268 and 372 proteins were identified in the Ixodidae
database in DL and DSG, respectively, and all remained after
data filtering (Figure 1C and Supplementary Dataset 3). The
additional selection criteria using FDR ≤ 0.01 and protein
identification with at least 4 peptides did not produce new
candidate tick protective antigens.

As previously described for I. ricinus, two genes (IDs S3
and S4) were removed from further analysis due to the GO
CC prediction (Figure 2 and Tables 1, 2). Therefore, the
final set of genes coding for D. reticulatus tick candidate
protective antigens included 25 candidates (Figure 3, Table 2, and
Supplementary Dataset 4).

Selection of Tick Protective Antigens
After Vaccination Trials in Rabbits and
Dogs
Of the selected genes encoding for I. ricinus (N = 34) and
D. reticulatus (N = 25) tick protective antigens, only 16 and 21
respectively were produced as recombinant proteins for initial
vaccination screening in rabbits (Figure 3 and Tables 1, 2).
Of them, 11 were identified in both tick species (Figure 3).
After rabbit vaccination and infestation with I. ricinus or
D. reticulatus tick larvae, the criteria for the final selection
of tick protective antigens for vaccination trials in dogs was
based on vaccine E > 40%. Selection criteria need to be
applied in order to move forward in the vaccinomics pipeline
of selecting candidate protective antigens, and E > 40% was
set as the minimum vaccine E for tick larvae. The selection
of tick protective antigens resulted in 4 I. ricinus and 9
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FIGURE 6 | Summary representation of subcellular localization, function and vaccine efficacy of the selected protective antigens after vaccination trial in dogs.
Complete GO annotations are in Supplementary Dataset 4, and the results of the vaccination trial in rabbits and dogs are in Table 3 and Supplementary
Dataset 6. The I. ricinus antigens 216 and 391, and the D. reticulatus antigens S8, S17, S18 and S20 were identified in the membrane fraction derived from
D. reticulatus and I. ricinus larvae. The effect of vaccination on tick life cycle was based on the parameters used to calculate vaccine E in rabbits and dogs, where DL
is the reduction in the number of engorged larvae, DMN is the reduction in the percent of larvae molting to nymphs, DN is the reduction in the number of engorged
nymphs, DMA is the reduction in the number of nymphs molting to adults, DT is the reduction in the number of engorged female ticks, DO is the reduction in
oviposition, and DF is the reduction in fertility in ticks fed on vaccinated animals when compared to the controls fed on adjuvant/saline injected animals. Only
parameters with statistically significant differences were included in vaccine E calculation.

D. reticulatus antigens (Figure 3, Table 3, and Supplementary
Dataset 6). Of them, 3 were identified in both tick species
(Figure 3). The results in dogs showed that vaccination with
I. ricinus antigens affected different tick developmental stages
(Supplementary Dataset 6) and resulted in an overall vaccine
E > 80% for gene antigens 216 and 391 (Figure 3 and
Table 3). Vaccination with D. reticulatus antigens mainly affected
nymph feeding and molting and oviposition (Supplementary
Dataset 6) with an overall vaccine E ranging from 75 to
95% (Figure 3 and Table 3). Finally, based on the criteria of
vaccine E > 80%, which is considered a good vaccine E for
selection of candidate protective antigens, the I. ricinus 216
and 391 and the D. reticulatus S2, S8, S17, S18, and S20 were

identified as the most effective tick protective antigens (Figure 3
and Table 3).

Characterization of Identified Tick
Protective Antigens
The candidate protective antigens were produced in E. coli and
showed a molecular weight similar to that predicted by the amino
acid sequence composition (Figure 4A and Supplementary
Dataset 5). The mRNA levels of selected genes coding for the
most effective protective antigens were determined by real-time
RT-PCR and confirmed the results of the transcriptomics analysis
(Figure 4B and Tables 1, 2).
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The immunogenicity of candidate protective antigens
(Table 3) was characterized by Western blot (Figure 4C) and
indirect ELISA (Figures 5A,B) tests. The results supported the
antigen-specific antibody response in vaccinated animals, and
except for S2 and S8 antigens the background IgG levels were
low in rabbits (Figure 5A). However, in dogs the background
IgG levels before vaccination at T1 were higher than in
rabbits (Figure 5B), suggesting host-specific differences in
IgG affinity for tick antigens, and/or possible previous tick
infestations at least in some of these dogs. Nevertheless, the
IgG antibody response increased in response to vaccination
in both rabbits and dogs, and for most antigens remained
higher than in control animals until the end of the experiment
(Figures 5A,B).

Focusing on the selected tick protective antigens after
vaccination trials in dogs (Table 3), the I. ricinus antigens
216 and 391, and the D. reticulatus antigens S8, S17, S18
and S20 were identified in the membrane fraction derived
from D. reticulatus and I. ricinus larvae (Figure 6 and
Tables 1, 2), thus confirming the prediction of the algorithms
used for selection of membrane/secreted antigens. These
antigens showed an effect on different tick developmental
stages (Figure 6).

Among these proteins, I. ricinus 216 and D. reticulatus S20
are uncharacterized secreted proteins (Figure 6). However, heme
lipoproteins such as I. ricinus 391 has been proposed as candidate
vaccine protective antigens as being among the most abundant
proteins involved in heme transport from hemolymph to tissues
to complement the loss of the heme synthesis pathway in ticks
(Braz et al., 1999; Maya-Monteiro et al., 2000; Lara et al., 2003,
2005; Hajdusek et al., 2009; Kluck et al., 2018). In agreement with
this function, vaccination with 391 affected all the developmental
stages during I. ricinus life cycle (Figure 6).

In D. reticulatus, a glypican-like protein S8 was identified
(Figure 6). Glypicans have been used for cancer vaccines
against hepatocellular carcinoma (Sun et al., 2016; Li et al.,
2018), but not as protective antigens against ectoparasites or
vector-borne pathogens. Glypicans are a group of cell-surface
glycoproteins involved in the regulation of cellular morphology,
growth, motility and differentiation (Li et al., 2018). The results
of the vaccination trials suggested that these proteins might
play a role in oviposition and development of immature tick
stages (Figure 6).

The D. reticulatus secreted protein S17 was annotated as
involved in homophilic cell adhesion via plasma membrane
adhesion molecules and axon guidance (Figure 6). Proteins with
cell-cell adhesion have a role in immune response and neuronal
wiring, and are highly conserved across evolution (Samanta and
Almo, 2015; Jin and Li, 2019). This protein family has been
recently identified in ticks (Jin and Li, 2019), and our results
suggested a role for this protein in all tick developmental stages
except egg fertility (Figure 6).

Sulfate/anion exchanger molecules such as D. reticulatus
S18 function as transmembrane transporters and are involved
in different biological processes including regulation of blood
pressure (Wall, 2016). Vaccination with this antigen affected
larval and nymphal developmental stages, oviposition and

fertility, suggesting a still uncharacterized function of this protein
during these developmental processes (Figure 6).

The only protein with subcelllular localization in the
endoplasmic reticulum (ER) was the D. reticulatus S2 antigen
(Figure 6). This protein was annotated as a signal peptidase
complex subunit 3, which is involved in protein targeting to ER
through signal peptide processing. The disruption of the catalytic
subunit of these conserved proteins leads to cell death in yeast
(Bohni et al., 1988; Fang et al., 1997), Plasmodium falciparum
(Tuteja et al., 2008), and Leishmania manilensis major (Taheri
et al., 2010). Furthermore, knockdown by RNA interference
of the gene coding for this enzyme in Locusta migratoria
(LmSPC1) affected insect molting, feeding, reproduction and
embryonic development (Zhang and Xia, 2014). Vaccination
with this antigen reduced development of tick immature stages
and oviposition, supporting the role of this protein in tick
survival (Figure 6).

CONCLUSION

The experimental approach used in this study resulted in the
identification of tick protective antigens by using a vaccinomics
approach in combination with vaccination trials. Based on
the criteria of vaccine E > 80%, two I. ricinus and five
D. reticulatus proteins were identified as the most effective
protective antigens (Figure 6). Consequently, these antigens were
proposed for commercial vaccine development for the control
of tick infestations in companion animals, and other hosts for
these tick species.

The putative function of selected protective antigens, which
are involved in different biological processes, resulted in vaccines
affecting multiple tick developmental stages (Figure 6). These
results suggested that the combination of some of these antigens
might be considered to increase vaccine efficacy through antigen
synergy for the control of tick infestations and potentially
affecting pathogen infection and transmission.

Finally, additional facts should be considered for vaccine
development including that (a) a protective antigen is necessary
but not sufficient for an effective vaccine as vaccine formulation,
adjuvant and antigen composition including tick-derived and
pathogen-derived antigens highly influence the final vaccine
efficacy, (b) tick vaccines cannot be designed to prevent
tick attachment and feeding because the immune response
to vaccination (e.g., antibodies) needs to interact with target
antigens in order to have an effect on different biological
processes affecting life cycle of ticks and transmitted pathogens,
(c) tick vaccines for wild animals are difficult to deliver, but
appropriate vaccine formulations (i.e., virus-based) may address
this problem, and (d) vaccines for companion animals may be
acceptable if they increase animal welfare and health by reducing
the duration of tick feeding and pathogen transmission.
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The tick Haemaphysalis longicornis is widely distributed in eastern Asia, New Zealand
and Australia, and is well-known as a vector of multiple zoonotic pathogens. This
species exhibits two reproductive strategies, bisexual and obligate parthenogenetic
reproduction. Hence, in the current study, the complete mitochondrial genomes of
the bisexual and parthenogenetic populations were assembled and analyzed, and the
expression of the mitochondrial protein-coding genes was evaluated and compared
between the two reproductive populations. The results indicated that the length of the
mitochondrial genomes of the two reproductive populations is 14,694 and 14,693 bp
in the bisexual and parthenogenetic populations, respectively. The AT content in the
mitochondrial genome of the bisexual and obligate parthenogenetic population reached
77.22 and 77.34%, respectively. The phylogenetic tree was constructed combining 13
protein-coding genes, which showed that the genetic distance between the bisexual
and parthenogenetic populations was less than that between the subspecies. The
expression of the mitochondrial protein-coding genes was quantitatively analyzed at
different feeding status for the bisexual and parthenogenetic populations, and the results
showed significant differences in the expression patterns of these genes, suggesting
that they might trigger specific energy utilization mechanisms due to their different
reproductive strategies and environmental pressures.

Keywords: Haemaphysalis longicornis, mitochondrial genome, bisexual and parthenogenetic, mitochondrial
protein-coding genes, expression profile

INTRODUCTION

Ticks are obligate blood-sucking ectoparasites with global distribution, and they can feed on a broad
range of animals (Kaufman, 2010). They are notorious vectors of zoonotic pathogens. Furthermore,
tick-borne diseases (TBDs) are increasingly threatening animal and human health and thus causing
great economic damages (Jongejan and Uilenberg, 2004; Kovalev and Mukhacheva, 2013). The
global annual financial losses due to ticks and TBDs are estimated in billions of dollars (Burger
et al., 2014b). In China, 117 species of ticks in 7 genera have been recorded, and more than 60 tick
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species have shown vector potential (Yu et al., 2015). The tick
Haemaphysalis longicornis is widely distributed in eastern Asia,
New Zealand and Australia and is well-known as a vector of
multiple zoonotic pathogens (Hoogstraal et al., 1968; Herrin
and Oliver, 1974). These pathogens include Anaplasma bovis,
Babesia ovate, Borrelia burgdorfer, Rickettsia japonica, Theileria
orientalis, and severe fever with thrombocytopenia syndrome
virus (SFTSV) (Fujisaki et al., 1994; Jongejan and Uilenberg,
2004; Matsuo et al., 2013; Takahashi et al., 2014; Qin et al., 2018;
Zhang et al., 2019). Human infection of tick H. longicornis was
reported in at least 23 provinces in China (Chen et al., 2010, 2015;
Zhan et al., 2017) with a case fatality rate of 10−30% (Liu et al.,
2014). In America, this species has been expanded to 19 counties
in 8 states since the first detection in 2013 (Magori, 2018).

In H. longicornis, the life history of a bisexual and
parthenogenetic population is different (Hoogstraal et al., 1968).
The parthenogenetic population can feed engorged and oviposit
without males and thus might have stronger reproductive
capacity and spreading ability. However, the distribution of
the parthenogenetic population was only reported in Shanghai,
Gansu and Sichuan provinces in China (Zhou Z. et al., 2004;
Yang et al., 2007; Chen et al., 2010). The parthenogenetic
species were historically a critical problem for early taxonomic
studies (Monis et al., 2002). The number of eggs laid by
the parthenogenetic population was significantly lower than
that of the bisexual population (Oliver, 1977), whereas the
engorgement body weight of females and egg size of the
parthenogenetic population were considerably higher than that
of the bisexual population, but the hatching rate of eggs was
still lower in the parthenogenetic population (Chen et al., 2014).
In recent years, scanning electron microscopy (SEM) has been
used to describe the morphological characteristics of the two
reproductive populations (Yang et al., 2007; Wang et al., 2013).

Mitochondrial genomes are characterized by simple structure,
small molecular weight, rapid evolutionary rate, and matrilineal
inheritance, which is particularly crucial in phylogenetic studies
(Lin and Danforth, 2004; Gissi et al., 2008; Li and Liang,
2018). To date, more than 20 complete mitochondrial genomes
in ixodid ticks have been available for phylogenetic analysis
(Burger et al., 2014b). Additionally, structural genomic features,
such as secondary structures of tRNA and rRNA, are also
applied in comparative and evolutionary genomics (Qin et al.,
2015; Kim et al., 2017). Compared with a phylogenetic analysis
of a single gene sequence, a combined study of multiple
mitochondrial genes can more accurately evaluate the genetic
distance among or within species (Papanicolaou et al., 2008;
Timmermans et al., 2014). Hence, investigations on the genetic
relatedness of mitochondrial genomes will be helpful in making
taxonomic determinations. Additionally, the protein-coding
genes (PCGs) play a vital role in activity changes of the arthropod
mitochondrial complex (Uno et al., 2004; Fontanillas et al.,
2010). Evaluation of the differential expression profiling of
PCGs will help to elucidate the energy utilization of different
reproductive strategies.

In the current study, the complete mitochondrial genomes of
the bisexual and parthenogenetic populations of H. longicornis
were assembled and analyzed, and the expression of the

mitochondrial PCGs was evaluated and compared between the
two reproductive populations. The differences in survival climate
may have influenced the survival strategies of H. longicornis
and may have resulted from mutations in the parthenogenetic
population. These results may help to elucidate the possible
interconnections among environmental stress, genetic evolution,
and parthenogenetic patterns.

MATERIALS AND METHODS

Sample Collection and DNA Extraction
The bisexual population of H. longicornis was collected from
Xiaowutai National Nature Reserve Area of Zhuolu County (40◦
03′ 03′′ N, 115◦ 23′ 15′′ E), Zhangjiakou City, Hebei Province,
China. The parthenogenetic population was collected in Cangxi
County (31◦ 44′ 35′′ N, 105◦ 49′ 04′′ E), Guangyuan City,
Sichuan Province, China. The free-living nymphal collection was
conducted in the above two locations using a white cloth flag in
April of each year. The collected ticks were placed into perforated,
clean centrifugal tubes with ventilated lids on one side through a
4-mm-diameter hole sealed with plastic screen. After the nymphs
molted, delimitation between the two populations was performed
based on our previous publications (Yang et al., 2007; Chen
X. et al., 2012; Chen Z. et al., 2012; Wang et al., 2013). The
distinguishing feature between the two populations is whether
males appear in the adult population after molting nymphs.

The ticks were fed on the New Zealand white rabbit ear until
engorged and were maintained under standard environmental
chamber conditions (26 ± 1◦C, 75% ± 5 RH, and 12 h: 12 h
L:D). All experimental procedures in this study were approved
by the Animal Ethics Committee of the Hebei Normal University
(Protocol Number: IACUC-157026).

Three mitochondrial genome samples were sequenced as
follows: 10 unfed adults of parthenogenetic female, bisexual
female and bisexual male were separately placed in a 1.5-ml
centrifuge tube, washed with 75% ethanol for 30 s, and then
homogenized under liquid nitrogen. DNA was extracted using
the EasyPure R©genomic DNA kit (TransGen Biotech Co., Ltd.,
Beijing, China). DNA concentration was estimated using a TU-
1950 spectrophotometer (Xi’an Yima Opto-electrical Technology
Co., Ltd., Xi’an, China). The extracted DNA was visualized on
1% agarose gel to ensure strong bands and purified using the
EasyPure R©quick gel extraction kit (TransGen Biotech Co., Ltd.,
Beijing, China). All purified DNA was stored at−80◦C until use.

Next Generation Sequencing Library
Construction and Sequence Analysis
For the sequencing library construction, the fragmented tick
genomic DNA (400−500 bp) was obtained by sharing 2-µg of
tick DNA using Covaris M220 Focused-ultrasonicator (Convaris,
Inc., Woburn, MA, United States). Subsequent reaction steps
using TruSeqTM DNA Sample HT Prep Kit (Illumina Inc.,
San Diego, CA, United States), which include repaired ends,
adenylated 3′ ends, added A-Tailing and ligated adapter, and then
the ligation products were purified with agarose electrophoresis
and enriched the DNA fragments with a PCR primer cocktail
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that annealed to the ends of the adapters. Finally, the library was
quantified and sequenced on illumina Hiseq X Ten sequencing
platform according to the standard operation.

In this study, we annotated our next-generation sequencing
(NGS) data with the mitochondrial genome of three different
species of Haemaphysalis from the National Center of
Biotechnology Information (NCBI) nucleotide database,
as the Genebank number: AB075954 (H. flava), JX573135
(H. formosensis) and JX573136 (H. parva). SOAPdenovo v2.041

was used for sequence filtering and assembly (Xie et al., 2014).
GapCloser v1.12 software (a SOAP suite tool) was used to
perform vulnerability completion and base correction. The
splicing of the original mitochondrial genome sequencing
data was reflected in the (Supplementary Table S1). The
mitochondrial circular map was assembled by Organellar
Genome DRAW2 (Lohse et al., 2013). The three complete
mitochondrial genome circular maps of H. longicornis were
uploaded to the (Supplementary Figures S1−S3). The complete
mitochondrial genome sequence was deposited in the NCBI
nucleotide database accession numbers: MK450606 (The
bisexual population of H. longicornis) and MK439888 (The
parthenogenetic population of H. longicornis).

The PCGs, tRNA, rRNA and non-coding regions (NCRs)
of the genome were predicted using MITOS3 online analysis
software (Bernt et al., 2013). The PCGs were blasted using the
GO4 database. MEGA v7.0 for Windows (Kumar et al., 2016)
was used to analyze the base content and the similarity. The
calculation formula of the base skew is AT skew = (A−T)/(A+T);
GC skew = (G−C)/(G+C) (Alexandre et al., 2005). The relative
synonymous Codon usage (RSCU) analysis was carried out using
Codon W software version 2.7.2.1 for Windows (Cancilla et al.,
1995). The tRNAscan-SE5 was used to identify the tRNA structure
(Burger et al., 2014a). The genome tandem repeats of NCRs were
predicted using Tandem Repeats Finder6 (Benson, 1999).

Polymorphism Detection and Circular
Map Comparison
Based on our previous studies (Chen X. et al., 2012; Chen et al.,
2015), we speculated that the differentiation of the bisexual
population might generate the parthenogenetic population.
In this experiment, we analyzed the mitochondrial genome
data of the bisexual population as the treatment group to
assess the polymorphism and small insertion-deletion of the
parthenogenetic population. Burrows-Wheeler Aligner7 and
Genome Analysis Toolkit8 were used to match the genome
sequence, and nucleotide polymorphism analysis (Lines et al.,
2014; Mccormick et al., 2015). OrthoMCL DB9 was used to

1https://sourceforge.net/projects/soapdenovo2/
2http://ogdraw.mpimp-golm.mpg.de/
3http://mitos.bioinf.uni-leipzig.de/index.py
4http://www.geneontology.org
5http://lowelab.ucsc.edu/tRNAscan-SE
6http://tandem.bu.edu/trf/trf.html
7http://bio-bwa.sourceforge.net
8https://software.broadinstitute.org/gatk
9http://orthomcl.org/orthomcl

draw the three circular maps of the mitochondrial genomes
(conditions: E-value: 1−5, E percent identity cutoff: 0, Markov
plus index: 1.5) (Fischer et al., 2011).

Phylogenetic Development and
Homologous Gene
The mitochondrial genomes of 24 ixodid ticks and Nuttalliella
namaqua were obtained from the NCBI10 nucleotide databases.
RAxML v8.011 was used to construct a phylogenetic tree with
bootstrap replicated evaluation nodes 1000 times (Stamatakis,
2015). Sequence alignments and filtering of the PCGs were
carried out using MAFFT v7.012 and Gblocks13. A Venn
diagram of homologous genes was drawn using CGV software
(Tominski et al., 2009).

Mitochondrial Genome Protein-Coding
Genes at Different Feeding Status
The expression profiling of the mitochondrial genome protein-
coding genes of H. longicornis at different feeding status was
quantitatively analyzed using real-time quantitative PCR (qPCR).
The weights of the bisexual and parthenogenetic population
samples were similar in this experiment. RNA was extracted
using the EasyPure R©RNA Kit (TransGen Biotech Co., Ltd.,
Beijing, China) from H. longicornis at different feeding status,
including unfed female (without feeding), partially fed (feed
without mating) and engorged (fully engorged and detached).

Then, cDNA was synthesized using 500-ng RNA and 10-
µl purity water combined with TranScript R©First-Strand cDNA
Synthesis SuperMix (TransGen Biotech Co., Ltd., Beijing, China).
Samples were incubated at 65◦C for 5 min, chilled on ice
for 2 min, and then incubated at 42◦C for 15 min. The
cDNA products were stored at −20◦C. The length of the
quantitative product was designed between 100 and 200 bp
(Supplementary Table S2), and a 20-µl master mix was prepared
using SYBRGreen PCR buffer, HotStarTaq DNA polymerase,
SYBRGreen I dye, dNTPs (TransGen Biotech Co., Ltd., Beijing,
China), PCR stabilizer. PCR was performed using SimpliAmp
Thermal Cycler A24811 (Applied Biosystems Shanghai Co., Ltd.,
Shanghai, China). The qPCR conditions were set as follows: 95◦C
for 30 s; 40 cycles of 95◦C for 5 s, 55◦C for 15 s, 72◦C for
10 s. Relative expression of these genes was calculated using the
2−11Ct method. If the relative expression ratio was <1, there was
down regulation of the comparison gene in the sample (dotted
line group). Conversely, if the expression ratio was >1, there was
up regulation in the expression of the sample (dotted line group).
All samples were prepared from at least two female individuals,
and three parallel experiments were performed to improve the
accuracy. The statistical analysis was determined using Duncan’s
multiple range test with analysis of variance (ANOVA), and
calculations were performed using SPSS v17.0 for Windows (SPSS
Inc., Chicago, IL, United States).

10https://www.ncbi.nlm.nih.gov/
11https://cme.h-its.org/exelixis/web/software/raxml/index.html
12https://mafft.cbrc.jp/alignment/software/
13http://molevol.cmima.csic.es/castresana/Gblocks.html
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RESULTS

Base Features and Gene Composition
The length of the complete genome of the bisexual and
parthenogenetic populations H. longicornis is 14,694
and 14,693 bp, respectively. The circular structure of the
mitochondrial genomes of the two populations was successfully
predicted, and the gene arrangement of the mitochondrial
genomes included 13 PCGs, 22 tRNA and 2 rRNA. The contents
of the four bases in the base composition of the mitochondrial
genome are approximately 38% (A), 39% (T), 13% (C), and
9% (G), respectively. The A+T contents of the mitochondrial
genome account for 77.22% in the bisexual population and
77.34% in the parthenogenetic population. The frequency of
base used in both reproductive populations was highly similar.
The GC-skew and AT-skew of the two reproductive populations
were negative; GC-skew in the bisexual population was −0.1446,
and AT-skew in the bisexual population was −0.0104. In
the parthenogenetic population, GC-skew was −0.1502, and
AT-skew was−0.0092 (Table 1).

Polymorphism and Circular Map of the
Mitochondrial Genome
Bisexual female and male ticks share the same mitochondrial
genome. Polymorphism analysis of the parthenogenetic
population revealed 199 bases differences, but no small indel
differences were found (Supplementary Figure S4). Only one
site on the nad3 gene displayed a non-synonymous mutation.
The circular maps of the mitochondrial genomes were assembled
and compared. No significant differences in gene direction
and arrangement were observed between the bisexual and
parthenogenetic populations (Figure 1).

Mitochondrial Protein-Coding Gene and
Codon Analysis
The length of the PCGs in the bisexual population was 10,434 bp,
accounting for 71.01% of the total mitochondrial genome, and
was 10,464 bp in the parthenogenetic population, accounting for
71.22%. The heavy strand contains 9 genes (cox1, cox2, cox3, cytb,
nad2, nad3, nad6, atp6, and atp8), and the light strand contains
4 genes (nad1, nad4, nad4l, and atp8). Mitochondrial genes of
H. longicornis displayed distinct rearrangement characteristics
from Haemaphysalis genus (Liu et al., 2018), and the arrangement
and distribution of 13 PCGs were completely consistent in
the two reproductive populations. Four start codons (ATA,
ATT, ATG, and ATC) were detected in H. longicornis. Among
these start codons, ATT was adopted by 7 genes (cox1, cox2,
nad1, nad2, nad3, nad4l, and nad5), ATA was used by 3

genes (cox3, cytb, and atp8), ATG and ATC were used by 3
genes (nad4, atp6, and nad6). The termination codon TAA was
used by 9 PCGs (cox1, cox3, atp6, atp8, nad1, nad2, nad3,
nad5, and nad6). The incomplete codon T was used in genes
including cox2, nad3, and nad4. Only nad4L used TAG as
the termination codon (Supplementary Table S3). The two
populations are identical in the usage of the initiation codon and
termination codon.

Codons including TTT (Phe), ATT (Ile) and AAA (Lys)
showed the highest utilization rate. Codons of GCG (Ala), CCG
(Pro), CGG (Arg), CGC (Arg) and ACG (Thr) containing “CG”
showed relatively lower utilization rates, that is, less than 10 times
(Supplementary Table S4). In tRNA, Phe and Leu2 were used
more than 400 times in the bisexual population, and Phe, Ile
and Lys were the most frequently used in the parthenogenetic
population, being used more than 400 times. The lowest tRNA
usage was Arg in the two reproductive populations (Figure 2).

Transfer RNA and Ribosomal RNA
The mitochondrial genome in H. longicornis contains 22
tRNA and 2 rRNA. The secondary structure of all tRNA
was successfully predicted, and the length ranged from 53
to 68 bp, with the longest trnQ, and the shortest trnC
(Supplementary Figures S5, S6). The rRNA of H. longicornis
displayed a significant AT bias. The total length of the tRNA
in the two populations was identical, reaching 1,352 bp.
The length of rrnL was 995 bp (AT = 82.21%), and the
rrnS length was 778 bp (AT = 79.56%) in the bisexual
population. In the parthenogenetic population, the rrnL length
was 997 bp (AT = 82.25%), and the rrnL length was
777 bp (AT = 79.51%).

Gene Rearrangement and Position
Variance
The mitochondrial genome of H. longicornis was characterized
by obvious rearrangement in major genes. Five PCGs, including
nad5-nad4-nad4l-nad6-cytb, were rearranged in new regions,
which resulted in the displacement of the NCRs. The tRNA genes
trnF, trnH, trnT, trnP, trnS2, trnL1, trnC, and trnL2 changed the
Drosophila genus arrangement. The displacement of tRNA was
also observed in the two reproductive populations (Figure 3).

Non-coding Regions and Gene
Overlapping
Most mitochondrial genes of H. longicornis displayed overlapping
regions or spacer regions. A total of 22 spacer regions and seven
overlapping regions of genes were found in the mitochondrial
genome of H. longicornis, with overlapping regions ranging

TABLE 1 | Base composition and skewness in the mitochondrial genome of Haemaphysalis longicornis.

Populations A Ratio% T Ratio% C Ratio% G Ratio% AT-skew GC-skew CG% All length

Female (Bisexual) 5614 38.21% 5732 39.01% 1916 13.04% 1432 9.75% −0.0104 −0.1446 22.78% 14694

Male (Bisexual) 5614 38.21% 5732 39.01% 1916 13.04% 1432 9.75% −0.0104 −0.1446 22.78% 14694

Parthenogenetic 5629 38.31% 5734 39.03% 1915 13.03% 1415 9.63% −0.0092 −0.1502 22.66% 14693
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FIGURE 1 | Circular maps of the mitochondrial genome of the bisexual and parthenogenetic Haemaphysalis longicornis. The color change of the ring indicates the
level of difference between the bisexual female, bisexual male, and the parthenogenetic population.

from 1 to 9 bp. The special region was atp6: in the bisexual
population, atp6 overlapped by four bases, whereas in the
parthenogenetic population, there was an interval region of
eight bases. Four regions showed length differences between
bisexual and parthenogenetic populations. The mitochondrial
genome of H. longicornis contains three NCRs with a total
length of more than 100 bp. NCR1 was located between rrnL
and trnV, with a length of 159 bp; NCR2 was located between
rrnS and trnI, with a length of 240 bp; and NCR3 was located
between trnL1 and trnC, with a length of 309 bp (Supplementary
Table S3). The content of A+T in the NCRs of H. longicornis
was only 60−70%.

Phylogenetic and Homologous Gene
Analysis
The phylogeny of the bisexual and the parthenogenetic
population of H. longicornis was constructed with 24 tick
species with complete mitochondrial genome available
from the NCBI database. The results demonstrated that
ticks in genera Ixodes, Bothriocroton, Amblyomma and
Haemaphysalis were clustered into an independent branch,

and ticks in Dermacentor and Rhipicephalus were grouped
in Rhipicephalinae. N. namaqua and Ixodidae ticks were
in different evolutionary branches. The two reproductive
populations of H. longicornis were assigned to the cluster of
the Haemaphysalis genus (Figure 4). In addition, homologous
gene analysis showed that among 11 orthologous genes in
these ticks, only one unique homologous gene was found in
10 ixodid ticks, and two novel homologous genes were found
in N. namaqua. There were no unique homologous genes
observed in the bisexual and parthenogenetic populations of
H. longicornis (Figure 5).

Quantitative Analysis of the
Mitochondrial Protein-Coding Genes
The expression profiling of the 13 PCGs was detected in the
females of the two populations during unfed, partially fed
and engorgement, respectively. In the partially fed stage, the
expression levels of most mitochondrial genes were similar to
the unfed stage. The expression levels of cox2, nad6, atp6, and
atp8 genes were increased in the bisexual population, and cytb
and nad4 genes were significantly down regulated (P < 0.01).
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FIGURE 2 | Relative synonymous codon usage in protein-coding genes of Haemaphysalis longicornis bisexual population and parthenogenetic population. The
different amino acids are shown in four colors at most.

FIGURE 3 | Mitochondrial gene arrangement characteristics of Haemaphysalis longicornis. The different color underlines highlighted the genes and rearrangements.

The expression of the cox1 and atp8 genes of the parthenogenetic
population was significantly up regulated (P < 0.01). In contrast,
the expression of the nad3 genes was significantly decreased
(P < 0.01). The atp8 gene expression was considerably increased
in the two populations at the partially fed and engorgement stages
(Supplementary Figures S7, S8).

When the gene expression of the parthenogenetic population
was used as a reference, all genes in the bisexual population
were differentially expressed, among which cox2, cox3, and nad3
were most significantly expressed. The cox3 gene expression
of the bisexual population in the unfed stage was 60-fold
upregulated, whereas it was 16-fold upregulated to the partially
fed and engorgement stages. No changes were observed in the
expression level of nad3 in the unfed and engorgement stages
in the parthenogenetic population, but it was significantly down
regulated in the bisexual population (P < 0.01), which resulted in
20-fold variation between the two populations (Figure 6).

DISCUSSION

In the current study, the complete mitochondrial genomes of
the bisexual and parthenogenetic populations of H. longicornis
were assembled. The A+T content in H. longicornis was
approximately 77%, and an obvious AT bias was also observed
in most tick mitochondrial genomes (Black and Roehrdanz,
1998; Xiong et al., 2013; Williamsnewkirk et al., 2015). The
A+T content affected both the codon usage pattern and
amino acid composition of proteins (Breinholt and Kawahara,
2013). The GC and AT skew values of the two populations
were negative, indicating that the mitochondrial genome has
a slight preference in the usage of “T” and “C.” Previous
studies have shown that the reversal of GC-skew might be
related to the direction of replication but does not affect the
direction of genes, whereas AT-skew can vary with changes
in the direction of genes, replication and codon location
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FIGURE 4 | Phylogenetic tree combining 13 protein-coding genes of Haemaphysalis longicornis. Using ML analysis based on 24 Ixodidae mitochondrial genome
data, different species were marked. The Nuttalliella namaqua (JQ665719) is the outgroup. In the phylogenetic tree, the scale bar represents the number of expected
changes per site. The percentage of the ML bootstrap support was given at each node. The Haemaphysalis longicornis mitochondrial genome of the bisexual and
parthenogenetic populations were in the same branch with strong support.

(Wei et al., 2010). In the polymorphism analysis, we found that
the mitochondrial sequences were entirely consistent between
male and female ticks in the bisexual population, and no
special structure was discovered, which maybe attributable
to the maternal inheritance of the mitochondrial genome
(Burger et al., 2013).

The arrangement of PCGs was similar to other tick species
(Burger et al., 2013; Williamsnewkirk et al., 2015; Guo et al.,
2016). The starting codon used by H. longicornis contained four
common “ATN” types, and no special form of the first codon
subtype was found. In H. longicornis, ATT was used as the
initial codon for cox1, which is different from “CGA” used in
some insect species (Zhu et al., 2013). Three termination codons,
including TAA, TAG and “T,” were found in H. longicornis,
and the incomplete termination codons “T” were common in
mitochondrial genes (Pan et al., 2008; Dai et al., 2016), which
might be converted to complete TAA codons by polyadenylation
(Ojala et al., 1981).

In the tick H. longicornis, the most frequently used trnS1
and trnS2 displayed A and T bases preference in codon
usage. Correspondingly, the TTA codon improved the
higher usage of trnL2. A low utilization rate was observed
in “CGC” and “CGG,” which resulted in the lower usage

of trnR. In addition, trnW showed the lowest utilization
rate. Changes in codon usage are generally regarded as
important factors affecting protein expression levels (Zhou J.
L. et al., 2004; Fang et al., 2015). Although some differences
in codon usage were observed between the two reproductive
populations, there was no significant difference in genetic
structure or polymorphism between the bisexual and
parthenogenetic populations.

The secondary structure of tRNA differs only at a few
bases between the two reproductive populations. The DHU
arms of trnC and trnS1 were absent in the two populations,
which were common features in ticks and insects (Jühling
et al., 2009; Cameron, 2014; Williamsnewkirk et al., 2015;
Yuan et al., 2015; Liu et al., 2018). The base mismatch of
mitochondrial tRNA genes is a common phenomenon (Jühling
et al., 2012), which mainly appears in four tRNA structures:
the amino acid acceptor arm (AA), the T9C arm (T), the
anticodon arm (AC) and the dihydrouridine arm (DHU) (Zhang
et al., 2012). A total of 11 base mismatches were observed
in the tRNA genes of H. longicornis, among which G-U
mismatches occurred 9 times, and the remaining two pairs
were U-U mismatches. The mismatch was similar between the
bisexual and parthenogenetic populations. The RNA editing
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FIGURE 5 | Venn map analysis of the homologous genes in Haemaphysalis longicornis. There are no unique homologous genes in the bisexual and parthenogenetic
populations of the Haemaphysalis longicornis mitochondrial genome.

FIGURE 6 | Comparative expression of the different feeding status of Haemaphysalis longicornis. The dotted line represents the expression of the parthenogenetic
population. The asterisk indicates a level of significant difference (∗P < 0.05, ∗∗P < 0.01) in gene expression between the different groups.
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process can correct the base mismatch without affecting the
tRNA transport function (Bae et al., 2004). However, the base
mismatch may jeopardize the survival ability of living organisms
(Hendrickson, 2001) and hence result in the evolution of
species (Watanabe et al., 1994). The gene length, base skew,
and arrangement position of the rRNA in the bisexual and
parthenogenetic H. longicornis were similar to those of other
insects (Breinholt and Kawahara, 2013).

In most cases, the mitochondrial genomes displayed
conservative gene arrangement and stable gene structure.
Despite rapid evolution over time, the genomic arrangement
of most arthropod mitochondria usually remains unchanged
(Boore, 1999), and there is no similarity in mitochondrial gene
rearrangement (Cameron et al., 2006). The genetic arrangement
in the Drosophila genus was generally considered to be the
original form of insects (Boore, 1999). Mitochondrial gene
rearrangement includes major gene rearrangement and minor
gene rearrangement (Boore and Brown, 2000). Like insects,
two patterns of mitochondrial gene rearrangement were
found in different genera of ticks. The minor rearrangement
type was relatively common and occurred only in exchanges
of the tRNA position (Cameron et al., 2007). This kind
of rearrangement was common in Ixodes genus, but the
rearrangement degree was significantly lower than that observed
in other genera of ticks (Liu et al., 2018). The major gene
rearrangement referred to the rearrangement or inversion of
PCG or rRNA genes and infrequently occurred in insects.
Liu et al. reported the major gene rearrangement from
some tick genera, such as Haemaphysalis, Amblyomma, and
Rhipicephalus (Liu et al., 2018). There were three types of
tRNA gene position changes: shuffling (local rearrangements),
translocation (cross-gene displacement) and inversion (change
the encoding or transcriptional direction) (Dowton and
Austin, 1999). Three different displacements were observed
in H. longicornis tRNA: shuffling was found in trnH, trnT
and trnP, translocation was observed in 5 genes (trnF,
trnS2, trnL1, trnC, and trnL2), and trnC experienced gene
inversion. The tRNA gene rearrangement was interpreted
as a result of tandem duplication and random loss (Jühling
et al., 2012; Xia et al., 2016), which could provide important
genetic and phylogenetic information (Boore et al., 1998;
Cameron et al., 2006).

Mitochondrial genomes generally have no introns. Although
there are some intergenic regions, most of the arthropod
mitochondrial genes are closely linked (Boore, 1999). The
mitochondrial genomes of ticks contain different sizes of
overlapping regions, including intergenic regions and NCRs.
These regions are generally regarded as being involved in
gene expression and regulation. The current study found
three NCRs in the mitochondrial genome of H. longicornis.
NCR1 was speculated to be a randomly insert fragment,
which was also reported previously in Dermacentor and
Rhipicephalus and possibly related to the tRNA structure
(Cameron and Whiting, 2008; Burger et al., 2014b; Mccooke
et al., 2015; Guo et al., 2016). The NCR2 and NCR3
were situated in similar positions with other tick species
(Burger et al., 2012; Montagna et al., 2012; Williamsnewkirk

et al., 2015). No difference was observed in the length or
location of NCRs between the bisexual and parthenogenetic
populations of H. longicornis. The NCRs were considered
as a gene control region in arthropod, and the number
of repeat sequences and conserved structures could directly
affect the length and base skew of the NCRs (Simon, 1991;
Montagna et al., 2012; Cameron, 2014; Li and Liang, 2018),
which may be the reason for the lower A+T content of
NCRs (60−70%) in H. longicornis. Recently, a “Tick-Box”
structure was found in ticks, and metazoan, which is a
17-bp-long conserved sequence (TTGyrTChwwwTwwGdA) in
the mitochondrial genome, was connected to transcription
termination and gene alignment (Montagna et al., 2012).
This conserved sequence was also found in two reproductive
populations of H. longicornis, which were the same as other
species of Haemaphysalis (TTGCATCAATTTTTGGA). Also, the
conserved “ATGATAA” repeat sequence was found between
atp8 and atp6 in H. longicornis, which has been reported
in other ticks and insects (Stewart and Beckenbach, 2006;
Williamsnewkirk et al., 2015).

Phylogenetic tree analysis showed that the independent
branches of Ixodes, Rhipicephalus, Amblyomma and
Dermacentor species were similar to the findings of
Burger et al. (2014a). The conjoint analysis using all
PCG genes could improve the stability and reliability of
phylogenetic reconstruction (Sheffield et al., 2009). The
two reproductive populations of H. longicornis were the
most closely related and were less than the criteria for
subspecies identification, which was consistent with previous
results (Chen et al., 2010; Chen X. et al., 2012). Only one
non-synonymous site of PCGs was observed in the two
populations, whereas nearly 200 polymorphic sites were
detected, but no apparent changes were observed in gene
structure and arrangement under the evolutionary pressure of
different environments.

The mitochondrion is essential for energy metabolism and is
also involved in many critical processes, including cell transport,
signal transduction, temperature regulation and immune activity
(Brand, 2000; Detmer and Chan, 2007). Mitochondrial genes
may lead to significant changes in metabolism and adaptability
in the process of evolution (Ballard and Pichaud, 2014), and
their genetic diversity was mainly formed by random genetic
drift and natural selection (Sun et al., 2018). Multiple genes
of H. longicornis were significantly upregulated in the partially
fed and engorgement stages; among these genes, the most
significant changes were detected in atp6 and atp8, which are
the core subunits of ATP synthase (Fontanillas et al., 2010).
The expression of these genes might provide guarantees for
oxidative phosphorylation (OXPHOS) of cells and changes in the
metabolism of body temperature. In previous studies, cox1 was
considered to be the essential gene for COX activity changes (Uno
et al., 2004; Singtripop et al., 2007). In the bisexual H. longicornis,
the upregulation of cox1 was not evident compared with
the other two subunits (cox2 and cox3). In parthenogenetic
H. longicornis, changes in the cox1 gene were noticeable,
but down-regulation in cox2 and cox3 was observed. These
results suggested that the dynamic changes of the cox subunit
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were not solely related to the cox1 gene. The cox3 gene in
the bisexual population was considerably higher than that
in the parthenogenetic population at each feeding status.
This differential expression may be attributed to the living
environment of the bisexual population, where it is characterized
by higher altitude and latitude, and the climatic conditions of
temperature and humidity are more severe.

