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Thesis Structure
The main objective of this work is to study the interaction between a pathogen that
significantly affects humans, namely Anaplasma phagocytophilum, and its main transmission
vector Ixodes scapularis ticks, in order to analyze how the infection can be affected for this
interaction.
The thesis begins with a summary that highlights the most significant aspects of each
chapter, from the antecedents that propose the aims of the chapter, to the conclusions from
results.
Immediately, chapter I is an introduction that offers a general view of Anaplasma
phagocytophilum, an obligate intracellular pathogen that infects granulocytic cells causing the
disease commonly known as Human Granulocytic Anaplasmosis (HGA). This review focuses on
the pathogenesis and strategies used by Anaplasma phagocytophilum to facilitate the
infection in humans and ticks.
Next, the hypothesis is cited and the main objectives of this study are presented.
After that, the thesis aims to answer each objective throughout chapters II to IV.
In chapter II, two pieces of work are presented with a common denominator, to
explain the role of programmed cell dead (apoptosis) during the pathogen‐vector interaction
and the infective process. Using transcriptomics, proteomics and functional analysis, this
chapter studies the role of infection with Anaplasma phagocytophilum in Ixodes scapularis
cells apoptotic processes in order to determine if the pathogen modulates this cell response to
promote its own infection.
Another biological process that plays an essential role during infection is the immune
response. In chapter III, the Ixodes scapularis subolesin gene subolesin, which takes part in the
immune response, and its regulation nuclear factor, NF‐kB, are studied. The purpose was to
elucidate if this regulation in ticks is affected by the multiplication and transmission of
Anaplasma phagocytophilum during infection.
Following the cellular responses involved in the tick defense against infection, the
thesis continues with the next chapter, chapter IV, dedicated to the stress response. The three
pieces of work presented aim to demonstrate that the infection, together other vital processes
to both tick and pathogen, participates in the cellular stress response, as well as to study if this
cellular response has a role in the infective success of Anaplasma phagocytophilum in Ixodes
scapularis ticks.
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The last chapter (chapter V) is a general discussion that summarizes the conclusions
shown in the previous chapters. This discussion is based in two reviews, showing the influence
of climatic changes in the tick stress response and how this response affects its behavior in the
environment including its role in diseases transmission. Additionally, this chapter shows the
role of the tick immune system against different relevant human pathogens such as Ixodes
scapularis borne Anaplasma phagocytophilum.
At the end of this thesis there is a CD attached with supplemental information and a
copy of this thesis in digital format.
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Estructura de la tesis
La finalidad de este trabajo consiste en estudiar la interacción que se establece entre
un organismo patógeno que afecta de manera significativa a humanos, Anaplasma
phagocytophilum, y su vector principal de transmisión, la garrapata de la especie Ixodes
scapularis, a fin de analizar cómo el proceso infectivo se puede ver afectado por dicha
interacción.
En primer lugar, la tesis comienza con un resumen en el que se intenta plasmar de
manera concisa lo más destacable de cada capítulo, desde los antecedentes que plantean los
objetivos del capítulo en cuestión, hasta las conclusiones elaboradas a partir de los resultados
obtenidos.
A continuación, se presenta un primer trabajo (Capítulo I) como introducción en el que
se pretende dar una visión general sobre Anaplasma phagocytophilum, un agente patógeno
intracelular obligado que infecta células granulocíticas humanas ocasionando la enfermedad
conocida con el nombre de anaplasmosis granulocítica humana (HGA). Mediante esta revisión
bibliográfica se pretende hacer hincapié en su patogénesis y estrategias utilizadas tanto en
humano como en garrapata para favorecer su propia infección.
Posteriormente, se cita la hipótesis de este estudio y se plantean los objetivos que se
pretenden abordar en este trabajo.
Seguidamente, comienzan los capítulos II‐IV con los que se persigue responder cada
uno de los objetivos.
En el capítulo II, se muestran dos trabajos con denominador común demostrar el papel
de la muerte celular programada (apoptosis) en la interacción patógeno‐vector y, en definitiva,
en el proceso infectivo. Mediante el análisis transcriptómico, proteómico y funcional se
pretende estudiar el papel de Anaplasma phagocytophilum en el proceso apoptótico de las
células de Ixodes scapularis con el fin de determinar si la presencia del agente patógeno
modula de alguna manera esta respuesta celular de defensa frente a la infección.
Otro proceso que juega un papel fundamental durante la infección es la respuesta
inmune. En el capítulo III, se realiza un estudio sobre el gen subolesina de Ixodes scapularis, al
que se le atribuye una función en la respuesta inmune, y su factor de regulación NF‐kB, a fin de
elucidar si esta regulación génica en garrapata se ve afectada por el proceso de multiplicación
y transmisión de Anaplasma phagocytophilum durante la infección.
Siguiendo en la línea de procesos biológicos partícipes en la defensa de la garrapata
frente a la infección, nos adentramos en el siguiente capítulo, capítulo IV, dedicado a la
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respuesta al estrés. A través de tres trabajos se pretende ratificar que la infección, junto con
otros procesos de vital importancia tanto para la garrapata como para el patógeno, participa
en la respuesta al estrés celular, así como estudiar si esta respuesta juega un papel en el éxito
infectivo de Anaplasma phagocytophilum en Ixodes scapularis.
Como último capítulo (capítulo V), se presenta una discusión general en la que se
corrobora a modo general lo presentado durante los capítulos anteriores. Esta discusión
basada en dos revisiones bibliográficas muestra a groso modo la influencia de factores
climáticos sobre la respuesta al estrés de la garrapata y cómo esta respuesta influye en su
comportamiento en el medio natural incluyendo su papel en la transmisión de enfermedades
y, por otro lado, muestra el rol del sistema inmune de la garrapata frente a diferente agentes
patógenos de gran relevancia para el hombre, siendo uno de ellos Anaplasma
phagocytophilum transmitido a través de la garrapata Ixodes scapularis.
Al final de la tesis se adjunta un CD donde se podrá disponer de información
suplementaria y una copia de esta tesis en formato digital.
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Summary
Increased human land use through livestock and agriculture, as well as human outdoor
activities, have increased the incidence of diseases transmitted through blood‐sucking
arthropod bites such as ticks. Anaplasma phagocytophilum, the causative agent of human
granulocytic anaplasmosis (HGA), is a tick‐borne pathogen that affects a wide range of
vertebrate hosts including humans, and is considered one of the most important pathogens in
the United States, Europe and Asia with increasing number of cases each year. The main
responsible of this transmission are ticks of the genus Ixodes, being Ixodes scapularis the main
vector of Anaplasma phagocytophilum in the United States affecting primarily humans.
As demonstrated in previous studies (Chapter I), there is evidence that Anaplasma
phagocytophilum regulates biological processes in both human cells and ticks in order to
promote its own infective process. These adjustments are based on molecular level changes
(such as gene, protein and metabolic pathways modifications, cytoskeletal rearrangements,
etc) that A. phagocytophilum causes in the host cell in order to enhance its replication and
transmission as well as to evade the host cell defense response. Therefore, the aim of this
thesis is to study the tick‐pathogen interaction focusing on three biological processes
considered to be key points in the response to infection: programmed cell death (apoptosis),
immune response and stress response.
Apoptosis or programmed cell death is the regulated process by which cells die after
extra‐or intracellular stimuli such as microbial infection. Due to the adverse effects of
apoptosis on the replication and spread of the pathogens, they have developed many
strategies to block apoptosis of the infected cells. Using transcriptomic, proteomic and
functional analyzes, in Chapter II it was observed that infection with A. phagocytophilum
promotes changes in both the cytoskeleton organization and the apoptosis regulation of tick
cells in order to establish and to improve the infective process. It has been shown that in tick
guts, A. phagocytophilum infection promotes apoptosis inhibition through the cell signaling
pathway called JAK‐STAT. By contrast, in salivary glands, such inhibition is achieved through
the regulation of the apoptosis intrinsic pathway by decreasing expression of the
mitochondrial Porin altering the release of Cytochrome C and triggering an anti‐apoptotic
response in the cell. Simultaneously, salivary glands are involved in the activation of the
apoptosis extrinsic pathway as a tick protective mechanism to limit pathogen survival. These
results suggest that A. phagocytophilum uses different strategies to regulate the apoptotic
pathway depending on the infected tick tissue, and that the strategies used to establish the
infection are similar in both vertebrate and invertebrate hosts.
Another biological process studied in this thesis is the immune response which is also
involved in the infective process. This defensive response allows individuals to survive contact
with different types of pathogens. The Subolesin gene, an akirin ortholog of insects and
vertebrates, is considered to be involved in the immune response and also has been shown to
be regulated by the nuclear factor NF‐kB. In Chapter III, the subolesin‐NF‐kB interaction is
demonstrated and the reciprocal regulation between subolesin and NF‐kB is shown by a gene
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silencing assay. Moreover, it has been shown that A. phagocytophilum infection promotes NF‐
kB binding to the subolesin gene promoter in order to enable its expression. This result was
confirmed by flow cytometry assays which showed an increase in expression for both
subolesin and NF‐kB proteins in response to the infection. Taken together, these results
confirm subolesin regulation by NF‐kB in Ixodes scapularis, and show how ticks resist to A.
phagocytophilum infection triggering their immune response through activation of the
subolesin gene.
In relation to infection by A. phagocytophilum, a third biological process studied in this
thesis is the response to cellular stress (Chapter IV). Thermal shock, toxicity and/or infection
cause cellular stress that would be critical for the survival of the cells if it was not for the
presence of heat shock proteins (HSPs) and other stress response proteins (SRPs) involved in
the protection of possible cell damage due to these stressful situations. The beginning in this
chapter focuses on proteomic, transcriptomic and functional analyzes in Ixodes scapularis in
order to identify proteins involved in the stress response caused by different factors, among
which is the infection by A. phagocytophilum. It has been demonstrated that heat shock
proteins such as HSP70 and HSP20 play a role in the infective process through their induction
and inhibition, respectively. Furthermore, functional assays have shown that hsp70 and hsp20
gene silencing affects negatively tick feeding and its ability to meet vertebrate hosts. We
observed that tick feeding induces the expression of genes that the pathogen can use to its
benefit, and in the same way, that rises of environmental temperatures induce the expression
of stress response genes that speeds up the questing behavior in order to find a host as soon
as possible minimizing the time they are exposed to desiccation. These results suggest the
existence of an established relationship between HSPs and vital physiological processes for the
tick. In the last part of this chapter, a proteomic and transcriptomic analysis on A.
phagocytophilum is performed in order to study those proteins that are most relevant during
infection in the tick. This analysis shows that membrane proteins (MSP4) and thermal stress
related proteins (HSP70, GroEL and SOD) are differentially expressed during infection and
involved in the pathogen‐Ixodes scapularis interface by using antibody interference and
receptor binding assays. These results show a new strategy that favors pathogen multiplication
and transmission through the activation of the stress response offering on the one hand, the
necessary protection to confront the oxidative stress generated in the host cell and, on the
other hand, improvement of tick‐pathogen binding.
In addition, all integrated proteomic, transcriptomic and functional analysis by systems
biology performed in Chapters I and IV show the specific differences in I. scapularis tissues in
response to infection, reflecting the dual life cycle of A. phagocytophilum in guts (replicative
form) and salivary glands (dense form).
On the other hand, a variety of factors and changes at the molecular level take part in
the infective process affecting the development and survival of I. scapularis and the successful
infection by A. phagocytophilum. As detailed in Chapter V, as most ticks carry out their life
cycle in open habitats, changes in the environment are often stress factors that can alter the
tick‐host‐pathogen relationship. Thus, it has been demonstrated that temperature and relative
humidity are critical factors in the development and survival of ticks as well as important
factors in its ability to climb towards more favorable areas of the vegetation. Ultimately, the
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temperature and humidity can be considered determinants in their vectorial capacity, meaning
the ability to maintain and transmit infectious agents to their vertebrate hosts. However,
environmental factors are not the only factors to be considered in the pathogen‐tick
relationship since they have to overcome different tick defensive barriers during infection (gut,
hemolymph and salivary glands). As shown in this chapter, it has been demonstrated that ticks,
in the presence of an infectious agent, activate protective mechanisms in order to control the
infection while the pathogen uses this tick response to promote its replication and
transmission.
In this way, we can conclude that the increased knowledge on the relationship
established at the molecular level between ticks and the pathogens transmitted by them, will
allow us to define with greater certainty potential candidate molecules involved in the
development of infection in order to design new vaccines for the control of ticks and tick‐
borne pathogens.
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Resumen