The most specific gene in the NADH complex is nad3 (Sanz
et al., 2010). Only one non-synonymous site was observed in this
gene, and this mutation was likely to change the gene expression
patterns and functions in the two populations. The expression
of nad3 was significantly downregulated in the bisexual and
parthenogenetic H. longicornis at different status, whereas it
was also multiple times higher in the engorgement stage in
parthenogenetic H. longicornis compared with that in the bisexual
population. The structural changes of PCGs were required events
for environmental adaptation, and most genes were maintained
or upregulated during blood feeding or at the engorgement
stage, which suggested that the metabolic level in the body was
increased or the number of mitochondria was increased. These
changes will guarantee rapid development and reproduction
in H. longicornis.

CONCLUSION

In the current study, the mitochondrial genomes of the bisexual
and parthenogenetic H. longicornis were analyzed, and the
gene structure and position arrangement were similar between
the two reproductive populations. However, single nucleotide
polymorphism analysis showed that approximately 200 bases
were different. Phylogenetic analysis suggested that the bisexual
and parthenogenetic populations were more closely related than
the subspecies. Quantitative results of PCGs showed that the
expression patterns of genes in the two reproductive populations
were significantly distinctive at different feeding status, which
may be similarly associated with environmental differences and
reproductive patterns.
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Embryogenesis is a metabolically intensive process carried out under tightly controlled
conditions. The insulin signaling pathway regulates glucose homeostasis and is essential
for reproduction in metazoan model species. Three key targets are part of this signaling
pathway: protein kinase B (PKB, or AKT), glycogen synthase kinase 3 (GSK-3), and
target of rapamycin (TOR). While the role of AKT and GSK-3 has been investigated
during tick embryonic development, the role of TOR remains unknown. In this study,
TOR and two other downstream effectors, namely S6 kinase (S6K) and eukaryotic
translation initiation factor 4E-binding protein 1 (4E-BP1), were investigated in in vitro
studies using the tick embryonic cell line BME26. First, we show that exogenous insulin
can stimulate TOR transcription. Second, TOR chemical inhibition led to a decrease in
BME26 cell viability, loss of membrane integrity, and downregulation of S6K and 4E-BP1
transcription. Conversely, treating BME26 cells with chemical inhibitors of AKT or GSK-3
did not affect S6K and 4E-BP1 transcription, showing that TOR is specifically required
to activate its downstream targets. To address the role of TOR in tick reproduction,
in vivo studies were performed. Analysis of relative transcription during different stages
of tick embryonic development showed different levels of transcription for TOR, and a
maternal deposition of S6K and 4E-BP1 transcripts. Injection of TOR double-stranded
RNA (dsRNA) into partially fed females led to a slight delay in oviposition, an atypical
egg external morphology, decreased vitellin content in eggs, and decreased larval
hatching. Taken together, our data show that the TOR signaling pathway is important
for tick reproduction, that TOR acts as a regulatory target in Rhipicephalus microplus
embryogenesis and represents a promising target for the development of compounds
for tick control.

Keywords: target of rapamycin, embryogenesis, tick embryonic cells, BME26, Rhipicephalus microplus

INTRODUCTION

The cattle tick, Rhipicephalus microplus, is an obligate hematophagous ectoparasite of veterinary
and economical relevance in tropical and subtropical regions, due to its role as animal disease vector
for Babesia spp. and Anaplasma spp., and its impact on livestock production (Grisi et al., 2002;
Guerrero et al., 2012; Parizi et al., 2012). Current methods for tick and tick-borne disease control
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depend heavily on the application of acaricides; however,
excessive reliance on these pesticides is unsustainable due to the
widespread resistance in tick populations, as well as an increasing
public concern about residues found in animal products,
environmental pollution, and the high costs of developing and
registering these products (Graf et al., 2004; Ghosh et al., 2007;
de la Fuente et al., 2008; Rodriguez-Vivas et al., 2011; Parizi
et al., 2012; Merino et al., 2013). Thus, a better understanding
of tick biology may greatly improve both current and novel
control strategies.

Embryogenesis is one of the most important aspects of
R. microplus tick life-cycle (Campos et al., 2006; Moraes
et al., 2007; Santos et al., 2013). The study of molecules
involved in metabolic pathways during embryogenesis could
reveal regulatory networks that govern metabolism during
this critical stage (Martins et al., 2015). Insulin signaling
pathway (ISP) and its components, phosphatidylinositol
3-OH kinase (PI3K), protein kinase B (PKB or AKT) and
glycogen synthase kinase 3 (GSK-3), play important roles
in metabolic control (Supplementary Figure S1) (de Abreu
et al., 2009, 2013; Fabres et al., 2010). In previous studies,
we demonstrated that R. microplus embryonic cell line,
BME26, harbors an insulin-responsive machinery, and that
AKT/GSK3 axis integrates glycogen metabolism and cell
survival (de Abreu et al., 2009, 2013). We also observed
that GSK-3, a key enzyme in glycogen metabolism, is
required for cell viability, oviposition, and larval hatching
in the cattle tick (Fabres et al., 2010; de Abreu et al.,
2013) (Supplementary Figure S1). In order to improve the
current knowledge of tick physiology, new targets must be
identified and studied.

Target of rapamycin (TOR) signaling pathway (TSP) is
regulated by ISP in several animal species (Hay and Sonenberg,
2004; Jia et al., 2004; Wullschleger et al., 2006; Hassan et al.,
2013; Hatem et al., 2015; Yoon, 2017). This pathway acts
controlling energy metabolism, and monitoring the nutritional
status of eukaryotic cells. TSP plays a role in protein synthesis,
transcription, cell growth, proliferation, metabolism, aging, and
autophagy, from yeasts to mammals (Wullschleger et al., 2006;
Guertin and Sabatini, 2007; Jung et al., 2010; Katewa and
Kapahi, 2011; Kim and Guan, 2011; Beauchamp and Platanias,
2013). However, the role of TOR target in tick embryogenesis
is still unknown.

In the present study, we characterized TSP during R. microplus
embryogenesis, studying the effects of chemical inhibition on
regulation and cell viability in vitro. Additionally, to evaluate
the dynamics of this pathway in vivo, we analyzed the relative
transcription of other members of the TOR pathway, S6
kinase (S6K) and eukaryotic translation initiation factor 4E-
binding protein 1 (4E-BP1) during embryogenesis. We also
describe the effects of TOR gene silencing in partially fed
females, particularly in ovarian growth, egg development,
and larval hatching. Altogether, our study shows that TSP
is important for tick reproductive physiology, that TOR
acts as a regulatory target during Rhipicephalus microplus
embryogenesis and can be considered an important target
for tick control.

MATERIALS AND METHODS

Ethics Statement
Animals used in the experiments were housed at Faculdade
de Veterinária, Universidade Federal do Rio Grande do Sul
(UFRGS) facilities. This research was conducted according to
the ethics and methodological guidance, in agreement with the
International and National Directives and Norms for Animal
Experimentation Ethics Committee of Universidade Federal do
Rio Grande do Sul (process number 14403).

Chemicals
Insulin, TOR inhibitor rapamycin, GSK3 inhibitor alsterpaullone
{9-Nitro-7, 12-dihydroindolo [3,2-d][1]benzazepin-6(5H)-
one}, MTT [3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide], and Leibovitz’s 15 culture medium were
purchased from Sigma-Aldrich (St. Louis, MO, United States).
AKT inhibitor 10-DEBC {10-[4′-(N,N-Diethylamino)butyl]-
2-chlorophenoxazinehydrochloride} was purchased from
Tocris Bioscience (Ellisville, MO, United States). Fetal bovine
serum (FBS) was obtained from Nutricell Nutrientes Celulares
(Campinas, SP, Brazil). Other reagents and chemicals used were
of analytical grade and locally purchased.

BME26 Cell Line and Rhipicephalus
microplus Females and Eggs
BME26 cell line is derived from R. microplus embryos at different
stages of embryogenesis, first isolated in the 1980s and described
by Esteves et al. (2008). Cell cultures were maintained as
previously described (Esteves et al., 2008; de Abreu et al., 2013).
Leibovitz L15 culture medium (Sigma-Aldrich, United States)
was diluted in sterile ultra-pure water (3:1) and supplemented
with inactivated fetal bovine serum (20%, Nutricell, Brazil),
tryptose phosphate broth (10% Sigma- Aldrich, United States),
100 mL−1 penicillin units (Gibco, United States) and 100 µg
mL−1 streptomycin (Gibco, United States). This fresh complete
medium was used for cell culture.

Cells adhered to 25 cm2 flasks were resuspended in 5 mL
of the medium described above using a 22 gauge needle
(0.7 × 25 mm) with the folded tip mounted in a 5 mL plastic
syringe. Culture cell density was determined using Neubauer’s
chamber (hemocytometer) and cell viability was determined
using the trypan blue labeled cell exclusion method (0.4%, Sigma-
Aldrich, United States). Aliquots of 1× 107 cells were transferred
to new flasks filled with 5 mL fresh complete medium. The flasks
were incubated at 34◦C for 2 weeks and the medium replaced
weekly to promote cell proliferation. Cells maintained in these
flasks, with approximately 4 × 106 cells/mL, were used in later
experiments in order to maintain homogenous characteristics
between the cells used. Each of these flasks are considered
independent biological samples.

Rhipicephalus microplus ticks (Porto Alegre strain) were
collected from bovines housed in individual tick-proof pens on
slatted floors. These ticks are free of pathogens such as Babesia
spp. and Anaplasma spp. (Reck et al., 2009). Partially engorged
tick females (20–60 mg each) were manually removed from
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cattle and used for RNA interference (RNAi) experiments as
described below. Two independent experiments were performed,
with approximately 20 individuals per treatment for each
independent experiment. Fully engorged adult female ticks were
collected in Petri dishes and incubated at 28◦C and 80% relative
humidity until completing oviposition. After oviposition, eggs
were separated according to age and maintained under the
same conditions. Eggs were collected on different days during
the embryogenesis for RNA extraction, determination of vitellin
content, or were observed until hatching.

RNA Extraction and cDNA Synthesis
Total RNA was extracted from BME26 cells (5 × 105 cells in
each experimental condition in three biological replicates),
from ovaries of partially engorged females in RNAi experiment
(three ovaries in each experimental condition in two biological
replicates), and from eggs on different days of embryogenesis
(50 mg for each day in three biological replicates), using
TRIzol R©reagent (Invitrogen, Waltham, CA, United States)
following the manufacturer’s recommendations. RNA
concentration was determined by spectrophotometry at 260
and 280 nm (Picodrop Ltd, United States). Extracted RNA
(2 µg) was resuspended in diethylpyrocarbonate (DEPC)-treated
water and treated with DNase I (Invitrogen, Waltham, CA,
United States). Reverse transcription reaction was performed
using High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Waltham, CA, United States) following the
manufacturer’s protocol, and the resulting cDNA samples were
stored at−20◦C for analyses of relative transcription.

Cloning of RmTOR, RmS6K and
Rm4E-BP1 ORFs, and Phylogenetic
Analysis
RT-PCR was performed using specific primers to clone
three open reading frames (ORF): RmTOR, RmS6K, and
Rm4E-BP1. The primers (Supplementary Table S1) were
designed based on R. microplus transcriptome database
(RmINCT-EM) created by our research group using Illumina
sequencing (unpublished). BME26 cDNA was used as a
template. The PCR products were separated by electrophoresis
on 1.5% agarose gel and each fragment was excised and
purified using GFXTM PCR and Gel Band Purification
Kit (GE Healthcare, Chicago, IL, United States). The
amplified fragments were ligated into pGEM-T easy vector
(Promega) according to the manufacturer’s instructions.
Plasmids were transformed into Escherichia coli TOP10
cells by electroporation. Recombinant plasmid DNA was
extracted using PlasmidPrep Mini Spin Kit (GE Healthcare)
and DNA sequencing was performed using T7 and SP6
vector-specific primers (Supplementary Table S1) in 3500
Genetic Analyzer (Applied Biosystems, Hitachi, United States).
A total of 4 sequencing efforts were performed for each
target. DNA sequence alignment, amino acid translations,
and amino acid sequence alignments were done using
BioEdit version 7.2.6 software (Hall, 1999). The sequences
are listed under GenBank accession numbers: MK598842

(RmTOR), MK598841 (RmS6K), and MK598840 (Rm4E-BP1).
Phylogenetic analyses were performed in MEGA software,
version 5.05, using coding mRNA sequences (Tamura et al.,
2011) and the neighbor-joining method. Bootstrap support
was assessed using 1,000 replicates. The sequences included in
the phylogenetic analyses are listed under GenBank accession
numbers: BAM28764.1 (Haemaphysalis longicornis); EFX81736.1
(Daphnia pulex); KRT79235.1 (Oryctes borbonicus); KZS19304.1
(Daphnia magna); XP_002404524.1 (Ixodes scapularis);
XP_003740398.1 (Galendromus occidentalis); XP_008468645.1
(Diaphorina citri); XP_013779553.1 (Limulus Polyphemus);
XP_015792963.1 (Tetranychus urticae); XP_015908828.1
(Parasteatoda tepidariorum); XP_018027170.1 (Hyalella Azteca);
NP_477295.1 (Drosophila melanogaster); XP_001846418.1
(Culex quinquefasciatus); XP_006569762.1 (Apis mellifera); and
XP_317732.2 (Anopheles gambiae).

BME26 Cell Treatment With Exogenous
Insulin
Cells were treated with exogenous insulin as previously described
(de Abreu et al., 2009). BME26 cells were resuspended from
flasks in which cell proliferation was promoted. Thereafter,
cell density of the culture was determined using Neubauer’s
chamber (hemocytometer) and cell viability was determined
using the trypan blue-labeled cell exclusion method (0.4%,
Sigma-Aldrich, United States). A total of 5 × 105 cells were
plated into wells (16.25 mm diameter and 1.93 cm2 growth
area) of 24 well plates and the final volume of 500 µL
was completed with fresh complete medium. Cell plates were
incubated at 34◦C for a period of 24 h to allow cell adhesion.
After this time, complete medium was replaced with medium
without fetal bovine serum or with fresh complete medium
for 24 h. Subsequently, some cells were exposed to insulin
(final concentration 1 µM, Sigma-Aldrich, United States). The
plate was incubated at 34◦C for 30 min. Finally, all cells were
lysed for RNA extraction (described above). All treatments were
performed in three independent biological samples and three
technical replicates.

Chemical Inhibition of TOR, AKT and
GSK3
BME26 cells were seeded in 24-well plates (5 × 105 cells/well)
in 500 µL of complete medium and allowed to settle. After
24 h at 34◦C, medium culture was replaced and chemical
inhibitors or vehicle control (0.073% DMSO) were added as
indicated. BME26 cells were treated with one of the following
inhibitors: 0.03 to 2 µM of rapamycin (TOR inhibitor); 12 µM
of 10-DEBC (AKT inhibitor, non-lethal concentration); or 40,
400, and 4000 nM of alsterpaullone (GSK inhibitor, non-lethal
concentration). After 24 h of incubation at 34◦C, cells were
processed for total RNA extraction and analysis of S6K and
4E-BP1 relative transcription. Alternatively, cells treated with
rapamycin were incubated for 48 h and analyzed for cell viability
and membrane integrity as described below. All treatments were
performed in three independent biological samples and three
technical replicates.
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Cell Viability and Membrane Integrity
Assays
After 48 h of TOR chemical inhibition, BME26 cells were
subjected to MTT assay (viability assay), following de Abreu
et al. (2013). In each well, 50 µL of MTT (12 mM prepared
in L15 medium without fetal bovine serum) was added. The
plate was incubated at 34◦C for 2 h and protected from light.
Subsequently, the solution was completely discarded and 1 mL
of isopropyl alcohol (0.15% HCl in isopropyl alcohol) was added
to each well to dissolve the formazan crystals. The mixture
was transferred to 1.5 mL tubes, centrifuged at 6000 × g
for 15 min and the supernatant was collected in new tubes
to measure the absorbance at 570 nm using quartz cuvettes
on a UVmini-1240 UV-VIS spectrophotometer (Shimadzu,
Japan). The absorbance values of the control treatment (cells
treated with 0.073% DMSO) were used for normalization (100%
viability). All samples were analyzed in three independent
experiments performed in technical triplicates. Additionally,
cell viability was determined by trypan blue (0.4%, Sigma-
Aldrich, United States) exclusion technique using a Neubauer
hemocytometer. The experimental procedure and calculations
were performed according to standard methodology (Louis and
Siegel, 2011). All samples were analyzed in three independent
experiments performed in three technical triplicates.

Membrane integrity in rapamycin-treated BME26 cells was
analyzed following de Abreu et al. (2013). Cells were distributed
over glass coverslips placed at the bottom of 24-well plate
(2 × 105 cells/well). Cells were treated with rapamycin as
described above and incubated for 48 h, after which culture
medium was gently removed and replaced with PBS. Hoechst
33342 (0.08 mM) was added and incubated for 5 min, followed
by addition of propidium iodide (14.8 µM) and further 5-
min incubation, always at room temperature and protected
from light. The solution was discarded, and coverslips were
washed with PBS and mounted over glass slides containing
5 µL of glycerol. BME26 cells were observed under a confocal
fluorescence microscope (LSM 780-NLO Zeiss Axio Observer
Z.1, Carl Zeiss AG, Germany) using 405 and 488 nm lasers.
Images were obtained at 400x magnification.

Double-Stranded RNA (dsRNA)
Synthesis, and Delivery Into BME26 Cells
or Female Ticks
A dsRNA based on R. microplus TOR coding sequence was
designed (dsTOR). Suitable regions of the gene and RNA
sequence were screened using BLAST to determine specificity.
dsRNA specificity and potential off-targets were estimated from
similar genes in other species with the dsCheck program
(Naito et al., 2005). In vitro dsRNA synthesis was performed
using BME26 cDNA as a template and oligonucleotide primers
containing T7 promoter sequences (Supplementary Table S2).
The amplicon was analyzed by electrophoresis on 1.5% agarose
gel, purified using GFXTM PCR and Gel Band Purification
Kit (GE Healthcare), and quantified by spectrophotometry at
260 nm (Picodrop Ltd, United States). dsRNA was transcribed
in vitro from 1 µg of purified cDNA, using the T7 RiboMAXTM

Express RNAi System (Promega), and purified according
to manufacturer’s instructions. Final yield was estimated by
absorbance measurement at 260 nm and quality confirmed by
1.5% agarose gel electrophoresis. The final size of dsRNA was
519 bp. dsRNA synthesis for RmAKT and RmGSK-3β was
performed as described previously in Fabres et al. (2010) and
de Abreu et al. (2013), respectively. An unrelated 600 bp-long
dsRNA of green fluorescent protein (dsGFP) (Supplementary
Table S2) was kindly provided by Dr. Albert Mulenga (Texas
A&M University, United States).

dsRNA delivery into BME26 cells was performed following
de Abreu et al. (2013). A total of 5 × 105 cells were plated into
wells (16.25 mm diameter and 1.93 cm2 growth area) of 24-well
plates, and the final volume of 500 µL was completed with fresh
complete medium. Cell plates were incubated at 34◦C for a period
of 24 h to allow cell adhesion. Subsequently, the culture medium
was replaced with 200 µL of fresh medium containing 4 µg of
dsRNA and the plate was gently mixed. After 24 h of incubation
at 34◦C, cells were collected and processed for RNA extraction.
RNA from cells treated with dsGFP was used as a control group.
All treatments were performed in three independent biological
samples and three technical replicates.

dsRNA injection into female ticks was performed according
to Fabres et al. (2010). Females with a weight between 20 and
60 mg were manually removed from the cattle and injected
with 4 µg of dsRNA in a maximum volume of 2 µL in the
lower quadrant of the ventral surface using a Hamilton syringe.
Two control groups were injected: one with unrelated dsRNA
(4 µg of dsGFP in a maximum volume of 2 µL) and the
other with buffer (2 µL of 10 mM PBS, pH 7.4). A third
group was injected with TOR dsRNA (4 µg of dsTOR in a
maximum volume of 2 µL). The females were fixed on expanded
polystyrene plates with double-sided adhesive tape for artificial
feeding by capillaries (Gonsioroski et al., 2012). Capillaries were
filled with non-infested bovine blood that was collected in
heparinized tubes and were replaced every 3 h. The females
were maintained with this feeding for 28 h. For confirmation
of silencing, ovaries from three females for each independent
experiment were collected and processed for RNA extraction after
48 h of dsRNA or PBS injection. Two independent experiments
were performed, with approximately 20 individuals per treatment
for each independent experiment.

Analysis of Relative Transcription by
qPCR
qPCR reactions were carried out on Applied Biosystems
StepOneTM platform, in a total volume of 15 µL, with 100 ng
of cDNA, 250 nM of primers (final concentration) and Power
Sybr Green Mix (Thermo Fisher, United States), following the
manufacturer’s recommendations. Specific primers are described
in Supplementary Table S3. The cycling parameters for
analyzing RmTOR, RmS6K and Rm4E-BP1 relative transcription
were: 10 min at 95◦C, followed by 40 cycles of denaturation
at 95◦C for 15 s and annealing at 60◦C for 1 min. For the
melt curve stage, the cycling parameters were: 95◦C for 15 s,
1 min at 60◦C, followed by 35 cycles, with a temperature
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increase of 0.3◦C in each cycle until reaching a final temperature
of 95◦C. Other cycling parameters for analyzing RmAKT and
RmGSK-3β relative transcription were selected according to
de Abreu et al. (2013) and Martins et al. (2015). Relative
transcription was determined using the Ct values from each run
on Relative transcription Software Tool—REST (Pfaffl, 2001).
Elongation factor-1A (ELF-1A) was used as a reference gene
(Nijhof et al., 2009). These and other features are detailed in
Supplementary File S1.

Analysis of relative transcription by qPCR was used in five
different experiments: (i) to evaluate relative transcription of
RmTOR and RmAKT in BME26 cells treated with exogenous
insulin; (ii) to evaluate relative transcription of RmS6K and
Rm4E-BP1 after treatment with chemical inhibitors; (iii) to
evaluate relative transcription of RmS6K and Rm4E-BP1 after
gene silencing following dsRNA treatment; (iv) to evaluate the
relative transcription of RmTOR, RmS6K, and Rm4E-BP1 in
eggs at different stages of embryogenesis, using cDNA from 1st,
3rd, 5th, 7th, 9th, 12th, 15th, and 18th day of embryogenesis;
and (v) to verify gene silencing following dsRNA treatment.
All samples were analyzed in triplicates, in three independent
experiments, except for dsRNA injection into tick females, which
was performed in two independent experiments.

Determination of Ovarian Growth and
Biological Parameters in dsRNA-Treated
Females
After 48 h of dsRNA injection, ticks were dissected and 2
ovaries were collected for determination of ovarian growth, using
the ovarian growth phase (OGP) system (Seixas et al., 2008).
The ovaries were examined in a stereoscope and pictures were
analyzed using the software ImageJ (Abràmoff et al., 2004). The
proportion of mature oocytes was analyzed by measuring the
area occupied by mature and immature oocytes in each image.
Additionally, females treated with dsRNA or PBS injection, as
well as eggs were collected for examination in a stereoscope and
pictures were analyzed.

The biological parameters analyzed were: nutritional efficacy
index (final weight of engorged tick/initial weight of engorged
tick), eggs production index (EPI) [(weight of eggs/final weight of
engorged tick) × 100)], weight of eggs 10 days after oviposition,
weight of larvae 40 days after oviposition, and hatching rate (%)
(Bennett, 1974; Fabres et al., 2010; Gonsioroski et al., 2012). Two
independent experiments were performed, with approximately
20 individuals per treatment for each independent experiment.

Determination of Vitellin (Vt) Content in
Eggs by SDS-PAGE and Dot Blot
Eggs from female ticks treated with dsRNA or PBS injection
were collected 9 days after oviposition (10 eggs from each
group) and homogenized in 10 mM Tris-HCl buffer, pH
7.4, containing a protease inhibitor cocktail (4EBSF, aprotinin,
bestatin hydrochloride, E-64, EDTA, leupeptin hemisulfate salt),
pepstatin A (1 mM), and Triton X-100 10%. The samples
were kept on ice and immediately used for determination of

vitellin content by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and dot blot.

SDS-PAGE was performed under denaturing conditions
following the method of Laemmli (1970), followed of
silver staining. For dot blot, each sample was spotted onto
nitrocellulose membrane (5 µL per spot) and allowed to dry. The
membranes were processed as follows: 1 h at room temperature
with blocking solution (5% non-fat dry milk/PBS); overnight
at 4◦C with anti-Vt rabbit serum (1:1000 in blocking solution)
(Canal et al., 1995), or blocking solution only, as control; three
times 5-min washes with PBS; 1 h at room temperature with
secondary antibody (anti-IgG alkaline phosphatase conjugate
1:5000 in blocking solution). Alkaline phosphatase detection was
performed with nitro blue tetrazolium (NBT) and 5-bromo4-
chloro-3- indolyl phosphate (BCIP) (Promega, United States) in
100 mM Tris pH 9.5 containing 5 mM MgCl2 and 100 mM NaCl.

Statistical Analyses
Unpaired t-tests were used for relative transcription analyses,
in the insulin-stimulation experiment, chemical inhibition, and
gene silencing experiments. ANOVA followed by Dunnett’s test
was used in cell viability and cell counting experiments, for
analysis of relative transcription during embryogenesis, and for
assessment of biological parameters. All statistical analyses were
performed using Graph Pad Prism version 6.01 Software (Graph
Pad Software, Inc.).

RESULTS

TSP Components Are Conserved in
R. microplus
In this study, we attempted to clone the ORFs of three members
of the TSP: RmTOR, RmS6K, and Rm4E-BP1. We were able to
sequence a partial RmTOR ORF of 1378 bp (GenBank accession
MK598842), which encodes a 458-amino acid polypeptide.
Multiple alignment of the deduced amino acid sequence for
RmTOR showed 95% identity with the orthologous sequence
from the tick Haemaphysalis longicornis. We also sequenced a
partial RmS6K ORF of 425 bp (GenBank accession MK598841).
Multiple alignment of the transcript encoding a S6K protein
showed a highly conserved catalytic domain. The identity was
78% with the putative sequence from the tick Ixodes scapularis.

The complete sequence of a transcript encoding 4E-BP1
protein was obtained, corresponding to an ORF of 381
nucleotides (GenBank accession MK598840). The encoded
protein has 126 amino acids and a predicted molecular weight
of 13.3 kDa. Multiple alignment of the deduced amino acid
sequence to Rm4E-BP1 identified highly conserved motifs and
a high identity level with the orthologous sequences from
H. longicornis and I. scapularis ticks (84 and 74%, respectively).

Phylogenetic analysis was performed using the complete
amino acid sequence obtained for Rm4E-BP1 (Supplementary
Figure S2). Sequences from 16 species of arthropods were used
in the construction of a neighbor-joining tree. The analysis
indicates divergences between tick species and other groups
of arthropods; for example, sequences from R. microplus and
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H. longicornis formed a single clade, while I. scapularis sequences
were assigned to a distinct clade. Distant clades correspond to
insects, such as bees, flies and mosquitoes. Taken together, these
results demonstrate that RmTOR, RmS6K, and Rm4E-BP1 are
conserved in R. microplus tick.

Exogenous Insulin Can Stimulate
RmTOR Relative Transcription
ISP regulates TSP in several animal species (Hay and Sonenberg,
2004; Wullschleger et al., 2006; Hassan et al., 2013; Hatem
et al., 2015; Yoon, 2017). To assess whether TSP can be
regulated/stimulated by insulin in the cattle tick, BME26
embryonic cells were cultured in the absence or presence of fetal
bovine serum (FBS), then incubated with or without exogenous
insulin (de Abreu et al., 2009). After exposure to insulin, we
evaluated the relative transcription of two targets of ISP and TSP:
RmAKT and RmTOR (Figure 1).

We observed a higher relative transcription of both RmAKT
and RmTOR when cells were incubated with insulin in the
absence of FBS compared to cells incubated without insulin and
with FBS (normal condition of the cells) (Figure 1). In addition,
a statistical difference in RmAKT relative transcription was
observed when cells were incubated with insulin in the absence
of FBS compared to cells treated without insulin and without FBS
(Figure 1A). However, we did not observe a statistical difference

FIGURE 1 | Exogenous insulin stimulates RmAKT and RmTOR relative
transcription. BME26 cells were cultured in the absence or presence of fetal
bovine serum (FBS), then incubated with or without exogenous insulin (1 µM).
Relative transcription of (A) RmAKT and (B) RmTOR were evaluated using the
Pfaffl (2001) method with ELF-1A as reference gene (Nijhof et al., 2009). The
plots represent mean ± SD of three independent experiments (∗p < 0.05;
∗∗∗p < 0.0001).

in RmTOR relative transcription when cells were incubated with
insulin in the absence of FBS compared to cells incubated without
insulin and without FBS (Figure 1B).

These results suggest that there is an insulin signaling that
stimulates the relative transcription of targets of ISP and TSP in
the cattle tick.

TOR Inhibition Affects Cell Viability and
Membrane Integrity in BME26 Cells
Given the fundamental role played by TOR in cell viability in
other species, we studied the effects of TOR chemical inhibition
in the cattle tick, using tick embryonic BME26 cells. After
treatment with different concentrations of rapamycin for 48 h,
cell viability was evaluated by MTT assay (Figure 2A) and
cell counting (Figure 2A, insert). Rapamycin concentrations
above 0.12 µM caused significant reduction in cell viability,
reaching 34% decrease at 2 µM, compared to control cells
(cells treated with 0.073% DMSO) (Figure 2A); accordingly, we
observed a significant reduction in cell density at rapamycin
concentrations between 0.25 and 2 µM compared to control cells
(Figure 2A insert).

Additionally, membrane integrity was analyzed in BME26
cells upon rapamycin treatment (Figure 2B). Rapamycin
concentrations above 0.2 µM caused the cells to stain more
intensely with propidium iodide, compared to control cells
(red staining highlighted with yellow arrows in Figure 2B).
Cells with intact membrane are generally not permeable to
propidium iodide, therefore the intense staining indicated
membrane damage. BME26 cells treated with rapamycin also
exhibited chromatin condensation (pyknosis, indicated by green
arrowheads in Figure 2B), a possible indication of cell death
by apoptosis. Taken together, these results suggest that TOR is
important for cell viability in BME26 cells.

TOR Regulates S6K and 4E-BP1 in
BME26 Cells
To further investigate the possible interaction between ISP
and TSP components in R. microplus, we performed gene
silencing of three signaling components (RmAKT, RmGSK-3β

and RmTOR) in BME26 cells. First, we confirmed gene silencing
by qPCR (Supplementary Figure S3) and evaluated the relative
transcription of downstream targets (Supplementary Figure S4).
Gene silencing efficiency was 75% for RmAKT, 45% for RmGSK-
3β, and 80% for RmTOR (Supplementary Figure S3). No
difference was observed in the transcription of any of these targets
upon dsRNA treatment (Supplementary Figure S4). However, a
contrasting result was observed when using chemical inhibitors
of each of the signaling components, namely 10-DEBC (AKT
inhibitor), alsterpaullone (GSK inhibitor), and rapamycin (TOR
inhibitor). Rapamycin treatment caused reduced transcription
levels of RmS6K and Rm4E-BP1 when compared to control
treatment (Figure 3C). In contrast, AKT and GSK-3β chemical
inhibition (Figures 3A,B) did not cause any detectable difference
in the relative transcription of the downstream targets. Taken
together, these results lead us to believe that TOR regulates S6K
and 4E-BP1 in BME26 cells.
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FIGURE 2 | TOR inhibition affects viability and membrane integrity in BME26
cells. BME26 cells were treated with rapamycin (0.03 to 2 µM) for 48 h. Cells
treated with 0.073% DMSO were used as the control group. (A) Cell viability
was analyzed by MTT assay and cell counting (insert). Results were
normalized to control exposed to vehicle alone (DMSO). Plots present
mean ± SD of three independent experiments (∗p < 0.05; ∗∗p < 0.005;
∗∗∗p < 0.0001). (B) Membrane integrity of the treated cells was evaluated
following de Abreu et al. (2013). Cells were stained with Hoechst 33342 (left
column) and propidium iodide (center column and yellow arrows). Events of
pyknosis are indicated by green arrows. Images were obtained in a confocal
fluorescence microscope at 400x magnification.

RmTOR Is Transcribed During Tick
Embryogenesis
With the main goal of investigating the role of TSP in
R. microplus embryogenesis, we evaluated the transcriptional
profile of RmTOR, RmS6K, and Rm4E-BP1 during embryo
development (Figure 4). Developmental stages are depicted in
Figure 4A: the initial stage represents the 1st to 3rd day after
oviposition (DAO), characterized by cleavages starting inside the
yolk and further cell divisions; the middle stage corresponds to
the end of 6th to 7th DAO, characterized by the beginning of
germ band extension and generation of abdominal segments; the

final stage comprises the 15th to 18th DAO, characterized by
a nearly complete dorsal closure. The highest level of RmTOR
relative transcription was observed in the first day, decreasing to
about half the initial levels in the subsequent days, then surging
again in the final developmental stage, between days 15 and
18 (Figure 4B). On the other hand, RmS6K and Rm4E-BP1
transcriptional levels, which were also highest on the first day
after oviposition, markedly decreased during all the remaining
of the embryogenesis period (Figures 4C,D). The data might
indicate a role for TOR during tick development.

RmTOR Gene Silencing in Female Ticks
Affects Ovarian Development, Vitellin
Content in Eggs, and Egg Hatching
RmTOR was silenced by RNAi in partially engorged female ticks
in order to study its role during R. microplus embryogenesis.
We observed lower levels of TOR transcripts in ovaries from
ticks treated with RmTOR-dsRNA compared to dsGFP-injected
control (gene silencing efficiency was 77%) (Supplementary
Figure S5). After 48 h of injection, ovaries dissected from females
treated with dsTOR showed a slightly delayed development
compared with controls (Figure 5A). According to the ovarian
growth phase (OGP) system proposed by Seixas et al. (2008),
dsTOR-injected females had ovaries classified as stage 3, while
ovaries from the PBS control group were classified as stage 4.
Also, ovaries from dsTOR group showed a reduced proportion
of mature follicles (Figure 5A, black area in pie charts).

Eggs laid by females treated with dsTOR showed an atypical
external appearance when observed on day 10 after the start of
oviposition, in contrast to the typical morphology observed in
eggs from the control groups (PBS and dsGFP) (Figure 5B).
Recognizing that vitellogenesis is a fundamental process in tick
development which can be regulated by TSP via S6K (Umemiya-
Shirafuji et al., 2012), we investigated vitellin content in eggs
from females subjected to gene silencing (Figure 6). Eggs from
female ticks treated with dsRNA or PBS injection were collected
9 days after oviposition, when important morphological and
biochemical events occur, including: the final development of
the germ band, formation of the abdominal segments, early
formation of the four pairs of legs. Also at this stage, a
great reduction in carbohydrate content takes place, suggesting
that gluconeogenic processes are necessary to sustain egg
development (Moraes et al., 2007; Logullo et al., 2009; Santos
et al., 2013; Martins et al., 2018). SDS-PAGE, followed by
densitometric analyses of the three major VT subunits (120,
105, and 70 kDa), and dot blot demonstrated a lower vitellin
content in eggs laid by dsTOR-treated females when compared
with controls. Accordingly, we also observed a lower total protein
content in these eggs.

The nutritional efficacy index was not affected by RmTOR
gene knockdown (Figure 7A), indicating that dsRNA injection
did not affect feeding behavior. Also, egg weight and the egg
production index remained unaffected in dsTOR-injected group
(Figures 7B,C). In contrast, a significant reduction in the weight
of larvae and in hatching rate was observed after TOR gene
silencing in comparison with control groups after 40 days
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FIGURE 3 | Transcription of downstream ISP/TSP targets requires TOR enzymatic activity. Relative transcription of two downstream targets (S6K and 4E-BP1) was
evaluated 24 h after BME26 cells were treated with chemical inhibitors of: (A) AKT (10-DEBC 12 µM), (B) GSK (alsterpaullone 40, 400 and 4000 nM), or (C) TOR
(rapamycin 200 and 2000 nM) or vehicle (0.073% DMSO) as control. Relative transcription was calculated according to the Pfaffl (2001) method using ELF-1A as
reference gene (Nijhof et al., 2009), and data were analyzed in unpaired t-test. The plots present mean ± SD from three independent experiments (∗p < 0.05;
∗∗p < 0.005; ∗∗∗p < 0.0001).

FIGURE 4 | RmTOR, but not RmS6K and Rm4E-BP1, is transcribed at different stages during tick embryogenesis. The different stages of R. microplus embryo
development (according to Santos et al., 2013) are depicted in (A) (initial stage; middle stage; and final stage). Relative transcription of RmTOR (B), RmS6K (C), and
Rm4E-BP1 (D) was determined by qPCR using cDNA from eggs collected on different days of embryogenesis. Relative transcription was calculated according to
the Pfaffl (2001) method using ELF-1A as reference gene (Nijhof et al., 2009), and data were analyzed by one-way ANOVA, followed by Dunnett’s test, where all
samples were compared with 1-day-old eggs. Plots present mean ± SD from three independent experiments (∗p < 0.05; ∗∗∗p < 0.0001 compared with first day
after oviposition).

(Figures 7D,E). Taken together, these results led us to believe that
TOR is important for tick reproduction.

DISCUSSION

TSP is a central regulatory pathway in energy metabolism,
and nutritional status monitoring in eukaryotic cells. TSP
is fundamental for protein synthesis, transcription, cell

growth, cell survival, proliferation, aging, and autophagy,
from yeast to vertebrates (Hawkins et al., 2006; Wullschleger
et al., 2006; Guertin and Sabatini, 2007; Jung et al.,
2010; Katewa and Kapahi, 2011; Kim and Guan, 2011;
Laplante and Sabatini, 2012; Beauchamp and Platanias,
2013; Na et al., 2015; Kennedy et al., 2016). This paper
demonstrates that the role of TOR is conserved in ticks
and fundamental in the embryogenesis of the cattle
tick R. microplus.
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FIGURE 5 | TOR gene silencing delays ovarian development and affects oviposition in R. microplus. (A) Females were dissected 48 h after dsRNA treatment for
optical assessment of ovarian development. Ovaries were examined in a stereoscope. The relative proportion of mature to immature oocytes was analyzed by area
measurements, as described in Section “Materials and Methods.” Proportion of area occupied by developed oocytes is indicated in pie charts (black). Scale bar:
2 mm. (B) Representative images show the effect on oviposition of dsRNA injection (dsTOR, dsGFP or PBS control) in partially engorged female ticks. Eggs were
examined under stereoscope 10 days after the start of oviposition. Normal eggs are indicated by black arrows and atypical eggs are indicated by red arrows. Scale
bar: 1 mm.

In order to investigate components of TSP in the cattle
tick R. microplus, we sequenced and analyzed either partial
or complete nucleotide sequences coding for RmTOR,
RmS6K and Rm4E-BP1.

TOR is an atypical serine/threonine kinase of the
phosphatidylinositol kinase-related kinase (PIKK) family,
that comprises two conserved complexes, named TOR complex
1 (TORC1) and TOR complex 2 (TORC2) (Hay and Sonenberg,
2004; Wullschleger et al., 2006; Soulard et al., 2009; Loewith,
2011; Laplante and Sabatini, 2012; Sabatini, 2017). TORC1 acts
as an integrator of extracellular and intracellular signals, such
as the nutrient availability, growth factors, and stress energy
levels (Hay and Sonenberg, 2004; Reiling and Sabatini, 2006;
Wullschleger et al., 2006; Zoncu et al., 2011). These signals
can be cooperative or antagonists, enabling the cell to adjust
and perform appropriate responses for each condition (Howell
and Manning, 2011). This TOR complex stimulates S6 kinase
(S6K) activity, as well as phosphorylating factor 4E-Binding
Protein 1 (4E-BP1) that leads to the release of eukaryotic
initiation factor 4E (eIF4E), thus initiating translation of specific
mRNAs (Engelman et al., 2006; Shaw and Cantley, 2006; Ma and
Blenis, 2009). A domain associated with the complex regulator
known as Raptor (regulatory-associated protein of mTOR)
defines mTORC1, and is inhibited by rapamycin, a property

that originated the protein name, ‘Target Of Rapamycin’
(Loewith, 2011).

On the other hand, the less studied TORC2 has been
considered to be insensitive to nutrient levels, but responsive to
growth factor signaling, possibly by associating with translating
ribosomes in response to growth factor receptor-PI3K activation
(Oh et al., 2010; Zinzalla et al., 2011), and to function mainly by
activating protein kinase B (AKT) via Ser473 phosphorylation
(Sarbassov et al., 2005; Masui et al., 2014). It can also
phosphorylate other protein kinase A, G, and C families
(AGC kinases). TORC2 may also be regulated by amino acids,
depending on specific substrates and cellular context. Ribosomes
have been reported to be direct activators of mTORC2 in response
to insulin (Zinzalla et al., 2011; Takahara and Maeda, 2013).

Target of rapamycin protein is structurally defined by the
presence of several conserved domains such as the HEAT
repeat, focal adhesion target (FAT), FKBP12/rapamycin binding
(FRB), kinase, and FAT C-terminal (FATC) domains, starting
from the N-terminus (Yang et al., 2013; Maegawa et al.,
2015). In the cattle tick R. microplus, the amino acid sequence
of RmTOR is composed of three classical domains: FRB
domain, a catalytic domain, and FATC domain. In the amino
acid sequence of RmS6K, we found a conserved catalytic
domain (Hanks and Quinn, 1991; Hunter, 1991). Investigating
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FIGURE 6 | TOR gene silencing decreased vitellin (Vt) content in eggs. Eggs
from female ticks treated with dsRNA injection (PBS, dsGFP and dsTOR) were
collected 9 days after oviposition (middle stage). The samples were used for
determination of vitellin content by SDS-PAGE (top) and dot blot (bottom).
Arrows on the (top) panel indicate the approximate molecular weight of the
three major VT subunits (120, 105, and 70 kDa).

the identity of RmTOR and RmS6K with orthologous sequences,
a high identity with other ticks was observed, proving the
conservation of these proteins.

From full-length 4E-BP1 cDNA, the deduced amino acid
sequence presented three motifs: RAIP, TOS, and YXXXXLϕ,
important regulatory sites highly conserved among invertebrate
and vertebrate organisms (Mader et al., 1995; Lawrence and
Abraham, 1997; Gingras et al., 1999; Schalm and Blenis, 2002;
Tee and Proud, 2002). It is worth noting that three isoforms were
identified from vertebrates (Pause et al., 1994; Rousseau et al.,
1996; Poulin et al., 1998), while only one isoform was identified
in arthropods (Gutzeit et al., 1994; Bernal and Kimbrell, 2000;
Lasko, 2000; Cormier et al., 2001; Miron et al., 2001; Gu et al.,
2011; Kume et al., 2012). In the present study, only one 4E-
BP1 isoform was identified from R. microplus, and showed high
identity with the orthologous sequences from H. longicornis and
I. scapularis ticks.

Recognizing that the TSP is conserved in R. microplus,
our main goal was to investigate the role of this pathway
in R. microplus embryogenesis. Therefore, we evaluated the
transcriptional profile of RmTOR, RmS6K, and Rm4E-BP1
during embryo development (Figures 4B–D). Transcriptional
levels of RmS6K and Rm4E-BP1 were highest on the first day after
oviposition, which suggests that these transcripts are of maternal
origin. In the tick H. longicornis, TOR controls vitellogenesis
via activation of S6 kinase (S6K) in pre-ovipositional stage
(Umemiya-Shirafuji et al., 2012), and 4E-BP1 is highly relevant
for lipid storage during the non-feeding starvation period
(Kume et al., 2012). S6K and 4E-BP1 have also been implicated
in embryo development in other models. For example, in

Xenopus laevis, S6K activity is high immediately after fertilization,
presumably for altering the translational capacity available for
mRNAs lacking a 5′-TOP region (Schwab et al., 1999). Also,
in sea urchin embryos, dissociation of 4E-BP1 of its target,
the eukaryotic initiation factor 4E (eIF4E), is functionally
important for the first mitotic division (Salaün et al., 2004;
Salaun et al., 2005). In the mosquito Aedes aegypti, RNA-
interference-mediated depletion of S6K demonstrated that the
TOR pathway is required for mosquito egg development (Hansen
et al., 2005), while depletion of 4E-BP1 affects mosquito longevity
and is critical in modulating translational events that are
dependent on nutritional, developmental and stress conditions
(Roy and Raikhel, 2012).

RmTOR transcriptional profile demonstrated a large mRNA
deposition by the mother in 1-day-old eggs, followed by
lower levels during the middle stage of embryogenesis. Toward
the final stage, when dorsal closure is undergoing, TOR
transcript levels rise again to levels equivalent to the initial
stage (Figure 4B). In mosquitoes, TOR serves as a key
regulator to complete vitellogenesis (Hansen et al., 2004, 2005).
Previous studies showed that chemical inhibition of TOR
with rapamycin or RNAi-mediated gene depletion resulted in
significant down-regulation of vitellogenin transcription after
amino acid stimulation in fat body culture system in vitro, as well
as in inhibition of egg development in vivo (Hansen et al., 2004,
2005). In Drosophila, TSP activation promotes yolk catabolism in
embryos (Kuhn et al., 2015). It remains to be determined if these
R. microplus TSP components function in similar ways.

To further elucidate the role of TOR in R. microplus
embryogenesis, two strategies were employed in this study:
chemical inhibition in tick embryonic cell line (BME26), and
RNAi in partially engorged female ticks. It is known that the study
of TSP functions in invertebrate and vertebrate organisms has
been greatly advanced by exploring the mechanism of action of
rapamycin, a specific inhibitor of TOR, which has several clinical
applications as immunosuppressive, antifungal, and anticancer
(Shor et al., 2009; Thoreen et al., 2009; Wu and Hu, 2010;
Zaytseva et al., 2012). BME26 cells treated with concentrations of
rapamycin greater than 0.12 µM showed a significant decrease
in cell viability and cell counting (Figure 2A). Furthermore,
we observed that BME26 cells treated with concentrations
greater than 0.2 µM showed a higher intensity of staining with
propidium iodide compared with control cells, and exhibited
chromatin condensation (Figure 2B). Similar results have been
described for T lymphocytes and endothelial cells (Barilli et al.,
2008; Wang et al., 2012). It has been shown that rapamycin causes
G1 arrest and blocks G1 to S phase transition in fibroblasts and
B-CLL cells (Hashemolhosseini et al., 1998; Decker et al., 2003).
It can also cause dysregulation of the two effector proteins of
the TSP pathway, S6K and 4E-BP1, causing negative impact in
cap-dependent initiation of translation (Beretta et al., 1996), in
cellular migration (Poon et al., 1996), and activating cell death
by apoptosis or necrosis (Shi et al., 1995; Barilli et al., 2008). Our
results demonstrate that TOR directly affects cell viability in tick
embryonic cells.

To assess whether TSP can be regulated/stimulated by insulin
in the cattle tick, BME26 embryonic cells were exposed to insulin,
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FIGURE 7 | TOR gene silencing affects egg hatching in R. microplus. Biological parameters were analyzed after dsRNA treatment (dsTOR, dsGFP, or PBS control) in
partially engorged female ticks. (A) Nutritional efficacy index; (B) weight of eggs (mg/tick); (C) egg production index (EPI); (D) weight of larvae (mg/tick); and (E)
hatching rate (%). Plots present mean ± SD from two independent experiments (∗∗p < 0.005; ∗∗∗p < 0.0001).

and the relative transcription of two components of ISP and TSP
pathways (AKT and TOR) was evaluated (Figure 1). We observed
a higher relative transcription of TOR when cells were incubated
with insulin in the absence of FBS (Figure 1B), indicating that
TOR can be stimulated by exogenous insulin. This interaction
between the two pathways has also been demonstrated in other
species (Hay and Sonenberg, 2004; Wullschleger et al., 2006;
Hassan et al., 2013; Hatem et al., 2015; Yoon, 2017). Also, AKT
relative transcription was higher when cells were incubated with
insulin in the absence of FBS when compared to control cells
(Figure 1A), an even more marked increase than observed for
TOR. This can be attributed to the direct regulation of AKT
by insulin (de Abreu et al., 2009, 2013). In previous studies,
we demonstrated that R. microplus embryonic cell line (BME26)
displays an insulin-responsive machinery, and that AKT/GSK3
axis integrates glycogen metabolism and cell survival (de Abreu
et al., 2009, 2013). Likewise, our results suggest that ISP can
stimulate/regulate TSP in the tick R. microplus.

Target of rapamycin gene silencing in partially engorged
females caused a slight delay in ovary development (Figure 5A),
an atypical external appearance in 10-day-old eggs (Figure 5B),
lower vitellin and protein content (Figure 6), and decreased
hatching rate in comparison with control groups (Figure 7),
results that altogether suggest TOR is important for tick embryo
development and tick reproduction. Collectively, our data agree
with studies developed in other arthropods. For example, in
Drosophila, using maternal short hairpin RNAs technology
(shRNA), it was observed that shRNA-TOR embryos were
smaller than control embryos, and showed significant DNA
fragmentation post-cellularization (Kuhn et al., 2015). According

to a recent report in Lepeophtheirus salmonis, RNAi mediated
knockdown of TOR pathway genes resulted in inhibition of
egg development and maturation (Sandlund et al., 2018). In
other models, TSP has been studied for its role in oogenesis
or/and vitellogenesis, for example in the red flour beetle
Tribolium castaneum (Parthasarathy and Palli, 2011), the brown
planthopper Nilaparvata lugens (Zhai et al., 2015; Lu et al.,
2016), in the mosquito Aedes aegypti (Hansen et al., 2004, 2005),
and in H. longicornis tick (Umemiya-Shirafuji et al., 2012).
However, this is the first study reporting the importance of TSP
during embryogenesis in ticks. It has been demonstrated that, in
several insect species, ISP and TSP serve as important sensors of
nutritional status and are required for initiation of reproductive
events, such as oocyte maturation and vitellogenin synthesis.
Previous work by our group demonstrated that vitellin, the main
tick yolk protein, is internalized by the oocyte (Seixas et al.,
2018) and it is a reservoir of heme for embryo development
(Logullo et al., 2002). We show in the present study that TOR
silencing decreases vitellin content in eggs 9 days after oviposition
(Figure 6), which means that development will likely be affected.
Accordingly, we also observed a lower total protein content
in eggs laid by dsTOR-treated females when compared with
controls; this may be related to the fact that TOR is involved in
the processes of ribosomal biogenesis and protein biosynthesis
(Oh et al., 2010; Zinzalla et al., 2011).

Finally, with the aim of studying the interconnection between
ISP/TSP signaling pathways in R. microplus, we investigated the
transcription of downstream targets (S6K and 4E-BP1) in BME26
embryonic cell line treated with chemical inhibition or RNAi of
upstream regulators (Figure 4 and Supplementary Figure S3).
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The results show a lower relative transcription for S6K and 4E-
BP1 when treated with rapamycin, in comparison with untreated
cells, demonstrating a consistent inhibitory effect and suggesting
a potentially conserved function of TSP pathway in ticks
(Figure 3). Rapamycin treatment has allowed the investigation
of TSP roles in diverse processes, for example: regulation of
juvenile hormone and expression of vitellogenin in the cockroach
Blattella germanica (Maestro et al., 2009); deposition of proteins
important for embryogenesis in blood-fed A. aegypti females
(Gulia-Nuss et al., 2011; Pérez-Hedo et al., 2013); and regulation
of S6K and 4E-BP proteins in different organisms (Stewart et al.,
1996; Montagne et al., 1999; Oldham et al., 2000; Umemiya-
Shirafuji et al., 2012). In contrast, we did not observe any
difference in the relative transcription of downstream targets in
BME26 cells treated with chemical inhibitor of AKT or GSK3,
suggesting that, unlike TOR, these proteins are not involved in
S6K and 4E-BP1 regulation. When BME26 cells were treated with
RNAi for AKT, GSK3, or TOR, the transcription of downstream
targets seemed to be unaffected (Supplementary Figure S4),
suggesting that the effect of gene silencing was not sufficient
to affect protein function, and that regulation occurs mainly at
the post-transcriptional level, as classically described in kinase
pathways (Woodgett, 2001; Riehle and Brown, 2003; Hay and
Sonenberg, 2004; Sarbassov et al., 2005; Albert and Hall, 2015).

The cattle tick R. microplus is an obligate hematophagous
arthropod that poses a serious threat to dairy and cattle
production. Amongst the indirect effects of its diet is the
transmission of various pathogens, and the resulting diseases can
cause large losses in livestock production, reduce farm incomes,
increase costs for consumers, and threaten trade between regions
and/or world markets (Tabor et al., 2017). Strategies for the
control of diseases transmitted by this arthropod vector have
been managed mainly with two general approaches: (i) focusing
on interventions, such as vaccines or drug treatments, and
(ii) focusing on the development of strategies based on vector
knowledge, aimed at reducing transmission by reducing vector
density or interfering with the vector’s ability to transmit the
disease-causing pathogen (Murray et al., 2012). Our research
group focuses on this second strategy, aiming to contribute
knowledge to the understanding of R. microplus tick biology,
studying mainly the aspects related to energy metabolism during
embryogenesis. ISP/TSP signaling pathways are the main bridge
between nutrient detection system and development of different
cellular processes, such as cell viability, growth, and proliferation
in arthropods (Grewal, 2009; Benmimoun et al., 2012; Pérez-
Hedo et al., 2013).

Here, we demonstrate that the role of TOR is conserved
in ticks and fundamental for tick reproductive physiology.

Combined with previous work by our group (de Abreu et al.,
2013), we show that TOR is a regulatory target in R. microplus
embryogenesis and can be considered an important target for
tick control. Future studies should be able to understand the
side effects of chemical inhibition in other cellular processes in
the cattle tick.
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The success of the acaricide amitraz, a ligand of the tick tyramine/octopamine receptor
(a G protein-coupled receptor; GPCR), stimulated interest on arthropod-specific GPCRs
as targets to control tick populations. This search advances tick physiology because
little is known about the pharmacology of tick GPCRs, their endogenous ligands or
their physiological functions. Here we explored the tick kinin receptor, a neuropeptide
GPCR, and its ligands. Kinins are pleiotropic insect neuropeptides but their function
in ticks is unknown. The endogenous tick kinins are unknown and their cDNAs have
not been cloned in any species. In contrast, more than 271 insect kinin sequences
are available in the DINeR database. To fill this gap, we cloned the kinin cDNA from
the cattle fever tick, Rhipicephalus microplus, which encodes 17 predicted kinins,
and verified the kinin gene structure. We predicted the kinin precursor sequences
from additional seven tick species, including Ixodes scapularis. All species showed an
expansion of kinin paracopies. The “kinin core” (minimal active sequence) of tick kinins
FX1X2WGamide is similar to those in insects. Pro was predominant at the X2 position
in tick kinins. Toward accelerating the discovery of kinin function in ticks we searched
for novel synthetic receptor ligands. We developed a dual-addition assay for functional
screens of small molecules and/or peptidomimetics that uses a fluorescent calcium
reporter. A commercial library of fourteen small molecules antagonists of mammalian
neurokinin (NK) receptors was screened using this endpoint assay. One acted as full
antagonist (TKSM02) with inhibitory concentration fifty (IC50) of ∼45 µM, and three
were partial antagonists. A subsequent calcium bioluminescence assay tested these
four antagonists through kinetic curves and confirmed TKSM02 as full antagonist
and one as partial antagonist (TKSM14). Antagonists of NK receptors displayed
selectivity (>10,000-fold) on the tick kinin receptor. Three peptidomimetic ligands of
the mammalian NK receptors (hemokinin 1, antagonist G, and spantide I) were tested in
the bioluminescence assay but none were active. Forward approaches may accelerate
discovery of kinin ligands, either as reagents for tick physiological research or as lead
molecules for acaricide development, and they demonstrate that selectivity is achievable
between mammalian and tick neuropeptide systems.

Keywords: leucokinin receptor, endogenous tick kinins, neuropeptide GPCR, dual-addition assay, small molecule
screen, neurokinin antagonists, southern cattle tick
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INTRODUCTION

The cattle fever tick or southern cattle tick, Rhipicephalus
microplus (Canestrini), and the diseases it transmits cause
significant losses to the livestock industry in tropical and
subtropical regions of the world (Pérez de León et al.,
2012). Considering the lack of effective vaccines against
many of these vector-borne pathogens, vector control is still
the most efficient approach to block disease transmission.
However, worldwide distribution of tick resistance to the most
commonly used acaricides, such as amitraz (formamidines),
pyrethroids, organophosphates, and ivermectin was detected in
tick populations (Guerrero et al., 2012; Pohl et al., 2012). In the
near future, the current available pesticides will fail to control
populations of these ticks as many exhibit multiple mechanisms
of resistance with apparently no fitness cost. Pesticides safe
to non-target species with novel modes of actions in vectors
are needed. Here we describe a model study using a forward
pharmacological approach to investigate a tick neuropeptide G
protein-coupled receptor (GPCR) as potential target for tick
control (Figure 1). This receptor, known as leucokinin-like
peptide receptor (LKR) (accession AF228521), or myokinin
receptor (Holmes et al., 2000, 2003) has been suggested as a
promising novel target for pest control (Lees et al., 2010; Audsley
and Down, 2015; Guerrero et al., 2016; Pietrantonio et al., 2018).
A kinin peptidomimetic is antifeedant and lethal to the pea aphid
(Smagghe et al., 2010), prevents the blood feeding to repletion
in the kissing bug, Rhodnius prolixus, decreasing the chance of
a successful molt (Lange et al., 2016) and triggers avoidance
behavior in the mosquito Aedes aegypti when given in a sucrose
solution (Kwon et al., 2016).

Kinin receptors are invertebrate-specific neuropeptide GPCRs
(Pietrantonio et al., 2018). The kinin system is widely distributed
in the Acari and in nearly every order of insects, except
Coleoptera (beetles) (Halberg et al., 2015; Derst et al., 2016).
Insect kinins are involved in many important physiological
processes: they regulate diuresis (Hayes et al., 1989; Kersch and
Pietrantonio, 2011), feeding (Al-Anzi et al., 2010; Kwon et al.,
2016; Zandawala et al., 2018), pre-ecdysis (Kim et al., 2006) as
well as tracheal air clearance post-ecdysis (Adams et al., 2000).
In the fruit fly D. melanogaster, both leucokinin- and leucokinin
receptor (LKR; also known as drosokinin receptor) loss-of-
function mutant strains showed significant increases in resistance
to desiccation, ionic stress (only tested in LK-mutant fly), and
starvation (Cannell et al., 2016; Zandawala et al., 2018). Prior
work has deorphanized kinin receptors of two vector species,
the yellow fever mosquito Ae. aegypti (Pietrantonio et al., 2005)
and the cattle fever tick R. microplus (Holmes et al., 2003), and
found the kinin system is important in regulating diuresis and
sugar feeding in Ae. aegypti (Kersch and Pietrantonio, 2011;
Kwon et al., 2016). The most recent RNAi-mediated silencing of
the kinin receptor in the cattle fever tick caused a reproductive
fitness cost (Brock et al., 2019). While our cloning of this receptor
represented the first known neuropeptide GPCR in the Acari,
there has been no urgent need in establishing the endogenous
ligand of the R. microplus tick. This was because receptor
functional studies were performed using insect kinin core peptide

analogs that activated the tick receptor. The endogenous ligands
of the kinin receptor(s) feature a short C-terminal pentapeptide
(Phe-X1-X2-Trp-Gly-NH2) as the minimal peptide core required
for activity (Nachman et al., 2002). Insect kinins are among
the most well characterized neuropeptides with currently 271
endogenous kinins identified in insects (Yeoh et al., 2017).
In the synganglion of the tick Ixodes ricinus, we previously
identified kinin peptide (leucokinin-like) immunoreactivity, and
mass spectral analyses of synganglia of adult R. microplus and
Ix. ricinus detected a strong signal at ∼1,008 Da, consistent
with the mass of kinin peptides (Neupert et al., 2005). However,
the endogenous cDNAs for kinin peptides have not yet been
cloned in any tick species and tick sequences are unknown.
Herein, we predicted and cloned the putative kinin cDNA
which shows an amplification in the number of kinin ligands
in R. microplus, similar to what was predicted for Ix. scapularis
(Gulia-Nuss et al., 2016).

Previous functional studies with mosquito- and tick-kinin
recombinant receptors tested insect kinin peptides, or kinin
peptidomimetics designed for increased stability and/or
penetration through the arthropod cuticle (Taneja-Bageshwar
et al., 2006; Xiong et al., 2019). Results showed that the tick kinin
receptor was a more permissive receptor; i.e., it was activated by
more ligands and with lower EC50 than the mosquito receptor.
There are no true orthologous mammalian receptors of the tick
kinin receptor, which makes it an attractive potential selective
target. However, the most similar mammalian receptors are
the neurokinin receptors that mediate the biological actions
of tachykinins (Pennefather et al., 2004). As also the tick
kinin receptor is activated by the tachykinin of the stable
fly (Holmes et al., 2003), we hypothesized that ligands of
the mammalian neurokinin receptors could be active on the
permissive tick kinin receptor.

To test this, a dual-addition assay was developed to determine
the activity of peptidomimetics and small molecule ligands of
neurokinin receptors on the tick kinin receptor. This assay
allows discriminating agonist and antagonist activity in a single
assay. Here we report the first small molecule ligands showing
antagonistic activities on the tick kinin receptor. Although these
small molecules did not exhibit high potency, this exploratory
screen provides the methodological foundation for future screens
of small molecule libraries in high-throughput mode. The
results suggested mammalian NK receptor ligands displayed
high selectivity over the arthropod kinin receptor. Additionally,
the quantified activities of antagonists provide structure-
activity data that helps define ligand-receptor interactions in
computational models.

MATERIALS AND METHODS

In silico Prediction of the Kinin Precursor
cDNA Sequence in R. microplus
In search of the gene encoding the kinin precursor of the
cattle fever tick, R. microplus, we first manually curated the
protein sequence of the identified orthologous gene from the
black legged tick, Ixodes scapularis, present in the genomic
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FIGURE 1 | Toward vector control: General work-flow for the discovery of novel ligands for arthropod vector GPCRs. For forward pharmacological characterization
of GPCR, endogenous ligands can be identified by in silico predictions, cloning, tissue extraction and purification, and subsequently be synthesized (e.g.,
neuropeptides). Ligands from known orthologs or pseudo-orthologous GPCRs from other animals could be tested (this work). For reverse pharmacology,
GPCR-specific or random molecule libraries can be screened on the target GPCR. In both approaches, the active endogenous ligands and screened molecules will
be validated through bioassays for their physiological functions in vivo. The outputs of this pipeline are: (1) endogenous ligand(s) identification; (2) novel small molecule
discovery (3) knowledge of novel biological function of neuropeptide receptor; (4) data for receptor-ligand interactions modeling and for novel chemistry design.

scaffold (DS680282| 583-1410) (Gulia-Nuss et al., 2016). This
predicted nucleotide sequence of the kinin gene was translated
in the six potential frames. Once the correct open reading
frame encoding 19 putative kinin peptides was identified, the
putative start codon was located but the stop codon could
not be predicted within that scaffold. The curated protein
sequence was used as the query for local TBLASTN analyses
at the National Center for Biotechnology Information (NCBI)1

against the R. microplus (taxid: 6941) whole genome shotgun
contig (WGS) (Rmi2.0; 2017), and its transcriptome shotgun
assembly (TSA). The respective identified genomic fragments and
transcripts were aligned with MegAlign (Lasergene, Madison,
WI, United States) to assist with primer design for cDNA
cloning. All sequence analyses in this study were performed with
DNASTAR (Lasergene).

Cloning the Kinin Precursor cDNA
The synganglia of females fed for 5 days (non-repleted) of the
pesticide-susceptible Gonzalez strain of R. (Boophilus) microplus
were used for cDNA synthesis. Details on tick dissection, mRNA
extraction and 3′- and 5′-RACE ready cDNA syntheses were as

1https://www.ncbi.nlm.nih.gov/

described previously (Yang et al., 2013). To obtain the cDNA
that encodes the putative kinin precursor from R. microplus,
specific primers (Supplementary Table S1) were designed based
on the predicted transcript available in NCBI (GEEZ01003316).
For 5′- or 3′-RACE (Supplementary Figure S1), reactions were
carried out in 50 µl volume, as follows: 2 µl of 5′- or 3′-
RACE-ready cDNA of synganglia was added into the mix of
1 × Phusion HF buffer, 0.2 mM each dNTPs, 0.5 µM of UPM
(5′, 3′ Race kit, Clontech R©, Mountain View, CA), and 0.4 µM of
RmkininP1R (for 5′ RACE) or RmkininP1F (for 3′ RACE), and
0.5 µl Phusion R© High-fidelity DNA polymerase (New England
Biolabs R© Inc., Ipswich, MA). For 5′-RACE, touchdown PCR was
as follows: 98◦C for 30 s; followed by 5 cycles of 98◦C for 10 s,
72◦C for 1 min, followed by 5 cycles of 98◦C for 10 s, 70◦C
for 30, 72◦C for 1 min, followed by 25 cycles of 98◦C for 10 s,
68◦C for 30 s, 72◦C for 1 min, with a final extension step of
72◦C for 10 min. For 3′ RACE, touchdown PCR was as follows:
5 cycles of 98◦C for 30 s, 72◦C for 3 min, followed by 5 cycles
of 98◦C for 30 s, 70◦C for 30 s, 72◦C for 3 min, followed by 40
cycles of 98◦C for 30 s, 68◦C for 30 s, 72◦C for 3 min, with a
final extension step of 72◦C for 5 min. The products from 5′-
and 3′-RACE were purified with Zymoclean gel DNA recovery
kit (ZymoTM Research) and cloned into pCRTM2.1 Vector
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(Invitrogen). Chemical transformation was used to incorporate
the plasmids containing PCR products into premade competent
E. coli cells DH5α (ZymoTM 5α) (ZymoTM Research, Irvine,
CA, United States). Transformants were screened by blue/white
colony selection and 100 µg/ml ampicillin (Cayman Chemical,
Ann Arbor, MI, United States). Plasmids were isolated using
the ZyppyTM plasmid miniprep (ZymoTM Research) and sent to
(Eton Bioscience Inc., San Diego, CA, United States) for Sanger
sequencing. The full length of cDNA sequence was deduced
by aligning the overlapping 5′- and 3′-end DNA fragments
(Supplementary Figure S1A). To obtain the coding sequence of
the cDNA (ORF) in a single product, gene-specific primers were
designed (Rmk-ORF-F/R) outside of the ORF region to amplify
the cDNA, using similar reagents as above (Supplementary Table
S1). Specifically, in a 50 µl volume, 2 µl of 3′-ready cDNA
was added into the mixture of 1 × Phusion HF buffer, 0.2 mM
each dNTPs, 0.4 µM of both Rmk-ORF forward and reverse
primers, and 0.5 µl Phusion R© High-fidelity DNA polymerase.
The reaction was run at the following conditions: 98◦C for 30 s,
followed by 30 cycles of 98◦C for 10 s, 72◦C for 90 s, with a final
extension step of 72◦C for 10 min. The PCR product was purified,
cloned into pCRTM2.1 Vector, and verified by sequencing as
described above.

R. microplus Kinin Gene Structural
Characterization
The blastn “hits” obtained on the R. microplus genome with
the cloned kinin cDNA sequence only overlapped the genome
sequence toward the 3′ end of the cDNA. Thus, to define
the structure of the putative kinin gene, i.e., to determine
the precise number and length (bp) of introns and exons,
several PCR reactions were performed (Supplementary Figure
S1B). The genomic DNA template was extracted from the
acaricide-susceptible Deutch strain of R. microplus because the
Gonzalez strain used for cDNA synthesis is no longer available.
Genomic DNA was extracted from one female tick using ZymoTM

Quick-DNA miniprep kit (ZymoTM Research). To obtain the
sequence of the predicted ORF, first, gene-specific primers located
toward the 5′- and 3′- ends of the cDNA sequence (Rmk-
ORF-F/R) (Supplementary Figure S1B) were used to amplify
the genomic DNA. In a 50 µl volume, 100 ng of genomic
DNA was added into the mixture of 1 × Phusion HF buffer,
0.2 mM of each dNTPs, 0.4 µM of both Rmk-ORF forward
and reverse primers, and 0.5 µl Phusion High-fidelity DNA
polymerase. The reaction was run at 98◦C for 30 s, followed
by 30 cycles of 98◦C for 10 s, 72◦C for 120 s, with a final
extension step of 72◦C for 10 min. A 4 kb PCR product
was amplified, and it was purified with Select-a-Size DNA
clean and concentratorTM kit (ZymoTM research, Irvine, CA,
United States). Three forward primers and two reverse primers
were designed to “walk” the ∼4 kb PCR product obtained for
Sanger sequencing (Supplementary Figure S1B). Secondly, a
gene-specific forward primer (Bmkinin-g-long-F) and a reverse
primer outside the 4 kb product region (Bmkinin-g-long-R) were
designed to amplify a 1,375 bp product that includes 40 bp toward
the 3′ end of the kinin gene. For the reverse primer design, the
sequence of the genomic contig (LYUQ01126194.1) was used

(Supplementary Figure S1B). Thirdly, gene specific primers
were designed based on the cDNA sequence (Supplementary
Figure S1B) to amplify a ∼3.5 kb product containing additional
20 bp toward the 5′ end of the gene.

R. microplus Kinin Peptide Precursor
Characterization
The signal peptide of the translated R. microplus kinin
peptide precursor sequence was predicted with SignaIP v. 5.02

(Armenteros et al., 2019). The cleavage sites on the precursor
were predicted following the principles summarized by Veenstra
(2000). The conserved motif logos of the C-terminal pentapeptide
of kinins in R. microplus and Ix. scapulariswere created separately
by WebLogo3 (Crooks et al., 2004).

Prediction of Tick Kinin Peptide
Precursors and Phylogenetic Analysis
The nucleotide sequences encoding the orthologous kinin
precursors from other Acari species were predicted through
tblastn on NCBI using the cloned kinin precursor of the
R. microplus tick as query against the transcriptome data of
Acari (taxi: 6933). The protein sequence was manually curated by
translating the DNA sequence on ExPASy4. For species with more
than one hit in the BLAST results, nucleotide sequences were
downloaded and aligned by SeqMan Pro (DNASTAR Lasergene,
Madison, WI, United States), before being used for protein
curation. For specific genes for which the nucleotide sequences of
two hits did not overlap, the encoding polypeptides were curated
separately, and later combined from N-terminus to C-terminus
retaining a gap between two polypeptides. This procedure applies
for the predicted kinin precursor of Amblyomma sculptum
and Dermacentor variabilis. To predict the Ix. scapularis kinin
precursor, the transcript sequences identified by tblastn were
used in combination with the sequence of the genome scaffold
(DS680282) which had been previously reported to encode the
kinin gene with 19 kinin peptides, with no other details provided
(Gulia-Nuss et al., 2016). All the curated kinin precursor protein
sequences start with methionine, and their predicted coding
sequences end with a stop codon, except for that of A. sculptum,
in which a stop codon was not present. To help verify the
predicted methionine, all deduced tick kinin precursors were
aligned using the Clustal W method with MegAlign (Lasergene).
The kinin precursor sequence of the common bed bug,
C. lectularius, was obtained from Predel et al. (2017). Additional
insect kinin sequences were obtained from the DINeR database
and references therein5 (Yeoh et al., 2017). Those sequences
are from one hemipteran, R. prolixus [DAA34788.1] (Bhatt
et al., 2014), and four dipterans, Aedes aegypti [AAC47656.1]
(Veenstra et al., 1997), Culex quinquefasciatus [EDS35029.1]
(Schooley et al., 2012), Stomoxys calcitrans [XP_013117801.1],
and Drosophila melanogaster [NP_524893.2]. Fourteen protein
sequences of putative arthropod kinin precursors were included

2http://www.cbs.dtu.dk/services/SignalP/
3https://weblogo.berkeley.edu/logo.cgi
4https://web.expasy.org/translate
5http://www.neurostresspep.eu/home
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in the phylogenic analysis. The protein sequences were first
aligned by MAFFT with the iterative refinement algorithm
E-INS-i, because of the occurrence of known insertions and
deletions during the evolution of neuropeptide genes6, (Katoh
and Standley, 2013), with the default online settings. The aligned
sequences were processed through Mesquite version 3.6 (build
917) (Maddison, 2005) to convert the terminal gaps into missing
data. Phylogeny was constructed using MrBayes version 3.2.6
(Ronquist et al., 2012) executable for Windows 64-bit with four
chains and four runs in the mixed amino acid model for 1,000,000
generations. The traces of parameters were visualized in Tracer
version 1.7.1 (Rambaut et al., 2018) to confirm that the four
runs reached convergence. The consensus tree was generated
with 10% burnins and output through FigTree version 1.4.4
(Rambaut, 2012).

Cell Lines
BMLK3 is a CHO-K1 cell line stably expressing the southern
cattle tick (R. microplus) kinin receptor, and served to
characterize the functional activity of compounds on the
receptor. Receptor cloning, transfection and selection of single
clonal cell lines expressing this kinin receptor was reported
previously (Holmes et al., 2000, 2003). A cell line similarly
transfected with empty vector plasmid pcDNA3.1 (Invitrogen,
Carlsbad, CA, United States) was designated as a “vector
only” cell line and used as the negative control in all
experiments. Cells were maintained in T-25 or T-75 flasks
(CELLSTAR R©, Greiner R© Bio-one) with maintenance medium
consisting of F-12K medium (CorningTM CellgroTM, Mediatech,
Inc., Manassas, VA, United States), fetal bovine serum (FBS)
(10%) (Equitech-Bio, Kerrville, TX, United States) and 400 µg/ml
G418 Sulfate (Gibco R© Invitrogen, New York, United States).
Cells were maintained in a humidified incubator at 37◦C, 5%
CO2. Cells were incubated under the above conditions unless
specified otherwise.

Two different calcium reporters (Fluo-8 AM or
aequorin/coelenterazine) were utilized in dual-addition assays,
which are described in detail in the sections below. Both assays
allow the discrimination of agonistic or antagonistic activity of
compounds. Briefly, a primary screen of compounds measured
the endpoint fluorescence from cells cultured in a 384-well
plate format. Compounds that showed potential activity in
this screen were further tested at various concentrations with
a kinetic assay that measured calcium bioluminescence in a
96-well plate format.

Preparation of Small Molecule Library
Plates
A commercial library of fourteen small molecule antagonists of
mammalian neurokinin receptors (NK1-3) was purchased from
Tocris R© Bioscience (R&D System, Bristol, United Kingdom) (for
information on chemicals see Supplementary Table S2) to be
screened on the BMLK3 cells in 384-well format. Additionally,
thapsigargin, which discharges intracellular Ca2+ stores by
inhibition of the Ca2+ ATPase in endoplasmic reticulum

6https://mafft.cbrc.jp/alignment/server/

(Thastrup et al., 1990), and 2-APB (2-aminoethoxydiphenyl
borate), which blocks of store-operated Ca2+ entry and may
block InsP3-induced Ca2+ release (Bootman et al., 2002), were
purchased from Tocris R© Bioscience and used as positive and
negative controls, respectively, for the Ca2+ signal assay readout.

All small molecule stock solutions (for library and controls)
were prepared in 100% DMSO (Sigma-Aldrich, St. Louis, MO,
United States) and aliquoted and stored at −20◦C before use.
For the initial screening in the fluorescence assay, compounds
were initially prepared in a V-bottom, 384-well plate (Corning R©,
NY, United States) in Hanks’ Saline Buffer containing 20 mM
Hepes (HHBS), 2% DMSO, at a 10× concentration of the final
concentration in the assay. The sixteen small molecules were
serially diluted in this plate into 22 dosages using a dilution
ratio of 1:1.4, starting at 1 mM (except thapsigargin started
at 100 µM, Supplementary Table S3) using an automatic-
8 channel EPMotionTM liquid handler (Eppendorf Biotech
company, Hamburg, Germany).

Ten selected molecules, which were either active in the
first screening or could not be dissolved in 2% DMSO, were
further prepared in a V-bottom 384-well plate in HHBS, 10%
DMSO at a 10× concentration of the final concentration in
the assay; thapsigargin and 2-APB were also prepared in the
same solvent. The twelve small molecules (including thapsigargin
and 2-APB) were serially diluted in the plate (dilution ratio
1:1.4) into 10 dosages starting from various concentrations
(10 µM to 1 mM) depending on the solubility of each molecule
(Supplementary Table S4, Panel A). In this “library subset” plate,
each concentration of the small molecules was dispensed into
a duplicate well for testing both the kinin-receptor expressing
cell line (BMLK3 cells) and the cells transfected with the vector
plasmid only, respectively. In both 384-well library plates, 64
wells in four edge columns were filled with blank solvent (first
addition) (Supplementary Tables S3, S4).

Preliminary Screen of a Small Molecule
Library in an End-Point Fluorescence
Assay
The screening of the potential antagonists on BMLK3 cells was
performed with an endpoint fluorescence assay in a black/clear
384-well plate (CELLSTAR R©, Greiner Bio-one, 781077) coated
with Poly-D-Lysine (Sigma-Aldrich). This assay uses Fluo-8 AM
(Fluo-8 Calcium Flux Assay Kit - No Wash, Abcam R©, Cambridge,
United Kingdom) as the calcium indicator. Unless specified, the
pipetting steps in the 384-well plate fluorescence assay were
performed by an automated CyBio R© Well Vario System using a
384 pipette-head that allows to simultaneously deliver a volume
of up to 60 µl per well. The screening of the first library
prepared in 2% DMSO was performed on BMLK3 cells only
(Supplementary Table S3). The screening of the second library
plate prepared in 10% DMSO (“library subset”) was tested with
half of plate with BMLK3 and another half with vector only cells
(Supplementary Table S4).

BMLK3 or vector only cells were cultured in T-75 flasks. When
they reached about 90% confluency, they were trypsinized and
suspended in F-12K medium containing 1% FBS and 400 µg/ml
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of G418 Sulfate at 4 × 105 cells/ml to be seeded in 384-well
plates. For this, the cell suspension (25 µl; ∼10,000 cells/well)
was dispensed into all 384 wells of the plate. To distribute cells
evenly, mixing was by aspirating and immediately re-dispensing
10 µl of the applied cell suspension three times. Plates were
incubated overnight at 37◦C under 5% CO2. On the next day,
cells were prepared for the assay following the kit’s instructions:
the old media in the assay plate was fully removed by inverting
the plate and gently blotting it on paper towels, and media
was replaced with 45 µl of Fluo-8 AM loading dye (1×).
The plate was incubated at 37◦C under 5% CO2 for 30 min,
then equilibrated at room temperature in the dark for 30 min.
The screening of the small molecule library was achieved by a
dual-addition assay. The “first addition” consisted of 5 µl of
either the blank solvent or a 10 × solution of the potential
antagonist transferred from the 384-well library plate, to reach
1× concentration in the wells. After 5 min incubation with cells,
a second addition of 5.6 µl of 10 µM kinin receptor-specific
agonist peptide (FFFSWGamide) resulted in a final concentration
of 1 µM. The calcium fluorescence signal was read by a Varioskan
LUXTM (Thermos Scientific, Waltham, MA, United States) plate
reader set for fluorescence plate-mode with Ex/Em = 490/525 nm
and kept at 29◦C. Endpoint responses were read immediately
after the first addition and 5 min after the second addition
of agonist. The plate was read from both forward and reverse
orientations by rotating the plate (180◦) on the instrument to
compensate the variation in signal kinetics during the lapse in
plate reading, because there was a 2 min lag time between the
readings of the first and the last well. The response to each
addition was represented as the average value of both forward
and reverse plate readings (Supplementary Tables S3, S4, Panels
B,C). The antagonist activity was calculated as the percentage of
the response to 1 µM FFFSWGa of cells that had been incubated
with the putative antagonist compound in comparison to the
response of cells that had been incubated with blank solvent only.
A compound was considered to have antagonistic activity, if it
minimally inhibited 50% of the response to the agonist FFFSWGa
(1 µM) applied in the second addition. These candidates were
selected for further validation in a dose-response kinetic calcium
mobilization bioluminescence assay.

Kinetic, Dose-Response Calcium
Mobilization Bioluminescence Assay
The calcium bioluminescence assay was used for the kinetic
analysis of dose-responses to the compounds identified in the
primary screen. Aequorin is the calcium reporter, transiently
expressed in the BMLK3 cells (Lu et al., 2011b). This “dual-
addition” kinetic assay was conceived to characterize the diverse
activity patterns the putative ligands may display. The “first
addition” consists of the compound being tested, either a small
molecule or a peptidomimetic; the bioluminescence response
elicited is measured for 30 s (if the compound is an agonist
there will be bioluminescence response during this first 30 s
period). Immediately after, at 32 s, a “second addition” with a
single concentration of agonist follows (FFFSWGa, 1 µM), and
the response continues to be measured for another 30 s. It is

important to emphasize that the response measured after this
addition of agonist is influenced by the presence of the unknown
compound applied in the first addition. If the compound is an
antagonist, the response to the agonist applied in the second
addition will be reduced with respect to that of the positive
control (buffer + agonist). The pharmacological activity of the
unknown molecule can be determined based on the integrated
area under the bioluminescence response curve registered during
both these 30 s periods (total bioluminescence expressed as
average bioluminescence units per second). That is, it can be
inferred if the unknown molecule is a full agonist, full antagonist,
partial agonist, partial antagonist, or an allosteric modulator.
This approach is widely applied in GPCR drug discovery
(Ma et al., 2017).

Selected small molecules were solubilized in 1 × DMEM
medium (Gibco R©, Invitrogen) with 10% DMSO and prepared
from 500 nM to 500 µM as 5× of the final concentration. In
addition, three peptidomimetic ligands of neurokinin receptors
were purchased from Tocris R© Bioscience: one agonist, hemokinin
1 (human), and two antagonists, antagonist G and spantide
I. These peptidomimetics were solubilized in 80% acetonitrile:
0.01% trifluoroacetic acid and then aliquoted (100 nm per tube)
and freeze-dried; the dry peptidomimetics were stored at −20◦C
before use. For the assay, the peptidomimetics were solubilized
and diluted in assay buffer (1 × DMEM) containing 1% DMSO
from 10 nM to 100 µM as 10× of the final concentrations in the
assay. All compounds, either small molecules or peptidomimetics
were tested in three independent replicates, each with 2-3
wells as pseudo-replicates. Responses from each assay were
calculated as the average of individual responses from the pseudo-
replicate wells.

The cells preparation was described in detail elsewhere (Lu
et al., 2011b). In brief, the BMLK3 and vector-only cells were
cultured to ∼ 90% confluency in T-25 flasks. The cells were
trypsinized and suspended in maintenance medium, counted,
and diluted to 1 × 105 cells/ml; 2 ml of this cell suspension
was placed into each well of 6-well-plates (CELLSTAR R©, Greiner
Bio-one). After overnight incubation, when the cells reached
a confluency of 40–60%, old medium was replaced with 1 ml
of serum-reduced Opti-MEMTM medium (Gibco R©, Invitrogen)
in each well. Following the instructions of the transfection
reagent manufacturer, cells in each well of the 6-well plate
were transiently transfected with 1 µg mtAequorin/pcDNA1
plasmid mixed in 4 µl of FuGENE6 (Promega, Madison, WI,
United States) and 96 µl of Opti-MEMTM medium. After 6 h
of incubation, the old medium was replaced with 2 ml of F-12K
medium with FBS (10%) (antibiotic-free medium). Following
24 h incubation, cells were trypsinized, seeded into white/clear
96-well-plates (CELLSTAR R©, Greiner Bio-one) (20,000 cells/well
in 100 µl of antibiotic-free medium), and incubated overnight
until they reached optimal confluence of 80%. BMLK3 cells
and vector only cells were prepared in the same plate to test
different concentrations of each compound. To reconstitute the
aequorin-complex, cells were incubated with 90 µl per well of
calcium-free DMEM (1×) containing coelenterazine (5 µM)
(RegisTM Technology, Inc., Morton Grove, IL, United States).
After 3 h of incubation in the dark, cells were ready for the assay.
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The “dual-addition” assays were performed with a ClariostarTM

(BMG LABTECH, Chicago, IL, United States) plate reader set
at 29◦C and for bioluminescence and “well” mode at 469 nm
emission wavelength. The two additions were performed by
the built-in injectors of the ClariostarTMplate reader. The first
addition was performed after 2 s of initiating the recording of
the bioluminescence response, which continued for 30 s. This
addition applied either 22.5 µl (5×) of certain small molecule
antagonist at a specific concentration or blank solvent, or 10 µl
of peptidomimetic (10×). At 32 s, a second addition of 12.5 µl of
agonist peptide FFFSWGa was executed with the second injector
into the same well containing the test compound or blank solvent,
to reach a final concentration of 1 µM. For peptidomimetics,
11 µl were applied. Recording continued for another 30 s; in
sum, the kinetic response of each well was recorded for a total
of 65 s at 1 s intervals. The same procedure was performed for
each concentration of the ligand tested. The kinetic response to
both additions were recorded immediately after addition for 30 s,
with 1 s interval, and is expressed as bioluminescence units (BU)
per second. The total response of the cells to each addition was
represented as the percentage of the averaged BU per second
obtained in each of the two 30 s-ranges, relative to the average
BU to the PC (blank solvent+ 1 µM FFFSWGa) in the 2nd range
(average BU of the PC curve from 35 to 65 s).