El aumento del uso de la tierra por parte del hombre a través tanto de la ganadería y la
agricultura, así como por sus actividades recreativas en la naturaleza, ha incrementado la
incidencia de enfermedades transmitidas a través de la picadura de artrópodos hematófagos
como son las garrapatas. Anaplasma phagocytophilum, agente causante de la anaplasmosis
granulocítica humana (HGA), es uno de los patógenos transmitidos por garrapata que afecta a
un amplio rango de hospedadores vertebrados incluyendo el ser humano, y considerado uno
de los más importantes en Estados Unidos, Europa y Asia por el aumento del número de
afectados cada año. El responsable principal de esta transmisión es la garrapata del género
Ixodes, siendo Ixodes scapularis el principal transmisor de Anaplasma phagocytophilum en
Estados Unidos afectando fundamentalmente a humanos.
Como se ha demostrado en otros trabajos anteriores (Capítulo I), existen evidencias de
que Anaplasma phagocytophilum regula procesos biológicos tanto en células humanas como
en garrapatas con el objetivo de favorecer su propio proceso infectivo. Estas regulaciones se
basan en alteraciones a nivel molecular (como son modificaciones a nivel de genes, de
proteínas, de vías metabólicas, modificaciones en el citoesqueleto, etc) que A.
phagocytophilum provoca en la célula huésped con el fin de mejorar su replicación y su
transmisión, así como de evadir la respuesta defensiva que la célula hospedadora ejerce frente
a la infección. Por este motivo, el objetivo de este trabajo consiste en estudiar la interacción
patógeno‐garrapata centrándonos en tres procesos biológicos que se consideran puntos clave
en la respuesta frente a la infección: muerte celular programada (apoptosis), respuesta
inmune y respuesta al estrés celular.
La apoptosis o muerte celular programada es el proceso ordenado por el que la célula
termina muriendo tras la aparición de estímulos extra o intracelulares entre los que se
encuentra la infección. Debido a los efectos adversos de la apoptosis sobre la replicación y
diseminación de los agentes patógenos, muchos de ellos han desarrollado estrategias para
bloquear la apoptosis de la célula infectada. A través de los análisis transcriptómicos,
proteómicos y funcionales llevados a cabo en el capítulo II, se ha comprobado que la infección
por A. phagocytophilium desencadena un cambio en la organización del citoesqueleto y en la
regulación del proceso de apoptosis en las células de garrapata con el propósito de establecer
y mejorar el proceso infectivo. Se ha demostrado que en el intestino de la garrapata, la
infección por A. phagocytophilium promueve la inhibición del proceso apoptótico a través de la
alteración de la vía de señalización celular denominada JAK‐STAT. Por el contrario, en las
glándulas salivares, dicha inhibición se consigue a través de la regulación de la vía intrínseca de
la apoptosis en la que se promueve la disminución de la expresión de una Porina mitocondrial
que, a su vez, altera la liberación de Citocromo C y desencadena una respuesta anti‐apoptótica
en la célula. Al mismo tiempo, las glándulas salivares participan en la activación de la vía
extrínseca de la apoptosis como mecanismo de protección de la garrapata para limitar la
supervivencia del agente patógeno. Estos resultados proponen que A. phagocytophilium utiliza
diferentes estrategias de regulación de la ruta apoptótica dependiendo del tejido en el que se
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encuentre, y que estas estrategias utilizadas para establecer su infección son similares tanto en
hospedadores vertebrados como en invertebrados.
Otro proceso biológico que ha sido sometido a estudio en este trabajo por estar
involucrado en el proceso infectivo es la respuesta inmune. Esta respuesta de defensa permite
a los individuos sobrevivir al contacto con diferentes tipos de patógenos. El gen de la
subolesina, ortólogo de las akirinas de insectos y vertebrados, se ha considerado un gen
involucrado en la respuesta inmune y además se ha demostrado estar regulado por el factor
nuclear NF‐kB. En el capítulo III se demuestra la interacción entre subolesina y NF‐kB y,
además, a través de un ensayo de silenciamiento génico, se observa cómo la regulación entre
ambos se produce de manera recíproca. Por otra parte, se ha demostrado que la infección por
A. phagocytophilium favorece la unión de NF‐kB al promotor del gen de la subolesina con el fin
de activar su expresión. Este resultado se ha corroborado utilizando ensayos de citometría de
flujo donde se muestra un aumento en la expresión de proteínas tanto de subolesina como de
NF‐kB en respuesta a la infección. En su conjunto, estos resultados ratifican la regulación de
subolesina por NF‐kB en Ixodes scapularis, y muestran cómo la garrapata hace frente a la
infección por A. phagocytophilium activando su respuesta inmune a través de la activación del
gen de la subolesina.
Un tercer proceso biológico estudiado en esta tesis con relación a la infección por A.
phagocytophilium es la respuesta al estrés celular (capítulo IV). Tanto el choque térmico, como
la toxicidad y/o la infección, ocasionan situaciones de estrés celular que serían críticas en la
supervivencia de las células si no fuera por la presencia de proteínas de choque térmico (HSPs)
u otras proteínas de respuesta al estrés (SRPs) que intervienen en la protección de posibles
daños celulares consecuencia de estas situaciones de estrés. Los primeros trabajos de este
capítulo se centran en el análisis proteómico, transcriptómico y funcional realizados en Ixodes
scapularis con el objetivo de conocer aquellas proteínas relacionadas con la respuesta al estrés
ocasionada por diferentes factores entre los que se encuentra la infección. Frente a la
infección por A. phagocytophilium, se ha demostrado que las proteínas de estrés térmico
HSP70 y HSP20 juegan un papel en el proceso infectivo a través de su inducción e inhibición,
respectivamente. Además, a partir de ensayos funcionales se ha comprobado que el
silenciamiento génico de hsp70 y hsp20 afecta negativamente en la alimentación de la
garrapata, así como en su capacidad de encontrarse con los hospedadores vertebrados. Es
curioso observar cómo la propia alimentación de la garrapata dispara la expresión de genes
que el patógeno puede utilizar en su propio beneficio, y cómo de la misma manera, el
aumento de la temperatura ambiental induce igualmente la expresión de genes de respuesta a
estrés que le permiten a la garrapata aumentar la velocidad de ascenso por la vegetación con
el fin de encontrarse lo antes posible con el hospedador, minimizando el tiempo de exposición
a la desecación. Estos resultados sugieren la existencia de una relación establecida entre las
HSPs y los procesos fisiológicos de vital importancia para la garrapata. En el último trabajo de
este capítulo, se realiza un estudio proteómico y transcriptómico sobre A. phagocytophilium
con el fin de estudiar aquellas proteínas del patógeno que son de mayor relevancia durante la
infección en la garrapata. De este análisis se concluye que proteínas de membrana (MSP4) y
proteínas relacionadas con el estrés térmico (HSP70, GroEL y SOD) no sólo se expresan de
manera diferencial durante la infección sino que, además, a través de ensayos en los que se
bloquean estas proteínas mediante anticuerpos específicos y de ensayos de unión a
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receptores, se ha comprobado que dichas proteínas intervienen en la unión patógeno‐Ixodes
scapularis. Estos resultados ponen de manifiesto una nueva estrategia por la que el patógeno
favorece su multiplicación y transmisión a través de la activación de la respuesta al estrés que
le ofrece, por una parte, la protección necesaria para hacer frente al estrés oxidativo generado
en la célula hospedadora y, por otra parte, la mejora de su unión con ella.
Además, todos los análisis proteómicos, transcriptómicos y funcionales integrados a
través de la biología de sistemas realizados durante los capítulos I y IV muestran las diferencias
específicas entre tejidos de I. scapularis en respuesta a la infección, reflejando el ciclo de vida
dual que A. phagocytophilium desarrolla en intestino (forma replicativa) y en glándulas
salivares (forma densa).
Por otro lado, en el proceso infectivo forman parte una gran variedad de factores y
regulaciones a nivel molecular que condicionan el desarrollo y supervivencia de I. scapularis y
el mantenimiento, con mayor o menor éxito, de la infección por parte de A. phagocytophilum.
Tal como se detalla en el capítulo V, dado que la mayoría de las garrapatas desarrollan su ciclo
de vida en hábitats abiertos, las fluctuaciones originadas en el medio ambiente suponen
muchas veces factores de estrés que pueden alterar la relación patógeno‐garrapata‐
hospedador. De esta manera, se ha comprobado que la temperatura y la humedad relativa del
ambiente son factores decisivos en el desarrollo y supervivencia de la garrapata, así como
factores condicionantes en su capacidad de ascender hacia zonas más favorables de la
vegetación. En definitiva, la temperatura y la humedad se pueden considerar factores
determinantes en su capacidad vectorial, entendida ésta como la capacidad de mantener y
transmitir agentes infecciosos hacia sus hospedadores vertebrados. Sin embargo, los factores
ambientales no son los únicos elementos que se han de considerar en la relación patógeno‐
garrapata, puesto que se han de superar diferentes barreras de defensa de la garrapata
durante la infección (intestino, hemolinfa y glándulas salivares). Como se muestra en este
capítulo, se ha demostrado que la garrapata, ante la presencia de un agente infeccioso, activa
mecanismos de protección con el fin de mantener la infección de una manera controlada,
mientras que por su parte, el patógeno utiliza en muchos de los casos esta respuesta de la
garrapata en su propio beneficio para favorecer su replicación y su transmisión.
De este modo podemos concluir que, el conocimiento cada vez más exhaustivo de la
relación establecida a nivel molecular entre la garrapata y el agente patógeno transmitido por
ella, nos permitirá poder ir definiendo con mayor certeza posibles moléculas candidatas claves
en el desarrollo de la infección, y con ello poner en marcha el diseño de nuevas vacunas
destinadas a interferir la infección y bloquear la transmisión de enfermedades por parte de las
garrapatas.
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INTRODUCTION
In the last few decades, the continuous human
exploitation of environmental resources has
promoted the emergence and resurgence of
zoonoses. Alongside, human outdoor activities
have also allowed for the contact with arthropod
vectors normally present in the field, and as a
result, transmission of vector-borne pathogens.
Among these, Anaplasma phagocytophilum has
come into view as an important tick-borne
pathogen in the United States, Europe and Asia,
with increasing numbers of affected people every
year. A. phagocytophilum is an obligate
intracellular pathogen that replicates inside
myeloid and non-myeloid cells, causing human
granulocytic anaplasmosis (HGA). This small
bacterium is found restricted within compartments
of host cells and was initially described as
Ehrlichia phagocytophila or E. equi. Recently,
phylogenetic studies have established it as a
member of the Rickettsiales order and the family
Anaplasmataceae (Figure 1), which includes
bacterium transmitted by ixodid ticks to humans
and animals. This chapter aims to address the
biology and epidemiology of the tick-borne
pathogen A. phagocytophilum, the underlying
mechanisms of HGA, and current advances in
diagnosis and treatment of this emerging vectorborne disease.