Effect of a Prolonged Pre-incubation
With Various Concentrations of TKSM14
on the Agonist-Induced Response
Because TKSM14 displayed antagonistic activity in the
fluorescence assay but not in the calcium bioluminescence
assay, a modified calcium bioluminescence assay was performed
in which the incubation time (previously 30 s) was increased
to 5 min, as in the fluorescence assay. The first addition was
performed manually to add 22.5 µl of the blank buffer or
different dosages of the TKSM14 (5 × solutions), to achieve final
concentrations of 1, 10, 30, 50, and 100 µM. The second addition
was performed with the built-in injector of the ClariostarTM

plate reader (12.5 µl of the 10× agonist FFFSWGa solution for
a final concentration of 1 µM), as described in the previous
section. The response to the agonist in the second addition
was recoded for 30 s, at 1 s intervals. Similarly, as before,
three independent assays were performed, with each assay
containing 3–4 pseudo-replicates. Responses from each assay
were calculated as the average of individual responses from the
pseudo-replicate wells. The antagonistic activity was represented
as a percentage of the average bioluminescence units obtained
during the 30 s after the second addition (wells containing both
the small molecule being analyzed and FFFSWGa), divided
by the average bioluminescence units obtained from wells
containing FFFSWGa only.

Statistical Analyses
All statistical analyses were performed with Prism 6.0 (GraphPad
Software, La Jolla, CA, United States). In the end-point
fluorescence assay, dose-response curves and IC50 values were
calculated with “log [inhibitor] vs. response – Variable slope
(four parameters)” function in Prism 6.0. IC50s of the antagonists

were defined as the concentration of antagonist that inhibits
agonist response in the mid-range of the respective fitted dose-
response curve (this is not the concentration that inhibits 50%
of the agonist response). In the kinetic calcium bioluminescence
assay, to determine the statistical significance of the inhibitory
effect from various concentrations of the same compound, the
response after the second addition for each concentration within
each molecule was compared to the corresponding blank control
by one-way ANOVA (n = 3) followed by Tukey’s multiple
comparisons test.

RESULTS

Our long-term approach for discovering novel ligands for
arthropod GPCRs is summarized in Figure 1. In this study,
we focused on processes on the left of the figure, by using
transcriptomics and genomic data to clone the kinin cDNA,
followed by forward pharmacological approaches toward the
identification of novel ligands for the kinin receptor of the
southern cattle tick, R. microplus.

R. microplus cDNA Sequence and Gene
Structure
We first identified the predicted 332 amino acid residue protein
sequence of the putative kinin precursor of Ix. scapularis from
a genome fragment (DS680282: 583-1410) (Gulia-Nuss et al.,
2016). Although it was reported that the gene encoded 19 kinins
(Gulia-Nuss et al., 2016), the exact sequences of kinins were not
provided. Herein, we listed the sequence of the 19 paracopies of
putative bioactive kinins from Ix. scapularis (Table 1). Using this
curated precursor protein as query, the tBLASTn results against
WGS assembly and TSA of R. microplus (taxid: 6941) identified a
genomic DNA fragment of accession number LYUQ01126194.1
and four transcripts with high similarities. Our cloning of the
putative kinin precursor cDNA from R. microplus verified the
full-length cDNA sequence is 1,398 bp long encoding a 1,227 bp
open reading frame (ORF). The predicted precursor protein
of 409 amino acid residues has a predicted molecular mass
of 44.72 kDa (GenBank QDO79406) (Supplementary Figure
S2). The 5′- and 3′-untranslated regions (UTRs) are 85 bp and
86 bp, respectively.

Alignment of the cloned cDNA to the genome sequence
revealed that the 5′-end was missing in the genome, as
determined by BLAST (Figure 2A). We were able to obtain
this missing sequence by genomic PCR amplification using a
primer designed based on the sequence of the cDNA 5′-end
(Supplementary Figure S1 and Supplementary Table S1). By
further amplification of the genomic DNA with gene-specific
primers we sequenced the putative kinin gene of R. microplus,
that is encoded in approximately 4.1 kb (GenBank MK875970)
(Figure 2B), composed of two exons and one intron. The first
exon is 140 bp long and the second exon is 1,253 bp long;
in between there is an intron of ∼ 2,700 bp. Although the
genomic DNA and cDNA sequences obtained were from different
strains of R. microplus, the alignment of their ORF region
showed 99% identity.
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Analysis of the R. microplus Kinin
Precursor
The first 38 amino acid residues of the R. microplus kinin
precursor were predicted with SignalP v 5.0 as belonging to a
signal peptide with only 50% probability, denying such conclusive
identification. Seventeen paracopies of putative bioactive kinins
were encoded by this single cDNA (Table 1). Three of them

TABLE 1 | Predicted bioactive kinins from Rhipicephalus microplus and Ixodes
scapularis.

Name Rhipicephalus microplus Predicted
molecular weight

(Daltons)

Rmkinin1 QFSPWGa 720

Rmkinin2 LHPVDIAVRAADLFSPWGa 1963

Rmkinin3 DKDQTFNPWGa 1206

Rmkinin4 AGDHFGSWGa 932

Rmkinin5 DTFSAWGa 782

Rmkinin6 QQDSKNAFSPWGa 1363

Rmkinin7 AVRSPTARNDAARAKQED
GEEDEERSFAPWGa

3446

Rmkinin8 GTGEDQAFSPWGa 1250

Rmkinin9 GDDGDTSFTPWGa 1253

Rmkinin10 DDRFNPWGa 1005

Rmkinin11 EGPFSPWGa 875

Rmkinin12 DGSNKEGFFNPWGa 1454

Rmkinin13 GADDPFNPWGa 1074

Rmkinin14 QDSFNPWGa 949

Rmkinin15 EDGVFRPWGa 1061

Rmkinin16 EDNVFRPWGa 1118

Rmkinin17 EGNVFGPWGa 961

Ixodes scapularis

Ixkinin1 QFSPWGa 720

Ixkinin2 GDKQPEDEAFNPWGa 1589

Ixkinin3 ENDKDKELSFNPWGa 1678

Ixkinin4 GSFSSWGa 726

Ixkinin5 DTFGSWGa 768

Ixkinin6 DTFGPWGa 768

Ixkinin7 DTFGPWGa 768

Ixkinin8 DTFGPWGa 768

Ixkinin9 DTFGPWGa 768

Ixkinin10 DTFGPWGa 768

Ixkinin11 QDKESGFNPWGa 1263

Ixkinin12 DPFNPWGa 831

Ixkinin13 EDKNAFSPWGa 1149

Ixkinin14 DQNFNPWGa 976

Ixkinin15 TTKDSTFSPWGa 1225

Ixkinin16 EGPFNPWGa 902

Ixkinin17 GDSDTAFAPWGa 1122

Ixkinin18 DNNFNPWGa 962

Ixkinin19 DNGNKDSSFSPWGa 1409

Under name, ordinal numbers reflect the order in which each sequence appears
from the 5′ to 3′ direction either in the cDNA (R.m.) or in the predicted gene (Ix.).
The bolded predicted molecular weights were similar to previously predicted kinin
masses (approximately 1,009 Da) (Neupert et al., 2005).

FIGURE 2 | Schematic of the kinin gene and cDNA from Rhipicephalus
microplus. The black boxes represent the protein-encoding regions and the
white boxes are the untranslated regions on the 5′ and 3′-end of the kinin
gene or cDNA. (A) Depicts a genome contig fragment (the full length of
7,784 bp is not represented here) encoding the 3′-end fragment of the
predicted R. microplus kinin gene (position 1 to 3,252). The dashed line
represents the sequence gap at the 5′-end of the kinin gene in the genome
assembly (Rm2.0; NCBI). (B) (1) Depicts the amplified 4.1 kb PCR product
sequenced that encodes the kinin gene. The gene is composed of two exons
(140 and 1,254 bp, respectively, represented by boxes) and one intron (2.7 kb
black line). This structure was verified by aligning the gene sequence with the
1398 bp cDNA (2) obtained in this study.

(Rmkinin 10, 13, and 15) have a predicted molecular weight of
about 1,009 Da, which was the mass of putative R. microplus kinin
detected through mass spectrometry in a previous study (Neupert
et al., 2005). The R. microplus kinins showed the canonical critical
residues and necessary characteristics for activity of the insect
kinins (FX1X2WGa): Phe and Trp at the first and fourth position
of the pentapeptide minimally active core, respectively, as well
as the amidated Gly at the fifth position. Noticeably, the second
variable position (X2) was dominated by Pro; only two out of
17 kinin paracopies from R. microplus have a different amino
acid other than Pro on the X2 position (Table 1). This consensus
pattern of the kinin C-terminal pentapeptide (FX1PWGa) was
prevalent in other tick species as well (Table 1 and Figure 3A).

Kinin Precursors From Other Tick
Species
Using the R. microplus kinin precursor as query for TBLASTN
against the transcriptomes of all Acari (taxid: 6933) on NCBI, we
predicted amino acid sequences of the putative kinin precursors
from another seven tick species. Four full amino acid sequences
were obtained, those from the relapsing fever tick, Ornithodoros
turicata, the castor bean tick, Ix. ricinus, the brown dog tick,
R. sanguineus, and the curated kinin precursor of Ix. scapularis.

The precursor from Ix. scapularis was predicted by aligning
the kinin precursors deduced from three transcripts and the
genomic scaffold. Missing sequences were identified from each
of these: the transcripts provided a sequence of 23 amino acid
residues at the N-terminus containing part of the signal peptide,
and an additional C-terminal sequence of 23 amino acid residues
followed by the stop codon. These sequences are absent in
the genomic scaffold. However, the protein deduced from the
transcriptome lack 40 amino acid residues, which are present in
the genomic scaffold, distributed in two gaps within positions
250–293 in the alignment (see Supplementary Figure S3). These
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FIGURE 3 | Continued
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FIGURE 3 | Amino acid sequences of kinin precursors from eight tick species. (A) Amino acid sequences were manually curated after mining the available
transcriptomes on NCBI. The number of kinin paracopies in each precursor are denoted in the parentheses. The gaps within the protein are denoted with “. . ..” The
signal peptides predicted by SignalP 5.0 were underlined. The predicted cleavage sites are in bold, and potential bioactive kinins containing the kinin C-terminal
motif, FX1X2WG-amide, are highlighted with gray color. The sequence of kinin precursor from Ixodes scapularis was curated based on the putative kinin gene in the
genome scaffold (DS680282), while the additional N- and C- terminal sequences were deduced from sequences of three transcripts (Supplementary Figure S3).
The number 1 to the left of the Amblyomma sculptum sequence points to an unusual cleavage site (K) or a potential sequencing error at this site (K followed by G) (in
black square frame). The version numbers are listed on the top of each sequence (accession numbers are identical except do not contain the 0.1 at the end).
(B) Sequence logos of the kinins from eight tick species. The logos were created by WebLogo (Crooks et al., 2004) using the amino acid sequences from each tick
kinin precursor between predicted cleavage sites (highlighted in panel A). The overall height of each letter stack indicates the sequence conservation at that position
(measured in bits), whereas the height of amino acid symbols within the stack reflects the relative frequency of the corresponding residue at that position. On the X
axis, the numbers refer to the amino acid position within the alignment, which was anchored to the conserved C-terminal amidated-glycine residue, similarly as
shown in the DINeR database (Yeoh et al., 2017). Toward the N-terminus, logos begin at the position within the alignment where bits are above 0 value. Polar amino
acids containing an amide group (Q, N) are in purple, other polar amino acids (G, S, T, Y, C) are in green, basic (K, R, H) are in blue, acidic (D, E) in red and
hydrophobic (A, V, L, I, P, W, F, M) amino acids are in black. The dashed-line indicates the bit value of the amino acid residue at the first variable position (X1) of the
kinin C-terminal pentapeptide motif (FX1X2WGamide).

gaps may have arisen from errors in the transcriptome assembly
because this genomic region encodes four repeats of the sequence
“DTFGPWGGKR.” Therefore, the hypothetical kinin precursor
from Ix. scapularis, is predicted as a protein of 378 amino acid
residues (Figure 3A).

Three partial kinin precursors were predicted from
the American dog tick, Dermacentor variabilis, and from
Amblyomma sculptum and Hyalomma dromedarii. The former
two were predicted with a gap retained in both amino acid
sequences (Figure 3A). Whereas the H. dromedarii precursor,
while missing approximately 70 amino acid residues at the
N-terminus, should contain all the kinin paracopies as inferred
from the alignment of tick kinin precursors (Supplementary
Figure S3). Similarly, the deduced amino acid sequence of
D. variabilis kinin precursor appeared to miss the same 70
residues sequence at the N-terminus (Supplementary Figure
S3). Among the seven deduced protein sequences, only the
A. sculptum kinin precursor lacked the stop codon. Among
the eight tick kinin precursors analyzed, SignalP 5.0 predicted
the signal peptide from those of O. turicata, Ix. scapularis, Ix.
ricinus, and A. sculptum (Figure 3A). For O. turicata, the signal
peptide includes the first 28 amino acid residues, with a cleavage
site between residues A and S (Figure 3A). For the latter three
species, the signal peptide includes the first 30 amino acid
residues, with the cleavage site between C and Q for Ixodes spp.,
and between A and Q for A. sculptum.

Putative enzyme cutting sites, characterized by contiguous
basic residues (Veenstra, 2000), and those for kinin sequences
were predicted in the translated precursor sequences (Figure 3A).
The number of kinin paracopies was high, especially in hard
ticks. In the curated full-length kinin precursor of four hard tick
species, 17 paracopies of kinins were predicted, in average. The
transcript of the only soft tick kinin gene analyzed (O. turicata) is
predicted to encode 10 kinin paracopies.

Within the functional C-terminal pentapeptide
(FX1X2WGamide) core of insect kinins, the first (F), fourth
(W), and fifth (G) amino acid residues are highly conserved,
and similar conservation was observed in tick kinins. However,
the second variable position predominantly featured proline
in all eight tick species (Figure 3B), and the first variable
position showed lower conservation in all analyzed tick species.
Asparagine (N) predominately occupied the X1 position in the

soft tick O. turicata kinins, while in the Ixodes ticks (Prostriata),
the X1 position was equally occupied by either N, G, or S.
The amino acid residue in the X1 position was even less
conserved (lower bits value) in ticks of the Metastriata group
(Figures 3B, 4–8).

Phylogenetic Analysis of Kinin
Precursors
To establish how conserved the kinin precursors are between
ticks and other insect blood feeders, a phylogenetic Bayesian
analysis was performed with the putative kinin precursors from
eight tick species and those known from five blood-feeding insect
species (Figure 4). Bhatt et al. (2014) validated the in vivo activity
of the R. prolixus kinin sequences used to construct this tree,
and the three aedeskinins are active on the cognate receptor
(Pietrantonio et al., 2005). The kinins from C. lectularius were
detected in the CNS by mass spectrometry by Predel et al. (2017).

The number of kinin paracopies in different arthropod species
varied dramatically. However, the selection pressure behind these
putative insertions or deletions is unclear. The number of kinin
copies was high in ticks and some hematophagous insects, but
not in all (Figure 4). With the support of the phylogenetic
unrooted tree, we found that the kinin precursors from ticks
and insects were separated into two different groups. Similarly,
within each branch, arthropods that are phylogenetically closer
to each other clustered in the same group, indicating substantial
conservation of kinin precursors across broad taxonomic groups.
The only exception was that a soft tick, O. turicata, clustered with
Ixodes ticks (hard ticks) but with a posterior node probability
of 0.76. Insect kinin precursors, even those from species with
several paracopies as in the case of ticks (i.e., up to 15 in
R. prolixus), were more similar among themselves than to tick
kinin precursors (Supplementary Figure S4). Thus, the number
of kinin paracopies, does not appear to differentiate sequences of
ticks from those of insects.

Small Molecule Screening on
Recombinant Tick Kinin Receptor
Toward the discovery of novel “small-molecule” ligands
(Lipinski, 2016) for the target GPCR, we initiated a small-scale
screening with the dual-addition assay we developed. Because
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FIGURE 4 | Bayesian phylogenetic analysis of kinin precursor. The phylogenetic tree was constructed in MrBayes with four chains and four runs of the mixed amino
acid model for 1,000,000 generations with a 10% burnins. Node values are Bayesian posterior probability rounded to two significant figures. Scale refers to branch
length and represents the probability of an amino acid substitution along that interval. The number of kinin paracopies encoded by each precursor is denoted in the
parentheses. “∗” Indicates there could be more kinin paracopies present in this species as the predicted amino acid sequence likely only encodes a fragment of the
kinin precursor due to gaps present in the predicted transcripts in NCBI. The curated protein sequences and version numbers of corresponding transcript
sequences are in Figure 3A.

kinin receptors are invertebrate-specific GPCRs, there is no
available commercial library of ligands from any ortholog
mammalian GPCR (Figure 1). To explore the opportunity for
discovery of antagonists, we selected a small-molecule library of
known antagonists of those mammalian GPCRs that have the
highest amino acid sequence identity to the tick kinin receptor.
These are the neurokinin receptors (NK1-3 receptors), with
approximately 36% amino acid sequence identity to the tick
kinin receptor, as per Blast analyses in NCBI. The preliminary
screening of fourteen small molecules was performed with an
end-point calcium fluorescence assay. The screening of these
small molecules was with 22 concentrations of antagonists
prepared in 2% DMSO, performed on the BMLK3 cell line
only. Four compounds, TKSM02, TKSM10, TKSM13 and
TKSM14 showed some antagonistic activities, as they showed
increasing values of fluorescence with decreasing concentrations
(Supplementary Table S3, panel D, rows C, K, N, and O).
It was noticed during the plate preparation that compounds
TKSM04, TKSM05, TKSM08, TKSM09 and TKSM14 may have
precipitated out when prepared in 2% DMSO at 1 mM. Indeed,
fluorescence endpoint readings of some of them confirmed
this suspicion due to randomness of their values. Therefore,
a second small-molecule plate was made in 10% DMSO with
ten selected compounds prepared in 10 serial concentrations
(Supplementary Table S4, panel A). These small molecules
included the four active small molecules from the first screen;
those four more hydrophobic molecules that had precipitated;
and the small molecules TKSM06 and TKSM07 that had showed
erratic activity in the first screen (Supplementary Table S3,
panel D, rows G and H). When TKSM02 and TKSM14 were

tested after being prepared in 10% DMSO, they showed dose-
dependent antagonistic activities that allowed the estimation
of IC50s and confidence intervals (Figures 5A,D). TKSM02
acted as a full antagonist with IC50 = 45 µM (95% confidence
interval of 31–61 µM) (Figure 5A). Three small molecules
showed partial antagonism: TKSM14, with IC50 = 23 µM (95%
confidence interval of 17–30 µM), only inhibited 60% of the
agonist response at the highest concentrations tested of 35
and 50 µM (Figure 5D), and TKSM10 and TKSM13 did not
have meaningful IC50 values because their 95% confidence
intervals were too wide (Figures 5B,C). Nevertheless, TKSM10
exhibited antagonist activity at concentrations above 70 µM
and inhibited 80% of agonist response when applied at 100 µM
(Figure 5B). Although TKSM13 showed an overall weak
antagonistic activity across concentrations, it acted as a potential
antagonist (Figure 5C) as it inhibited approximately 50% of the
agonist response at concentrations above 25 µM. The rest of
the compounds re-tested (TKSM04-TKSM09) did not show any
activity (Supplementary Table S4, panel D).

The small molecule library prepared for the second screening
of potentially insoluble molecules (10% DMSO), was screened
on both BMLK3 cells and “vector only” cells to test for the
tick receptor specificity of the agonist responses observed after
the first addition of small molecules, because the endogenous
expression of NK receptors in CHO-K1 cells is assumed.
Counter screening on vector only cells (Supplementary Table
S4). confirmed that none of the agonistic responses observed after
the first addition were specific for the tick kinin receptor because
the vector only cells showed equivalent agonistic responses to
these molecules as BMLK3 cells did (Supplementary Table S4,
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FIGURE 5 | Four small molecules antagonized the tick kinin receptor activity. Only four molecules out of the 10 tested exhibited antagonistic activities. (A–D)
Dose-responses of the tick kinin receptor (in the BMLK3 cell line) to small-molecule ligands of mammalian neurokinin receptors were measured in a calcium
fluorescence assay. Ten dosages were applied for each compound, starting from 100 µM (except TKSM14, starting from 50 µM) and following a 1:1.4 dilution
series. The antagonist activity of 10 selected small molecules was tested by first dispensing the blank buffer or small molecules at various concentration [Log (Molar)
on the X-axis] from the library plate into the assay plate. This was followed by incubation with the cells for 5 min, after which the kinin agonist (1 µM FFFSWGa) of the
tick kinin receptor was dispensed into all wells and incubated for another 5 min. The end-point relative fluorescence units (RFU) from each well was represented as
the average RFU (left Y-axis) of two end-point reads obtained by inverting the orientation of the plate in a Varioskan LUXTM (Thermos Scientific, Waltham, MA,
United States) plate reader. Additionally, the right Y-axis represents the percentage of RFU relative to the averaged responses from cells to the PC (blank
buffer + agonist). Non-linear dose-response curves IC50s were defined as the concentration of antagonist that inhibits agonist response in the mid-range of its
respective fitted dose-response curve and they are marked with a cross (×) on the curve. The IC50s and corresponding 95% confidence intervals of IC50S were
calculated with “log(inhibitor) vs. response- Variable slope (four parameters)” in GraphPad 6.0. The IC50s shown here are not the concentrations that inhibit 50% of
the agonist response.

panel B, compare row F, wells 2-12 to row F, wells 22 to 13).
Therefore, only antagonistic activities remain to be demonstrated
in tick bioassays.

Kinetic Responses to Selected Small
Molecules and Peptidomimetics in a
Dual-Addition Calcium Bioluminescence
Assay
The primary screen using fluorescence provided only one end-
point reading after 5 min of incubation with cells. A kinetic
calcium bioluminescence assay was subsequently performed
with molecules identified in the first screen. This was to
determine the kinetic responses during the first 30 s after the
addition of compound of unknown activity (small molecule or
peptidomimetic) and the response after the subsequent addition
of known agonist (1 µM FFFSWGa) (Figure 6). In contrast to the
results of the fluorescence assay, nearly no agonist responses were

detected in the kinetic assay in the first 30 s after the addition
of small molecules (Figures 6A–E, right panel, black bars). The
statistical analyses of antagonist activities based on the responses
after the agonist addition were calculated by one-way ANOVA
followed by Tukey’s multiple comparison test among all dosages.
Consistent with the preliminary screen, TKSM02 was the most
potent antagonist on the tick kinin receptor and inhibited
82.7 ± 1.8% of the FFFSWGa agonist response at 100 µM
(Figure 6A; black curve in the left panel and in the histogram,
last gray bar). The bioluminescence response of TKSM02 at
100 µM was significantly lower than the responses to the four
lower concentrations tested from 100 nM–30 µM (histogram,
four bars to the left), and significantly lower than the response to
agonist only (Blank bar), as expected (p < 0.0001) (Figure 6A).
A dose-dependent trend of antagonistic responses was observed
for TKSM10 from 1 to 100 µM (Figure 6B, decreasing bar heights
in histogram), with the lowest cell response being 84 ± 6%
of the response to agonist only (16% inhibition). However, the
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FIGURE 6 | Continued
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FIGURE 6 | Kinetic dose-responses of the BMLK3 cell line to five selective small molecules. Kinetic bioluminescence responses of tick kinin receptor recombinant
cells to (A–D) four antagonist candidates (n = 3), and (E) TKSM03 [negative control (n = 1)] in the “dual-addition” calcium bioluminescence assay. All small molecules
were tested at five different concentrations from 100 nM to 100 µM. Two additions were performed by the two injectors built-in the ClariostarTM plate reader (BMG
LABTECH) as follows: the first addition of various concentrations of small molecules (5×) or corresponding blank buffer, was performed at 2 s after initiation of the
recording. The response to the first addition was recorded for 30 s with 1 s intervals (first range). At 32 s, the second addition of the agonist of tick kinin receptor
used in this study (1 µM FFFSWGa) was performed in the same well, and the cell response was recorded for another 30 s with 1 s intervals (second range). Curves
on the left of each panel depict in different colors the kinetic response in bioluminescence units (BU) per second to each concentration (4–9 wells) from three
independent assays (except TKSM03 n = 2 wells from one assay). The Y-axis represents the percentage BU of each concentration normalized to the maximal BU of
the positive control (blank buffer + agonist, blue curve) (mean ± SEM). The histogram on the right of each panel shows sequentially the total BU responses of cells to
the two additions, the first (black) and second (gray) range recordings, respectively. The total response in each range was expressed as the percentages of the
average BU (per second) obtained in each of the two 30 s-ranges, relative to the average units to the PC in the second range (average BU of the blue curve at
35–65 s). In each independent assay, the total response to each concentration of each small molecule in the first addition or to the agonist in the second addition
was calculated as the average of 2–3 pseudo-replicate wells (Y axis: mean ± SEM; n = 3 independent assays). None of the tested compounds showed agonist
activity. Statistical differences in inhibitory activities between different concentrations of each compound were analyzed by one-way ANOVA (n = 3) followed by
Tukey’s multiple comparison test (p ≤ 0.05) with GraphPad 6.0 (GraphPad Software, La Jolla, CA, United States). Bars with different letter superscripts indicate
significant differences.

increasing trend of inhibition with higher concentrations was
not detected as statistically significant by ANOVA (p = 0.08).
The ANOVA for TKSM13 detected significant variation in the
response among concentrations (p = 0.02) and Tukey’s test
detected a significant decrease in the response to the agonist
of 72 ± 19% at 100 µM with respect to the 133 ± 17%
response to 10 µM concentration (p < 0.05) (Figure 6C).
Unexpectedly, TKSM14 did not show any antagonistic activity
in the calcium bioluminescence assay, which was inconsistent
with the result of the primary screen in the fluorescence assay.
We then asked whether increasing the preincubation time to
5 min in the bioluminescence assay (previously, 30 s), similar
to the fluorescence assay, could reveal TKSM14 antagonistic
activity. Indeed, when the preincubation with TKSM14 was
5 min, a dose-dependent antagonistic response was detected after
agonist addition (Figures 7A,B). Tukey’s test showed significant
antagonistic activities of TKSM14 at both 50 µM (63 ± 8%)
and 100 µM (55 ± 4%) which inhibited ∼ 40 and 45% of the
agonist response (Figure 7A, orange and black curves on the
left panel and last two bars on the histogram to the right). This
activity matched the result observed in the first screen. This
suggested that TKSM14 might have a lower binding affinity,
reflected in the longer incubation time with the cells required to
block the receptor.

Compound TKSM03 was chosen as a negative control
for the bioluminescence assay with small molecules due to
its lack of activity in the fluorescence screen. Its lack of
activity was confirmed in the bioluminescence assay, as this
compound did not decrease the agonist response even at
the highest concentration tested of 100 µM (Figure 6E,
histogram on right). The corresponding black curve on the
left panel (Figure 6E) could be misleading at first sight,
giving the impression that TKSM03 could be an antagonist,
as the black curve appeared to be lower than other curves.
However, it must be emphasized that although the maximal
bioluminescence units per second at about 40 s is diminished
with respect to the other concentrations, the area under the
curve did not change with respect to that of the blank control
(Figure 6E, right panel). This is why it is important to consider
the total, integrated bioluminescence response and not only
the peak response.

In addition, three peptidomimetic ligands of mammalian
neurokinin receptors were tested using this approach. These
ligands of NK receptors showed neither agonistic nor
antagonistic activities on the tick kinin receptor within the
tested concentration range (1 nM–10 µM) (Figures 8A–C)
(ANOVA p > 0.1 for all three peptidomimetics). In Figure 8B, a
slight agonistic activity of antagonist G at 1-, 3- and 10-µM can
be detected, peaking at about 14 s; the same activity is reflected
in the histogram to the right. However, this activity was only
observed in the first independent replication and could not be
seen in the two other independent replications. This agonist
response was also not detected in the vector only cells (not
shown). We do not know what could have caused this effect.

DISCUSSION

The insect kinins were named leucokinins after first being
isolated from the roach Leucophaea maderae for their myotropic
activity (Holman et al., 1986). The kinin neuropeptide signaling
system is pleiotropic in insects, regulating physiological functions
both at the central and peripheral levels. They regulate myotropic
and diuretic activities, orchestrate innate behaviors during pre-
ecdysis and influence feeding behavior (Veenstra et al., 1997; Kim
et al., 2006; Kersch and Pietrantonio, 2011; Schooley et al., 2012;
Kwon et al., 2016; Pietrantonio et al., 2018). However, the kinin
functions in ticks have remained elusive. In the tick R. microplus
LKR was immunolocalized on the midgut outer surface, and
LKR-silenced females displayed variations in gut discoloration,
had a reduction in body weight of ∼30%, reduced weight of
their egg masses, and experienced decreased egg hatching. Thus,
LKR silencing in female ticks caused a reproductive fitness cost,
perhaps related to defects in heme metabolism because some
guts from silenced females were completely white (Brock et al.,
2019). In agreement, the LKR transcript of the tick R. sanguineous
was apparently expressed at higher levels in the gut and salivary
glands than in other tissues, as inferred from RT-PCR analyses
(Lees et al., 2010).

Most information on tick GPCRs was obtained from
recombinant receptor systems (Yang et al., 2013, 2015; Gross
et al., 2015; Gondalia et al., 2016; Kim et al., 2018). Transcripts for
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FIGURE 7 | BMLK3 preincubation (5 min) with dosages of TKSM14 before agonist addition, enhances its antagonistic activity in the calcium bioluminescence assay.
(A) The kinetic responses of BMLK3 cells to the agonist (1 µM FFFSWGa) after being incubated with various concentrations of TKSM14 (1–100 µM) or blank solvent
for 5 min. The response was recorded for 30 s at 1 s intervals by the ClariostarTM plate reader (BMG LABTECH). The kinetic response is represented as the
percentage of the maximal bioluminescence units (BU) of the positive control (PC = blank buffer + agonist, blue curve) in each assay (Mean ± SEM, n = 9–10 wells
from three independent assays). (B) The total cellular response in each well is expressed as the percentage of the average BU (per second) obtained in the 30 s
relative to the average response units to the PC in 30 s. Three independent assays were performed. Responses from each assay were calculated as the average of
individual responses from 3-4 pseudo-replicate wells (Y axis: mean ± SEM). Statistical differences in inhibitory activities between different treatment were analyzed
by one-way ANOVA (n = 3) followed by Tukey’s multiple comparison test (p ≤ 0.05) with GraphPad 6.0 (GraphPad Software, La Jolla, CA, United States). Bars with
different letter superscripts indicate significant differences.

tick GPCRs are often expressed in vivo at very low levels, which
complicates their physiological characterization. For example,
results of qRT-PCR after gene silencing is often highly variable
in diverse tick tissues due to their normal low expression levels
(Brock et al., 2019). To address this challenge, additional future
approaches to elucidate the physiological function of the tick
kinin system through loss-of-function experiments include the
knockdown of the endogenous kinin neuropeptide transcript
and a pharmacological approach to block receptor function.
With these approaches in mind, we cloned the kinin cDNA
from R. microplus, and developed a dual addition assay to
discover antagonists of the receptor to block the response to
endogenous ligands and impair the normal physiology of ticks
(Figure 1). To expand our current knowledge on the kinin
system of the cattle fever tick, R. microplus, we used a forward
pharmacological approach (Figure 1). Herein, we integrated the
cloning of the cDNA encoding the tick endogenous kinins from
the synganglion of female R. microplus and predicted kinin
sequences from other Acari.

Kinins arose before the shared common ancestor of Mollusca,
Insecta and Acari, and the lymnokinin receptor (leucokinin-
like) was functionally characterized in the pond snail, Lymnaea
stagnalis (Cox et al., 1997; Grimmelikhuijzen and Hauser, 2012).

In the cattle fever tick, we identified a single cDNA that
encodes 17 potential bioactive kinins, all different (Table 1). This
is the first report for the cloning of a kinin-encoding cDNA
from any tick species. Similar to R. microplus, the additional
tick species analyzed also showed an expansion in the number
of predicted kinins (Figure 3), underscoring the potential
importance of the kinin system in ticks. Most of the R. microplus
kinins featured the conserved C-terminal pentapeptide motif
found in insects (FX1X2WGa). We predict the kinins reported in

this study are active because they satisfy the minimal requirement
for activity and we have experimental evidence of activity of
similar kinin analogs and insect kinins on the R. microplus
receptor expressed in CHO-K1 cells (Holmes et al., 2003; Taneja-
Bageshwar et al., 2006, 2009; Xiong et al., 2019). However,
the variable position X1 that in insect kinins is occupied by
His, Asn, Ser or Tyr (Torfs et al., 1999), is different in some
of the R. microplus kinins, featuring instead Gly, Ala, Thr, or
Arg (Bold amino acids in Table 1). R. microplus retained the
same variable residues as in the insect kinins in position X2
(Ser/Pro/Ala) (Torfs et al., 1999), with Pro being more frequent
in tick kinins (Table 1). These seventeen predicted kinins await
to be synthesized and tested in the receptor functional assay to
verify their biological activities.

The genome analysis of Ix. scapularis identified a putative
kinin-encoding gene and four genes encoding kinin receptors
(Gulia-Nuss et al., 2016). In contrast, BLAST of R. microplus
LKR against the updated genome assembly (Rm2.0; NCBI) of
this species identified only one receptor and did not reveal
kinin receptor paralogs. The same sequence of 1,481 bp was
identified in two contigs (sequences ID LYUQ01138740.1 and
LYUQ01085891.1), and it matched the 3′-half of the R. microplus
LKR cDNA with 99.9% identity. Therefore, it appears that in
R. microplus there is only one kinin receptor gene, or perhaps
an identical duplicate. In the genomes of six non-tick chelicerate
species (spiders, the house dust mite and a scorpion), five species
have one gene for both the kinin peptide and receptor, except that
the African social velvet spider (Stegodyphus mimosarum) has 3
LKR paralogs (Veenstra, 2016). The transcript expression level
of kinin and its receptor(s) seems to be generally low in ticks
because transcripts were not reported in transcriptomes from
synganglia of females of R. microplus from Texas, Ix. scapularis
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FIGURE 8 | Kinetic dose-responses of the BMLK3 cell to three peptidomimetic ligands of mammalian neurokinin receptors in the “dual-addition” calcium
bioluminescence assay. Kinetic bioluminescence responses of tick kinin receptor recombinant cells to (A–C) three peptidomimetics (1 nM–10 µM, n = 3). Two
additions were performed by the two injectors built-in the ClariostarTM plate reader (BMG LABTECH) as follows: the first addition of various concentrations of
peptidomimetics (10×), or corresponding blank buffer, was performed at 2 s after initiation of the recording. The response to the first addition was recorded for 30 s
with 1 s intervals (first range). At 32 s, the second addition of the agonist of tick kinin receptor (1 µM FFFSWGa) was performed in the same well, and the cellular
response was recorded for another 30 s with 1 s intervals (second range). Curves on the left of each panel depict in different colors the kinetic response in
bioluminescence units (BU) per second to each concentration (8–9 wells from three independent assays). The Y-axis represents the percentage BU of each
concentration normalized to the maximal BU of the positive control (blank buffer + agonist, blue curve) (mean ± SEM). The histogram on the right of each panel
shows sequentially the total BU responses of cells to the two additions, the first and second range recordings, respectively. The total responses in each range was
expressed as the percentages of the average BU (per second) obtained in each of the two 30 s-ranges, relative to the average units to the PC in the second range
(average BU of the blue curve at 35–65 s). In each independent assay, the total response to each concentration of each peptidomimetic in the first addition or to the
agonist in the second addition was calculated as the average of 2–3 pseudo-replicate wells (Y axis: mean ± SEM, n = 3 independent assays). None of the tested
compounds showed agonist activity (for B panel, first range, see explanation in text). Statistical differences in inhibitory activities between different concentrations of
each compound were analyzed by one-way ANOVA (n = 3) but no statistical differences were detected.
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and O. turicata (Egekwu et al., 2014, 2016; Guerrero et al., 2016).
As the kinin receptor transcript level is low in ticks (as well as
the level of receptor protein (Brock et al., 2019), it is tempting
to speculate that kinin signaling may be regulated by changes
in the expression and release of their expanded kinin peptide
repertoire. A detailed temporal quantitative analysis of receptor
and kinin precursor mRNA transcripts is still lacking. It is also
yet unknown whether the high copy number of the tick kinins
will result in increased peptide expression (i.e., concentration) or
in sustained, constitutive expression. It is worth noting, however,
that kinins are active at nanomolar levels (low concentrations)
(Holmes et al., 2003; Xiong et al., 2019).

Kinins arose before the shared common ancestor of Mollusca,
Insecta and Acari, and the lymnokinin receptor (leucokinin-
like) was functionally characterized in the pond snail, Lymnaea
stagnalis (Cox et al., 1997; Grimmelikhuijzen and Hauser, 2012).
Among ticks, the Argasidae are considered a basal group
to the Ixodidae (Geraci et al., 2007). Arthropod molecular
phylogenetic studies have suggested Prostriata are more ancient
than Metastriata (Jeyaprakash and Hoy, 2009). Although the
pentapeptide core of tick kinins is largely conserved, it is
noteworthy that more ancient species show higher conservation
on the X1 position of this core, with asparagine (N), glycine (G) or
serine (S) being more frequent. Further, although the Prostriata
and Metastriata have a similar number of kinin paracopies (∼17),
the tick kinins of the Metastriata showed more frequent amino
acid substitutions than those of the Prostriata. Specifically, Ix.
scapularis and Ix. ricinus (Prostriata) have multiple iterations of
the same kinin sequence (DTFGPWGa) in the kinin precursor,
whereas ticks from the Metastriata showed no repetition in the
sequence of kinin paracopies (Table 1 and Figure 3A).

The unrooted phylogenetic tree revealed kinin sequence
differences between ticks and insect blood feeders (Figure 4).
Although the number of paracopies does not appear to
differentiate kinin sequences of ticks from those of insects, we
have experimental evidence that kinin receptors from insects
and ticks have different ligand structure-activity relationships,
as manifested in the differential potency of the same set of
kinin analogs (Taneja-Bageshwar et al., 2006; Xiong et al.,
2019). Therefore, differences in the sequences of the mature
kinin peptides between ticks and insects further support this
differential activation. Additionally, we reiterate that kinins have
pleiotropic functions in insects and therefore, it is possible
that they are similarly pleiotropic in ticks. We speculate this
pleiotropism could be achieved in ticks either by diversification of
receptors or ligands. In Ixodes (Prostriata), despite low variation
in the kinin sequences, up to four kinin receptors may be present
(Gulia-Nuss et al., 2016). In contrast, Rhipicephalus microplus
appears to have only one receptor but exhibits high variation in
the sequences of the kinin ligands (Table 1). As a mechanism for
pleiotropism, there is evidence that in the mosquito renal organ
different kinin analogs promote differential downstream tissue
responses, either fluid secretion or changes membrane voltage
(Schepel et al., 2010), apparently through the same receptor
because only one kinin receptor has been identified in this tissue
(Lu et al., 2011a).

To advance the discovery of novel ligands toward application,
we tested potential synthetic ligands (small molecules and
peptidomimetics) of mammalian neurokinin receptors on the
recombinant tick receptor (Figure 1). Our previous success with
a kinin mimetic, named 1728, that elicits aversive behavior in the
mosquito and inhibits the sugar neuron provided the proof of
principle to pursue this approach (Kwon et al., 2016). The NK
receptors are considered “pseudo-orthologs” of the arthropod
kinin receptor because while tachykinins exist in both mammals
and arthropods, the kinin system is arthropod-specific (Nachman
et al., 1999). To accelerate discovery and reduce the cost of
screening a commercial GPCR-specific small molecule library
and selected peptidomimetics, we developed a dual-addition
functional assay using two reporters for calcium, in fluorescence
and bioluminescence modes, respectively. A comparable pipeline
was developed by Ejendal et al. (2012) for validating the
dopamine receptor of Ix. scapularis as acaricide target, except
their functional assay detects cAMP as the secondary messenger.
Using a reverse pharmacological approach, Duvall et al. (2019)
recently discovered a novel small molecule ligand of the mosquito
neuropeptide receptor, NPY receptor, which discourages the
biting behavior of mosquito (Duvall et al., 2019).

In this study, through the primary screening of a small
molecule library of NK receptor antagonists, and their secondary
validation by a bioluminescence assay, a small molecule, named
TKSM02, was identified as a “full antagonist” of the tick
kinin receptor with an IC50 of 45 µM (Figure 5A), as
it fully blocked receptor activity at 100 µM. Although of
weak potency, we believe this is the first antagonist reported
for a kinin receptor of any arthropod species. However,
it should be noted that we used a generic kinin receptor
agonist, FFFSWGa, in the antagonist screen. Therefore, the
antagonists identified with this screen may not similarly
antagonize endogenous tick kinins on the cognate receptor.
Overall, ligands of NK receptors displayed more than a
10,000-fold reduced potency on the tick kinin receptor. The
quantitative functional data reported here will provide valuable
information to constrain the ligand-receptor interaction surface
in computational modeling.

Agonists and antagonist peptidomimetics of NK receptors
were tested: hemokinin 1 (human) is an agonist of the
NK1 receptor with active concentration at the nanomolar
level, antagonist G is a broad antagonist on NK receptors,
and spantide I is a selective potent antagonist of the NK1
receptor (Supplementary Table S2). Our results provided
additional functional evidence that the tick kinin receptor is
pharmacologically different from the insect tachykinin receptor
as none of the peptidomimetic ligands of NK receptors showed
any activity on the tick kinin receptor. However, spantide
I antagonizes insect tachykinins in recombinant tachykinin
receptors of the stable fly and fruit fly at 1 and 50 µM, respectively
(Torfs et al., 2002; Poels et al., 2009).

In summary, we report for the first time putative tick
kinin sequences. Further, our small molecule screening results
confirmed in one direction the target selectivity of the kinin
receptor for arthropod vector control, as only one of the small
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molecule NK antagonists was active. The dual addition assay
we developed is amenable and ready for the high throughput
screening of random small molecule libraries on the tick kinin
receptor or other tick neuropeptide receptors signaling through
the calcium cascade. While receptor “hits” of random molecules
are expected, the next frontier is to develop suitable tick bioassays
to elucidate the physiological functions of kinins that could be
impaired by these synthetic ligands.
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phagocytophilum NV2Os Propagated
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Consuelo Almazán 1*, Lisa Fourniol 1, Clotilde Rouxel 1, Pilar Alberdi 2, Christelle Gandoin 1,

Anne-Claire Lagrée 1, Henri-Jean Boulouis 1, José de la Fuente 2,3 and Sarah I. Bonnet 1*

1UMR BIPAR, INRAE, Ecole Nationale Vétérinaire d’Alfort, ANSES, Université Paris-Est, Maisons-Alfort, France, 2 SaBio,

Instituto de Investigación en Recursos Cinegéticos IREC (CSIC-UCLM-JCCM), Ciudad Real, Spain, 3Department of

Veterinary Pathobiology, Center for Veterinary Health Sciences, Oklahoma State University, Stillwater, OK, United States

The causative agent of tick-borne fever and human granulocytic anaplasmosis,

Anaplasma phagocytophilum, is transmitted by Ixodes ricinus, and is currently

considered an emerging disease throughout Europe. In this study, we established a

model of A. phagocytophilum sheep infection and I. ricinus transmission using the

European Norway variant 2 ovine strain (NV2Os) propagated in both IDE8 and ISE6 tick

cells. Two sheep were inoculated with IDE8 tick cells infected with NV2Os. Both sheep

developed A. phagocytophilum infection as determined by qPCR and PCR, the presence

of fever 4 days post inoculation (dpi), the observation of morulae in granulocytes at 6 dpi,

and the detection of A. phagocytophilum antibodies at 14 dpi. A. phagocytophilum was

detected by PCR in skin, lung, small intestine, liver, spleen, uterus, bone marrow, and

mesenteric lymph node from necropsies performed at 14 and 15 dpi. One sheep was

infested during the acute phase of infection with I. ricinus nymphs from a pathogen-free

colony. After molting, A. phagocytophilum transstadial transmission in ticks was validated

with qPCR positive bacterial detection in 80% of salivary glands and 90% of midguts

from female adults. Infected sheep blood collected at 14 dpi was demonstrated to

be able to infect ISE6 tick cells, thus enabling the infection of two additional naive

sheep, which then went on to develop similar clinical signs to the sheep infected

previously. One of the sheep remained persistently infected until 115 dpi when it was

euthanized, and transmitted bacteria to 70 and 2.7% of nymphs engorged as larvae

during the acute and persistent infection stages, respectively. We then demonstrated

that these infected nymphs were able to transmit the bacteria to one of two other

naive infested sheep. As expected, when I. ricinus females were engorged during the

acute phase of infection, no A. phagocytophilum transovarial transmission was detected.

The development of this new experimental model will facilitate future research on this

tick-borne bacterium of increasing importance, and enable the evaluation of any new

tick/transmission control strategies.

Keywords: Anaplasma phagocytophilum, Ixodes ricinus, sheep, NV2Os, tick cell cultures
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INTRODUCTION

Anaplasma phagocytophilum (Rickettsiales: Anaplasmataceae),
is an obligate intracellular Gram negative bacterium mainly
transmitted by I. scapularis and I. pacificus in the United States,
I. persulcatus in Asia, and I. ricinus in Europe (1). A.
phagocytophilum is the causative agent of human granulocytic
anaplasmosis (HGA) and tick-borne fever (TBF), affecting both
humans and a variety of domestic and wild animal species
(2–4). Tick-borne fever was first identified in sheep from
Scotland in 1932 (5), and the discovery of the etiological
disease agent followed in 1940 (6). Throughout Europe, sheep
are exposed to A. phagocytophilum (7)—with seroprevalence
as high as 80% in sheep grazing in tick-infested Norwegian
pastures—resulting in considerable economic and animal welfare
consequences (8, 9).

The wide range of potential hosts, as well as incidence
and severity of the disease in a particular host appear to vary
according to geographical region (1). A. phagocytophilum
infects granulocytes, mostly neutrophils, and exists as
macrocolonies or morulae within intracytoplasmic vacuole
(10, 11). Approximatively within a week of exposure to an
infectious tick bite, TBF disease becomes clinically evident
and is characterized by fever, leukopenia, marked neutropenia,
and thrombocytopenia (12). In sheep, A. phagocytophilum
infection causes a fever lasting from 1 to 2 weeks, and which
may vary according to animal age, the A. phagocytophilum
variant, the host breed and its immunological status (13).
Anorexia, depression (14), reduced weight gain (15), as well
as abortions (16) have also been reported. In addition, because
of the severe hematological and immune disorders associated
with A. phagocytophilum infection, animals are more susceptible
to secondary infections, including tick pyemia, caused by
Staphylococcus spp. (14).

A. phagocytophilum has a large number of genetic variants
which vary in virulence and clinical manifestation, and which
can be differentiated by sequencing 16S rRNA (9) or mps4
genes (17, 18). Four variants that differ in pathogenicity and
immunogenicity were identified as circulating in sheep flocks
from Norway (9). Among them, A. phagocytophilum variant 1
(var1) is believed to be associated with the majority of fatal TBF
cases in sheep (19). In contrast, A. phagocytophilum variant 2
(var2), which is also frequently found circulating in naturally-
infected sheep, produces a less severe clinical manifestation
with shorter periods of fever and bacteremia, and a less severe
neutropenia (20–22). Indeed, as it produces mild TBF in
sheep, A. phagocytophilum var2 could be a useful model for
studying bacterial infection processes in sheep, tick transmission
modalities, and could also be used in vaccine trials.

Tick cell lines are well-established systems in which tick-borne
pathogens—including Anaplasma species—can be propagated
(23). Both HGA and equine granulocytic anaplasmosis variants
were initially cultivated in the human promyelocytic cell line HL-
60 (24), and then in IDE8 and ISE6 tick cell lines derived from
I. scapularis embryos (25, 26). TBF variants were successfully
cultivated in these tick cell lines, including variants isolated from
sheep, such as the Old Sourhope strain, which, after three culture

passages, was shown to be infectious in susceptible sheep (27).
The A. phagocytophilum Norway var2 ovine strain (NV2Os),
isolated from Norwegian sheep (9), was also successfully
propagated in IDE8 embryonic tick cells (28), but, to the best of
our knowledge, sheep infection from this cell culture has never
been experimentally achieved to date.

The present study aims to investigate whether the A.
phagocytophilum NV2Os propagated in both IDE8 and ISE6
tick cells can be used in the laboratory to experimentally
recreate the entire bacterial transmission cycle from sheep to
ticks and from ticks to sheep, thus creating an experimental
model in which both tick-host-pathogen interactions, as well as
novel tick/transmission control strategies, such as anti-tick or
anti-transmission vaccines, can be studied. We report that the
development of this model enabled successful sheep infection, the
production of infected I. ricinus from both acute and persistently
A. phagocytophilum-infected sheep, as well as the re-transmission
of the bacteria to naïve sheep by these ticks.

MATERIALS AND METHODS

Experimental Design
The experimental design of the study is presented in Figure 1.
Two 9-month-old Romane breed female sheep (identification
numbers 128 and 320) were inoculated with IDE8 tick cells
infected with A. phagocytophilum NV2Os into the jugular vein,
and euthanized at 14 and 15 days post inoculation (dpi), due
to clinical signs of distress. During the acute phase of A.
phagocytophilum infection at 6 dpi, sheep 320 was infested with I.
ricinus nymphs. In addition, infected blood obtained from sheep
320 was used to assess whether NV2Os could be propagated
in ISE6 tick cells. These A. phagocytophilum-infected ISE6 tick
cells were then intrajugularly inoculated into two 11-month-old
Romane breed female sheep (identification numbers 381 and
648). Unexpectedly, sheep 648 died at 12 dpi, and no necropsy
could be performed. Sheep 381 however, recovered after the acute
phase and remained without signs of infection until 115 dpi,
when it was euthanized. A. phagocytophilum tick transmission
was evaluated by infesting both sheep 381 and 648 during the
acute phase of infection at 7 and 6 dpi, respectively, as well as
sheep 381 during the persistent phase of infection at 108 dpi
with I. ricinus larvae, and the infection assessed after molting
into nymphal stages. The infectious status of nymphs molted
from larvae fed on infected sheep 381 and 648 was assessed by
feeding them on two naive PreAlps breed sheep (identification
numbers 572 and 615). For sheep 128 and 320, blood samples
were obtained every day from day 0 to 14 and 15 dpi, respectively.
Sheep 648 was bled every day from day 0 until 12 dpi, when it
died. Sheep 381 was bled every day from day 0 to 15 dpi, and then
every 15 days until 115 dpi. Sheep infected with I. ricinus nymphs
(572 and 615) were bled every 5 days from day 0 to day 25 post
tick infestation.

Culture of A. phagocytophilum NV2Os in
IDE8 and ISE6 Tick Cells
IDE8 and ISE6 embryonic tick cell cultures were maintained
according to Munderloh and Kurtti (29) and Munderloh et
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FIGURE 1 | Schematic representation of the experimental design. (A) Infection of Romane sheep (identification numbers 128 and 320) with Anaplasma

phagocytophilum NV2Os propagated in IDE8 tick cells; (B) Ixodes ricinus infestation; (C) Infection of ISE6 tick cells with the A. phagocytophilum NV2Os from sheep

320; (D) Inoculation of Romane sheep (identification numbers 381 and 648) with the A. phagocytophilum NV2Os propagated in ISE6 tick cells; (E) Transmission of A.

phagocytophilum from sheep to I. ricinus ticks during both acute (sheep 381 and 648) and persistent infection (sheep 381); (F) Tick transmission of A.

phagocytophilum to naive PreAlps sheep (identification numbers 572 and 615).

al. (30), respectively. Healthy tick cells from both cell lines
were propagated in L-15B medium, whereas infected cells were
cultured in L-15B supplemented with 0.1% NaHCO3 and 10mM

HEPES and the pH was adjusted to 7.5. Both uninfected and
infected IDE8 and ISE6 cells were maintained at 31 and 34◦C,
respectively. The A. phagocytophilum NV2Os was propagated in
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IDE8 tick cells (approximate passage of 110) as described by
Alberdi et al. (28). A. phagocytophilum infection was propagated
by transferring 1/10th of an infected IDE8 cell culture to a new
flask of healthy cells, every 4 days. To determine the level of
infection, 60 µl of RPMI medium with suspended cells were
centrifuged on slides with a cytocentrifuge Shandon Cytospin
(Thermo Fisher Scientific, Sweden) for 5min at 1,000 rpm,
stained using the Hemacolor R© staining kit (Merck, Darmstadt,
Germany) and observed under a light microscope.

Blood from A. phagocytophilum-infected sheep 320 collected
at 14 dpi was used to infect ISE6 tick cells. A 500µl drop of blood
was added to two 25 cm² culture flasks of ISE6 cells (approximate
passage of 90). Cytocentrifuged slides were stained twice a week
using Hemacolor R© kit (Merck Millipore, Darmstadt, Germany)
in order to determine the level of infection. Once infection
reached 70%, cells (∼1 × 107 infected cells) were collected and
centrifuged for 5min at 200 × g, then resuspended in 2ml of
sterile RPMI to prepare the inoculum (31).

Sheep Inoculation
Four 9-month-old Romane breed female sheep, originally
from the INRA Experimental Animal Center at Bressonvilliers,
France, and reared in a secure sheepfold at the Biomedical
Research Center (CRBM) facilities, National School of Veterinary
Medicine of Alfort (ENVA), were used. First, two sheep identified
with numbers 128 and 320 (Figure 1) were inoculated with 1ml
of medium containing 1 × 107 A. phagocytophilum-infected
IDE8 cells with a 70% infection level into the jugular vein
with a 6 cc syringe and a 20-gauge 1” needle (Terumo) after
skin disinfection. Two months later, the two other sheep, with
identification numbers 381 and 648 (Figure 1) were inoculated
with 1ml of medium containing 5 × 106 ISE6 cells infected with
A. phagocytophilum obtained from sheep 320 and with a 70%
infection level.

Detection of A. phagocytophilum in
Sheep’s Blood by PCR and Determination
of Infection Levels by Quantitative PCR
(qPCR)
PCR detection of A. phagocytophilum msp4 was performed
using DNA obtained from blood collected daily, from day
0 to 14 or 15 dpi in sheep inoculated with IDE8 infected
cells (sheep 320 and 128, respectively), and from day 0 to
12 or 15 dpi in sheep inoculated with ISE6 infected cells
(sheep 648 and 381, respectively). For sheep infected by I.
ricinus nymphs (572, 615), PCR detection was performed
every 5 days from 0 to 25 days post tick infestation and
until euthanasia. Blood was collected from the jugular vein,
and drawn into 10ml EDTA vacutainer tubes. The PCR
protocol described by Kocan et al. was followed (32). Briefly,
DNA was extracted using a NucleoSpin Blood kit (Macherey-
Nagel, Germany) from 200 µl of blood. PCR reactions were
then performed using the oligonucleotide primers msp4-
F (5′-CCTTGGCTGCAGCACCACCTG-3′), and msp4-R (5′-
TGCTGTGGGTCGTGACGCG-3′), in 20 µl of final volume
using the Takara Ex Taq system (Bio Europe, France). For

positive and negative controls, DNA from A. phagocytophilum-
infected ISE6 tick cells and nuclease free water were used,
respectively. PCR products were visualized by 2% agarose gel
electrophoresis. PCR products were purified using the PCR
Clean-Up kit (Macherey Nagel, Germany), and were sequenced
by the Eurofins sequencing service (France). The obtained
sequences were submitted to the BLAST (basic local alignment
search tool) platform to search for sequences with homology to
A. phagocytophilum NV2Os.

A. phagocytophilum infection levels in sheep were determined
by qPCR targeting the msp4 gene using DNA obtained from
blood collected every 3 days from sheep 320 and 128, starting
at day 0 until euthanasia (14 and 15 dpi, respectively), and from
sheep 648 and 381 until 12 and 15 dpi respectively. For sheep
381, qPCR was performed every 15 days until 115 dpi. Samples
were processed according to the protocol described by Reppert et
al. (31). DNA concentration was evaluated with a NanoDropTM

2000 (Thermo Scientific, USA) and 20 ng of DNA was then
mixed in a 20 µl reaction containing the primers qmsp4F
(5-ATGAATTACAGAGAATTGCTTGTAGG-3), and qmsp4R
(5-TTAATTGAAAGCAAATCTTGCTCCTATG-3) using the
SsoAdvancedTM SYBR R© Green Supermix (Bio-Rad, Hercules,
CA, USA). Reactions were performed in a LightCycler R© 480
(Roche Life Science, Indianapolis, IN, USA). The Ovis aries
aldolase B gene (ALDOB) was used for normalization, with
the primers Oa-AldBF (5′-CCCATCTTGCTATCCAGGAA-
3′) and Oa-AldBR (5′-TACAGCAGCCAGGACCTTCT-3′).
The same mix without DNA, or DNA from infected ISE6
cell culture were used as negative and positive controls,
respectively. Triplicate values from each sample were
normalized by calculating the ratio of A. phagocytophilum
msp4 DNA to the averaged ALDOB gene. The standard
errors of the averaged normalized values of the mean were
determined and values analyzed by the Student’s t-test (p
= 0.05).

Detection of A. phagocytophilum
Intracellular Inclusions in Blood Smears
Blood smears were performed on blood samples collected daily in
EDTA tubes, starting at day 0 until 14 dpi for sheep 320, 15 dpi for
sheep 128 and 381, and 12 dpi for sheep 648. Blood smears were
stained using the Hemacolor R© staining kit (Merck, Darmstadt,
Germany). Slides were observed under a light microscope and
100 white cells per slide were examined to determine the
percentage of infected neutrophils. When basophilic inclusions
consistent with A. phagocytophilum organisms were found, slides
were then examined under an Imager 21 Zeiss microscope
adapted to an AxioCam HRC Zeiss camera to record images.

Gross Lesions and Detection of
A. phagocytophilum in Sheep Tissues
In order to detect gross lesions, necropsies were performed
immediately after euthanasia, which was carried out via
intravenous injection of 18% sodium pentobarbital. Euthanasia
occurred at 14 and 15 dpi for sheep 320 and 128 during the
acute phase of the infection, and at day 115 for sheep 381 during
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the persistent phase of the infection. For PCR detection of the
A. phagocytophilum msp4 gene, ∼1 cm2 of skin from the tick
infestation area, and samples from sheep lung, myocardium,
liver, spleen, stomach, small intestine, lymph nodes, brain, uterus,
ovary, cerebellum, bone marrow, kidney, and gallbladder were
obtained, deposited into sterile tubes and stored at −80◦C until
later use. DNA was extracted using a NucleoSpin R© tissue kit
(Macherey-Nagel, Germany) from 25mg of each tissue. DNA
concentration was evaluated with a NanoDropTM 2000 (Thermo
Scientific, USA) and PCR reactions were performed using 20 ng
of DNA in a final volume of 20µl as described for blood in section
Detection of A. phagocytophilum in Sheep’s Blood by PCR and
Determination of Infection Levels by Quantitative PCR (qPCR).

Indirect Immunofluorescence Antibody
Assay (IFA)
The detection of anti-A. phagocytophilum antibodies was
performed using the indirect immunofluorescence antibody
assay (IFA) on serum samples obtained at day 0 (for negative
controls), and at 14 dpi and 15 dpi from sheep 320 and
128, respectively; and every 15 days until 115 dpi for sheep
381. Blood samples were collected from the jugular vein,
and serum obtained by centrifugation. Serial dilutions of
serum starting from 1:50 were analyzed using the Mega-Screen
Fluo A. phagocytophilum-coated slides (MegaCor, Hoerbranz,
Austria), following manufacturer’s instructions. Briefly, the
A. phagocytophilum-coated slides were incubated with serial
dilutions of serum for 30min at 37◦C. Slides were rinsed with
PBS and incubated with 25 µl of 1:50 fluorescein isothiocyanate-
conjugated rabbit anti-sheep IgG (H + L) (Jackson Immuno
Research, Cambridge, UK) in Evans blue solution (Biomerieux,
Hampshire, UK) for counterstaining. After incubation for 30min
at 37◦C, slides were rinsed and mounting medium (Bio-Rad,
Hercules, CA, USA) was added. Finally, slides were analyzed with
a fluorescent microscope. A titer of 1.69 (Log10 reciprocal of 1:50)
or higher was considered positive (8).

Tick Infestation
I. ricinus ticks originally collected from the Sénart Forest,
France (coordinates 48◦40′00′′N 2◦29′00′′E), and maintained
as a pathogen-free colony reared at 22◦C with 95% relative
humidity and a 12-h light/dark cycle as previously described
(33), were used for sheep infestation. For feeding, ticks were
enclosed into stockinet cells attached to the back of each sheep,
following a protocol adapted from cattle and rabbits (34, 35).
Nine hundred nymphs of I. ricinus were engorged on sheep
320 when A. phagocytophilum was detected by PCR, during
the highest fever spike (6 dpi) (Figure 1). Engorged nymphs
were collected after 6 days of feeding. Collected engorged ticks
were cleaned and reared until they molted into adults. The
transmission of A. phagocytophilum to I. ricinus ticks during
acute infection of sheep was tested by infesting 950 naive nymphs
on sheep 381 and 2,000 naive larvae on sheep 381 and 648
at 7 and 6 dpi, respectively (Figure 1). Engorged larvae were
collected after 3–5 days of feeding and then incubated in order
to test for A. phagocytophilum presence in both engorged ticks
and recently molted nymphs. Transovarial transmission of A.
phagocytophilum was tested by infesting 15 adult couples on

sheep 381 at 7 dpi. Engorged females were collected after 9 days
of feeding and reared until oviposition. The transmission of A.
phagocytophilum to I. ricinus ticks during persistent infection of
sheep was tested by infesting 4,000 naive larvae on sheep 381 at
108 dpi (Figure 1). Finally, in order to test if nymphsmolted from
larvae fed on A. phagocytophilum-infected sheep 381 and 648
were able to transmit the bacteria to naive sheep, two 8-month-
old male PreAlps breed sheep, identified as 572 and 615, were
infested with 45 nymphs each (Figure 1).

Detection of A. phagocytophilum in Ticks
A. phagocytophilum detection by qPCR was performed using
DNA obtained from salivary glands and midguts from adult
ticks engorged as nymphs on infected sheep 320, whole nymphs
engorged as larvae on sheep 381 and 648, as well as egg masses
obtained from females engorged on sheep 381 (Figure 1). DNA
was extracted from each individual tick with the NucleoSpin
tissue kit (Macherey Nagel, Germany), and 20 ng of DNA was
mixed in a 20 µl reaction containing the primers msp2-F (5-
ATGGAAGGTAGTGTTGGTTATGGTATT-3), and msp2-R (5-
TTGGTCTTGAAGCGCTCGTA), adapted from the protocol
described by Courtney et al. (36), using the SsoAdvancedTM

SYBR R© Green Supermix (Bio-Rad, Hercules, CA, USA).
Reactions were performed in triplicate in a LightCycler R© 480
(Roche Life Science, Indianapolis, IN, USA). Normalization was
performed using the tick ribosomal protein S4 gene (rps4) with
primers rps4F 5- GGTGAAGAAGATTGTCAAGCAGAG-3 and
rps4R 5- TGAAGCCAGCAGGGTAGTTTG-3 (37).

RESULTS

A. phagocytophilum NV2Os Propagated in
Both IDE8 and ISE6 Tick Cells Can Infect
Sheep
The two sheep (128, 320) inoculated with the A. phagocytophilum
NV2Os propagated in IDE8 tick cells developed an infection
as demonstrated by clinical signs, observation of morulae
inclusions in neutrophils, positive PCR and qPCR results, anti-
A. phagocytophilum antibody detection, as well as the presence
of lesions detected during necropsies after euthanasia. The first
sign of infection was increased temperature by the 3rd dpi with
peaks of 41.5◦C at 5 and 6 dpi in sheep 128 and 320, respectively
(Figure 2A). After 7 dpi, a decrease in appetite, and the presence
of nasal discharge and conjunctivitis were observed in both
animals. Sheep 320 maintained a temperature over 40◦C until
13 dpi, at which point nasal discharge and lacrimal secretions
increased, it then became lethargic with tachypnea, prostration,
and stopped drinking water. Due to animal welfare regulations
and ethics, euthanasia was performed at 14 and 15 dpi for sheep
320 and 128, respectively. A. phagocytophilum msp4 PCR was
positive from 5 dpi until 12 dpi in both sheep (Figure 2B).
For both sheep, qPCR-determined A. phagocytophilum infection
levels increased after 3 dpi, showed the highest fold change
at 6 dpi, and then decreased drastically at 9 dpi. However, A.
phagocytophilum DNA remained at detectable levels until 14 dpi
in sheep 128 (Figure 3A). The statistical analysis of the averaged
normalized values of the mean indicated that the fold change was
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FIGURE 2 | A. phagocytophilum infection in sheep experimentally infected with NV2O-infected IDE8 tick cells. (A) Temperature (◦C) recorded daily from day 0

post-infection to the day of euthanasia for sheep 128 and 320; (B) PCR detection of A. phagocytophilum msp4 gene in sheep 320 blood samples from day 0 to day

12 post-infection, MM, molecular marker; +C, positive control; –C, negative control; (C) Lung necropsy of sheep 320 14 days post infection. Arrows indicate patches

of red coloration contrasting with the pink normal color.

FIGURE 3 | Infection levels in sheep inoculated with A. phagocytophilum NV2Os propagated in tick cells. Infection levels were determined from day 0 post-infection to

the day of euthanasia and according to A. phagocytophilum msp4 gene expression as assessed by quantitative PCR (qPCR) relative to the aldolase B (ALDOB) gene

of Ovis aries. Triplicate values from each sample were normalized by calculating the ratio of A. phagocytophilum msp4 DNA to the averaged ALDOB gene. (A) Sheep

128 and 320 inoculated with NV2Os cultivated in IDE8 tick cells; (B) Sheep 381 and 648 inoculated with NV2Os cultivated in ISE6 tick cells.

significant (p= 0.05) from 3 dpi until 14 dpi. A. phagocytophilum
morulae were found in neutrophils from both infected sheep
at 6 and 7 dpi, whereas no other blood infection was detected
(Figure 4). The highest cellular infection level was observed at 8
dpi with 47 and 60% of neutrophils infected in sheep 128 and 320,
respectively (Figure 4). Few morulae were seen at 10 dpi and no
further intracellular inclusions were found after 12 dpi.

The main gross lesions observed during necropsies of the two
sheep 128 and 320 at 14 and 15 dpi corresponded to a moderate
hepatomegaly and splenomegaly. The spleens from both sheep
showed rounded borders and mild enlargement. While the use

of barbiturates for euthanasia may have contributed to the
observed mild splenomegaly, the absence of bleeding during
necropsy suggests that it was mainly due to infection with
A. phagocytophilum. In addition, in contrast to a normal
pink lung color, patches of red coloration in sheep 320 lungs
were observed (Figure 2C), as well as abundant bronchial and
tracheal liquid. Mesenteric, axillar, and mandibular lymph nodes
from both sheep were also mildly increased in size. Lesions
were not detected in the remainder of examined tissues. A.
phagocytophilummsp4 PCR on necropsies yielded positive results
in lung, liver, spleen, uterus, and the small intestine from sheep
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FIGURE 4 | A. phagocytophilum morula (arrowheads) in peripheral blood neutrophils from sheep infected with NV2Os propagated in IDE8 tick cells. Blood smears

were performed at day 8 post-infection and stained with the Hemacolor® staining kit (Merck). (A) Sheep 320; (B) Sheep 128. Scale bars = 10µm.

128, while in sheep 320, skin, spleen, lung, small intestine, bone
marrow, and mesenteric lymph nodes were positive (Table 1).

The two sheep (381, 648) inoculated with A. phagocytophilum
propagated in ISE6 tick cells showed clinical signs similar to
sheep 128 and 320. Increased temperature was observed at 5 dpi
with a 42◦C peak at 6 dpi. Sheep 648 presented with other clinical
signs, such as trembling, total loss of appetite, and excessive
salivation, and died at 12 dpi. Sheep 381, on the other hand,
recovered after the febrile process, without any clinical signs until
115 dpi, when it was euthanized. A. phagocytophilum msp4 PCR
was positive for both sheep at 5 dpi, and sheep 381 became
negative at 15 dpi (data not shown). qPCR-Determined infection
levels showed the highest fold change at 6 dpi in sheep 648, and at
9 dpi in sheep 381 followed by a drastic decrease at 12 dpi for both
sheep (Figure 3B). For sheep 381, significant values (p = 0.05)
were obtained until the end of the experiment, except at 60 dpi.
Granular inclusions consistent with A. phagocytophilummorulae
were detected in both sheep, with the highest percentages of
infected neutrophils at 8 dpi with 47 and 60% in sheep 381 and
648, respectively. No other blood pathogens were identified via
the blood smears from the two sheep, including sheep 648 that
died at 12 dpi. For sheep 381, except for a mild splenomegaly, no
gross lesion was observed at 115 dpi and all tested tissues were
negative for A. phagocytophilum by PCR (Table 1).

Antibody detection by IFA indicated that the four sheep,
128, 320, 381, and 648 were negative prior to experimental
inoculations (titer ≤ 1.6), and sheep 128, 320, and 381 became
positive at 14 dpi (titer = 2.0). Sheep 648 died at 12 dpi before
seroconversion, and sheep 381 remained positive with antibody
titers between 2.0 and 2.77 from 14 to 115 dpi, until the animal
was euthanized.

Transmission of A. phagocytophilum
NV2Os by I. ricinus
The percentages of engorged ticks collected after feeding on
infected sheep, as well as the rate of A. phagocytophilum
detection in molted ticks are shown in Table 2. On all
sheep, 67.5 and 11.3% of larvae and nymphs underwent
successful engorgement, respectively. On sheep 320 inoculated
with A. phagocytophilum-infected IDE8 tick cells, 17.7% of tick

nymphs became engorged, and 50% underwent molting. A.
phagocytophilum transstadial transmission was demonstrated by
qPCR in 8 salivary glands (80%) and 9 midgut samples (90%)
obtained from 10 dissected females infected at the nymphal
stage. For sheep 648 inoculated withA. phagocytophilum-infected
ISE6 tick cells, 46.2% of tick larvae became engorged, and
where no transstadial transmission was detected in 10 recently-
molted nymphs engorged at the larval stage. However, when
testing sheep 381—also infected with ISE6 cells—during both
the acute (7 dpi) and persistent phases of infection (108 dpi), A.
phagocytophilum acquisition and transstadial transmission from
larvae to nymphs was demonstrated. In fact, at 7 dpi, 7 of the 10
recently-molted nymphs infected at the larval stage were positive
for A. phagocytophilum infection, whereas at 108 dpi, only 2.7%
(2/72) were positive despite an 85.3% larval engorgement success
rate. At 7 dpi, only 4.5% of nymphs became engorged, with
34.9% of engorged nymphs then molting into adults. Following
the engorgement of 15 pairs of adult ticks on infected sheep
381 at 7 dpi, A. phagocytophilum transovarial transmission was
tested using DNA extracted from five egg masses obtained
from engorged females, and all samples were negative (data
not shown).

Finally, the transmission of A. phagocytophilum by I. ricinus
nymphs fed as larvae on infected sheep 381 and 648, was
tested by infesting two PreAlps sheep (572 and 615) with 45
nymphs each. To achieve this, a mixed pool of nymphs from
both sheep was used, leading to an estimated 42% infection
level in each tick batch. Nymph engorgement was as low
as 3/45 (7%) in sheep 572, and 10/45 (22%) in sheep 615.
Although sheep 572 remained healthy and A. phagocytophilum
was not detected, sheep 615 developed hyperthermia above
40◦C with inappetence, lethargy, and reluctance to drink water,
which led us to perform euthanasia at 15 days post nymph
infestation. These clinical signs were then similar to what
was previously observed during an NV2Os infection, and this
infection was confirmed by positive qPCR bacterial detection
in blood samples as early as the 5th day post tick infestation.
Sequencing the PCR-amplified msp4 gene demonstrated that the
isolate corresponded to A. phagocytophilum NV2Os, Gene Bank
accession number CP015376.1.
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DISCUSSION

As the etiological agent causing both HGA in humans and TBF in
domestic animals,A. phagocytophilum receives growing scientific
interest due to its importance in public health, to livestock
welfare, and national economies. In the United Kingdom, there
are an estimated 300,000 cases of tick pyaemia each year caused
by immunosuppression in A. phagocytophilum-infected animals
(14). A similarly high number of A. phagocytophilum-infected
lambs has been reported in Norway (8). For livestock exposed to
tick-infested pastures, current control methods are based on the
use of long-acting antibiotics—given before animals are moved
from tick-free environments into tick-infested pasture—and by
reducing tick infestation with acaricides. Due to the multiple
disadvantages of such chemical control measures (development
of resistance, environmental hazard, contamination of milk, and
meat products with drug residues, high cost), new approaches are
urgently needed. The development of such approaches requires
the establishment of relevant laboratory models. Therefore, the
purpose of the present study was to develop an I. ricinus-sheep
model that enabled us to mimic the natural A. phagocytophilum
infection cycles of both sheep and ticks. This would facilitate
future studies on tick-host-pathogen interactions, as well as
enabling the evaluation of new control methods, such as anti-tick
vaccines or transmission-blocking vaccines. It is well-known that
for both vertebrates and ticks, tick-borne pathogen acquisition
differs between natural infection via tick bites and experimental
infection through injection due to, among other reasons, saliva-
assisted transmission mechanisms (38).

In this study, only a limited number of sheep were included for
this first experiment which aimed to validate our experimental
model. Therefore, infection follow-up results and clinical
observations should be taken with caution, and should ideally be
reproduced to take into account any individual sheep variation
and be generalized to the NV2Os/Romane breed sheep pair.

It has been reported that the delay in detecting A.
phagocytophilum in sheep may vary according to the infectious
dose, bacterial genotypes, infection source (infected blood or cell
culture), as well as to the immune status and susceptibility of
animal breeds [see review in (1)]. Here we report for the first
time that the Norway variant 2 ovine strain (NV2Os) propagated
in both IDE8 and ISE6 tick cell cultures was able to successfully
infect Romane breed female sheep. Following infection with
NV2Os-infected IDE8 cells, the bacteria were detected in sheep
blood at 4 dpi by qPCR, 5 dpi by conventional PCR and 6 dpi
by microscopic examination of blood smears, which is consistent
with the assumed sensitivity of these detection techniques. Such a
prepatent period in sheep is shorter than what was reported with
the human strain NY-18 (10–21 dpi) (31, 32), longer than with
the var1 (13, 22), but in accordance with what was observed with
var2 in Norwegian Dala breed lambs (22). According to qPCR
results, bacteremia peaked at 6 dpi, except for sheep 381 that
recovered after the acute phase with a peak at 9 dpi following
infection with A. phagocytophilum NV2Os propagated in ISE6
cells. Nevertheless, blood smears demonstrated a detection lag,
with the maximum number of infected neutrophils (47 and 60%)
at 8 dpi for sheep infected with IDE8 cells, suggesting also that
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TABLE 2 | Ixodes ricinus ticks collected after feeding on A. phagocytophilum-infected sheep during both the acute or the persistent phases of infection, and detection of

infection in engorged and molted ticks.

Sheep n◦ Day post-

infection

Number of infesting

ticks

Number of engorged

ticks (%)

Number of ticks recovered after

molting (%)

A. phagocytophilum-positive molted

ticks/tested ticks (%)

Larvae Nymphs Larvae Nymphs Nymphs Adults Nymphs Adults

320 6 – 900 – 160 (17.7%) – 80 (50%)

(37 females, 43 males)

– 8/10 Salivary glands (80%)

9/10 midgut (90%)

648 6 2000 – 925 (46.2%) – 252 (27.2%) 0/10 –

381 7 2000 950 1060 (53%) 43 (4.5%) 411 (38.8%) 15 (34.9%)

(9 females, 6 males)

7/10 (70%) –

108 4000 – 3414 (85.3%) – 2236 (65.5%) – 2/72 (2.8%) –

qPCR detection is more reliable. The observed initial bacteremia
period with a mean duration of 10.75 (±1.7) days, as determined
by qPCR, was also similar to that reported by Granquist et
al. for the Var2 where the mean was 11.4 (±1.8) (22). Lastly,
infection monitoring in sheep 381 and positive qPCR bacterial
detection until 115 dpi confirmed that A. phagocytophilum can
establish long-term infections in immune competent sheep, and
has previously been reported for as long as 6–25 months (22, 39–
41). Such persistent cyclic activity was suggested to be linked to
variant-specific antigen immune responses to the bacteria (42,
43), and is epidemiologically very important in the maintenance
of A. phagocytophilum infection in the field, especially during
periods of no tick activity.

The indirect immunofluorescence assay, adapted to detect
antibodies against A. phagocytophilum, and which has been
extensively used in experimental and natural infections (8, 9,
21, 22) was used to test seroconversion in infected sheep. Our
findings showed that antibodies were detected in all infected
sheep at 14 dpi. Although the titers varied during the persistent
infection of sheep 381, the results remained positive until
115 dpi, when the animal was euthanized. These results are
consistent with studies in naturally- and experimentally-infected
sheep (9, 13, 22).

In accordance with previous studies using the same strain but
in Norwegian Dala sheep by Stuen et al. and Granquist et al.
(21, 22), the first clinical sign was an increase in temperature up
to 41.5◦C between 3 and 6 dpi dependent on the sheep. However,
a discrepancy was observed that may be explained by the genetic
susceptibility of the French breeds used in this study, where the
febrile process lasted between 8 and 9 days here and 2.2–3 days
in their studies. All infected sheep also showed signs of loss
of appetite and lethargy until euthanasia, except for sheep 381
that recovered after the acute phase of infection, and showed no
clinical signs until euthanasia at 115 dpi.

Few studies have been performed in order to evaluate the
existence of tissue that may act as A. phagocytophilum reservoirs
in persistently-infected sheep and which could explain the
maintenance of the bacteria in the field, especially during periods
of vector tick non-activity. When the Suffolk breed was infected
with the NY-18 human strain, no bacteria could be detected in
any internal organ 1month after infection, even with quantitative
PCR (31). However, when the NorwegianDala breed was infected

with a Norway ovine field isolate, several organs (bone marrow,
intestinal and bladder walls, kidney, lymph node, and thymus)
were PCR positive 3 months after infection (44). Here we
observed positive PCR results in several organs from sheep
euthanized 2 weeks after the infection, but no infection was
detected by PCR during necropsies performed at 115 days post
infection. These varying results may reflect differences due to the
bacterial strain or sheep breed, but the main conclusion is that
more experiments with more animals are needed to answer this
question. However, preferential involvement of lymphoid tissue
may suggest that these tissues could represent a source of infected
cells that, when released into the blood, would enable tick
infection (44). As for the lesions, A. phagocytophilum infection
has been reported to be associated with moderate tissue damage,
which targets lymphoid tissues and the spleen in particular (31,
32, 45), as confirmed by our study.

Experimentally-infected sheep here proved to be excellent
hosts for the production of I. ricinus ticks infected with
ovine NV2Os, with feeding success rates of 67, 11, and 60%
for larvae, nymphs, and female adults, respectively. Unlike
laboratory animals, such as mice or rabbits, the large size of
sheep makes it possible to feed many ticks at once without
animal suffering in the absence of infection. This result is very
encouraging considering the fact that in an experimental study
with I. scapularis, Kocan et al. reported larvae feeding failure
but, like us, poor performance of nymphs feeding on sheep
(32). After engorgement during the acute phase, ticks acquired
A. phagocytophilum, with an estimation of 80% acquisition in
both engorged larvae and nymphs (data not shown). Similar
A. phagocytophilum acquisition percentages in field populations
of I. ricinus have been reported in a study performed in the
United Kingdom. There, sheep naturally exposed to tick-infested
pasture for a minimum of 4 weeks, resulted in 59 and 72% of
PCR-positive engorged larvae and nymphs, respectively, after
feeding on sheep. It must be taken into consideration however,
that nymphs may have been previously infected (46).

In this last study, the authors reported that after molting,
engorged larvae led to 18.5% of infected nymphs, where engorged
nymphs led to 48% of infected adults (46). Here, higher
transstadial infection rates were recovered after feeding larvae
and nymphs on A. phagocytophilum-experimentally-infected
sheep during the acute phase, with 70% of nymphs infected, and
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80 and 90% of female tick salivary glands and midguts infected,
respectively. The differences could be due to bacterial strain and
sheep breed, and/or to the fact that in our study, ticks were
fed during the acute phase of the infection, at the point where
bacteria reached their highest peak in blood, as demonstrated by
qPCR. Indeed, in the study performed by Ogden and coworkers,
ticks were collected from sheep undergoing both acute and post-
acute phases of infection at different time points over 9 weeks
(46). In addition, it has been reported that tick acquisition
efficiency gradually declines from high levels in the acute and
immediate post-acute infection phases, to low levels in sheep that
have been infected for much longer periods (47).

This last observation was confirmed by our results on
transstadial transmission efficiency of A. phagocytophilum in
I. ricinus ticks fed during acute or persistent infection of the
sheep 381 with 70% and only 2.7% infection levels in molted
nymphs, respectively. These last low infection rates can be
explained by the low bacteremia in persistently-infected sheep,
and the fact that larvae ingest small amounts of blood—and
hence bacteria—within bloodmeals. Indeed, in nymphs or adults,
which ingest larger volumes of blood and consequently have
access to higher infectious bacterial doses, we can expect higher
infection percentages. In addition, it has been suggested that
a greater number of feeding adult ticks stimulates bacterial
multiplication at the tick bite site and thus increases the A.
phagocytophilum infectious dose for ticks (48, 49). Here, only
larvae were used to infest sheep during the persistent infection,
when both larvae and nymphs were used during the acute
infection, which may also explain the observed difference in tick
infection levels. However, bacterial transmission to ticks from
persistently-infected sheep with no clinical signs, no positive
PCR bacterial detection in blood, and for which all necropsies
were PCR negative, has a real epidemiological importance
for bacteria and disease maintenance and propagation in
the field.

Our results also showed that larvae which had acquired A.
phagocytophilum NV2Os from an infected sheep were able to
retransmit it, as nymphs, to a naive sheep, thus validating that
the transstadial transmitted bacteria remained infectious. This is
the first demonstration of a complete NV2Os transmission cycle,
from an in vitro bacterial culture to I. ricinus ticks. Finally, the
failure to detect bacteria in eggs laid by adult ticks engorged on
infected sheep during the acute phase, confirms that transovarial
transmission of A. phagocytophilum is not likely to occur, in
correlation with previous studies (32, 46).

CONCLUSION

Here we established a sheep model of IDE8 and ISE6 tick cell
culture-propagated A. phagocytophilum NV2Os infection and
tick transmission successfully mimicking the entire transmission
cycle in the laboratory. Previously, sheep were experimentally
infected with A. phagocytophilum NV2Os by inoculating blood
obtained from infected sheep, but to our knowledge, this is
the first time that this strain propagated in IDE8 or ISE6 tick
cells has been used to infect sheep, and which produced clinical

signs due to A. phagocytophilum infection. Our results also
showed that not only were infected sheep able to transmit the
bacteria to ticks during the acute phase of the infection, but
also during the chronic persistent infection phase, a finding
which has important epidemiological significance. Moreover,
we demonstrated that nymphs infected on sheep during the
preceding infection stage were also able to transmit the bacteria
to naive sheep. The establishment of such a model opens an
entire spectrum of possibilities in which to study the molecular
events of A. phagocytophilum infection in both vertebrate and
invertebrate hosts, tick-host-pathogen interactions, as well as
testing the efficacy of vaccine candidates against I. ricinus and
A. phagocytophilum.
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Ticks and the diseases they transmit are of huge veterinary, medical and economic
importance worldwide. Control of ticks attacking livestock and companion animals
is achieved primarily by application of chemical or plant-based acaricides. However,
ticks can rapidly develop resistance to any new product brought onto the market,
necessitating an ongoing search for novel active compounds and alternative
approaches to tick control. Many aspects of tick and tick-borne pathogen research
have been facilitated by the application of continuous cell lines derived from some of
the most economically important tick species. These include cell lines derived from
acaricide-susceptible and resistant ticks, cell sub-lines with in vitro-generated acaricide
resistance, and genetically modified tick cells. Although not a replacement for the whole
organism, tick cell lines enable studies at the cellular and molecular level and provide a
more accessible, more ethical and less expensive in vitro alternative to in vivo tick feeding
experiments. Here we review the role played by tick cell lines in studies on acaricide
resistance, mode-of-action of acaricides, identification of potential novel control targets
through better understanding of tick metabolism, and anti-tick vaccine development,
that may lead to new approaches to control ticks and tick-borne diseases.