HISTORY AND PHYLOGENETICS
Anaplasma

phagocytophilum

was
first
recognized over 70 years ago in Europe as the
causative agent of tick-borne fever (TBF) in
domestic ruminants [1]. This bacterium was

first named Rickettsia phagocytophilia, only
to be subsequently renamed Cytoecetes
phagocytophila based on morphological
similarities to Cytoecetes microti. The
organism was then listed in the tribe
Ehrlichieae as a separate species, Ehrlichia
phagocytophila, but this designation was not
adopted by researchers in Europe who
continued to refer to the pathogen as C.
phagocytophila [1]. In the United States, the
first case of equine granulocytic anaplasmosis
(EGA) in horses was reported in California
in 1969 and was presented as a separate species, Ehrlichia equi. During the early 1990 s, an
emerging disease of humans in the United
States was found to be caused by a
granulocytic agent similar to E. phagocytophila and E. equi [1]. The disease caused by
this newly discovered organism was named
human granulocytic ehrlichiosis (HGE) but
was later designated human granulo- cytic
anaplasmosis (HGA) after the pathogen was
classified as A. phagocytophilum, a member
of the Rickettsiales order and the family
Anaplasmataceae [1a].
In
this
new
phylogenetic
classification (Fig. 110.1), p0020 the family
Anaplasmataceae was broadened to include all
species of the α-Proteobacteria listed
previously in the genera Ehrlihia, Anaplasma,
Cowdria, Wolbachia and Neoreickettsia [1a].
The genus Anaplasma includes six species; A.
phagocytophilum that causes HGA, three
species that exclusively infect ruminants, A.

marginale, A.
(usually

referred

marginale
ss.
centrale
to as A. centrale), and A.
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ovis, A. bovis and A. platys, which infect
cattle and dogs, respectively (Fig. 110.1).