Keywords: Rhipicephalus microplus, Ixodes spp., control, tick cell line, acaricide, resistance, metabolism, anti-
tick vaccine

INTRODUCTION

Ticks are obligate, haematophagous ectoparasites. Like mosquitoes, they cause problems to their
hosts both from skin irritation and damage during blood feeding and by transmitting numerous
pathogens including viruses, bacteria and protozoa. Consequently, ticks and tick-borne pathogens
(TBPs) are of huge veterinary, medical and economic importance due to their negative impact
on the health of humans and domestic animals (de la Fuente et al., 2008). Therefore, many
control strategies have been devised to eliminate or avoid ticks and reduce the spread of TBPs,
such as personal protection, landscape management, chemicals, vaccination, and biological control
(Stafford et al., 2017). Amongst these, chemical control using a variety of acaricidal compounds is
still the main strategy for controlling ticks affecting livestock and companion animals. However,
many tick species develop resistance to these chemicals, which has led to attempts to find natural
alternatives by studying the effects of some natural products on ticks and TBPs (Rodriguez-Vivas
et al., 2018). Globally, the most economically important species, the invasive Asian cattle tick
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Rhipicephalus (Boophilus) microplus, is also the most notorious
for rapid development of resistance to every new acaricidal
product brought onto the market (Jonsson and Hope, 2007;
Abbas et al., 2014). Acaricide-resistant R. microplus are
widespread throughout tropical and sub-tropical Asia, Latin
America and Australia (Abbas et al., 2014), and are rapidly
spreading in Southern, Central and West Africa (Nyangiwe et al.,
2018; Silatsa et al., 2019).

Tick cell lines have an invaluable role to play in many
aspects of tick and TBP research including tick biology, host-
vector-pathogen relationships, genetic manipulation, genomics
and proteomics (Bell-Sakyi et al., 2007). In addition, tick cell
lines play a major role as essential tools in in vitro studies
to examine and assess the impact of chemical molecules and
vaccines against ticks and TBPs, as well as to investigate the
mechanisms of resistance and tick metabolism which can lead
to the development of novel approaches to control ticks and
TBPs (Bell-Sakyi et al., 2018). While >60 continuous cell lines
have now been established from 16 ixodid and three argasid tick
species (Bell-Sakyi et al., 2018), studies on tick and pathogen
control have predominantly centered around cell lines derived
from, not surprisingly, R. microplus. A smaller number of studies
have used cell lines derived from other tropical Rhipicephalus
species of veterinary importance, from Ixodes ricinus, a European
tick that feeds on a wide range of domestic and wild animal hosts
as well as attacking humans, and from the medically important
North American species Ixodes scapularis (Table 1).

This Mini Review focuses on the role of tick cell lines in studies
on control of ticks and the few studies dealing with approaches to
combined control of ticks and TBPs. While tick cell lines have
been used in many studies contributing to aspects of pathogen
control per se, these are beyond the scope of our review. Here
we review selected studies to highlight how tick cell lines can
contribute to tick control research, bearing in mind that results
gained in vitro should be validated in vivo.

TICK CELL LINES IN STUDIES ON
ACARICIDE RESISTANCE

Tick cell lines have been investigated for their potential as cheap
and ethical tools to study acaricide resistance. Some studies
focused on establishing drug-resistant cell lines which provide a
useful tool to study and understand the mechanisms of resistance,
an important step toward improving detection and prevention of
tick resistance against acaricides. Tick cell lines are also a useful
resource for identifying genes responsible for acaricide resistance
and some published studies have focused on this aspect.

Generation and Application of
Acaricide-Resistant Tick Cell Lines
Cossio-Bayugar et al. (2002b) generated three organophosphate-
resistant R. microplus cell sub-lines by exposing the R. microplus
BmVIII-SCC cell line (Holman, 1981), originally derived from
embryos of acaricide-susceptible ticks, to gradually increasing
concentrations of the organophosphate compound coumaphos
(Table 2). They then assessed the levels of esterase, an enzyme

that, when present at high levels, is responsible for causing
resistance by modifying the organophosphate target site to be less
sensitive. After exposure to coumaphos, there were higher levels
of esterase in the resistant sub-lines compared to the original
susceptible cell line. These findings, which were in line with
previous in vivo studies (Miranda et al., 1995; Rosario-Cruz et al.,
1997), validated the use of tick cell lines to study development
of resistance in ticks, which could thereafter help to determine
a suitable approach to formulating acaricides that would be less
likely to induce resistance.

This group then used the coumaphos-resistant R. microplus
cell sub-lines to evaluate the mechanisms that may contribute
to acaricide resistance by further characterizing them compared
to susceptible control cells (Cossio-Bayugar et al., 2002a).
In addition to higher esterase levels, they found that the
resistant cells exhibited higher levels of intracellular calcium
and glutathione, decreased glutathione S-transferase activity,
and reduced plasma and mitochondrial membrane potentials.
Their results were consistent with the in vivo observations
of increased esterase activity in organophosphate-resistant
ticks, as well as resistance mechanisms found in other cell
systems. One of the coumaphos-resistant R. microplus cell sub-
lines played an important role in a further study (Cossio-
Bayugar et al., 2005) that identified amino acid substitutions
in the protein encoded by the phospholipid hydroperoxide
glutathione peroxidase (PHGPx) gene in susceptible and resistant
R. microplus, highlighting the possibility of its relationship with
acaricide resistance in these tick populations.

A study conducted by Pohl et al. (2014) also focused
on understanding the mechanisms of acaricide resistance
in R. microplus. In this study, the authors established an
ivermectin-resistant sub-line (BME26-IVM) of the R. microplus
embryo-derived cell line BME26 (Kurtti et al., 1988; Esteves
et al., 2008) by exposing susceptible cells to increasing
concentrations of ivermectin (Table 2) over 46 weeks. Using
the BME26-IVM sub-line, the contribution of the ATP-binding
cassette (ABC) transporter mechanism was investigated by
evaluating mRNA expression using quantitative RT-PCR. This
study demonstrated increased levels of ABC transporter gene
transcripts in the ivermectin-resistant cells compared to the
original susceptible BME26 cells.

Effect of Acaricide Treatment of
“Susceptible” Tick Cell Lines on
Expression of Genes Associated With
Resistance
Taking a different approach and using a cell line expected to
be susceptible to ivermectin, Mangia et al. (2016) evaluated the
expression of selected members of the ABC transporter subfamily
B genes encoding P-glycoproteins (PgPs) in the I. ricinus
embryo-derived cell line IRE/CTVM19 following treatment with
ivermectin. The authors showed that ABC pump expression
was not significantly modulated by ivermectin treatment, and
expression of one of the subfamily genes was not detected.
Interestingly, this study revealed that the IRE/CTVM19 cell line
was able to tolerate a much higher concentration of ivermectin
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TABLE 1 | Tick cell lines used in studies on tick control reviewed in this article.

Tick species Distribution Economic importance Cell line Geographic origin
of parent ticks

Original references

Rhipicephalus
microplus

Worldwide tropical and
sub-tropical

Serious ectoparasitic pest of cattle; transmits
anaplasmosis and babesiosis; high propensity
to develop acaricide resistance

BmVIII-SCC Mexico Holman, 1981

BME26 Mexico Kurtti et al., 1988

BME/CTVM2 Costa Rica Bell-Sakyi, 2004

BME/CTVM5 Colombia Bell-Sakyi et al., 2007

BME/CTVM6 Colombia Bell-Sakyi, 2004

BME/CTVM23 Mozambique Alberdi et al., 2012

BME/CTVM30 Mozambique Alberdi et al., 2012

Rhipicephalus
appendiculatus

East, Central and Southern
Africa

Transmits East Coast fever of cattle and Nairobi
sheep disease

RAN/CTVM3 Kenya Bekker et al., 2002

RA243 East Africa Varma et al., 1975

Rhipicephalus
evertsi

Sub-Saharan Africa Transmits equine babesiosis, bovine
anaplasmosis and causes tick toxicosis in
ruminants

REN/CTVM32 South Africa Bell-Sakyi et al., 2015

Rhipicephalus
sanguineus

Worldwide tropical,
sub-tropical and temperate

Transmits canine babesiosis, ehrlichioses and
human rickettsioses

RSE/PILS35 France Koh-Tan et al., 2016

RML-RSE United States Yunker et al., 1981;
Bell-Sakyi et al., 2015

Ixodes ricinus Europe Transmits borreliosis, neoehrlichiosis,
anaplasmosis, babesiosis, tick-borne
encephalitis, louping ill

IRE/CTVM19 United Kingdom Bell-Sakyi et al., 2007

IRE/CTVM20 United Kingdom Bell-Sakyi et al., 2007

Ixodes
scapularis

North America Transmits Lyme borreliosis, human
anaplasmosis and babesiosis, Powassan
encephalitis

IDE8 United States Munderloh et al., 1994

ISE6 United States Kurtti et al., 1996

TABLE 2 | Acaricides and pesticides used with tick cell lines in studies on tick control reviewed in this article.

Name Chemical class Route of application to animals Mode of action

Amitraz Amidines Spot-on, spraying and dipping Has an antagonistic effect on octopaminergic G protein-coupled receptors of
the nerve cells causing paralysis and hyperexcitation in ticks

Coumaphos Organophosphate
compounds

Spraying and dipping Acts on the nervous system as an inhibitor of transmission of nervous signals
causing paralysis in the parasite

Fipronil Phenylpyrazole
compounds

Pour-on, spot-on and spraying Inhibitor of GABA (gamma-aminobutyric acid), a key neurotransmitter in the
central nervous system.

Ivermectin Avermectins
(macrocyclic lactones)

Pour-on, orally and by injection Acts as inhibitor of GABA causing neuromuscular blockage, also opens chloride
ion channels in membranes of the nervous system and further depresses
neuronal function.

Paraquat Dipyridylium
(viologen)

Not applied to animals A highly toxic herbicide known to induce oxidative stress in cells because of its
ability to induce generation of superoxide ions

Permethrin Synthetic pyrethroids Pour-on, spot-on, spraying and
dipping

Acts on the membrane of nerve cells blocking the closure of the ion gates of the
sodium channel during re-polarization, and thereby disrupts transmission of
nervous impulses.

(30 µg/ml) than the R. microplus-derived line BME26 that did
not survive after exposure to 12.5 µg/ml ivermectin (Pohl et al.,
2014). This could have been due to biological differences between
the two tick species from which the cell lines were derived,
differences in the phenotypic composition of the cell lines and/or
in the culture conditions used. This should be considered when
conducting such in vitro experiments using tick cell lines.

In a further study, Mangia et al. (2018) treated IRE/CTVM19
cultures with different concentrations of the acaricides
permethrin, amitraz and fipronil (Table 2). They assessed
cell viability, morphology, metabolic activity and expression
of ABC genes at day 10 post-treatment. In general, the results
showed that fipronil had the greatest significant negative effects
on cell viability and metabolic activity, followed by permethrin,

while amitraz only caused a significant decrease in these
parameters at the highest concentration tested. The negative
effects of fipronil and permethrin were confirmed by their effects
on ABC gene expression with upregulation of ABCB6, ABCB8,
and ABCB10, while amitraz had little or no effect on expression
of any of the ABC genes tested.

Exploiting Tick Cell Lines Derived From
Susceptible and Resistant Ticks to
Identify Genes Involved in Acaricide
Resistance
For some of the currently available R. microplus cell lines, the
acaricide resistance status of the parent ticks from which the
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cultures were derived is known. As already mentioned, the
parent BmVIII-SCC and BME26 cells used by, respectively,
Cossio-Bayugar et al. (2002b) and Pohl et al. (2014) to derive
acaricide-resistant sub-lines in vitro were originally susceptible
to the compounds used, implying that the parent ticks of both
lines, originally from Mexico, were also acaricide-susceptible.
Two additional R. microplus cell lines, BME/CTVM2 (Bell-
Sakyi, 2004) and BME/CTVM4 (Bell-Sakyi et al., 2007), were
derived from known acaricide-susceptible ticks from Costa Rica,
while two other cell lines, BME/CTVM5 (Bell-Sakyi et al.,
2007) and BME/CTVM6 (Bell-Sakyi, 2004) were derived from
Colombian ticks known to be resistant to organophosphates,
organochlorines and amitraz (Koh-Tan et al., 2016). While these
cells whose natural resistance status derives from their parent
ticks offer a potentially very interesting complement to the
in vitro-derived resistant R. microplus cell lines of Cossio-Bayugar
et al. (2002b) and Pohl et al. (2014), to date they have only been
exploited in a single study. Koh-Tan et al. (2016) investigated
the expression of the β-adrenergic octopamine receptor (βAOR)
gene, associated with amitraz resistance, and the ATP-binding
cassette B10 (ABCB10) gene, associated with macrocyclic lactone
resistance, in tick cell lines derived from R. microplus, including
BmVIII-SCC, BME/CTVM2, BME/CTVM5 and BME/CTVM6,
Rhipicephalus appendiculatus, Rhipicephalus sanguineus, and
Rhipicephalus evertsi (Table 1). Expression of the βAOR gene
was detected in all the Rhipicephalus spp. cell lines, but in
BME/CTVM6, derived from amitraz-resistant ticks, a novel
larger amplicon was detected. This was found to encode a
12-amino acid insertion identified as a duplication of the
immediately upstream sequence; the insertion was also present
in genomic DNA from BME/CTVM5 cells, similarly derived
from amitraz-resistant ticks, but transcription of the novel
amplicon was not detectable. Expression of the ABC10 gene was
approximately seven-fold higher in BME/CTVM6 cells compared
to all other cell lines examined including BME/CTVM5. These
findings suggest that BME/CTVM6 cells in particular could be a
useful model system for studying resistance to multiple acaricide
groups in R. microplus; further experiments are needed to
determine whether additional genes are mutated in this cell line.

TICK CELL LINES ELUCIDATE NOVEL
ASPECTS OF TICK CELL METABOLISM
TO IDENTIFY POTENTIAL CONTROL
TARGETS

Tick cell lines have also played a valuable role in the study
of tick cell metabolism which can help in developing novel
control methods. De Abreu et al. (2013) investigated the role of
protein kinase B (AKT) and glycogen synthase kinase 3 (GSK3)
in glycogen metabolism and cell viability using the R. microplus
cell line BME26, and the results revealed an antagonistic role
for AKT and GSK3. A reduction in AKT caused a decrease
in glycogen content, cell viability and altered cell membrane
permeability, whereas the inhibition of GSK3 promoted an
increase in glycogen content.

To better understand energy metabolism during embryonic
development in ticks, Da Silva et al. (2015) used the BME26
cell line to evaluate several genes involved in gluconeogenesis,
glycolysis and glycogen metabolism, the major pathways for
carbohydrate catabolism and anabolism. Their results showed
that several genes displayed mutual regulation in response to
glucose treatment, and the transcription of gluconeogenic genes
in tick cells is controlled by GSK3.

The BME26 cell line also played an essential and effective
role in the first report on characterization of a cell cycle protein
in arachnids, and the reversal of its functions with an inhibitor
(Gomes et al., 2013). The BME26 cell line was used in an
in vitro inhibition assay to determine the inhibitory effects of
roscovitine, a purine derivative, on tick cyclin-dependent kinases
(CDKs), which are essential for cell cycle progression, and the
results suggested that CDKs may present an alternative strategy
for designing a novel acaricide that targets both oogenesis and
embryogenesis processes.

The I. scapularis embryo-derived tick cell line ISE6 (Kurtti
et al., 1996) is the one of the most widely used tick cell
lines due to its susceptibility to a wide range of TBPs (Oliver
et al., 2015). ISE6 cells were used by Cabezas-Cruz et al.
(2017) to study possible control of infection with the obligate
intracellular bacterium Anaplasma phagocytophilum, causative
agent of disease in humans, ruminants, horses and dogs, by
increasing the synthesis of phosphoenolpyruvate from tyrosine.
Ferritins (FER) are iron-storage proteins that act to store excess
iron available in the cellular iron pool by the binding and
oxidation of the ferrous ion (Fe2+) and the formation of
ferric ion (Fe3+) in the FER core cavity (Galay et al., 2015).
Hernandez et al. (2018) were able to induce intracellular ferritin
(FER1) protein expression by exposing ISE6 cells to various
concentrations of ferrous sulfate. They showed that silencing of
FER1 expression by RNA interference led to a decrease in ISE6
cell proliferation and an increase in mortality, concluding that
ISE6 cells could be a good tool to further understanding of the
mechanism of FER1 action. Thereafter, Hernandez et al. (2019)
characterized the activity of an iron-inducible tick promoter
derived from the tick Haemaphysalis longicornis, previously
identified by Kusakisako et al. (2018b), in ISE6 cells, which could
be a valuable tool in the development of a gene-manipulation
system to control ticks and TBPs. Kusakisako et al. (2018a)
established methods to visualize H2O2 in ISE6 cells using an
intracellular H2O2 probe and observed that paraquat, known to
induce oxidative stress in mammalian cells (Table 2), was also
effective in this respect in ISE6 tick cells. Iron derived from host
blood may react with oxygen in the tick’s body and lead to high
levels of H2O2, causing oxidative stress such as DNA strand
breaks, lipid peroxidation and degradation of other molecules
(Kusakisako et al., 2018a; Hernandez et al., 2019).

GENETIC MANIPULATION OF TICK CELL
LINES

The development of new strategies for control of ticks could
be greatly enhanced by exploring genetic manipulation of ticks
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and tick cell lines. Demonstrating proof of concept, Kurtti et al.
(2006) first reported stable transfection of the I. scapularis cell
line ISE6 with a gene encoding a fluorescent protein using the
Sleeping Beauty transposon system. In a different approach,
Cossio-Bayugar and Miranda-Miranda (2007) reported retroviral
transfection of primary R. microplus cell cultures with green
fluorescent protein; fluorescence was detectable for up to 2 weeks
following retroviral transfection. Using yet another approach,
Machado-Ferreira et al. (2015) achieved the expression of
transgenes in R. microplus ticks and the cell line BME/CTVM2
using Agrobacterium tumefaciens T-DNA constructs; evidence
of transcription and protein synthesis were detectable for 2–
3 weeks by fluorescence microscopy, western blot analyses and
RT-PCR. These studies demonstrate that genetic manipulation
approaches used with other animal cell systems can equally
be applied to tick cell lines, and raise the possibility of
modifying ticks to render them incapable of developing
acaricide resistance.

TICK CELL LINES CONTRIBUTE TO
ANTI-TICK VACCINE DEVELOPMENT

Vaccination with recombinant tick antigens represents a
promising tick control strategy. Vaccines containing recombinant
tick antigens demonstrated advantages including reduction
in acaricide application, cost-effectiveness and reducing the
prevalence of tick-borne diseases through reducing exposure
of cattle to infected ticks. However, the efficacies of these
vaccines vary considerably between tick species and geographic
location (de la Fuente et al., 2007). Tick cell lines have
played a central role in identifying tick protective antigens to
produce a variety of vaccines that contribute to the prevention
and control of tick infestations and TBP infections. For
example, three embryo-derived tick cell lines, R. microplus
BME/CTVM2 and I. scapularis IDE8 (Munderloh et al., 1994)
and ISE6, were used in a study conducted by Antunes et al.
(2014) to identify tick proteins involved in tick-pathogen
interactions. The aim was to identify candidate protective
antigens that could be used as vaccines for the control
of cattle infestations with R. microplus ticks and infection
with the TBPs Anaplasma marginale and Babesia bigemina
transmitted by R. microplus. As an important part of the
experiment, antibodies produced against the R. microplus
protein subolesin were tested using immunofluorescence and
showed positive reactions in the three cell lines, but no
effect was observed on pathogen DNA levels. In contrast,
using the I. scapularis cell line ISE6 and the I. ricinus cell
line IRE/CTVM20 (Bell-Sakyi et al., 2007), Contreras et al.
(2017) determined that two candidate tick-protective antigens –
I. scapularis lipocalin (ISCW005600) and lectin pathway inhibitor
(AAY66632), and their I. ricinus homologs – constitute candidate
protective antigens for the control of tick infestations as
well as A. phagocytophilum infection. They showed that anti
ISCW005600 and AAY66632 IgG significantly increased the
percentage of apoptotic tick cells and decreased pathogen

infection, which could help in the development of effective anti-
tick and anti-pathogen vaccines.

CONCLUSION

Ticks and TBPs have huge negative impacts on global livestock
and public health and national economies. Scientific research
has focused on creating and developing a variety of strategies
to prevent and control ticks and TBPs. Tick cell lines represent
essential tools in this area of research: in vitro-generated
acaricide-resistant cell lines, cell lines derived from acaricide-
resistant and susceptible ticks, genetically modified cell lines
and cell lines supporting growth of intracellular TBPs all
have a role to play. Experimental parameters can be easily
controlled, effects at the cellular and molecular level can be
determined, and cell lines reduce, while not ultimately replacing,
the need for expensive in vivo studies involving maintenance
of tick colonies and feeding on laboratory animals. As the
numbers of cell lines derived from economically important
tick species increase, so do the opportunities for exploiting
them in a wide range of studies. For example, the potential
for developing high-throughput preliminary screens of novel,
potentially acaricidal compounds using cell lines from multiple
tick species remains unexplored; such screens could greatly
increase the number of active compounds identified for further
testing at relatively low cost, and could be applied both to
compound libraries held by pharmaceutical companies and to
natural plant products. It is anticipated that gene editing of tick
cell lines by technologies such as CRISPR will add another facet
to the control portfolio. The Tick Cell Biobank (Bell-Sakyi et al.,
2018), which houses all the cell lines mentioned in this review as
well as cell lines derived from many other species of veterinary
and medical concern, will continue to underpin research on tick
and TBP control.
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The incidence of human diseases caused by tick-borne pathogens is increasing but

little is known about the molecular interactions between the agents and their vectors

and hosts. Anaplasma phagocytophilum (Ap) is an obligate intracellular, tick-borne

bacterium that causes granulocytic anaplasmosis in humans, dogs, sheep, and horses.

In mammals, neutrophil granulocytes are a primary target of infection, and in ticks, Ap

has been found in gut and salivary gland cells. To identify bacterial genes that enable Ap

to invade and proliferate in human and tick cells, labeled mRNA from Ap bound to or

replicating within human and tick cells (lines HL-60 and ISE6), and replicating in primary

human granulocytes ex vivo, was hybridized to a custom tiling microarray containing

probes representing the entire Ap genome. Probe signal values plotted over a map of

the Ap genome revealed antisense transcripts and unannotated genes. Comparisons of

transcript levels from each annotated gene between test conditions (e.g., Ap replicating in

HL-60 vs. ISE6) identified those that were differentially transcribed, thereby highlighting

genes associated with each condition. Bacteria replicating in HL-60 cells upregulated

122 genes compared to those in ISE6, including numerous p44 paralogs, five HGE-14

paralogs, and 32 hypothetical protein genes, of which 47% were predicted to be

secreted or localized to the membrane. By comparison, 60% of genes upregulated in

ISE6 encoded hypothetical proteins, 60% of which were predicted to be secreted or

membrane associated. In granulocytes, Ap upregulated 120 genes compared to HL-60,

33% of them hypothetical and 43% of those predicted to encode secreted or membrane

associated proteins. HL-60-grown bacteria binding to HL-60 cells barely responded

transcriptionally, while ISE6-grown bacteria binding to ISE6 cells upregulated 48 genes.

HL-60-grown bacteria, when incubated with ISE6 cells, upregulated the same genes

that were upregulated by ISE6-grown bacteria exposed to uninfected ISE6. Hypothetical

genes (constituting about 29% of Ap genes) played a disproportionate role in most

infection scenarios, and particular sets of them were consistently upregulated in bacteria

binding/entering both ISE6 and HL-60 cells. This suggested that the encoded proteins

played central roles in establishing infection in ticks and humans.

Keywords: human anaplasmosis, tick-borne pathogen, tiling microarray, obligate intracellular bacterium, Ixodes

scapularis, differential gene expression, host-cell invasion, intracellular replication
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INTRODUCTION

Anaplasma phagocytophilum (Ap) is an obligate intracellular
bacterium that is spread by blacklegged ticks (Ixodes scapularis
and Ixodes pacificus). It causes human anaplasmosis, a serious
disease that has steadily increased in prevalence in the
United States from 350 cases in 2000 to 5,762 in 2017 (https://
www.cdc.gov/anaplasmosis/stats/index.html). Ap alternately
infects ticks and mammals to perpetuate itself. In humans
and other mammals, infected cells include microvascular
endothelium which participates in antigen presentation, and
granulocytes that are an important component of the innate
immune system. This steers the host toward an ineffective, pro-
inflammatory T2-dominated response that induces high fever
and liver damage characteristic of human anaplasmosis. A T2
immune response is dominated by production of antibodies as
opposed to induction of cytotoxic lymphocytes (a T1 response).
The former is ineffective in protecting the host against primary
infection with intracellular pathogens (1, 2).

Cell lines from specific host species and tissues are invaluable
research tools for analysis of intracellular pathogen–host
interactions at the cellular and molecular levels to identify
specific host proteins and pathogen factors at play. As models
of human infection, relevant cell lines include HMEC-1, a
microvascular endothelial cell line, and HL-60, representing
human granulocyte precursors, while the tick cell line ISE6
from Ixodes scapularis embryos commonly serves to investigate
tick infection (3–5). In vitro studies further benefit from the
availability of complete genome sequences for both hosts and
Ap. Despite the many advantages offered by established cell lines
for analysis of intracellular bacteria, including ready availability
of a well-defined and standardized system, ex vivo use of
a definitive target cell can reveal molecular mechanisms of
pathogenesis that may not otherwise be evident. With the notable
exception of granulocytes, cells derived from peripheral blood are
conveniently accessible and tractable. Neutrophil granulocytes,
however, are first line responders of the innate immune system,
and though relatively abundant, when placed ex vivo, they rapidly
induce defense responses to stimuli designed to efficiently kill
invading pathogens. This and their short life span pose special
challenges that must be overcome when working with them in
a culture system in vitro to prevent inadvertent activation and
avoid use of senescent cells (6).

Ticks and humans are separated by a large evolutionary
distance and are biologically widely divergent, which presents
unique challenges to intracellular pathogens that infect
these disparate hosts using the limited resources of their
small genomes. We have previously shown that Ap activates
transcription from specific sets of genes depending on the host
cell within which they reside, which is even true for different cell
types from the same species (7). These earlier experiments used
bacteria harvested from asynchronous, heavily infected cultures,
and were not designed to determine a detailed time-course
of gene activation during cell invasion and the subsequent
intracellular life cycle of Ap, nor did they track changes
induced when Ap encounters the alternate host. In the current
manuscript, we present a picture of sequential gene activation in

bacteria harvested from HL-60 or ISE6 cells and then incubated
with fresh uninfected cells. As a control, Ap were held in sterile
culture medium in the absence of any host cell stimuli. Samples
were collected during phases corresponding to host cell adhesion
and invasion, and subsequent intracellular replication. All
transcripts, whether from annotated or unannotated genome
regions, coding or non-coding DNA strands, were mapped
to the genome of the specific Ap isolate used, and quantified.
The knowledge gained will facilitate identification of function
of the many hypothetical protein genes (those without any
known homologs in the data bases) in the Ap genome, as well as
provide a basis for rational selection of molecular targets for the
prevention or cure of human anaplasmosis.

MATERIALS AND METHODS

Cells, Ap Isolate, and Culture Conditions
HL-60 (human promyeloblast, ATCC #CCL240) cells were
maintained between 1 × 105 and 1.5 × 106 cells/mL in RPMI-
1640 supplemented with 2mM glutaMAX, 2mM L-glutamine,
25mM HEPES, and 10% FBS (HL-60 medium) in a water
saturated, 5% CO2 atmosphere at 37◦C. ISE6 (I. scapularis)
cells were maintained as previously described (3) except they
were kept at 34◦C and the culture medium for Ap-infected
cells contained 10% FBS. Human peripheral blood granulocytes
were isolated from 5mL of blood anticoagulated with 50
µL of 0.5M EDTA from a healthy adult using Ficoll-Paque
PREMIUM (GE Healthcare). Blood was mixed with 5mL of
room temperature (RT) RPMI-1640 containing 25mM HEPES
and 2mM GlutaMAX. Tubes containing 3mL of Ficoll-Paque
were overlaid with 4mL of diluted blood and centrifuged at 400
× g for 35min at 20◦C in a swinging bucket rotor with the
brake off. Layers above the granulocyte/erythrocyte layer were
discarded and granulocytes were aspirated (∼1.0mL) from the
erythrocyte layer and mixed with 10mL of RBC Lysis Solution
(Qiagen, United States). After 10min at RT, the erythrocyte-free
granulocytes were centrifuged at 400 × g for 10min at 20◦C,
washed once with 5mL of HL-60 medium, and resuspended
in 1mL of medium. HGE1 (passage 10–20), a sequenced [(8),
APHH00000000.1] human Ap isolate from Minnesota (9) was
used throughout the study. To maintain HGE1 in HL-60, a 4
mL-culture of 105 HL-60 cells/mL was inoculated with 50 µL of
HGE1-infected HL-60 (50–90% of infected cells) every 3–4 days.
To maintain HGE1 in ISE6, a light monolayer of ISE6 (∼3 ×

106 cells) in a 25-cm2 flask containing 5mL of medium for Ap-
infected cells was inoculated with 100 µL of ∼90% infected ISE6
cells. The sealed flask was incubated at 34◦C and fed three times
per week until the cells began to lift off at about 2 weeks, when
the culture was again∼90% infected.

Cell-Free Bacteria Preparation
Routine maintenance procedures as described above result
in asynchronous infections, in which only a proportion of
bacteria represent the infectious, dense-core form (10). To
achieve standardized infections in HL-60 and ISE6 cultures that
produced maximum numbers of infectious bacteria needed for
experiments, we used saturating levels of cell-free bacteria at a
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multiplicity of infection (MOI) of 10–50 bacteria/cell (11) for
two successive passages. This resulted in synchronously infected
samples for tiling array analysis. To harvest cell-free bacteria
from such standardized HL-60 cultures, 3–5 × 106 cells that
were ≥95% infected (∼72 h post-inoculation, pi, determined
by microscopic examination of Giemsa-stained cells deposited
onto slides using a Cytospin centrifuge; Thermo Scientific) were
resuspended in 3mL of culture medium. The cell suspension was
passed six times through a syringe fitted with a 27-gauge needle
to release bacteria, intact cells were removed by centrifugation
(710 × g, 6min), and the supernatant was passed through a
2µm syringe filter to remove cell nuclei and debris. Bacteria
were collected from the filtrate (5,000 × g for 5min), and
resuspended in 100 µL of culture medium. These HL-60-derived
bacteria were used either for propagation (another round of
HL-60 infection) or to produce samples of infected HL-60 cells
or human granulocytes for array analysis. To prepare cell-free
bacteria from tick cells, a culture of 3–5× 106 infected ISE6 cells
(about 14 days pi) was resuspended in 3mL of culture medium,
and bacteria were isolated as described above.

Sample Preparation
The experimental conditions that Ap bacteria were subject to and
host cells of origin are listed in Table 1, and are subsequently
referred to by their assigned numbers (samples 1–8).

Transcript signals from the entire chromosome of Ap isolate
HGE1 (representing the positive and the negative strand,
including all coding, non-coding, annotated, and unannotated
regions) were measured at two time-points when bacteria were
binding to and entering HL-60 or ISE6 cells (2 and 4 h,
respectively; Tables S3, S4), and at one time-point when bacteria
were replicating in each cell type: 24 h for HL-60 and human
granulocytes, and 48 h for ISE6 (Tables S1, S2, S8). All replicates
were biological replicates.

To test gene expression in bacteria derived from HL-60 cells
and exposed to or cultured in fresh HL-60 cells or human

TABLE 1 | Samples for RNA extraction.

Sample Nr./

Replicatesa
Origin host

cellb
Target

host cellc
Controld Sampling

timee

1/1 Ap from HL-60 HL-60 Ap w/o host cells 2 h

2/3 Ap from HL-60 HL-60 Ap w/o host cells 4 h

3/1 Ap from ISE6 ISE6 Ap w/o host cells 2 h

4/3 Ap from ISE6 ISE6 Ap w/o host cells 4 h

5/1 Ap from HL-60 ISE6 Ap w/o host cells 2 h

6/4 Ap from HL-60 HL-60 Uninfected HL-60 24 h

7/3 Ap from ISE6 ISE6 Uninfected ISE6 48 h

8/3 Ap from HL-60 PMNf – 24 h

aSample number and number of biological replicates used.
bHost cells from which A. phagocytophilum were purified.
cHost cells to which purified A. phagocytophilum were exposed.
dPurified A. phagocytophilum incubated in freshly-made cell culture medium alone.
eTime post of addition of A. phagocytophilum to target host cells when samples

were taken.
fHuman granulocytes.

granulocyte samples (samples 1, 2, 6, and 8), 2 × 106 cells
in 0.5mL of HL-60 medium were mixed with 30 µL of cell-
free bacteria (MOI: 10–50) in 1.5mL microfuge tubes and
incubated at 37◦C for 2 h (sample 1) or 4 h (sample 2). Tubes
were manually inverted to gently mix contents every 15min to
maximize contact between bacteria and cells. Cells were allowed
to settle for a final 15min period, and the medium containing
unbound bacteria was aspirated. Cells with bound bacteria were
washed once by centrifugation at 350 × g for 6min in 5mL
of medium pre-warmed to 37◦C, and dissolved in 1mL of Tri
Reagent (Sigma-Aldrich) to extract RNA for measurement of
transcription associated with cell binding/entry. To measure
transcription when bacteria were replicating, cells infected as
described were resuspended in 20mL of medium and further
incubated at 37◦C for 24 h (samples 6 and 8). They were then
pelleted (350 × g, 6min) and dissolved in 1mL of Tri Reagent.
Control samples consisted of 30 µL of cell-free bacteria prepared
identically in parallel in 0.5mL of medium alone, to measure
bacterial transcription after incubation in the absence of host
cells, or 2 × 106 HL-60 cells or 3 × 106 ISE6 cells without
Ap (samples 6 and 10, respectively). Following collection by
centrifugation at 4,000 × g for 6min, bacteria were dissolved in
1mL of Tri Reagent. Granulocytes are less transcriptionally active
than other leukocytes or HL-60 cells (12), and thus contribute
much less cellular mRNA. To equalize the RNA concentration
in sample 8 to the other samples, 1 × 106 sterile HL-60 cells
were added to sample 8 after addition of Tri Reagent. The same
was done with control samples of bacteria in fresh medium
alone, as described below under RNA isolation. For ISE6 samples,
3 × 106 ISE6 cells established as a light monolayer (∼80%
confluent) in a 25-cm2 flask were inoculated with 30 µL of ISE6-
derived bacteria in 1mL of ISE6 growth medium (MOI: 10–
50) and incubated for 2 h (sample 3) or 4 h (sample 4) at 34◦C
with gentle hand rocking at 15-min intervals to redistribute the
bacteria across the monolayer. To remove unbound bacteria, the
medium was discarded, and the monolayer rinsed with 5mL
of medium warmed to 34◦C, then flooded with 3mL of Tri
Reagent to collect RNA from bacteria binding/entering ISE6. To
measure gene transcription when bacteria were replicating in
ISE6 cells, cultures were incubated for another 48 h at 34◦C in
5mL of medium (sample 7), and RNA was then isolated from the
monolayer as above.

To visualize Ap binding/entering HL-60 cells at 2 and 4 h, 1
× 104 cells from preparations used for RNA isolation (samples
1 and 2; Figures 1A,B), were deposited onto microscope slides
using a Cytospin centrifuge, air dried five min, and fixed in
methanol five min. Bacteria were labeled with antibody by
incubating first with dog anti-Ap serum (1/2,000 dilution)
followed with goat anti-dog IgG-FITC (13). Preparations were
overlaid with PBS containing 0.15 µg DAPI/mL to stain HL-
60 cell nuclei (blue). For Ap exposed to ISE6 for 2 and 4 h
(corresponding to samples 3, 4, and 5; Figures 1C–E), cells were
first established in glass bottom dishes (MatTek Corporation)
then incubated with bacteria at the same concentration and MOI
as for microarray samples. After washing, cells and bacteria were
fixed by flooding dishes with methanol, air dried, stained as
above, and imaged within the dishes. Cells with bound Ap were
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FIGURE 1 | Confocal microscopy images of A. phagocytophilum (Ap) binding/entering HL-60 and ISE6 cells. Cell nuclei are stained blue with DAPI, bacteria green by

immunofluorescence (primary antibody: dog anti-Ap serum; secondary antibody: goat anti-dog IgG-FITC). (A) Sample 1 (Ap incubated with HL-60 for 2 h; (B) Sample

2 (Ap incubated with HL-60 for 4 h); (C) Sample 3 (Ap incubated with ISE6 for 2 h; (D) Sample 4 (Ap incubated with ISE6 for 4 h); and (E) Sample 5 (HL-60-grown

bacteria incubated with ISE6 cells for 2 h).

viewed on an Olympus BX61 confocal microscope (Olympus
America, Pennsylvania) equipped with a DSU-D2 confocal disk-
scanning unit, and images were acquired with a Photometrics
QuantEM:512SC EMCCD camera (Photometrics, Arizona) or a
QFire color camera (Qimaging, California).

RNA Isolation
Total RNA for each sample was extracted from 2 × 106 infected
HL-60 cells or 3× 106 infected ISE6 cells, and purified according
to the product protocol. Finally, the RNA pellets were washed in
75% ethanol and stored in fresh 75% ethanol at −20◦C for 1–2
weeks. For array analysis, ethanol was removed, the RNA pellet
was dried briefly, dissolved in 30 µL RNase-free water, and sent
on dry ice to MOgene, LC (St. Louis, MO) where 2 µg of each
sample was used for labeling, array hybridization, and scanning
(14). The RNA content of control samples of bacteria incubated
in fresh medium alone was adjusted to that in samples of infected
cells by adding an equal number of the appropriate sterile host
cells (2 × 106 HL-60 or 3 × 106 ISE6) to the control samples
immediately after the bacteria had been dissolved in Tri Reagent.

Tiling Microarray Design
The Agilent microarray design tool, eArray, was used to
design a custom, whole genome tiling array for HGE1 based
on its genomic sequence (contig 1 GI: 546157146, contig 2
GI: 482614209; accessible at NCBI, numbers APHH01000001.1
and APHH01000002.1, respectively) and was manufactured by
Agilent in an 8-plex format (eight arrays per slide). Each array

contained 60,000 60-mer oligonucleotides, each overlapping
its genomic neighbor by 10 bases to represent all genomic
sequences on both DNA strands, allowing detection and relative
quantification of any transcribed RNA, whether from annotated
genes, intergenic regions, or sequences on the opposite (non-
coding) DNA strand (antisense transcripts).

Microarray Analysis
In our first approach to preparing labeled samples (i.e., targets)
from Ap culture RNA, Agilent’s FairPlay III kit was used
according to manufacturer’s instructions. This kit employs a
mutant of the MMLV reverse transcriptase and random primers
to generate cDNA labeled with Cy3. To prevent second strand
cDNA synthesis, actinomycin D (6µg/mL) was incorporated
into the reverse transcription step (15). In our second approach,
which was used to generate all data presented here, total
RNA isolated from Ap-infected host cells was directly labeled
chemically using the Kreatech (Leica Biosystems) ULS Labeling
Kit and protocol. A platinum complex linked to Cy3 forms
a coordinate bond with guanine at the N7 position of RNA,
and no enzyme is involved. With this method, 2 µg of labeled
RNA is sufficient for array hybridization, which serves to reduce
background noise (14). Labeled RNA was fragmented with 1X
Agilent fragmentation buffer at 60◦C for 30min, and the reaction
was quenched by the addition of hybridization buffer. Samples
were hybridized with the tiling arrays at 65◦C for 17 h with
continuous mixing at 10 rpm and scanned on an Agilent C
high-resolution scanner with 20-bit imaging.
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Array Data Analysis
We extracted probe intensity data from tabular text files provided
by MOgene, reformatted them, and intermittent spikes with
intensities >5 times the sum of immediately adjacent probes
were filtered by replacing them with the average of those
values, as done previously (7). Data from independent samples
were quantile normalized (16) except where otherwise noted.
Transcription values for entire genes (1,189 locus tags) were
calculated as the sum of hybridization values of all probes
corresponding to each gene. The 1,189 locus tags measured
included 13 truncated p44 pseudogenes consisting of only

conserved sequence, referred to as p44 fragments, and 93 others
that contained conserved and hypervariable sequence (HVR).
Since actually transcribed pseudogenes should show elevated
HVR signals, all 93 pseudogenes were visually assessed in
Artemis plots under each of the 12 conditions tested, with
signal levels from only the HVRs rated on a scale from 0 (not
transcribed) to 4 (strongly transcribed), as listed in Table S9 and
illustrated in Figure 2. Gene transcription values from samples
with three or more replicates were compared using the paired
two-tailed Student’s t-test to those in relevant samples (e.g., Ap
replicating in HL60 vs. in ISE6). Values that were statistically

FIGURE 2 | Transcript levels in Sample 1 and sample 3, illustrating differential p44 transcription in HL-60 and ISE6, and antisense transcripts. Transcription data (top

four graphs) plotted over the annotated genome sequence (sections at the bottom; turquoise boxes denote coding regions of annotated genes, pink boxes denote

p44 conserved sequences with yellow boxes denoting their center hypervariable region) of A. phagocytophilum (Ap) strain HGE1 using the Artemis genome browser.