EPIDEMIOLOGY
Anaplasma

phagocytophilum is the most
widespread tick-borne infection of animals in
Europe and has also been found in mammals and
ticks throughout the United States, as well as other
many other areas of the world (1). Transovarial
transmission of A. phagocytophilum from female
ticks to their progeny has not been reported to
occur and therefore ticks must acquire infection in
each generation during a bloodmeal.
The
infectious cycle of A. phagocytophilum in nature
is dependent upon the presence of infected
reservoir hosts, which are most often small
mammals or deer (2). In contrast to A. marginale,
which is host specific for ruminants, A.
phagocytophilum has a wide host range that
coincides with the extensive distribution of the tick
vector, Ixodes spp. This wide host range will likely
result in increasing numbers of reservoir hosts and
thus contribute to the establishment and spread of
HGA.

In Europe, A. phagocytophilum is an
established pathogen of small ruminants, most
notably in sheep, which is the host in which the
pathogen was first described as the etiologic agent
of tick borne fever (TBF) (1). Clinical presentation
of A. phagocytophilum infection has been also
documented in goats, cattle, horses, dogs, cats, roe
deer, reindeer, and humans. More recently, HGA
has emerged as a tick-borne disease of humans in
the United States, Europe and Asia.
Strains
or
variants
of
A.
phagocytophilum have been recognized to vary
with the host and geographic location (1,3,4) The
development and severity of clinical disease
caused by these variants appears to be dependent
the variant/ host combination. Clinical disease
may also be absent as demonstrated in a recently
developed sheep model using a human isolate of
A. phagocytophilum from a U.S. patient with
HGA. The experimentally infected sheep became
infected with A. phagocytophilum, as determined
by PCR, but clinical symptoms and infected host
cells were not apparent. Interestingly, 80 to 100%
of the ticks that fed on sheep for as little as two

FIGURE 101.1: Anaplasmataceae phylogenetic tree. The order Rickettsiales, family. Anaplasmataceae includes bacterium, such as:
Anaplasma spp., Ehrlichia spp., Wolbachia spp. and Neorickettsia spp. The Anaplasmataceae phylogenetic tree was built according to
a maximum likelihood based on SEQBOOT alignment of 16S ribosomal RNA gene sequences utilizing POWER
(http://power.nhri.org.tw/power/home.htm). Accession numbers were obtained from GenBank. Reproduced from Severo et al. Future
Microbiol. (2012) 7(6), 719-731 with permission of Future Medicine Ltd.
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days developed infections in guts and salivary
glands (5).

HGA
CLINICAL
FEATURES,
DIAGNOSIS AND TREATMENT
In the vertebrate host, A. phagocytophilum infects
neutrophils where the pathogen multiplies within a
parasitophorous a vacuole or morula, which is
approximately 1.5 µm to 2.5 µm in diameter
(Figure 2). A prepatent period of 4-7 days occurs
between transmission from the tick bite and
detection of infected host cells. During the
rickettsemia, the main targets for A.
phagocytophilum infection include the eosinophils,
monocytes, and primarily neutrophils. In A.
phagocytophilum infection in sheep, goats and
cattle, as many as 90% of the granulocytes may
become infected, but the severity of infection and
febrile reaction is dependent on the strain and the
susceptibility and immune status of the host. In
sheep, cattle and horses the rickettsemia is
accompanied by fever of approximate 7 days
duration. While fever is the main clinical sign,
pyrexia in lambs, respiratory signs in cattle and
secondary infections that appear days after being
introduced to tick-infested pastures are indicators
of TBF. Dairy cattle may experience reduced milk
production. The severe leukopenia and especially
the prolonged neutropenia that accompanies the
disease are also are evident with TBF. In some
cases abortions may occur, especially when
pregnant ewes or cows are moved to tick-infested
pastures during the third trimester. Equine and
canine infections are characterized by fever,
depression,
anorexia,
leukopenia,
and
thrombocytopenia.
The symptoms of human patients are
most commonly fever, chills, headache and
myalgias. Leukopenia and thrombocytopenia mark
the early stage of disease but may not be present as
the disease progresses. Initially, microscopic
analysis of the peripheral blood is an easy and
quick approach to detect A. phagocytophilum
morula, and this test has an accuracy of 25-75%
during the first week of infection (6, 7). During the
early stages of HGA, a more sensitive laboratory
method relying on amplification of bacterial genes,
polymerase chain reaction (PCR), from EDTA- or
citrate-anticoagulated blood has emerged as
another option to diagnose HGA. Multiplex realtime PCR, in which multiple gene sequences are
targeted in a single real time reaction, is a clear
improvement in the molecular diagnosis of HGA.
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Co-infection with other tick-borne pathogens such
as Borrelia burgdorferi is often observed in
patients, and this test detects infection by other
closely related bacteria in a single non-gel analysis
(8).
Another
possibility
for
A.phagocytophilum diagnosis is the isolation of A.
phagocytophilum from whole EDTA-treated blood
from the suspect patient prior to administration of
antimicrobials, followed by laboratory culturing
using human promyelocytic leukemia (HL-60)
cells (9). While cell culture is a time-consuming
approach, isolation of the bacterium provides a
definitive diagnosis of infection. The sensitivity of
A.phagocytophilum isolation and culture can be
comparable to that of PCR and blood smear
analysis. Nevertheless, positive results may not be
attained any earlier than 2 weeks (10).
Serodiagnosis of HGA is obtained when a
seroconversion or 4-fold change in antibody titer
during the convalescent phase is observed. This
usually requires detection of antibodies reactive
with whole A. phagocytophilum in culture cells or
purified bacteria fixed onto slides. With polyvalent
antibody, detection shows a high sensitivity rate
(83%–100%) (11) . Indirect immunofluorescent
antibody assays (IFA) are commonly used to
confirm HGA since it is more sensitive at later
stages of infection (2-4 weeks), and may be used
in addition to PCR and blood smear microscopy
(2). However, since antibody titers may persist for
months or years, especially in endemic areas, a
positive serodiagnosis should be interpreted with
caution, taking into consideration typical and
atypical signs of acute and chronic HGA.
While A. phagocytophilum infection may
resolve without antibiotic therapy, the pathogen
has been shown to be susceptible to tetracycline
antibiotics (12-14). Doxycycline hyclate has been
reported as the agent of choice and treatment with
doxycycline
usually
results
in
clinical
improvement in 24-48 hr and cure (2). The
recommended therapy with doxycycline for adults
is 100 mg given orally at 12-h intervals. For
children older than 8 years the doxycycline dosage
should be adjusted to the patient’s weight (4.4
mg/kg/24 h, maximum 100 mg per dose) and
given in two doses (2). Delayed diagnosis in older
and immunocompromised patients may result in
increased risk of severe disease, including death.
Thus, prompt administration of antibiotic therapy
is recommended for any patient suspected
or
confirmed to be infected with A. phagocytophilum.
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MICROBIAL COLONIZATION AND
PATHOGENESIS
A. phagocytophilum is a small Gram-negative
bacterium of about 0.4 to 1.3 µm in diameter that
replicates in membrane-bound vacuoles and these
morula can be visualized using Romanowsky
staining (15, 16) (Figure 2). Two morphotypes of
A. phagocytophilum have been identified using
electron microscopy: reticulate (RC) and dense
core (DC). Only DCs enter HL-60 cells and human
neutrophils but both DCs and RCs invade ISE6
tick cells, one of the most commonly used Ixodes
scapularis
cell
line.
Interestingly,
A.
phagocytophilum morulae can be easily observed
in HL-60 cells, but not in ISE6 cells, in which A.
phagocytophilum appears highly pleomorphic,
suggesting that specific strategies are devised by
this bacterium when colonizing distinct hosts. The

FIGURE
110.2. A. phagocytophilum
infection of human cells. Photomicrograph of
bacterial morula inside human promyelocytic
HL-60 cells.

A. phagocytophilum HZ strain, isolated from a
patient in New York in 1995 (17), has been
sequenced and carries 1.47 megabases, 12%
repetitive sequences and 1,300 open reading
frames (18). This bacterium stains poorly as Gramnegative, presumably due to the absence of genes
for synthesis of lipopolysaccharide (LPS) or
peptidoglycans (PGN). It also lacks ATP/ADP
translocase or cytochrome d-type oxidase genes,
but possess a partial glycolysis pathway. This
rickettsial pathogen can also synthesize all
nucleotides and most vitamins and co-factors, but
only four amino acids (18). Transcriptional
regulation of the msp2/p44 gene family allows A.
phagocytophilum to control expression of ~100
pseudogenes (19), and consequently, the
expression of a range of 44 kDa immunodominant
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proteins, the most abundant proteins in A.
phagocytophilum. These proteins are believed to
have major roles in antigenic variation, host
adaptation, bacterial adhesion, structural integrity
and porin activity, among other cellular events.
Anaplasma phagocytophilum has a
particular tropism for neutrophils (Figure 3). To a
less extent, it can also colonize other myeloid and
non-myeloid cells when infecting mammals (20,
21). In fact, it has been hypothesized that after a
tick bite, A. phagocytophilum invades endothelial
cells first, since A. phagocytophilum infecting
human microvascular epithelial cells (HMEC)
were capable of transferring to neutrophils upon
co-incubation in vitro (20). This model suggests
that the up-regulation of protein intercellular
adhesion molecule 1 (ICAM-1) in infected HMEC1 cells leads to its binding to neutrophil ligands
such as P-selectin glycoprotein ligand-1 (PSGL-1)
(22).
A specific residue of PSGL-1,
tetrasaccharide sialyl Lewis (sLex), was found to
be essential for A. phagocytophilum infection of
human neutrophils (23). Interestingly, PSGL-1 is
not required for murine neutrophil infection (24).
Independent mechanisms may also be used for
myeloid cell invasion since when enriched, A.
phagocytophilum bacteria that do not rely on sialic
acid for adhesion and entry, show a lower
dependency on PSGL-1 and 1,3-fucose structures
for invasion (25).
Following binding to the surface of the
host cell, A. phagocytophilum must be
internalized. Several pathways are affected by A.
phagocytophilum
infection
of
human
promyelocytic HL-60 cells (26). A recent study
has indicated that actin reorganization may
facilitate such process. In human HL-60 cells, the
PSGL-1 signaling pathway is activated upon A.
phagocytophilum binding. This, in turn, leads to
phosphorylation and activation of Rho-associated,
coiled-coil containing protein kinase 1 (ROCK1), a
serine/threonine kinase involved in actin
organization. This phosphorylation is promoted by
the spleen tyrosine kinase (Syk) and it has been
speculated that actin reorganization through
ROCK1
activation
could
facilitate
A.
phagocytophilum invasion. Remarkably, PSGL-1independent infection by A. phagocytophilum does
not
require
the
protein
Syk
(27).
Glycosylphosphatidylinositol (GPI) - anchored
proteins (GAP) and flotillin-1 are among other cell
components A. phagocytophilum seems to utilize
in order to bind to mammalian host cells (28). A.
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phagocytophilum entry requires lipid rafts and
caveolin-1 colocalizes with early inclusion of A.
phagocytophilum in HL-60 cells (28) but its role in
entry and infection is unclear. More recently, an
invasin named Asp-4 was described in the
infectious form of A. phagocytophilum. This
surface protein utilizes its C-terminal domain to
bind and invade its host cell (29). Research
performed by the same group also identified
another A. phagocytophilum protein, called
OmpA, found to interact with sialylated
glycoproteins and to be required for A.
phagocytophilum infection of mammalian host
cells (30).
In order to survive and grow within host
cells, A. phagocytophilum acquires cholesterol
directly from the host through the low-density
lipoprotein-mediated (LDL) uptake pathway (31).
In HL-60 cells, expression of LDL receptors and
perilipin
(PLIN)
is
regulated
by
A.
phagocytophilum so that cholesterol accumulates
intracellularly, and is readily available for this
pathogen’s uptake (32, 33). The extracellular
signal regulated kinase (ERK) pathway, which is
known to regulate LDR expression, is also
activated by A. phagocytophilum during infection
of HL-60 and neutrophils (32). The endosomal
transmembrane protein the Niemann-Pick Type C1
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(NPC1) can be observed in A. phagocytophilum
inclusions. NPC1 is involved in the uptake of
cholesterol and membrane synthesis, and RNA
interference experiments have demonstrated that it
is necessary for pathogen infection (34, 35).
Finally, A. phagocytophilum infection of
leukocytes is also inhibited by treatment with
methyl-β-cyclodextrin, which extracts cholesterol
(35).
Inside the host cell, A. phagocytophilum
uses a Type IV secretion system (T4SS). This
ATP- dependent system allows for secretion of
substrates that affect the host cell metabolism and
is composed of up to eight copies of virB genes in
the case of A. phagocytophilum (36). Expression
of virB9 and virB6 has been described in human
leukocytes during A. phagocytophilum infection
and appears to relate to A. phagocytophilum
developmental stage and the type of host cells.
Vir-dependent secretion of T4SS substrates has
been demonstrated (37), and effector molecules
within this system include the ankyrin-repeat-rich
A (AnkA). This tyrosine is quickly phosphorylated
upon infection with A. phagocytophilum. AnkA
phosphorylation is mediated by the interaction of
AnkA with Abl-1 via Abl interactor 1 (Abi-1),
which activates AbI-1 that, in turn, phosphorylates
AnkA. Phosphorylated AnkA then interacts with