Black bars represent A. phagocytophilum (Ap) transcription in sample 1 (2 h with HL-60 cells), and lavender bars transcription signal in sample 3 (2 h with ISE6 cells)

(Infected). Each bar corresponds to one 60-mer probe on the tiling array. The bottom (Uninfected) graphs depict lack of signal from uninfected controls (HL-60 green,

ISE6 blue). Prominent antisense signals in sample 3 are indicated (arrows), especially at the junction of HGE1_05172 (putative ATP synthase FO, B subunit) and

HGE1_05177 (ATP synthase subunit C), but also from the p44 paralogs (pink bars with yellow centers) and HGE1_05187. HGE1_05192 (p44-18) has strong signal

corresponding to its hypervariable region (yellow) indicating that it is specifically transcribed in sample 1. Nucleotide positions in the genome are indicated by numbers

above the gray line.
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significant (p ≤ 0.05) and ≥1.5- or 2-fold elevated or reduced
relative to comparison samples were identified as differentially
transcribed and ranked in order of transcript abundance.
Differential transcription values from single sample comparisons
(2-h incubations) were not assessed for statistical significance
and genes were ranked only if differing by ≥2-fold. For easy
visualization of transcripts from genes and intergenic and
antisense sequences, transcription profiles of selected genome
regions were displayed graphically by plotting hybridization
values from 60-mer probes above the annotated genome of HGE1
in the genome browser Artemis (17) (Figures S1–S9).

Raw microarray data have been deposited in the Dryad
database, available at https://doi.org/10.5061/dryad.18931zcs5.

RESULTS

Sample Labeling
Addition of actinomycin D during reverse transcription did
not prevent synthesis of spurious second strand cDNA when
using the FairPlay III kit to generate labeled samples. This
was evident when comparing transcription signals from the
same sample prepared with either indirectly labeled cDNA
or directly labeled RNA (Figure S1). Direct labeling produced
stronger sense signals without the prominent false antisense
signals seen with the reverse transcriptase-based method.
Genuine antisense signals can be seen in Artemis plots of the
subsequent transcription data from Kreatech-labeled samples.

FIGURE 3 | Comparison of transcript signal from Samples 1 and 3, illustrating antisense transcripts and transcription from an unannotated gene. Transcription data

(top four graphs) plotted over the annotated genome sequence (sections at the bottom; turquoise boxes denote coding regions of annotated genes, pink boxes

denote p44 conserved sequences with yellow boxes denoting their center hypervariable region) of A. phagocytophilum (Ap) strain HGE1 using the Artemis genome

browser. The top two graphs (Infected) represent Ap transcription in Sample 1 (black bars, 2 h with HL-60 cells) vs. in Sample 3 (lavender bars, 2 h with ISE6 cells).

Each vertical bar corresponds to one 60-mer probe on the tiling array. The two graphs below (Uninfected control) are plots of data from uninfected cells (HL-60, green;

ISE6, blue), to demonstrate that host cell transcripts are not responsible for antisense signals. Occasional probes produce signals but overall the sterile cell graphs are

flat. Prominent antisense signals generated by Ap from ISE6 are indicated by slender arrows, including those associated with the p44 conserved regions (pink boxes).

Also shown is a p44 paralog (HGE_05367; at base position 1,300,800 in the genome) specifically transcribed in Sample 3, as indicated by signal corresponding to the

center hypervariable region (yellow box). Note a hypothetical gene, HGE1_05392, with elevated transcript levels in Sample 1 (and with antisense signals in Sample 3).

Immediately downstream, a transcription peak indicates the presence of a small, unannotated gene (bold arrow). Transcription levels from the HVRs of p44s

HGE_05367, HGE1_05402, and 05407 were rated 1, 0, and 2 in HL-60, and 4, 0, and 1 in ISE6, respectively. Nucleotide positions in the genome are indicated by

numbers above the gray line.
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FIGURE 4 | Transcript levels in Samples 6 and 8, illustrating antisense signals and transcription from an unannotated gene. Transcription data (top four graphs)

plotted over the annotated genome sequence (sections at the bottom; turquoise boxes denote coding regions of annotated genes) of A. phagocytophilum (Ap) strain

HGE1 using the Artemis genome browser. Blue and black bars (top two graphs) represent Ap transcription in sample 6 (Ap replicating in HL-60 cells for 24 h, blue

bars), and in and sample 8 (Ap replicating in human granulocytes, PMN, for 24 h, black bars). Each bar corresponds to one 60-mer probe on the tiling array. The

bottom (Uninfected) graphs depict lack of signal from uninfected controls (HL-60 green, PMN blue). Antisense signals from infected HL-60 cells and granulocytes are

indicated (arrows). A strong transcription signal (pink box) is visible from an unannotated gene immediately downstream of dnaK. Nucleotide positions in the genome

are indicated by numbers above the gray line.

They were especially common in bacteria infecting ISE6 cells
(Figure 3), but can also be seen in infected HL-60 cells and
human granulocytes (Figure 4), and were often associated with
reduced sense transcription. The conserved sequences of p44
pseudogenes consistently showed antisense signals. Anti-sense
transcripts were not derived from host cell mRNA (Figures 1–3,
Uninfected Control).

Transcription Associated With Host Cell
Binding/Entry
Table 2 lists the most differentially regulated genes in the various
culture conditions examined.

Transcript profiles from sample 1 (Ap from HL-60 cells
exposed to uninfected HL-60 cells for 2 h) showed that three
genes were ≥2-fold elevated with HL-60 cells compared to
six in the fresh medium control (Table S3A). Comparison
of gene transcription values from sample 2 (4 h with HL-
60) to those of the control samples showed that none were
differentially transcribed (≥2-fold elevated, p ≤ 0.05). Thus,

HL-60-produced bacteria that bound to/entered fresh HL-
60 cells showed little transcription induced by cell contact,
suggesting that before 2 h, and probably upon release from
parent cells, the genes necessary for HL-60 cell binding and
entry were already expressed. To determine if there was a
change in transcription over time, samples 1 and 2 were
compared to each other, identifying seven genes with elevated
transcript levels at 2 h (three that encode tRNAs) vs. 45 at
4 h (Table S3B). Because the comparison of sample 2 (4 h with
HL-60 cells) to controls showed no differences, upregulation
of genes at 4 h compared to 2 h occurred through passage of
time rather than as a result of bacterial interactions with HL-
60 cells.

Bacteria bound to and entering ISE6 host cells after 2 h
incubation (sample 3) showed increased mRNA levels for 48
genes relative to the medium only control in which 24 genes
were upregulated (Table S4A). After 4 h with ISE6 (sample 4),
eight genes had elevated levels (2.0- to 8.7-fold) vs. 37 in
controls (Table S4B). The 48 genes with elevated transcription
in sample 3 (2 h incubation with ISE6) included 18 hypothetical
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TABLE 2 | Most differentially regulated genes in the cell culture systems used in

this study.

Sample Locus tag Function Ratio (P-value)

Sample 6 (24 h in

HL-60)

vs. Sample 7 (48 h

in ISE6)

HGE1_00140 Hypothetical,

localizes to

morulae

membrane (18)

5.89 (0.045)

HGE1_05192 p44-18 3.83 (0.008)

HGE1_04712 Phage repressor

protein C

3.92 (0.026)

Sample 5 (HL-60

grown Ap exposed

to ISE6) vs. Sample

1 (2 h with HL-60)

HGE1_05312 Transcriptional

regulator tr1 (at

p44 expression

locus)

(19, 23, 24)

9.94 (not done)

HGE1_02797 Hypothetical 6.06 (not done)

HGE1_02157 Single-stranded

DNA-binding

protein

5.97 (not done)

Sample 6 (24 h in

HL-60 vs. 24 h in

PMN (sample 8)

HGE1_01702 tRNA-Arg 7.561 (0.018)

HGE1_06226 tRNA-Lys 7.45 (0.050)

HGE1_06206 tRNA-Met 5.36 (0.000)

HL-60, human promyelocyte cells; ISE6, Ixodes scapularis tick cells; PMN,

human granulocytes.

genes of which ten were predicted by CELLO or secP to be
localized to the bacterial membranes or to be secreted. Additional
genes with elevated transcript levels were: the tr1 transcription
regulator (HGE1_05312, 3.4-fold) that was also upregulated in
sample 7 (Ap replicating in ISE6) and sample 8 (Ap replicating
in granulocytes) relative to sample 6 (Ap replicating in HL-
60); HGE1_03902 [2.8-fold; encoding the invasin AipA; (25)];
three vir genes (two virB2 and virB6); and an HGE-14 paralog
(HGE1_01777) that was not among those paralogs upregulated
during replication in any of the cell types. The 24 genes
with elevated mRNA signals in the 2 h control for sample
3 included 10 hypothetical genes. Eight genes upregulated in
sample 4 (4 h in the presence of ISE6 cells) included two
that encode guanylate kinases (8.7- and 4.5-fold elevated),
which have roles in nucleotide transport and metabolism, three
hypothetical genes (one predicted by secP to encode a secreted
protein), and two with roles in translation, ribosomal structure
and biogenesis (Table S4B). The 37 upregulated genes in the
controls for sample 4 included 12 p44 pseudogenes and omp-
1A, six hypothetical genes, six that encode tRNAs, and two
virB2 genes. Thus, bacteria incubated for 2 h with ISE6 cells
(sample 3) responded to them specifically, as 67% of differentially
transcribed genes were upregulated in comparison to the control.
At 4 h (sample 4), 82% of genes were upregulated in the control,
indicating that most of the host cell-specific response occurred
by 2 h.

Comparison of the two ISE6 samples 3 and 4 (2 vs. 4 h;
Table S4C) identified 232 differentially transcribed genes; 167
were upregulated in sample 3 (2 h), including 50 p44 pseudogenes
(vs. none in sample 4); 22 tRNA genes (vs. five in sample

4); 14 genes with roles in translation, ribosomal structure
and biogenesis (vs. three in sample 4); ten genes involved in
post-translational modification, protein turnover, chaperones
(vs. three in sample 4); seven genes involved in intracellular
trafficking, secretion, and vesicular transport (vs. one in sample
4), and six genes with roles in replication, recombination and
repair (vs. one in sample 4) (Table S4C). In sample 3, p44
pseudogenes along with recombination- and secretion-related
genes were upregulated compared to sample 4, in which the gene
encoding major surface protein 4 (msp4) was upregulated and
hypothetical genes predominated. Of these, 57% were predicted
by secP, sigP, or CELLO to be secreted or localized to the
bacterial membranes or periplasm, includingHGE1_05392 (12.5-
fold upregulated; Figure 1), the product of which is associated
with dense core organisms (10), and HGE1_03697 that encodes
Ats-1, which is translocated to mitochondria for inhibition of
apoptosis, and induction of autophagosome formation (26).
Transcription of p44 was upregulated in sample 3 (Figure 2) and
declined in sample 4, but levels remained elevated in the 4 h
controls (no host cells), indicating that in addition to causing
the upregulation of the genes noted above, bacterial contact
with uninfected ISE6 cells was responsible for the drop in p44
mRNA levels.

Sample 5 (bacteria from HL-60 cells incubated with
ISE6 cells for 2 h) was included to determine how bacteria
produced in human cells would adjust their transcription
pattern to express genes required for tick cell binding and
entry. Compared to sample 1 (Ap from HL-60 incubated
with fresh HL-60 cells for 2 h), 127 genes were differentially
transcribed: 54 in sample 5 (20 hypothetical genes) and 72
in sample 1 (13 hypothetical) (Table S5A). Seventeen of the
21 hypothetical genes with elevated transcripts in sample 5
were also upregulated in sample 3 when compared to sample
1 (below), and eight of these were predicted to encode
proteins localized to the bacterial membranes, periplasm, or
to be secreted. In addition, the transcription regulator tr1
(HGE1_05312), shown to be upregulated 9.1-fold in sample
3 (2 h with ISE6) relative to sample 1 (2 h with HL-60;
Table S6A), was the most upregulated gene in sample 5 (9.9-
fold). Also upregulated in sample 5, and in sample 3 relative
to sample 1, was HGE1_00935, which encodes an effector
protein that interacts with the trans-Golgi network (27). Through
contact with ISE6 cells, the HL-60-grown bacteria (sample 5)
shifted their transcription, and early ISE6-specific effectors and
membrane proteins were upregulated. When confronted with
the homologous host (sample 1), 31 of the 72 genes with
elevated transcript levels had roles in translation, ribosomal
structure and biogenesis, indicating that transcription had
already shifted to pathways that support bacterial growth and
replication (Table S5B).

These comparisons showed that the 2 h samples identified
host cell-specific transcription, whereas the 4 h samples
included time-dependent changes in transcription in addition
to those seen at 2 h. Therefore, in subsequent comparisons to
identify genes specific to human- and tick-cell binding and
entry, and to distinguish replication-specific genes, the 2 h
data were used.
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Transcriptional Differences Between
Bacteria Binding/Entering HL-60 and ISE6
Cells
To distinguish the earliest human- and tick-cell-specific gene
activity, sample 1 (2 h with HL-60) and sample 3 (2 h with ISE6)
samples were compared, revealing 205 differentially transcribed
(≥2-fold elevated transcripts) genes (Table S6A): 126 in Ap
incubated with HL-60, of which 36 were hypothetical genes, and
79 in Ap incubated with ISE6, including 39 hypothetical genes
(Figure S4). Of the 36 hypothetical genes with elevated transcript
levels in sample 1, 25 encode proteins predicted by secP or
CELLO to be secreted or localized to the bacterial membranes
or periplasm. Among hypothetical genes, HGE1_03552 was
strongly upregulated in sample 3, but not in sample 1, and
HGE1_03512, was upregulated at 2 h in sample 1, but not in
sample 3. Antisense signals were evident especially in sample
3 from several of the genes, as well as an unannotated peak
just upstream of HGE1_03517 (Figure S4). Also upregulated in
sample 1 were 25 genes with roles in translation, ribosomal
structure, and biogenesis (vs. only three in sample 3); sixHGE-14
paralogs (HGE1_01782, 01772, 01752, 02095, 02107, and 02100,
vs. one, HGE1_02092, in sample 3), including three known type
IV secretion system (T4SS) substrates translocated to host cell
nuclei (21); and five genes each involved in signal transduction
mechanisms and energy production and conversion (vs. none
in either category in sample 3; Table S6A). Additional notable
HGE1 genes with elevated transcripts in sample 1 included:
HGE1_05392 (Figure 1) known to be expressed by dense-
cored, infectious bacteria [(10), which was 17-fold upregulated;
this gene was also upregulated in sample 4]. By contrast, Ap
entering ISE6 tick cells did not express HGE1_05392, and
in fact, produced strong anti-sense signal possibly indicative
of a regulatory mechanism. This result indicates that this
gene product does not participate in invasion of ISE6 cells.
Similarly, prominent antisense signals in sample 3 are evident
at the junction of HGE1_05172 (putative ATP synthase FO,
B subunit) and 05177 (ATP synthase subunit C; Figure 2),
suggesting this ATP synthase is not required for invasion
of ISE6 cells. HGE1_00140, which was 7-fold elevated, had
previously been shown to localize to the cytosolic side of the
morula membrane (18); dnaK, 5-fold elevated, involved in cell
infection (28); HGE1_02357 encoding ApxR, 4.8-fold elevated,
associated with upregulation of p44 expression in HL-60 cells
(23, 24) but which was not elevated in sample 6 (24 h in
HL-60; Table S1A); HGE1_03232, 3.9-fold elevated, encoding
the effector AnkA (29), and omp1A (HGE1_01505), 3.5-fold
elevated, an outer-membrane-expressed protein that interacts
with mammalian host cells (30). Genes that were upregulated
2- to 3-fold in sample 1 included: HGE1_03697, encoding
Ats-1, which is imported to mitochondria, inhibits apoptosis
and induces autophagosome formation (26); HGE1_01090,
encoding Asp14, which is surface-expressed and critical for
infection (31); and HGE1_03902, encoding AipA, an invasin
necessary for infection of mammalian cells (25). HGE1 genes
upregulated in sample 3 (2 h with ISE6 cells) included the
p44ES transcription regulator, tr1 [HGE1_05312; (19)], which

was the second-most elevated (9.1-fold, Figure S5), and likely
drives expression of p44 paralogs specifically expressed in
ISE6 cells, i.e., HGE1_05312 (Figure S5), and several others
at later times; HGE1_00935 (upregulated 9.9-fold in sample
5) encoding an effector that interacts with the trans-Golgi
network (27); and 39 hypothetical genes, 19 of which were
predicted to be secreted or localized to the bacterial membranes
or periplasm.

Transcriptional Differences Between
Bacteria Binding/Entering and Replicating
in HL-60 and ISE6 Cells
For each cell line, the Ap replication/growth samples were
compared to the earliest binding/entry sample to further
differentiate genes involved in those two infection stages
in human and tick host cells. Comparison of sample 6
(24 h in HL-60) to sample 1 (2 h with HL-60) revealed
80 differentially transcribed (≥2-fold elevated) genes, 34
at 24 h and 46 at 2 h. Genes in the 24 h list included
15 that encode hypothetical proteins, six that encode
proteins predicted by secP or CELLO to be secreted or
localized to the bacterial membranes or periplasm, eight p44
pseudogenes, and the transcription regulator tr1 (2.3-fold)
(Table S7).

In sample 1 (2 h with HL-60), half of the upregulated genes
(23) encoded hypothetical proteins (Table S3A), 18 of which
were also upregulated in sample 1 compared to sample 3
(Table S6A); 15 of these encode proteins predicted to be secreted
or localized to the bacterial membrane or periplasm. Also
upregulated in sample 1 were five HGE-14 paralogs (Table S3A)
that were still upregulated in sample 6 compared to sample 7
(48 h in ISE6; Table S1A), and in sample 1 when compared to
sample 3 (Table S6A). In addition, several genes whose products
are membrane-expressed or secreted early by infectious bacteria,
especially those incubated with HL-60 cells, were upregulated in
sample 1 (Table S7).

Comparison of sample 7 (48 h in ISE6) to sample 3 (2 h in
ISE6) identified 65 differentially transcribed (≥2-fold elevated)
genes, 43 with elevated transcript levels at 48 h and 22 at
2 h (Table S8A). Of those upregulated at 48 h, 20 encode
hypothetical proteins, 12 of which were predicted to localize
to the bacterial membranes or periplasm or to be secreted.
Also upregulated in sample 7 was HGE1_05392, which was
previously found to be expressed by infectious bacteria (10).
In the present study, it was upregulated 4.4-fold in sample 7
relative to sample 3, but even more so (upregulated 12.5-fold)
in sample 4 compared to sample 3 (Table S4C). HGE1_01872,
predicted by both secP and sigP to encode a secreted protein,
was upregulated in sample 4 (4 h) compared to sample 3
(2 h; Figure S9). Interestingly, msp4 was 3.6-fold elevated in
sample 7, and similarly elevated in sample 4 compared to
sample 3 (Table S4C) suggesting a role following invasion.
In addition, eight genes involved in translation, ribosomal
structure and biogenesis were elevated at 48 h in sample 7 (vs.
one in sample 3), which is consistent with the activities of
growing/replicating organisms.
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In sample 3 (2 h), 11 of 22 upregulated genes encoded
hypothetical proteins, five of which were also upregulated when
compared to sample 1 (2 h with HL-60; Table S6A). These
included HGE1_05647 and HGE1_02122 that were among the
17 upregulated in HL-60-grown bacteria after 2 h incubation
with ISE6 cells (sample 5; Table S5A). Another of these early
ISE6 hypothetical genes, HGE1_03797, whose product was
predicted by secP to be secreted, was the most upregulated gene
(27-fold) at 48 h, and was also upregulated at 4 h compared
to 2 h (Table S4C), indicating that its role extends beyond
the early stages of ISE6 cell infection. Two others on the
early ISE6 genes list, HGE1_03547 and HGE1_03167, and
one not on the list but upregulated at 2 h with ISE6 vs.
2 h with HL-60, HGE1_03492, were also upregulated at 48 h,
indicating that they, too, encode proteins with functions early
and at 48 h in ISE6. HGE1_04797, the most upregulated gene
at 2 h (relative to 48 h), was upregulated 3.2-fold after 2 h
incubation with ISE6 compared to control bacteria (Table S4A),
suggesting that its role in ISE6 infection is specifically early.
Also elevated at 2 h were three full-length p44 pseudogenes
(Figure S9). In Ap incubated with ISE6 cells, p44 transcripts
were elevated at 2 h, diminished by 4 h, and remained low
at 48 h.

Transcriptional Differences Between
Bacteria Replicating in HL-60,
Granulocytes, and ISE6
Figure 5 demonstrates the appearance of infected cells in
Giemsa-stained samples to show that morulae containing large
numbers of Ap were produced in HL-60 cells (panel A), ISE6
cells (panel B), and human granulocytes (panel C). Transcript
levels of all genes from bacteria replicating in the human cell
line (sample 6) and human granulocytes (sample 8) vs. those
from bacteria replicating in the tick cell line (sample 7) showed
host-cell specific profiles when using Ap incubated in culture
medium in the absence of the respective host cells as controls.
Of 164 differentially transcribed genes (≥1.5-fold elevated, p
≤ 0.05), 122 had elevated mRNA levels in HL-60 cells and 42
in ISE6 cells (Table S1A). The HL-60 list was dominated by

genes found only in the family Anaplasmataceae (43, 35% of
total), hereafter referred to as unique Anaplasmataceae genes.
These included 37 p44 pseudogenes, five HGE-14 paralogs
(HGE1_01782, 01752, 01772, 02100, and 02107 in descending
order of transcript signal abundance), and HGE1_05792, an
msp2 family gene (Figures S2, S7). These genes encode bacterial
cell surface proteins (P44 and Msp2 family) and putative type
4 secretion system (T4SS) effectors that are translocated into
the HL-60 cell nucleus [HGE-14; (21)]. Hypothetical protein
genes were the next most numerous (32) category in HL-60 cells
(Table S1A). Hypothetical proteins were assessed using three
computational models: the SecretomeP 2.0 Server (secP) (32),
which predicts non-signal-peptide-triggered protein secretion;
the SignalP-5.0 Server (sigP) (33), which predicts the presence of
signal peptides; and CELLO, a subcellular localization predictor
(34). Fifteen of the 32 were predicted by secP as secreted
or by CELLO as localized to the bacterial cell membranes,
periplasm, or as extracellular (none were by sigP) (Table S1A).
HGE1_00140, the most upregulated gene (hypothetical) in HL-
60 (5.9-fold), is localized to the morulae membrane late in
HL-60 cell infection (18). Surface protein gene, HGE1_05792,
which encodes an MSP2 family outer membrane protein, was
upregulated during replication in HL-60 cells (sample 6), but
not in ISE6 cells (sample 7; Figure S2). Next in abundance
were 11 genes annotated by Clusters of Orthologous Groups
(COGs) as translation, ribosome structure and biogenesis (vs.
two in ISE6), followed by four genes each in COGs categories
transcription and energy production and conservation (vs.
none in either in ISE6). Another 20 genes with elevated
transcript levels in HL-60 have diverse or unknown functions
(Table S1B). Twenty-five of 42 genes displaying increased
transcript levels in ISE6 cells were hypothetical genes, 15 of
which were predicted to be secreted or membrane associated.
Also upregulated in ISE6 cells were four genes with roles in
replication, recombination and repair (vs. one in HL-60), and the
transcription regulator tr1 (HGE1_05312), which is the first of
four genes that constitute the p44 expression site (p44ES) (20).
tr1 and a p44 paralog, HGE_05367, located just downstream
were specifically and significantly upregulated in Sample 3
(Figure 3), as indicated by signal corresponding to the center

FIGURE 5 | Light microscopy images of Giemsa-stained cells used for transcriptome analysis of A. phagocytophilum (Ap) replicating in three cell types. Panel (A)

HL-60 cells infected 24 h, (B) ISE6 cells infected 48 h, and (C) human granulocytes infected 24 h. Arrows indicate morulae (Ap colonies within vacuoles). Cytospin

slides of each sample were air dried, fixed in methanol and Giemsa-stained. Scale bars = 20µm.
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hypervariable region, but none of the other p44 pseudogenes
were (Table S1B).

Comparison of samples taken during replication of Ap
in human granulocytes (24 h) (Figure 5C, Giemsa-stained) to
those of Ap replicating in HL-60 cells (Figure 5A) showed
similar profiles over large sections of the genome (Figure 3),
but also identified 225 differentially transcribed genes (≥1.5-
fold elevated, p ≤ 0.05), 105 with elevated mRNA levels
in HL-60 cells and 120 in granulocytes (Table S2A). Genes
elevated in HL-60 cells relative to granulocytes included 28
with roles in translation, ribosomal structure and biogenesis
(vs. nine in granulocytes); 10 that encode tRNA (vs. one
in granulocytes); six unique Anaplasmataceae genes (five p44
pseudogenes and HGE1_06087 (Figure S3); six with roles in
nucleotide transport and metabolism (vs. three in granulocytes);
five with roles in lipid transport and metabolism (vs. two in
granulocytes); four involved in cell wall/membrane/envelope
biogenesis (vs. one in granulocytes); and four genes that
participate in transcription (vs. one in granulocytes; Table S2B).
The disproportionate upregulation of genes in these categories
suggests an emphasis on bacterial growth in HL-60. An exception
is HGE1_06087, a unique Anaplasmataceae gene encoding a
100-kDa immune-dominant antigen, HGE-2, that has been
shown to be surface-expressed on bacteria within morulae and
on the morulae membrane (18), is also upregulated in HL-
60 cells (Figure S3). Over-represented genes in granulocytes
included 40 hypothetical genes (vs. 15 in HL-60), 10 unique
Anaplasmataceae genes (seven p44 pseudogenes and three msp2
paralogs), and nine genes each in the following COGs categories:
coenzyme transport and metabolism (vs. three in HL-60), post-
translational modification, protein turnover, chaperones (vs.
three in HL-60), energy production and conversion (vs. three
in HL-60), and intracellular trafficking, secretion, and vesicular
transport (vs. two in HL-60; Table S2B). The transcription
regulator tr1 was upregulated 3.2-fold in granulocytes and
several full-length p44 pseudogenes were upregulated in both cell
types. CELLO, secP, and sigP analyses of hypothetical proteins
predicted that 17 of those elevated in granulocytes and seven
of those elevated with HL-60 cells are either secreted (by
secP) or localized to the bacterial cell membranes or periplasm
(Table S2A).

P44 Hypervariable Region Signals
Antigenic variation in Ap is mediated by recombination
within the HVR of P44 transcribed from the specific
p44 copy located in the expression site (35). The 93 p44
pseudogenes that occur in the genome of Ap isolate
HGE1 differ primarily in their hypervariable region (HVR)
sequences (bound by LAKT residues, depicted yellow in
Artemis plots), which often showed little corresponding
signal even when signal from the whole pseudogene
(including from conserved sequences flanking the HVR)
met the threshold for being designated as differentially
transcribed. Actually transcribed p44 HVRs with their
associated anti-sense signals are illustrated in Figure 2 and
listed in Table S9.

As with the whole gene measurement method, the HVR
only ratings indicated that p44 transcription levels were highest
after 2 h with ISE6 and at 24 h in HL-60 (average HVR
signal levels were 1.7 for each). This evaluation of HL-60
and ISE6 specific HVRs revealed a spatial pattern of p44
pseudogene usage. In HL-60, the HVRs of p44-37 and p44-
37b, which are essentially duplicates, displayed strong signals
from 2 h after exposure to fresh host cells through 24 h. A
p44 that has been identified as expressed during infection
of HL-60 (36, 37), p44-18, showed prominent HVR signals
at 2 h in the presence or absence HL-60 cells, and at 24 h
during replication in HL-60. In ISE6, the HVR of p44-65
showed a strong signal at 2 h (vs. none at 2 h with HL-
60), and the HVRs of HGE1_04365, p44-62, p44-26, p44-
51, and p44-11, all had strong signals, especially at 4 h
and 48 h.

P44 genes nearer the genomic origin of replication (toward
the top and bottom of the sequential p44 list in Table S9)
tended to display higher HVR signals, and a run of seven
(HGE1_04617-04807) further from the origin showed very little
transcription signals in all three host cell types. This pattern
of p44 pseudogene usage by Ap is in agreement with findings
by Foley et al. (38), although pseudogenes closer to the p44ES
were no more likely to occupy it than more distant ones
(Table S9). Ap infecting human granulocytes at 24 h showed
an HVR transcription profile most similar to that of infected
HL-60 cells at 24 h, whereas HL-60-grown bacteria incubated
with ISE6 cells 2 h (Sample 5) had shifted to a p44 profile
resembling that in Sample 3 (ISE6-grown bacteria exposed to
ISE6 cells 2 h).

DISCUSSION

The near lack of differential transcription between sample 1
and bacteria incubated for the same period by themselves
suggested that cell-free bacteria either did not alter their gene
transcription in response to contact with uninfected HL-60
cells, or that 2 h of co-incubation with uninfected host cells
was insufficient time to detect a shift in transcription. HL-60-
grown Ap bacteria exposed to fresh HL-60 cells for 2 h (sample
1) upregulated only three genes relative to control bacteria
in medium alone (Table S3A), and after 4 h (sample 2), there
were no differences with control bacteria. This failure of host
cell contact to induce substantial new bacterial transcription
suggested that, upon release from parent host cells, those genes
required for invasion of new HL-60 cells were already expressed.
The shift to ISE6-specific genes byHL-60-grown bacteria exposed
to ISE6 cells in Sample 5 (Table S5A) indirectly supported
this conclusion. Moreover, it demonstrated an induced bacterial
response and suggested that tick cell membranes are sufficiently
different to require retooling of the bacterial membrane to
facilitate cell attachment and invasion. In HL-60 cells and human
granulocytes, P-selectin glycoprotein ligand 1 (PSGL-1) is the
receptor mediating infection by Ap (4), which is absent in
arthropods where sialylated glycoproteins are rare. Overall, the
arthropod glycome is quite different from that of mammals (39),
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and arthropod-borne pathogens thus utilize different cell surface
moieties to colonize the vector vs. the mammalian host, although
basic strategies are conserved (40).

In contrast, Ap bacteria from ISE6 tick cells had a strong
transcriptional response to contact with uninfected tick cells
(Sample 3, Table S4A), displaying 48 genes that were upregulated
in comparison to the control (2 h in medium). These included
several genes that encoded structural components of the type
4 secretion system (T4SS) of Ap (two virB2, one virB6),
or were predicted to be effectors, i.e., HGE1_01777, an
HGE-14 paralog, and six hypothetical genes (21, 22). The
specific ISE6 host components that these putative effectors
interact with are unknown, but it is predictable based on
the divergent biology and structure of tick vs. human cells
that Ap should be using specific effectors for vector and
human host cells. Among 17 upregulated genes associated
with early infection of ISE6, there were four hypothetical
genes (HGE1_02797, 03277, 05647, and 02747) (Table S5A).
The 17 genes were found to be upregulated both in ISE6-
grown bacteria incubated with ISE6 cells (sample 3) and in
HL-60-grown bacteria incubated with ISE6 cells (Sample 5),
when each was compared to Samples 1 and 2 (HL-60-grown
bacteria incubated with HL-60 cells). Two of them (HGE1_05647
and HGE1_02122) had elevated mRNA levels in sample 3
compared to sample 7, suggesting that their role was restricted
to invasion, while three others had elevated transcript levels in
Sample 7 (Table S8) including HGE1_03797 (27-fold elevated).
This indicated that their gene products had roles primarily in
subsequent intracellular replication. The strongly upregulated
HGE1_03797 encodes a hypothetical protein predicted by
CELLO to localize to the bacterial cytoplasm and by secP to
be secreted, which reflects our lack of understanding how Ap
proteins function.

The conserved flanking regions of 50 p44 pseudogenes
displayed elevated transcript levels in sample 3 (2 h with ISE6)
compared to sample 4 (4 h; Table S4C), but only three did in
comparison to the 2 h control (Table S4A). This phenomenon
reflected upregulation of a subset of p44 genes in which HVRs
showed transcript signals at the same time, and not of all
of them. Apparently, p44 transcript levels were already high
in the control, likely upon release from parent ISE6 cells.
By 4 h of co-incubation with ISE6 host cells (sample 4), the
number of upregulated Ap genes had declined to eight, while
in controls (bacteria incubated alone in medium), elevated
transcript levels were still seen in 37, including conserved
regions of many p44s (Table S4B), indicating a transition away
from cell-specific transcription. The decreased p44 transcript
levels after 4 h incubation with ISE6 vs. their elevation in the
4 h control suggested that cell contact led to the decrease.
Research with the related A. marginale bovine anaplasmosis
agent similarly demonstrated that the diversity ofmsp2 sequences
in the expression site of bacteria harvested from tick cells was
reduced in comparison to bacteria harvested from blood or
from mammalian cell lines (41). This was taken to indicate that
the type of MSP2 produced changed in response to immune

pressure (which is more complex in cattle than in ticks) as well
as during invasion of different host cells that present diversities
in membrane structure (42, 43).

The apparent transcription of 50 p44 pseudogenes in ISE6 tick
cell-grown Ap after 2 h incubation with fresh ISE6 (Table S4C)
and of 37 in Ap replicating in the human cell line (Table S1) is
striking. However, transcription data showed that many of them
had elevated signals corresponding to the conserved ends of the
pseudogenes only, but not to intervening hypervariable regions
(HVRs). This suggested that they were not transcribed from the
expression site (p44ES), consistent with our previous study (7).
Conserved sequence transcripts of all bacteria in the population
generated from pseudogenes occupying the p44ES likely
hybridized not only to probes corresponding to the specifically
transcribed pseudogenes but to all probes that were homologous
(those representing conserved sequences of other p44s), giving
an inflated impression of p44 transcription diversity. The
appearance of p44 fragments in differential gene transcription
lists is further evidence of this. In HGE1, 13 of these truncated
p44s consist of only conserved sequences, and their elevated
signals must result from hybridization to homologous transcripts
from specifically transcribed pseudogenes. Thus, the apparent
transcription of numerous p44 pseudogenes may be better
understood as increased transcription of fewer pseudogenes,
which were identified throughHVR signal assessment (Table S9).
However, the existence of duplicate pseudogenes, such as p44-
37 and -37b, which both showed strong HVR signals in HL-
60, as well as other HVRs with significant sequence identity,
means care must be taken in interpreting even HVR signals.
Possibly only either p44-37 or -37b was specifically transcribed,
with signal from the other the result of cross hybridization, as
in the conserved sequences above. Our data presented here are
consistent with results demonstrating differential transcription
of p44s in the tick vector and in different hosts with specific
immune defects, as well as in vitro (44). Such studies reinforce the
idea of molecular adaptation of Ap conferred by P44 to colonize
its tick vector and its mammalian hosts, and of P44-mediated
immune evasion.

P44 acts as a porin thought to allow diffusion of metabolic
intermediates from the host cell into the bacterium (45), with
the HVR providing antigenic variation for immunoevasion. A
further role in cell binding is suggested by the host cell specific
expression of particular pseudogenes that have been identified
in infected cell lines previously (36, 37) and here in HL-60
and ISE6. The upregulation of p44s during Ap replication in
HL-60 cells (sample 6; Figure S3) suggested that the porin
function was called for, and by ISE6-grown bacteria after 2 h
incubation with fresh ISE6 cells (sample 3), that a function in
cell binding was important for the largely extracellular bacteria
(Figure 3, Figure S5). Spatial clustering within the genome of
specifically transcribed p44s (with elevated HVR signals) around
the origin of replication is consistent with the findings of Foley
et al. (38), and the run of seven barely transcribed p44s is an
interesting example of genomic location correlating with a lack
of use. The overrepresentation of conserved sequence transcripts
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is reminiscent of the antisense signals seen corresponding to
conserved p44 sequences in Artemis plots of the data (Figures 2,
3), which, given their particular prominence in ISE6-grown Ap,
may serve to keep p44 expression low.

In general, there was a negative relationship between tr1
(HGE1_05312) activity and p44 transcription in Ap derived
from ISE6 tick cells when interacting with uninfected tick cells,
suggesting that this transcriptional regulator dampened p44
transcription under these circumstances. In HL-60-grown Ap
incubated 2 h with fresh HL-60, apxR, a regulator of tr1 linked
to increased p44 transcription in mammalian cells (23, 24), was
upregulated 4.8-fold relative to the 2 h ISE6 sample (Table S6A).
However, p44 transcription appears to be greater at 2 h with
ISE6 (Tables S6A, S9) instead of at 2 h with HL-60, and tr1 is
upregulated 9.1-fold in the ISE6 sample. This counter-intuitive
situation—apxR elevated but p44 low (2 h in HL-60) and both
tr1 and p44 elevated (2 h in ISE6)—hints at a more complex
regulatory process behind p44 transcription.

The overall greater differential transcription seen in Ap
incubated with ISE6 when comparing the 2 h time-point to
the 4 h time-point (167 genes at 2 h, 65 at 4 h) than was
evident in comparisons to controls (48 genes at 2 h, 8 genes
at 4 h) (Tables S4A–S4C), suggests that much of the change
occurred as a function of time rather than in response to
cell contact. This was essentially entirely the case with HL-
60 in which 45 bacterial genes were upregulated at 4 h in
comparison to 2 h (Table S3B), but none were in comparison
to the 4 h control. Nonetheless, when compared to bacteria
replicating in HL-60 (Table S7) or binding/entering ISE6
(Table S6), numerous genes with elevated transcript levels were
identified in the 2 h HL-60 sample, including five HGE-14
paralogs (HGE1_01782, 01772, 01752, 02107, and 02100) in
both comparisons and with transcript levels in the same order
by abundance. These paralogs were also upregulated, and in
a similar order of transcript abundance (HGE1_01782, 01752,
01772, 02100, and 02107), in HL-60 replication samples relative
to ISE6 replication samples, suggesting a role specifically in
manipulating the mammalian host. Bacteria binding/entering
ISE6 cells for 2 h upregulated their own HGE-14 paralogs:
HGE1_02092 in comparison to bacteria incubated 2 h with
HL-60 (Table S6); and HGE1_01777 in comparison to the
control (Table S4A), and in Sample 5 in comparison to 2 h
HL-60 (Table S5). Thus, five particular HGE-14 paralogs (of
ten that are annotated and an eleventh that is indicated by
transcription plots, Figure S7) were upregulated at consistent
individual levels in bacteria binding/entering and replicating in
HL-60, as were two others in bacteria binding/entering ISE6
cells. The suggestion is that these nucleus-targeting effectors are
specific to mammalian or tick host cells and in human cells
operate collectively but with discrete functions. Since no HGE-
14 paralogs were differentially transcribed in the 24 h HL-60/24 h
granulocyte comparison, it can be inferred that the five were
transcribed at similar levels in granulocytes. The expression of
fewer HGE-14 paralogs in ISE6 than human cells may reflect
the lower complexity of the tick host system that requires less
manipulation of amore primitive immune system for Ap to infect
and thrive.

Other notable genes with elevated transcript levels in bacteria
binding/entering HL-60, both in comparison to those replicating
in HL-60 (Table S7) and those binding/entering ISE6 cells
(Table S6), included: HGE1_05392 (product predicted to be
secreted), shown to be expressed by infectious organisms (10);
HGE1_00140 (product predicted to be secreted), identified on the
morulae membrane (18); HGE1_01550, encoding DnaK, which
localizes to the bacterial membrane (28); HGE1_03902, encoding
AipA, an invasin of mammalian cells (25); and HGE1_01090,
encoding a protein expressed on the bacterial surface and
required for infection (31). Upregulation of these genes encoding
surface-expressed or secreted proteins with roles in cell infection
was specifically associated with HL-60 cell binding and entry in
this study, consistent with the studies mentioned.

As in the tick cells, a set of bacterial genes that encode
hypothetical proteins was specifically upregulated in bacteria
binding/entering the human cell line. In comparison to bacteria
either replicating in HL-60 or binding/entering ISE6, 18
hypothetical genes were upregulated in bacteria binding/entering
HL-60 cells, 15 of which were predicted to be secreted or localized
to the bacterial membrane or periplasm (Table S7). These
bacterial-membrane-associated proteins as well as those encoded
by genes upregulated early during ISE6 cell infection, likely
facilitate host cell binding, invasion, and immune avoidance
in ways unique to Ap, and are thus of particular interest for
functional studies.

Bacteria replicating in HL-60 vs. ISE6 displayed more genes
involved in translation, ribosome structure and biogenesis (11 vs.
2 in ISE6), transcription (4 vs. 1 in ISE6), energy production and
conversion (4 vs. 0 in ISE6), and lipid transport and metabolism
(3 vs. 0 in ISE6; Table S1B), suggesting that comparatively robust
synthetic processes were underway in the human cells. This may
be a reflection of the slower growth of Ap in the tick cells, which
require about 2 weeks to become maximally infected compared
to 4 days in HL-60.

In human granulocytes vs. HL-60 cells, bacterial transcription
showed major differences in three gene categories: translation,
ribosomal structure, and biogenesis (28 genes upregulated in
HL-60 vs. 9 in granulocytes); hypothetical genes (15 in HL-60
vs. 40 in granulocytes); and transfer RNA genes (10 in HL-
60 vs. 1 in granulocytes; Table S2B). The comparatively high
tRNA transcript levels in bacteria infecting HL-60 cells included
the six most differentially transcribed genes (4.4- to 7.6-fold
elevated, Table S2A), and in conjunction with no differences
in tRNA levels between HL-60 and ISE6 replication samples
(Table S1A), indicated that bacterial tRNA levels in granulocytes
were especially low. Transfer RNA genes were also relatively
upregulated at 2 h with ISE6 compared to 4 h (Table S4C), and
at 4 h with HL-60 compared to 2 h (Table S3B). Aside from their
obvious role in protein biosynthesis, prokaryotic tRNAs have
diverse functions encompassing regulation of gene expression
including suppression, and as substrates for cell wall formation,
protein degradation, aminoacylation of phospholipids in cell
membranes, and antibiotic biosynthesis [reviewed by Raina and
Ibba (46) and Shepherd and Ibba (47)].