FIGURE 110.3. A. phagocytophilum modulates the host machinery. A. phagocytophilum infection of human cells causes IL-8
secretion, which leads to the recruitment of neutrophils. Neutrophil apoptosis is inhibited through degradation of the x-linked
inhibitor of apoptosis protein (XIAP) and dampening of apoptotic caspase function, such as: caspases 3 and 8 (CASP3/8). The p38
MAP kinase and the pI3K/AKT signaling pathways are involved in this process. Reactive oxygen species (ROS) production is
inhibited by modulating NADPH oxidase assembly and/or regulation of gene expression. The ERK pathway is also affected by this
pathogen. PSGL1 signaling is activated during infection leading to actin reorganization via the molecules Syk and ROCK1. A.
phagocytophilum entry also requires lipid rafts, caveolin-1, glycoinositol phospholipid anchored proteins (GPI-GAP) and flotillin1.
Recently, mono-ubiquitination (Ub) was shown to decorate the A. phagocytophilum vacuole. Reproduced from Severo et al. Future
Microbiol. (2012) 7(6), 719-731 with permission of Future Medicine Ltd.
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the host tyrosine phosphatase, Src homology
phosphatase-1 (SHP-1) (38). Treatment with an
Abl kinase-specific inhibitor STI571 as well as
Abl-1 siRNA abrogates A. phagocytophilum
infection (37).
Aside
from
AnkA,
Anaplasma
translocated substrate 1 (Ats-1) is another effector
molecule identified in the A. phagocytophilum
T4SS. This protein is secreted by A.
phagocytophilum and is capable of translocating
inside the mitochondria, even in a cell-free system
(39). It inhibits etoposide-induced cytochrome c
release and poly ADP-ribose polymerase cleavage,
and hence, it is one of the A. phagocytophilum
molecules responsible for its antiapoptotic
properties. Recently, Ats-1 was demonstrated to
bind to BECN1 and induce the formation of
autophagosomes. Fusion of autophagosomes and
A. phagocytophilum inclusions provides this
bacterium with nutrients necessary for its growth
(40). Another protein, APH_0032, was recently
observed to accumulate in the A. phagocytophilum
vacuole but it seems not to be actively secreted by
T4SS (41).
Once inside the cell, intracellular
pathogens such as A. phagocytophilum face the
challenge of apoptosis as a host defense
mechanism. In the case of A. phagocytophilum,
this is especially important since neutrophils are
short lived and prone to strong oxidative response
to pathogen and danger signals. Thus, this
bacterium has developed the ability to delay
apoptosis by not only secreting Ats-1, as
mentioned above, but also by inhibiting Bax
translocation into the mitochondria and inducing
the expression of anti-apoptotic genes (42).
Activation of bcl-2 gene and degradation of the Xlinked inhibitor of apoptosis protein (XIAP) have
been demonstrated, alongside with inhibition of
caspase-3 processing and of the cleavage of procaspase-8 and activation of caspase-8 and 9 (42,
43). To inhibit apoptosis, A. phagocytophilum
activates kinases such as the phosphoinositide
kinase-3 (PI3K)/protein kinase B (Akt) signaling.
It regulates expression of anti-apoptotic protein
Mcl-1 and IL-8 autocrine secretion, which delays
apoptosis. The use of a p38 mitogen-activated
protein (MAP) kinase antagonist increased
neutrophil apoptosis during A. phagocytophilum
infection (44). These strategies allow A.
phagocytophilum to survive in an early endosome,
and acquire nutrients to develop into morulae,
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A. phagocytophilum inclusions do not
mature into autolysosomes. A system of Rab
GTPases has been described as involved in
endocytic recycling in the case of A.
phagocytophilum
infection
(45).
Monoubiquitinated proteins (46) and a variety of
autophagosomes markers such as Beclin-1, ATG6
and 8 (47) have been observed as part of the A.
phagocytophilum vacuolar membrane. Moreover,
Beclin-1 heterozygous-deficient mice are also
resistant to A. phagocytophilum infection (48).
When treated with an autophagy inhibitor, 3methyladenine, A. phagocytophilum growth is
blocked, indicating that this pathogen evades
autophagy in order to replicate inside the host cell.
Expression of an A. phagocytophilum sensor
kinase (PleC) and one response regulator (PleD)
also seems to relate to A. phagocytophilum
growth. In fact, recombinant PleD produces cyclic
di-GMP (c-di-GMP), which is crucial for A.
phagocytophilum colonization of HL-60 cells (49).
A. phagocytophilum infects professional
killer cells, and must modulate granulocytes major
defenses, such as the oxidative response. As part
of its survival strategy, this microorganism does
not induce reactive oxygen species (ROS) in
neutrophils (50, 51), but does so in macrophages
(52), which is presumably why these cells are not
suitable hosts.
Another difference between
infections of distinct cell populations is that
neutrophils stop responding to LPS and phorbol
myristate acetate (PMA) after A. phagocytophilum
infection (51, 53), but the same is not observed in
monocytes (54). In neutrophils, expression of the
gp91phox gene and P22phox protein is diminished (53)
and nuclear cathepsin L activated during A.
phagocytophilum infection (55). The ability of
AnkA to bind to a range of targets, such as the
transcriptional regulation regions of the CYBB
locus, has raised the possibility of an AnkAdependent down-regulation of ROS in HL-60 cells
(56). Moreover, NADPH oxidase subunits fail to
assemble in HL-60 cells (57), whereas epigenetic
silencing of defense genes and up-regulation of
histone deacetylases have been demonstrated in
THP-1 cells (58).

COLONIZATION
VECTOR

OF

THE

TICK

With an attempt to develop new strategies for
prevention and control of HGA, recent studies
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have rather analyzed the A. phagocytophilum-tick
interface. It has been illustrated that A.
phagocytophilum modulates gene expression in
ticks. I. scapularis molecules such the P11 protein
(59), the salivary gland protein SALP16 (60), 1,
3- fucosyltransferases (61) and the X-linked
inhibitor of apoptosis (XIAP) E3 ubiquitin ligase
(62, 63) have been shown to be required for A.
phagocytophilum infection in ticks. A.
phagocytophilum
alters
the
monomeric/filamentous (G/F) actin ratio to
selectively regulate gene transcription in
association with the RNA polymerase II (RNAPII)
and the TATA-binding protein in ticks, but not in
human neutrophils (64). Remarkably, it promotes
expression of an antifreeze glycoprotein to
increase I. scapularis to survival in cold
temperatures (65). Proteins such as subolesin,
down-regulated during A. phagocytophilum
infection of I. scapularis nymphs but up-regulated
in infected female guts and salivary glands, have
been used for vaccination studies against tick
infestation and pathogen infection (66, 67).
Limited success has been obtained in this area but
current efforts are underway to address vector
control at a molecular lever as a potential approach
for disruption of the HGA cycle.