In this study, tRNA transcription was low in the primary host
cells (human granulocytes), but high in the cell lines, consistent
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with the observation that in humans, relatively few granulocytes
are infected that support limited Ap growth and replication.
Differentiated neutrophil granulocytes secrete branched-chain,
aromatic and positively charged free amino acids upon adhesion
to extracellular matrix (48), and inhibition of this response
may increase availability to intracellular Ap (49). Evidence
derived from in vitro studies of Ap and also in vivo with
the related Anaplasma marginale indicates that microvascular
endothelial cells are a nidus of infection (50–52), and these
long-lived cells likely offer an environment supportive of growth
and replication that requires import of amino acids. This
and the substantial increase in hypothetical genes upregulated
in granulocytes illustrates how little we understand of the
interaction between Ap and granulocytes and highlights the
need for follow-up testing in vivo or with primary cells. Other
differences in Ap transcription between granulocytes and HL-
60 cells included three times as many upregulated genes in
granulocytes with roles in coenzyme transport and metabolism,
post-translational modification, protein turnover, chaperones,
energy production and conversion, and intracellular trafficking,
secretion, and vesicular transport. This shows that Ap is very
active during its residence in these cells, re-programming cellular
defense responses to turn these professional phagocytes that
predominantly utilize glycolysis for generation of energy (53)
into a supportive host cell (54, 55).

We noted that direct labeling of total RNA from Ap-infected
cells produced strong, specific signals that corresponded to
the genomic source and relative abundance of all Ap mRNA
transcripts on a whole genome tiling array. In addition to
providing transcript levels for all predicted bacterial genes
during the earliest stage of human and tick cell infection and
proliferation in both cell lines and human granulocytes, specific
transcription peaks indicated the presence of unannotated genes
and antisense transcripts that may play roles in host cell infection.
Genes that encode hypothetical proteins that are unique to
Ap and particularly enable the pathogen to manipulate tick
and mammalian host cells are key to understanding how those
processes work and can themselves be manipulated to prevent
infection. Current work in our laboratory and others withmutant
libraries containing single-insertion mutants, many into genes
encoding hypothetical proteins, will be guided by these data,
which identify the genes (the mutants) to prioritize in phenotypic
screens designed to reveal gene function.

CONCLUSIONS

The gene expression profiles of Ap isolate HGE1 during invasion
and replication in cell cultures from its vector and human host
reflected its need to adapt to these biologically divergent hosts.
Analysis of gene activation in Ap from human promyelocytes
(HL-60) exposed to uninfected HL-60 cells showed little change,
and the bacteria appeared pre-programmed for invasion of the
same mammalian host cell. By contrast, the expression profiles
of HL-60 grown or tick cell (ISE6) culture-derived Ap when
incubated with uninfected ISE6 cells, demonstrated significant
new gene upregulation, suggesting Ap were primed for multiple

rounds of infection and invasion of mammalian cells, but not tick
cells. These results indicated that Ap recognized the host species
cell they are exposed to, and adapted quickly, a conclusion further
supported by upregulation of host-cell specific genes encoding
effectors and T4SS components that would facilitate control
of host cell transcription. Remarkably, Ap gene expression in
human granulocytes ex-vivo included a large set of hypothetical
genes and genes in categories related to production of proteins
and metabolites, but was otherwise similar to that seen in HL-
60 cells. This is consistent with the fact that HL-60 cells replicate
in culture, while granulocytes do not. With our research, many
hypothetical genes are now linked to specific events during the
life cycle of Ap, which provides important clues to their function.
Given the significant involvement of hypothetical gene products
in important Ap functions, such as replication in human
neutrophils, which is linked to pathogenicity of anaplasmosis, it
would be very rewarding to determine their function.
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Figure S1 | Blue bars (arrows) represent A. phagocytophilum transcription signals

detected with Cy3-labeled cDNA in sample 6 (24 h in HL-60 cells), using the

FairPlay III kit from Agilent. Actinomycin D was added in an attempt to prevent

spurious second strand cDNA synthesis. Black bars represent A.

phagocytophilum transcription signals detected using the same sample 6 material

in which RNA was directly Cy3-labeled via the Kreatech kit (Leica Biosystems).

Turquoise boxes below the transcript plots denote coding regions of annotated

genes. Each bar corresponds to one 60-mer probe on the tiling array representing

positive (upper panel) and negative (lower panel) strands of the genome between

genes HGE1_04417 and tolB. Direct labeling avoids reverse

transcriptase-mediated production of cDNA, which may continue to produce

second strand cDNA that hybridizes to anti-sense DNA (blue bars, lower plot). The

direct labeling method (black bars) produced stronger transcription signals without

the false antisense signals seen with the indirect method. Labeled cDNA or RNA

from sample 6 was hybridized to arrays contained on the same 8-plex slide and

the data were not normalized. Subsequently, only directly labeled RNA from all

samples was used. Nucleotide positions in the genome are indicated by numbers

above the gray line.

Figure S2 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes, and pink boxes

denote p44 conserved sequences with yellow boxes denoting their center

hypervariable region. Each bar corresponds to one 60-mer probe on the tiling

array. Black bars represent Ap transcription in HL-60 cells at 24 h (sample 6), red

bars represent Ap transcription in ISE6 cells at 48 h (sample 7). HGE1_05792,

which encodes an MSP2 family outer membrane protein, is upregulated during

replication in HL-60 cells (sample 6), but not in ISE6 cells (sample 7). Three p44

paralogs (HGE1_05805, HGE1_05812, HGE1_05817) show characteristic signals

associated with their conserved ends (pink) but little specific signal corresponding

to their hypervariable regions (yellow). Nucleotide positions in the genome are

indicated by numbers above the gray line.

Figure S3 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes, and pink boxes

denote p44 conserved sequences with yellow boxes denoting their center

hypervariable region. Each bar corresponds to one 60-mer probe on the tiling

array. Black bars represent Ap transcription in HL-60 cells at 24 h (sample 6), and

blue bars represent Ap transcription in human granulocytes at 24 h (sample 8).

HGE1_06087, a unique Anaplasmataceae gene encoding HGE-2 that is

surface-expressed on bacteria within morulae and on the morulae membrane (18),

is upregulated in HL-60 cells. Two p44 paralogs, HGE1_06097 and 06102, have

strong transcription signals associated with their conserved ends (pink boxes) but

not their hypervariable regions (yellow boxes), while two others (HGE1_06127 =

p44-37, HGE1_06132 = p44-37b) show strong signals that include their

hypervariable regions, indicating transcription from the p44 expression site by a

substantial percentage of the bacteria. All p44 paralogs show greater transcription

in HL-60 cells than in human granulocytes. Nucleotide positions in the genome

are indicated by numbers above the gray line.

Figure S4 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes. Each bar

corresponds to one 60-mer probe on the tiling array. Black bars represent Ap

transcription at 2 h with HL-60 cells (sample 1), red bars represent Ap transcription

at 2 h with ISE6 cells (sample 3). Each bar corresponds to one 60-mer probe on

the tiling array. HGE1_03552, a hypothetical gene, is strongly upregulated in

sample 3, but not in sample 1. Another hypothetical gene, HGE1_03512, is

upregulated at 2 h in sample 1, but not in sample 3. Antisense signals, especially

from sample 3 (red bars), can be seen opposite sense transcription signals from

several of the genes. Also of note is an unannotated peak just upstream of

HGE1_03517. Nucleotide positions in the genome are indicated by numbers

above the gray line.

Figure S5 | Transcript signals from Samples 1 and 3 in A. phagocytophilum (Ap)

strain HGE1. Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes, and pink boxes

denote p44 conserved sequences with yellow boxes denoting their center

hypervariable region. Each bar corresponds to one 60-mer probe on the tiling

array. Black bars represent Ap transcription at 2 h with HL-60 cells (sample 1), red

bars represent Ap transcription at 2 h with ISE6 cells (sample 3). Transcription

regulator 1 (tr1) (HGE1_05312) is upregulated only in sample 3, and is positioned

at the beginning of the p44 expression site (p44ES) (19), which includes omp-1x

(HGE1_05317), omp-1N (HGE1_05322), and the particular p44 paralog being

expressed (HGE1_05327) all polycistronically transcribed (20). Notably,

recombinase A (HGE1_05332) is co-transcribed in both tick and human cells,

suggesting a possible role in p44 recombination. Nucleotide positions in the

genome are indicated by numbers above the gray line.

Figure S6 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes. Each bar

corresponds to one 60-mer probe on the tiling array. Green bars represent Ap

transcription in sample 1 (2 h with HL-60), black bars represent Ap transcription in

sample 6 (24 h in HL-60). HGE1_01020, a hypothetical gene whose product is

predicted by CELLO to localize to the bacterial inner membrane, and groEL, which

is translocated into host cell nuclei (21), are upregulated in sample 1, suggesting

that Ap may alter host cell responses even before or immediately after host cell

invasion. Nucleotide positions in the genome are indicated by numbers above the

gray line.

Figure S7 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes. Each bar

corresponds to one 60-mer probe on the tiling array. Green bars represent Ap

transcription in sample 1 (2 h with HL-60), black bars represent Ap transcription in

sample 6 (24 h in HL-60). Three annotated HGE-14 genes (HGE1_01752,

HGE1_01772, and HGE1_01782) and one on the same DNA strand between

HGE1_01752 and HGE1_01772 that is not annotated are upregulated at 2 h with

HL-60. HGE-14 proteins are putative effectors predicted to enter the host nucleus

and alter transcription (21, 22). Nucleotide positions in the genome are indicated

by numbers above the gray line.

Figure S8 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes. Each bar

corresponds to one 60-mer probe on the tiling array. Green bars represent Ap

transcription in sample 3 (2 h with ISE6), red bars represent Ap transcription in

sample 7 (48 h in ISE6 cells). HGE1_01872, a hypothetical gene, is upregulated in

replicating bacteria. Nucleotide positions in the genome are indicated by numbers

above the gray line.

Figure S9 | Transcription data (top two graphs) plotted over the annotated

genome sequence (sections at the bottom) using the Artemis genome browser.

Turquoise boxes denote coding regions of annotated genes, and pink boxes

denote p44 conserved sequences with yellow boxes denoting their center

hypervariable region. Each bar corresponds to one 60-mer probe on the tiling

array. Green bars represent Ap transcription in sample 3 (2 h with ISE6), red bars

represent Ap transcription in sample 7 (48 h in ISE6 cells). HGE1_05412 encoding

MSP4 is upregulated during bacterial replication, whereas three p44 paralogs

(HGE1_05402, HGE1_05407, and HGE1_05427) are upregulated at 2 h with

ISE6 cells.
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The porin gene is widely disseminated in various organisms and has a pivotal role in
the regulation of pathogen infection in blood-sucking arthropods. However, to date,
information on the porin gene from the Haemaphysalis longicornis tick, an important
vector of human and animal diseases, remains unknown. In this study, we identified the
porin gene from H. longicornis and evaluated its expression levels in Babesia microti-
infected and -uninfected H. longicornis ticks at developmental stages. We also analyzed
porin functions in relation to both tick blood feeding and Babesia infection and the
relationship between porin and porin-related apoptosis genes such as B-cell lymphoma
(Bcl), cytochrome complex (Cytc), caspase 2 (Cas2), and caspase 8 (Cas8). The coding
nucleotide sequence of H. longicornis porin cDNA was found to be 849 bp in length
and encoded 282 amino acids. Domain analysis showed the protein to contain six
determinants of voltage gating and two polypeptide binding sites. Porin mRNA levels
were not significantly different between 1-day-laid and 7-day-laid eggs. In the nymphal
stage, higher porin expression levels were found in unfed, 12-h-partially-fed (12 hPF),
1-day-partially-fed (1 dPF), 2 dPF nymphs and nymphs at 0 day post-engorgement
(0 dAE) vs. nymphs at 2 dAE. Cytc and Cas2 mRNA levels were higher in 2 dPF
nymphs in contrast to nymphs at 2 dAE. Porin expression levels appeared to be higher
in the infected vs. uninfected nymphs during blood feeding except at 1 dPF and 0–1
dAE. Especially, the highest B. microti burden negatively affected porin mRNA levels in
both nymphs and female adults. Porin knockdown affected body weight and Babesia
infection levels and significantly downregulated the expression levels of Cytc and Bcl
in H. longicornis female ticks. In addition, this study showed that infection levels of
the B. microti Gray strain in nymphal and female H. longicornis peaked at or around
engorgement from blood feeding to post engorgement. Taken together, the research
conducted in this study suggests that H. longicornis porin might interfere with blood
feeding and B. microti infection.
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INTRODUCTION

The Asian longhorned tick, Haemaphysalis longicornis, is widely
distributed in eastern Asia, Australia, and New Zealand and
was recently found in the US (Heath, 2016; Rainey et al.,
2018; Raghavan et al., 2019; Wormser et al., 2019; Zheng
et al., 2019). H. longicornis, known as a harmful ectoparasite
for domestic animals, spreads diseases including babesioses
to livestock (McFadden et al., 2011). The tick has also been
associated with several other tick-borne diseases in humans,
including bacterioses and viroses (Chae and Lee, 2010; Fang et al.,
2015; Zheng et al., 2018; Zhuang et al., 2018).

Over millions of years, ticks have co-evolved with a variety
of microorganisms including Babesia. When Babesia parasites
enter the tick body, ticks activate their immune system to
inhibit Babesia invasion, and in turn, Babesia parasites hijack
various tick molecules to facilitate their own transmission (de
la Fuente et al., 2017). Several molecules are essential for tick-
Babesia interaction, such as defensins, microplusin/hebraein,
Kunitz domain-containing proteins, lipocalins, and proteases
(Antunes et al., 2017). It is speculated that porin, also
termed a voltage-dependent anion-selective channel (VDAC),
plays paramount roles in modulating pathogen infection in
vectors, including bacteria and protozoa in ticks, and viruses
in mosquitoes (Fongsaran et al., 2014; Alberdi et al., 2015;
Rodríguez-Hernández et al., 2015; Jitobaom et al., 2016).
To date, porin has been described in at least three tick
species, including Ixodes scapularis, Rhipicephalus microplus,
and Amblyomma variegatum (Ribeiro et al., 2011; Rodríguez-
Hernández et al., 2011; Alberdi et al., 2015). Porin in R. microplus
was identified when it was exposed to Babesia bigemina infection
(Rodríguez-Hernández et al., 2011).

Various Babesia parasites including Babesia microti have
been experimentally transmitted by or detected in the Asian
longhorned tick (Ikadai et al., 2007; Sivakumar et al., 2014;
Fang et al., 2015; Zhang et al., 2017). B. microti is the most
malignant human Babesia parasite with high morbidity and wide
distribution around the globe (Vannier and Krause, 2012; Chen
et al., 2019; Krause, 2019), and Ixodes ticks have historically
been considered as common vectors of B. microti (Mather et al.,
1990; Krause, 2019). However, B. microti DNA can be detected
in H. longicornis collected from the field (Zhang et al., 2017)
and can be acquired by the tick when feeding on mice infected
with the B. microti Munich strain (Kusakisako et al., 2015).
The transmission of B. microti from H. longicornis to mice
has also been achieved (Wu et al., 2017), suggesting that the
tick is a potential vector of the protozoan parasite. However,
the molecular mechanisms underlying H. longicornis-B. microti
interactions remain unclear.

On the basis of the above information, we hypothesized that
H. longicornis porin might have roles in modulating B. microti
infection in the ticks, and thus we designed experiments
to confirm the hypothesis in this study. First, a homolog
of porin was identified and characterized in H. longicornis
using an Expressed Sequence Tags (ESTs) database, and then
the expression levels of porin mRNA in H. longicornis eggs
and nymphs were analyzed by real-time PCR. Moreover, we

established a H. longicornis-B. microti Gray strain (a human-
pathogenic strain) infection model and determined the dynamics
of B. microti loads in nymphal and female ticks during the blood
feeding stage. Porin mRNA transcripts were then compared
between B. microti-infected and -uninfected ticks. Finally, porin
functional analyses were carried out by RNA interference
(RNAi) to determine its potential roles in blood feeding and
B. microti infection.

MATERIALS AND METHODS

Ticks, Parasites, and Animals
Parthenogenetic H. longicornis ticks (Okayama strain) were
kept at the National Research Center for Protozoan Diseases
(NRCPD), Obihiro University of Agriculture and Veterinary
Medicine, Obihiro, Japan, and maintained by feeding on the
ears of Japanese white rabbits (Japan SLC, Shizuoka, Japan)
(Umemiya-Shirafuji et al., 2019a). In the present study, two
rabbits were used to maintain the nymphal and female ticks. The
B. microti Gray strain was used to produce B. microti-infected
ticks. Cryopreserved protozoan parasites were kept in liquid
nitrogen in NRCPD and thawed using the methods mentioned
in The Global Bioresource Center (ATCC R© 30221TM). Seven 8-
week-old female hamsters (Japan SLC, Shizuoka, Japan) were
inoculated with thawed B. microti and then used for blood
feeding to produce B. microti-infected ticks. In parallel, seven
uninfected hamsters were used for blood meal and production
of uninfected ticks. All animals used in this study were reared in
a temperature- and humidity-regulated room under controlled
lighting, given water and commercial regular chow, and were
cared for in accordance with the guidelines approved by the
Animal Care and Use Committee (Animal exp.: 19–74 for rabbits
and 19–77 for hamsters) of Obihiro University of Agriculture and
Veterinary Medicine.

Identification and Characterization of the
cDNA Encoding Porin
ESTs were previously constructed by random partial sequencing
of the 5′- terminal of the cDNA clones from cDNA libraries
established with salivary glands of 4-day-fed H. longicornis
females, and the similarities in the protein databases were
examined using the BLASTp program (Liao et al., 2009).
The plasmids containing the porin gene-encoding insert were
extracted using a Qiagen DNA purification kit (Qiagen, Hilden,
Germany) and subsequently subjected to analysis on an ABI
PRISM 3100 DNA sequencer (Applied Biosystems, Waltham,
MA, United States) using plasmid (pGCAP1 vector)-specific
primers and walking primers thereafter.

The full length of the porin coding region was searched with
the BLASTx program in the National Center for Biotechnology
Information (NCBI)1. The domain structure was determined
using the Conserved Protein Domain Family search program
in the NCBI2. The deduced amino acid translation of the

1https://blast.ncbi.nlm.nih.gov
2https://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi
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porin sequence was performed using an online tool Nucleotide
Amino acid Derived Visualization3. Alignment of the porin
amino acid sequences from different tick species was viewed
with the Multiple Align Show4. The identity and similarity
between H. longicornis and other tick species were calculated
with the Ident and Sim program of the Sequence Manipulation
Suite. The similar amino acids were classified into the same
group for the similarity calculation: GAVLI, FYW, CM,
ST, KRH, DENQ, and P5. The theoretical pI (isoelectric
point) and Mw (molecular weight) were determined by the
Compute pI/Mw6.

Real-Time PCR Analysis
The expression levels of the porin gene were analyzed in ticks
at egg, nymph, or adult stage, in ticks incubated at 15◦C or
25◦C, and in B. microti-infected or -uninfected ticks. Three
duplicates were made for each group of tick samples. After
two washes with double distilled water and one wash with
70% ethanol, 10 mg of eggs, whole body of four nymphs, and
three unfed and two partially fed or engorged female ticks
with host blood removed were homogenized in TRI reagent
(Sigma-Aldrich, St. Louis, MO, United States) using pestles.
RNA extraction, cDNA synthesis, and real-time PCR were
performed as described elsewhere (Umemiya-Shirafuji et al.,
2019b). The same amount of cDNA was used in a real-
time PCR reaction system to assess the stability of internal
control genes in ticks at different developmental stages under
unfed, uninfected, or infected conditions. The candidate internal
control genes evaluated in this study included glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), L23, HlP0, and Hlactin.
The most stable one was used for analysis of the relative
mRNA level of the porin gene. Porin-related apoptosis genes
such as B-cell lymphoma (Bcl), cytochrome complex (Cytc),
caspase 2 (Cas2), and caspase 8 (Cas8) were also assessed
by real-time PCR. The H. longicornis Bcl sequence was
identified using the EST database as described above, and for
the other genes, previously published sequences were used
(GenBank database under accession number DQ666174 for
Cas2, DQ660369 for Cas8, and NC_037493 for Cytc). The
primers used in our study are listed in Supplementary Table S1.
The mRNA levels were normalized separately against mRNA
levels of the internal control gene using the 1CT {2ˆ[−
(CT

target gene
−CT

internal control gene
)]} method.

Analyses of B. microti Burdens in Ticks
B. microti burdens were calculated in nymphal and female ticks
by standardizing the relative amount of Babesia 18S rRNA
against tick ITS-2 in infected ticks with the values obtained
in uninfected ones. The amounts of Babesia 18S rRNA and
tick ITS-2 in the samples were evaluated using genomic DNA
samples for real-time PCR, and the practice was repeated thrice
for each group. Tick samples consisted of nymphs, which were

3http://nadv.herokuapp.com/
4http://www.bioinformatics.org/SMS/multi_align.html
5https://www.bioinformatics.org/sms2/ident_sim.html
6https://web.expasy.org/compute_pi/

allowed to feed on B. microti-infected hamsters with ∼10%
parasitemia, and female ticks, which fed on hamsters with
∼5% parasitemia. Genomic DNA was isolated from B. microti-
infected ticks using a NucleoSpin R© Tissue kit (Macherey-Nagel,
Duren, Germany) according to the manufacturer’s manual.
In addition, conventional PCR using KOD-Plus-Neo DNA
polymerase (Toyobo, Osaka, Japan) and B. microti β-tubulin-
specific primers and H. longicornis actin-specific primers (control
gene) was performed on nymphal samples to detect B. microti
DNA. The PCR products were electrophoresed on a 1.5% agarose
gel and stained with ethidium bromide (EB). Conventional PCR
was performed in triplicate for each group. The primers used
in this study are listed in Supplementary Table S1. The genetic
amount of B. microti 18S rRNA (Bm18S rRNA) was normalized
against that of H. longicornis ITS-2 (HlITS-2) using the 1CT
{2ˆ[−(CT

Bm18S rRNA
−CT

HlITS−2
)]} method.

Suppression Subtractive Hybridization
(SSH) cDNA Construction and Analysis
The technique of SSH was used to compare the expression
levels of the porin gene in B. microti-infected and -uninfected
engorged female ticks. Babesia DNA in ticks was detected by
conventional PCR with β-tubulin gene primers as described
above. Forward and reverse suppression subtraction cDNA
libraries were constructed using the Super SMARTTM PCR
cDNA synthesis kit according to the manufacturer’s instructions
(Clontech, Mountain View, CA, United States). Briefly, in
the forward suppression subtraction cDNA library, cDNA
prepared from 15 Babesia-infected ticks served as the “Tester,”
and cDNA prepared from 15 uninfected ticks served as the
“Driver” in the subtraction procedure to enrich for cDNAs
preferentially expressed and upregulated in the Babesia-infected
ticks. In the reverse suppression subtraction cDNA library,
cDNA from 15 infected ticks (driver) was used in excess to
hybridize cDNA from 15 uninfected ticks (tester) to enrich
for cDNAs preferentially expressed and upregulated in the
uninfected ticks. Two PCR amplifications were performed
to enrich differentially expressed transcripts in infected ticks
from the forward suppression subtraction cDNA library and
in uninfected ticks from the reverse suppression subtraction
cDNA library. The amounts of porin transcripts in the forward
and reverse suppression subtraction cDNA libraries and in
unsubtracted cDNA libraries were determined by relative band
brightness of its PCR products on an electrophoresed gel
stained with EB.

RNAi and the Effect of Porin Knockdown
on Tick Blood Feeding and Babesia
Infection
RNAi was used to analyze the effect of porin knockdown
on blood feeding, Babesia infection, and the porin-related
apoptosis signaling pathway. The porin double-strand RNA
(dsRNA) was constructed with the primer set including
the T7 promoter sequence (underlined with double solid
lines) at the 5′-end of both primers (porin RNAiF: 5′-GATA
TCTAATACGACTCACTATAGGTGCACACCAACGTGAACG
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FIGURE 1 | Nucleotide and deduced amino acid sequences of the porin gene from the H. longicornis tick. The protein coding region for the porin gene is indicated
by gray shading. The residuals in the boxes show putative determinants of voltage gating, and the residuals with double underlines are putative polypeptide binding
sites. The start codon ATG and stop codon TGA are underlined. Nucleotides are numbered above each line, and amino acid numbering is on the right.

AC-3′; porin RNAiR: 5′-GATATCTAATACGACTCACTATAGG
AAAAGATAGGAAGGGTCTGCCG-3′). Female ticks were used
for RNAi experiments as described previously (Liao et al., 2009).
The dsRNA-injected ticks were allowed to rest 1 day and then
put in chambers attached to the hair-shaved back of hamsters.
Each hamster was challenged with 15 dsRNA-injected ticks
in the control group or experimental group. The practice was
repeated three times. To examine porin knockdown efficiency
during blood feeding after dsRNA injection, two 0-to-7-day-fed
ticks from the infested hamsters were collected from the porin
dsRNA-injected group and a firefly luciferase dsRNA-injected
group as a control. Determination of the expression of porin
was done as described in Section Real-Time PCR Analysis. In
contrast, B. microti burdens and the expression levels of porin-
related apoptosis genes were assessed by real-time PCR using
genomic DNA and cDNA, respectively. The feeding success of

the remaining ticks was investigated by measuring the feeding
period and body weight at engorgement.

Statistical Analysis
The mean ranks of Babesia burdens in the porin RNAi
or control group and mRNA levels of porin or its related
apoptosis genes in the uninfected or infected ticks, porin
RNAi or control group, 1-day-laid or 7-day-laid eggs, and
2-day-partially-fed (2 dPF) or 2 days after engorgement
(2 dAE) nymphs were compared using the Mann-Whitney
U test. The difference in the mean ranks of B. microti
burdens, and mRNA levels of porin in nymphal and female
adult ticks during the blood-feeding process, was analyzed
with the Kruskal-Wallis H test followed by the Dunn’s
multiple comparisons test. A p-value of <0.05 was considered
statistically significant.
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FIGURE 2 | Alignment of the amino acid sequence of the porin gene of H. longicornis was compared with those of the ixodid ticks Ixodes scapularis
(XP_002408065), Rhipicephalus microplus (ADT82652), and Amblyomma variegatum (DAA34069). Identical residues are darkly shaded and similarity residues are
gray shaded. Amino acid numbering is on the right. The putative determinants of voltage gating and polypeptide binding sites are shown at the bottom of the
sub-columns with triangles and diamonds, respectively.
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Nucleotide Sequence Accession Number
The sequences of the porin gene of H. longicornis and
its related apoptosis gene Bcl were submitted to the
GenBank database under accession numbers MN584740
and MN584741, respectively.

RESULTS

Porin Characterization
The coding nucleotide sequence of the porin cDNA was
found to be 849 bp in length and encoded 282 amino acids
with an expected isoelectric point of 8.95 and molecular
weight of 30.4 kDa. The protein is glycine-and-leucine rich
with 35 glycines and 31 leucines. Domain analysis showed
porin to contain six determinants of voltage gating and two
polypeptide binding sites (Figure 1). Multiple alignment of
the amino acid sequence with the homolog sequences from
other tick species, including I. scapularis, R. microplus, and
A. variegatum, revealed that the determinants of voltage
gating and the polypeptide binding sites are conserved among
these four tick species. The H. longicornis porin amino acids
showed the highest homology with that of R. microplus,
with 90.07% identity and 93.62% similarity, in contrast to
84.75% identity and 92.91% similarity with that of I. scapularis,
and 75.18% identity and 79.43% similarity with that of
A. variegatum (Figure 2).

Expression Profiles of Porin Gene and
Porin-Related Apoptosis Genes in
H. longicornis Ticks
GAPDH was the most stably expressed internal control gene
in ticks at developmental stages compared with L23, HlP0, and
Hlactin and was used as the internal control gene in this study
(Supplementary Figure S1). Real-time PCR revealed that porin
mRNA was expressed in the eggs and unfed and fed nymphs
(Figures 3A,B). There were no differences in porin mRNA levels
between 1-day-laid eggs and 7-day-laid eggs (Figure 3A). Porin
showed no significant change in expression levels between unfed
nymphs incubated at 15 and 25◦C (Supplementary Figure S2).
Porin expression levels were higher in the unfed nymphs, 12-
h-partially-fed (12 hPF) to 2-d-partially-fed (2 dPF) nymphs,
and the nymphs at 0 dAE than the nymphs at 2 dAE (p<
0.05) (Figure 3B). Subsequently, nymphal samples at 2 dPF
and 2 dAE were used to examine expression levels of porin-
related apoptosis genes. Cytc and Cas2 were significantly less
expressed in 2 dAE nymphs than in 2 dPF nymphs (p<
0.05) (Figure 3C). However, mRNA levels of Bcl and Cas8
in nymphs were not significantly different at 2 dAE vs. 2
dPF (Figure 3C).

B. microti Gray Strain Burdens in
H. longicornis Ticks
Nymphs fed on B. microti-infected hamsters for 12 h and 1–3 days
(12 hPF nymphs to 3 dPF nymphs) had lower levels of Babesia
burdens compared with those fed for 4 days (4 dPF nymphs)

FIGURE 3 | Porin expression levels at developmental stages of H. longicornis
ticks. (A) Porin gene expression levels at egg stage (1-day-laid eggs and
7-day-laid eggs). (B) Porin gene expression levels in unfed nymphs, partially
fed nymphs (12 hPF to 4 dPF), and nymphs at 0–3 days after engorgement (0
dAE to 3 dAE). (C) Comparison of mRNA expression levels of porin and its
caspase-related apoptosis signal pathway genes between 2 dAE nymphs and
2 dPF nymphs. The bar indicates the median with 95% confidence interval (CI)
of three biological repeats. Different letters above the bars represent
significant differences (p < 0.05). **p < 0.01.

and ticks at the onset of engorgement (0 dAE) (Figure 4). Real-
time PCR analysis showed that the largest amount of Babesia
DNA was detected at 0 dAE and then decreased at 1–3 dAE,
which was further confirmed by conventional PCR analysis
(gel electrophoresis image in Figure 4). A similar phenomenon
was found in female ticks injected with dsRNA of firefly
luciferase (control group) during blood feeding as evidenced
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FIGURE 4 | Babesia burdens in nymphal H. longicornis ticks. Gel electrophoresis image shows the result of a conventional PCR analysis of Babesia infection in
nymphal ticks at 0–7 days after engorgement (lanes 1–8). Lane 9, negative control. β-tubulin (1,341 bp; Bm-β-tubulin) was amplified to detect Babesia microti, and a
143-bp fragment of the H. longicornis actin was amplified as a control. Data sets plotted in histogram are for 12-h partially fed nymphs to 4-day partially-fed nymphs
(12 hPF to 4 dPF) and engorged nymphs at 0–3 days after engorgement (0 dAE to 3 dAE). The bar indicates the median with 95% CI of three biological repeats, and
different letters above the bars represent significant differences (p< 0.05).

FIGURE 5 | Babesia burdens in porin RNAi and control ticks during blood feeding. The bar indicates the median with 95% CI of three biological repeats. The
asterisks above the bars indicate significant differences in Babesia burdens between porin RNAi and control groups. *p < 0.05; **p < 0.01; ***p < 0.001.

by the peak of Babesia burden at 0 dAE and its subsequent
reduction (Figure 5).

Comparison of Expression Levels of
Porin Gene Between Uninfected and
Infected Nymphal and Female Ticks
Expression of the porin gene was found in B. microti-
infected or -uninfected nymphs (Figure 6A). Porin expression

levels were higher in the infected vs. uninfected nymphs at
2 and 3 dAE (Figure 6A). The expression levels appeared
to be higher in infected nymphs during blood feeding (2,
3, and 4 dPF) compared with uninfected nymphs. When
the highest Babesia load was reached at 0 dAE (Figure 4),
it appeared that the porin expression level in the infected
nymphs was decreased (p = 0.43) (Figure 6A). We then
performed an experiment to validate whether the identical
phenomenon occurred in female ticks (Figures 6B–D). The
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FIGURE 6 | Expression levels of the porin gene between uninfected and infected nymphal and female ticks. (A) Porin gene expression level in B. microti-infected or
-uninfected nymphal H. longicornis. (B) Gel electrophoresis analysis of conventional PCR products of Babesia β-tubulin (1,341 bp) in B. microti-infected and
-uninfected female ticks at engorgement. Lane 1, infected tick sample; lane 2, positive control; lane 3, uninfected tick sample. (C) SSH analysis of porin expression
levels in infected ticks. No or weak bands were visualized on a gel for PCR products of porin amplified from cDNA of infected ticks subtracted with that of uninfected
ticks. Bright bands were visualized on a gel for PCR products of porin amplified from cDNA of uninfected ticks subtracted with that of infected ticks. Lanes 1, 5, 9,
and 13: PCR products amplified by 18 cycles from porin gene; lanes 2, 6, 10, and 14: PCR products amplified by 23 cycles; lanes 3, 7, 11, and 15: PCR products
amplified by 28 cycles; lanes 4, 8, 12, and 16: PCR products amplified by 33 cycles. (D) Real-time PCR analysis of porin mRNA expression in whole body of
B. microti-infected and -uninfected engorged female ticks. The bar indicates the median with 95% CI of three biological repeats. The asterisks above the bar indicate
a significant difference in porin/GAPDH between uninfected and B. microti-infected ticks (**p < 0.01).

band on a gel in porin PCR products amplified from
the reverse SSH cDNA library was brighter than those
from the forward SSH cDNA library (Figure 6C). The
significantly higher mRNA levels of porin in uninfected
engorged female ticks were further confirmed by real-time PCR
(p = 0.0022) (Figure 6D).

Effect of Porin Knockdown on Blood
Feeding, Babesia Infection, and
Expression Profiles of Porin-Related
Apoptosis Genes in Female Ticks
When each tick was injected with 1 µg of porin dsRNA, a gradual
reduction in gene silencing efficiency was seen in the hamster-
infested ticks after 2 days from tick attachment (Figure 7A).

The gene was knocked down by 90.24% in female ticks fed
on hamsters for 2 days (Figure 7A). The body weight of the
engorged female ticks in the control group was significantly
higher (p< 0.001) than that of the RNAi group (Figure 7B).
No differences in feeding period were seen in the control and
porin-knockdown groups (data not shown). The effect of porin
silencing on Babesia burdens in the female ticks was time-course
dependent. At 3dPF, 0 dAE, 1 dAE, and 8 dAE, the RNAi
ticks had 2.34, 2.91, 2.16, and 4.26-fold lower Babesia burdens
in comparison with the control ticks, respectively (Figure 5).
However, at 4 dPF, 5 dPF, 3 dAE and 4 dAE, 2.04, 3.14, 2.82,
and 2.41-fold higher amounts of Babesia DNA were detected in
the porin-knockdown ticks, respectively (Figure 5). Furthermore,
at 0 dAE the expression levels of Cytc and Bcl in the porin-
knockdown female ticks significantly decreased in contrast to
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FIGURE 7 | The effect of porin silencing on body weight of female ticks at engorgement. (A) Expression analysis of porin mRNA in whole body of dsRNA-injected
female ticks; (B) Body weights of female ticks at engorgement in porin RNAi and control ticks. The bar indicates the median with 95% CI of three biological repeats.
The asterisks above the bars indicate significant differences in porin/GAPDH and body weight between porin RNAi and control groups. *p < 0.05; **p < 0.01; ***p <

0.001.
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that in the control ticks (p< 0.01 and p< 0.05), whereas
the mRNA levels of Cas2 and Cas8 did not show obvious
changes in the porin-RNAi ticks compared with the control
ticks (Figure 8).

DISCUSSION

Porin in H. longicornis is a 30.4 kDa protein with 282
amino acids, as is reported in other organisms (Sardiello
et al., 2003; Wang et al., 2010; Rodríguez-Hernández et al.,
2011). Additionally, our study showed that determinants of
voltage gating and polypeptide binding sites in porin protein
are conserved among tick species (Figure 2), suggesting that
they play a primary role in the regulation of ion and
molecular flow and in metabolism inside and outside the
mitochondrial membrane among ticks. It was reported that porin
might be involved in tick feeding and/or digestion of blood
meals and its development (Ayllón et al., 2013; Rodríguez-
Hernández et al., 2015). Porin mRNA levels of I. scapularis
increased from egg to adult stages and from the non-feeding
to feeding periods of female ticks. Knockdown of the gene
resulted in about a 40% reduction in female tick weight
after feeding compared to the weight of controls (Ayllón
et al., 2013). Porin expression levels in the midgut of adult
R. microplus ticks first increased to a maximum and then
decreased at 0 to 72 h post repletion (Rodríguez-Hernández
et al., 2015). In the present study, a similar expression level
of porin mRNA was found in 1-day-laid and 7-day-laid eggs
(Figure 3A), and the mRNA levels were appeared to be
higher in the unfed nymphs, 12 hPF to 2 dPF nymphs,
and the nymphs at 0 dAE than the nymphs at 2 dAE
(Figure 3B). However, their expression levels increased in female
ticks when taking blood from the hosts (Figure 7A). Porin
silencing mediated by RNAi significantly decreased the body
weight of engorged adults but did not alter the blood feeding
period (Figure 7B).

When confronting stressful situations and adverse conditions,
remodeling of the cell skeleton, inhibition of cell apoptosis,
and manipulation of the innate or specific immune system
can help hosts remove the damaged cells to maintain tissue
homeostasis and therefore benefit the remaining cells (de la
Fuente et al., 2016). In the regulated process of cell apoptosis,
porin plays a pivotal role in releasing an apoptogenic factor,
namely Cytc. Pathogen infection activates the Janus kinase/signal
transducers and activators of transcription (JAK/STAT) to down-
regulate porin expression and therefore inhibit cell apoptosis
as an aid to pathogen infection, survival, development, and
multiplication inside infected cells (Alberdi et al., 2015; de
la Fuente et al., 2016). In the present study, porin mRNA
expression levels appeared to be lower in B. microti-infected
ticks than in uninfected ticks at engorgement when the highest
Babesia burden occurred (Figures 5A,C,D), suggesting that
the invasion of a large number of Babesia might inhibit cell
apoptosis in ticks via suppression of porin expression. However,
some other studies have reported opposite findings, showing
the same or higher levels of porin expression in vectors when

they have the highest pathogen load (Fongsaran et al., 2014;
Rodríguez-Hernández et al., 2015; Jitobaom et al., 2016). These
studies showed that porin may function as an activator of
pathogen receptors (such as plasminogen) or a part of a
pathogen receptor (such as porin plus GRP78 complex). The
formation of pathogen receptor facilitates pathogen entry into
cells, for example, the dissemination of Borrelia burgdorferi
in Ixodes ticks, B. bigemina in Rhipicephalus ticks, and
the invasion of Japanese encephalitis virus, dengue virus,
and Plasmodium spp. into the midgut cells of mosquitoes.
Our data showed that nymphal and adult ticks acquired
B. microti via blood sucking. During the blood feeding
process, we found that the amount of babesial DNA in
ticks increased at 4 dPF and 0 dAE, and then decreased
thereafter, suggesting that B. microti infected and proliferated
in the tick body at these timings. Moreover, porin mRNA
expression levels appeared to be lower at 1 dPF, higher at
2–4 dPF, lower at 0–1 dAE, and higher at 2–3 dAE in
the infected nymphs vs. the uninfected nymphs. The porin
expression dynamics might be related to Babesia infection
in a time-dependent manner. RNAi of porin changed the
Babesia infection level in dsRNA-injected ticks in contrast
to the control ticks. The peak of Babesia burden in control
ticks was observed at 0 dAE, however, the peak in porin
dsRNA-injected ticks was found at 4 dAE. Taken together,
our results indicate that during the blood feeding Babesia
infection might cause the inhibition of cell apoptosis at
one time point and/or activation of porin expression for
pathogen invasion at another time point (Alberdi et al., 2015;
Rodríguez-Hernández et al., 2015; de la Fuente et al., 2016).
For better understanding the interactions between B. microti
and porin and the related molecules, further analyses will be
needed focusing on an important organ for Babesia infection,
such as the midgut.

FIGURE 8 | Impact of porin RNAi on porin-related apoptosis gene expression
in engorged female ticks. The bar indicates the median with 95% CI of three
biological repeats. The asterisks above the bars indicate significant differences
in target gene/GAPDH between porin RNAi and control groups. *p < 0.05; **p
< 0.01.
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Most caspases play a role in programmed cell death, including
apoptosis and pyroptosis, and as initiators, executioners, or
inflammatory types (Galluzzi et al., 2016). Hlcaspase-2 (termed
Cas2 in our study) and Hlcaspase-8 (termed Cas8) previously
identified from H. longicornis (Tanaka et al., 2007) are two
members of initiator caspases that might play important roles in
inducing cell death by apoptosis. In addition to apoptosis, Cas8 is
required for the inhibition of necroptosis (Denecker et al., 2008).
During times of cellular stress, mitochondrial Cytc binding to
an adaptor protein (APAF-1) recruits initiator caspases, which
helps to form a caspase-activating multiprotein complex called
the apoptosome. Once activated, initiator caspases will modulate
other executioner caspases. This leads to degradation of cellular
components for apoptosis (Creagh, 2014). In our study, highly
down-regulated Cytc induced by porin silencing did not suppress
the expression levels of the initiator caspase, Cas8 (Figure 8).
The same phenomenon was observed in nymphs at 2 dAE and
2 dPF (Figure 3C), which might be explained by an extrinsic,
and not intrinsic, apoptotic pathway available to Cas8 (Creagh,
2014). Further experiments at protein level will be required to
evaluate the role of porin in the activating caspases-interfered
apoptotic pathway.

CONCLUSION

In conclusion, the present experiments identified the porin
gene from H. longicornis and evaluated its expression levels
in B. microti-infected and -uninfected H. longicornis ticks
at developmental stages. Our data suggest that porin might
positively regulate expression of the Cytc gene, which is
known to be vital for caspases-interfered cell apoptosis. Porin
knockdown reduced body weight and changed Babesia infection
levels in H. longicornis ticks. In addition, we detected DNA
of the B. microti Gray strain in both nymphal and adult
stages that fed on infected hamsters by using conventional
and real-time PCR analyses. Babesia loads in nymphs and
adults remained at low levels before engorgement, peaked
at/around onset of engorgement, and then gradually decreased
to low levels such as those in initial blood feeding stages,
which is consistent with a previous observation of B. microti
Munich strain infection in mice (Kusakisako et al., 2015).
This H. longicornis-B. microti experimental infection model
using hamsters will be used for further investigation of the
interaction between ticks and human Babesia. Taken together,
our findings will be useful for better understanding the roles
of H. longicornis porin in tick development, blood feeding, and
B. microti infection.
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