IMMUNOLOGY AND
IMMUNOBIOLOGY OF HGA
A. phagocytophilum is a parasitic bacterium that
largely manipulates the host defense to establish
itself inside cells and proliferate within the
organism. As it invades and replicate inside its
host, A. phagocytophilum triggers a robust
immune response from both the innate and
adaptive immune defenses. A hallmark of HGA is
neutropenia. Interestingly, the number of infected
neutrophils in HGA patients is significantly less
than the total of circulating granulocytes (68), and
it is unclear what precise mechanism leads to such
event. Modulation of neutrophils response renders
these cells incapable of clearing out the infection,
and upon colonization, granulocytes show
decreased transmigration and binding to
endothelial cells (69). In HGA patients, IFN- and
IL-10 are elevated in the plasma, but proinflammatory cytokines such as tumor necrosis
factor (TNF)-, IL-1, IL-4 and IL-6 are not
detected (70). Neutrophils infected with A.
phagocytophilum show up-regulation of proinflammatory genes (71), and infection with A.
phagocytophilum leads to increased levels of IL-8,
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as well as of other chemokines (72, 73). High
levels of IL-8 recruit neutrophils, and granulocytic
phagocytosis is normally increased by IL-8, which
can facilitate A. phagocytophilum dissemination.
Blocking of the IL-8 receptor CXCR1 causes a
decrease in the pathogen load but that does not
seem to affect host pathology (74).
Impaired IFN- signaling in human
neutrophils (75) is likely responsible for a
decreased cross-talk between neutrophils and other
cells, such as Natural Killers (NK) cells, and
contribute to the development of the disease.
Bacteremia is higher in IFN- knockout mice, with
no difference in hepatic histopathology, whereas in
IL-10 knockout mice tissue damage is more
pronounced; bacteremia and IFN- levels are
normal compared to wild-type mice (76).
Inhibition of IFN- production by NK T cells
during A. phagocytophilum infection in mice
seems to involve the c-Jun NH2-terminal kinase 2
(JNK2) (77). Splenic CD8 T lymphocytes, which
are activated during infection, have also been
associated with IFN- levels and hepatic
inflammatory lesions (78) as well as
phosphorylation of STAT1 (79). Similarly, a role
for NKT cells during the early phase of A.
phagocytophilum infection was demonstrated by
using cd1d-knockout mice, which showed a higher
pathogen load than wild-type animals at day 2
post-infection. Moreover, administration of a NK
T-cell agonist led to an increased on IFN- release
and protected mice from A. phagocytophilum (77).
Although IFN- is important for early
defense, it does not appear to be required for
pathogen elimination. Instead, bacterial clearance
was described as strictly dependent on IL12/23p40 and CD4+ T cells (80). A.
phagocytophilum also up-regulates CD11b/CD18
in granulocytes and in CD11b/CD18 knockout
mice, however, is observed at higher numbers
relative to wild-type (81). Superoxide produced by
NADPH oxidase during A. phagocytophilum
infection
causes
damaging
inflammatory
histopathology (82-87). NADPH oxidase, as well
as perforin, Fas/FasL are not necessary for
bacterial clearance in mice similar to observations
in toll-like receptor (TLR) 2, TLR4, iNOS,
MyD88, TNF deficient mice (88, 89).
Monocytes and macrophages are not
hosts from A. phagocytophilum but do contribute
to controlling infection via TLR2 and nuclear
factor (NF)-B signaling (90). Animal models
show increased macrophage in ﬁ ltration and
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hemophagocytosis in tissues infected with A.
phagocytophilum (82, 83). Furthermore, HGA
clinical and histopathological signs in patients also
indicate macrophage activation (91). Different
from what is observed in neutrophils, p38 MAP
kinase is activated in monocytes (92). Protein
kinase C (PKC), protein kinase A (PKA), and
protein tyrosine kinase (PTK) affect cytokine
secreion
in
monocytes
following
A.
phagocytophilum infection (92). The up-regulation
of the Receptor interacting protein-2 (Rip2), the
adaptor protein for the Nod-like receptors (NLRs),
Nod1/Nod2, was recently described in human
neutrophils. Rip2-deficient mice required a longer
period to clear A. phagocytophilum infection and
showed decreased levels of IL-18 and IFN- (93).
The NLRC4 inflammasome is partially required
forA. phagocytophilumhost responsein vivo (94) .
Using an A. phagocytophilum mutant lacking the
dihydrolipoamide dehydrogenase 1 (lpda1) gene,
Chen and colleagues found neutrophils to be
refractory to lpda1::TnHimar1 mutant infection,
with a much lower NF-B response compared to
the wild-type strain. Macrophages, on the other
hand, had higher levels of NF-B signaling and
were fully capable of binding and internalizing the
lpda1::TnHimar1
mutant
(52).
A.
phagocytophilum promotes distinct signals
between neutrophils and monocytes (92, 95) in
terms of cytokine generation, reinforcing the role
of specific subsets of cells in the A.
phagocytophilum colonization of mammalian
hosts.
An
interesting
feature
of
A.
phagocytophilum infection is the decreased bone
marrow function (96), most likely due to an altered
CXCL12/CXCR4 signaling (97). This cascade is
crucial for in hematopoietic and progenitor cell
mobilization, and may also justify the leukopenia
observed in patients. A. phagocytophilum infection
triggers hematopoietic alterations in the spleen,
showing an expansion of lymphoid follicules and
marked extramedullary hematopoiesis in the red
pulp (96). Mast cells have been addressed in the
context of A. phagocytophilum infection. It
appears that TNF-, IL-6 and IL-13 productions
are inhibited upon pathogen stimulation (98) but
the underlying mechanism remains unclear.

CONCLUSION
DIRECTIONS

&

FUTURE

Since the first description of HGA in the United
States in 1990, considerable efforts have been
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A.
made
to
understand
more
about
phagocytophilum biology, epidemiology and the
mechanims controling disease pathogenesis. A.
phagocytophilum has an impressive ability to
colonize and replicate inside tick and mammalians
cells. Deletion of LPS and PGN genes, acquisition
of a cholesterol uptake strategy and a T4SS,
together with autophagy subversion and apoptosis
and oxidative response inhibition have all been
shown to contribute to A. phagocytophilum
survival inside host cells. Infection-induced
immunopatholgy occurs as a result of innate
immune activation. Pathogen erradication, on the
other hand, is accomplished by adaptive immunity,
and the cytokine response to A. phagocytophilum
infection indicate that the response is weighted
towards the Th1 phenotype. More effort, however,
is still needed in order to further elucidate the
immunopathogenesis underlying the development
of this disease, especially of its more severe cases.
Genetic manipulation of A. phagocytophilum
would be a great tool to uncover pathogen
colonization and immupathology. Moreover,
mouse conditional knockouts could help
elucidating the role of distinct cell populations in
the disease pathogenesis. Macrophages and
neutrophils are known to be activated by this
rickettsial pathogen via different signalling
pathways, and a communal effort to address A.
phagocytophilum immunity in a holostic and
integrative way is awaited. It will take some time
to fully understand the complexity of HGA. One
can hope that with a collaborative work between
physicians, epidemiologists, microbiologists and
vector biologists, A. phagocytophilum biology will
be further unraveled and ultimately contribute to
HGA control, diagnosis and treatment.
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Hypothesis

Ixodes scapularis tick vector genes and proteins that are differentially expressed in
response to Anaplasma phagocytophilum infection can be involved in the infection,
multiplication, and transmission of the pathogen as well as in the tick protective response to
infection.

General Aim

The overall aim of this work is to characterize the molecular interactions between
Anaplasma phagocytophilum and Ixodes scapularis in order to define the molecular
mechanisms involved in pathogen infection, multiplication and transmission and identify
candidate vaccine antigens to control infection and transmission by ticks.

Specific Aims

1. To characterize Ixodes scapularis tick response against Anaplasma phagocytophilum
infection using a system biology approach through transcriptomics and proteomics tools.
2. To characterize the regulation of subolesin gen by NF‐kB nuclear factor, as a
potential regulation mechanism of the Ixodes scapularis immune response, and to analyze this
response against Anaplasma phagocytophilum infection.
3. To study the stress response in Ixodes scapularis and the impact of Anaplasma
phagocytophilum infection in this process.
4. To identify Anaplasma phagocytophilum proteins involved in pathogen infection
and multiplication in tick cells.
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Hypothesis and Aims

Hipótesis

Los genes y las proteínas de la especie de garrapata Ixodes scapularis que son
expresados de manera diferencial como consecuencia de la infección por el agente patógeno
Anaplasma phagocytophilum, pueden estar involucrados en la multiplicación, transmisión e
infección, así como en la respuesta protectora de la garrapata frente a la infección.

Objetivo General

Caracterizar a nivel molecular la interacción establecida entre el patógeno Anaplasma
phagocytophilum y la garrapata Ixodes scapularis, a fin de poder definir los mecanismos
moleculares que participan en la infección, multiplicación y transmisión de patógenos, y así
poder identificar posibles moléculas antigénicas candidatas para el desarrollo de nuevas
vacunas destinadas a controlar el proceso infectivo y transmisión de patógenos por garrapatas.

Objetivos Específicos

1. Caracterizar la respuesta de Ixodes scapularis frente la infección por Anaplasma
phagocytophilum utilizando una aproximación de biología de sistemas a partir de herramientas
de transcriptómica y de proteómica.
2. Caracterizar la regulación del gen de subolesina ejercida por el factor nuclear NF‐kB
como posible mecanismo de regulación de la respuesta inmune en Ixodes scapularis, y analizar
esta respuesta frente a la infección por Anaplasma phagocytophilum.
3. Estudiar la respuesta al estrés en Ixodes scapularis y el modo en el que la infección
por Anaplasma phagocytophilum influye en esta respuesta.
4. Identificar aquellas proteínas de Anaplasma phagocytophilum que pueden estar
involucradas en su infección y su multiplicación en células de garrapata.
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Apoptosis

Anaplasma phagocytophilum Inhibits Apoptosis and Promotes
Cytoskeleton Rearrangement for Infection of Tick Cells
Nieves Ayllón,a Margarita Villar,a Ann T. Busby,b Katherine M. Kocan,b Edmour F. Blouin,b Elena Bonzón-Kulichenko,c
Ruth C. Galindo,a,b Atilio J. Mangold,d Pilar Alberdi,a José M. Pérez de la Lastra,a Jesús Vázquez,c José de la Fuente a,b
Instituto de Investigación en Recursos Cinegéticos IREC-CSIC-UCLM-JCCM, Ronda de Toledo s/n, Ciudad Real, Spaina; Department of Veterinary Pathobiology, Center for
Veterinary Health Sciences, Oklahoma State University, Stillwater, Oklahoma, USAb; Centro de Biología Molecular Severo Ochoa (CSIC-UAM), Cantoblanco, Madrid, Spainc;
Instituto Nacional de Tecnología Agropecuaria, Estación Experimental Agropecuaria Rafaela, Rafaela, Santa Fe, Argentinad

Anaplasma phagocytophilum causes human granulocytic anaplasmosis. Infection with this zoonotic pathogen affects gene expression in both the vertebrate host and the tick vector, Ixodes scapularis. Here, we identified new genes, including spectrin alpha chain or alpha-fodrin (CG8) and voltage-dependent anion-selective channel or mitochondrial porin (T2), that are involved
in A. phagocytophilum infection/multiplication and the tick cell response to infection. The pathogen downregulated the expression of CG8 in tick salivary glands and T2 in both the gut and salivary glands to inhibit apoptosis as a mechanism to subvert host
cell defenses and increase infection. In the gut, the tick response to infection through CG8 upregulation was used by the pathogen to increase infection due to the cytoskeleton rearrangement that is required for pathogen infection. These results increase
our understanding of the role of tick genes during A. phagocytophilum infection and multiplication and demonstrate that the
pathogen uses similar strategies to establish infection in both vertebrate and invertebrate hosts.

T

icks are ectoparasites of animals and humans and are considered to be the most important arthropod vector of pathogens
in some regions (1). Ixodes scapularis Say (Acari: Ixodidae) is an
important vector of pathogens that infect and cause disease in
humans and domestic animals in the United States. Anaplasma
phagocytophilum (Rickettsiales: Anaplasmataceae), the focus of
this study, is the causative agent of human, canine, and equine
granulocytic anaplasmosis and tick-borne fever of ruminants
(2, 3).
A. phagocytophilum is an intracellular bacterium that infects
vertebrate host neutrophils, where it multiplies within a parasitophorous vacuole, thus evading host defenses while inhibiting
apoptosis and promoting cytoskeleton rearrangement for infection and multiplication (4–8). Tick-A. phagocytophilum interactions are not as well characterized as those between pathogen and
vertebrate hosts (4). While A. phagocytophilum has been shown to
infect I. scapularis gut cells (9) and salivary glands (10), the developmental cycle of this pathogen has not been described in ticks.
Tick proteins such as Salp16, subolesin, antifreeze glycoprotein
IAFGP, and alpha1-3-fucosyltransferease were differentially regulated and required for A. phagocytophilum infection of I. scapularis (10–20). Activation of heat shock proteins and other stress
response proteins in ticks and cultured tick cells in response to A.
phagocytophilum infection was also characterized by proteomics
and transcriptomics analyses (21).
The overall goal of our research is to characterize molecular
interactions at the vector-pathogen interface and develop vaccines
for the control of tick infestations and pathogen infection/transmission. Our hypothesis is that tick genes differentially expressed
in response to pathogen infection would include those involved in
pathogen infection, multiplication, and transmission, as well as in
the tick protective response to infection. In this research, we
showed that A. phagocytophilum inhibits tick cell apoptosis and
promotes cytoskeleton rearrangement, using similar strategies to
establish infection in both vertebrate and invertebrate hosts.

MATERIALS AND METHODS
Cultured tick cells. The ISE6 tick cell line, originally derived from I.
scapularis embryos (provided by U. G. Munderloh, University of Minnesota), was cultured in L15B medium as described previously (22). The
ISE6 cells were inoculated with the NY18 isolate of A. phagocytophilum
propagated in HL-60 cells and maintained according to the procedures of
de la Fuente et al. (23). Uninfected cells were cultured in the same way,
except with the addition of 1 ml of culture medium instead of infected
cells. Uninfected and infected cultures (five independent cultures with
approximately 107 cells each) were sampled at 6 days postinfection (dpi)
(early infection; percentage of infected cells, 11% to 17% [average ± standard deviation {SD}, 13% ± 2%]) and 13 dpi (late infection; percentage of
infected cells, 26% to 31% [average ± SD, 28% ± 2%]). Collected cells
were centrifuged at 10,000 X g for 3 min, and cell pellets were frozen in
liquid nitrogen until used for protein, DNA, and RNA extraction.
Ticks. I. scapularis ticks were obtained from the laboratory colony
maintained at the Oklahoma State University (OSU) Tick Rearing Facility. Larvae and nymphs were fed on rabbits, and adults were fed on sheep.
Off-host ticks were maintained in a 12-h light and 12-h dark photoperiod
at 22 to 25°C and 95% relative humidity (RH). Adult male I. scapularis
ticks were infected with A. phagocytophilum by feeding on a sheep inoculated intravenously with approximately 1 X 107 A. phagocytophilum
(NY18 isolate)-infected HL-60 cells (90 to 100% infected cells) (24). In
this model, over 85% of ticks become infected with A. phagocytophilum in
both guts and salivary glands (24). Ticks were removed from the sheep at
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10 days after infestation, held in the humidity chamber for 4 days, and
dissected for DNA and RNA extraction from guts and salivary glands. For
analysis of mRNA levels by real-time reverse transcription-PCR (RTPCR) in different tick developmental stages, eggs (three batches of approximately 3,000 eggs each), larvae (three pools of 100 larvae each),
nymphs (three pools of 100 nymphs each), and adult unfed and fed ticks
(10 ticks each) were used for RNA extraction and analysis. The levels of
mRNA of selected genes in individual uninfected and infected I. scapularis
guts, salivary glands, and whole female ticks ( n = 12 to 20) were characterized by real-time RT-PCR. Animals were housed and experiments were
conducted with the approval and supervision of the OSU Institutional
Animal Care and Use Committee.
RNAi in ISE6 tick cells and ticks. Oligonucleotide primers homologous to I. scapularis genes containing T7 promoters (see Table S1 in the
supplemental material) were used for in vitro transcription and synthesis
of double-stranded RNA (dsRNA) as described previously (25), using an
Access RT-PCR system (Promega, Madison, WI) and an Megascript RNA
interference (RNAi) kit (Ambion, Austin, TX). I. scapularis subolesin (11)
and the unrelated Rs86 (26) dsRNAs were synthesized using the same
methods described previously and used as positive and negative controls,
respectively. The dsRNA was purified and quantified by spectrophotometry.
RNAi experiments were conducted in cell cultures by incubating ISE6
tick cells with 10 µl dsRNA (5 X 10 10 to 5 X 1011 molecules/µl) and 90 µl
L15B medium in 24-well plates, using 10 wells per treatment (12). Control
cells were incubated with subolesin dsRNA and the unrelated Rs86
dsRNA. After 48 h of dsRNA exposure, tick cells were infected with cellfree A. phagocytophilum NY18 obtained from approximately 5 X 10 6 infected HL-60 cells (90 to 100% infected cells) and resuspended in 24 ml
culture medium, resulting in 1 ml/well (27), or mock infected by adding
culture medium alone. Cells were incubated for an additional 72 h, collected, and used for DNA and RNA extraction. RNA was used to analyze
gene knockdown by real-time RT-PCR with respect to the level of expression of the Rs86 control. DNA was used to quantify the A. phagocytophilum infection levels by major surface protein 4 gene ( msp4) PCR.
Unfed I. scapularis adult ticks ( n = 10 females per group for the tick
feeding experiment; n = 12 to 20 females per group for the effect on A.
phagocytophilum infection) were injected with approximately 0.5 µl
dsRNA (5 X 1010 to 5 X 1011 molecules/µl) in the lower right quadrant of
the ventral surface of the exoskeleton of the ticks (11). The injections were
done using a 10-µl syringe with a 1-in., 33-gauge needle (Hamilton, Bonaduz, Switzerland). Control ticks were injected with subolesin dsRNA or
the unrelated Rs86 dsRNA or were left uninjected. After completion of the
experiments, ticks were dissected and whole-body tissues (tick feeding
experiment) or separated guts and salivary glands ( A. phagocytophilum
infection experiment) were used for DNA and/or RNA extraction. RNA
was used to analyze gene knockdown by real-time RT-PCR with respect to
the level of expression of the Rs86 control. DNA was used to quantify the
A. phagocytophilum infection levels by msp4 PCR.
Tick feeding experiment. After dsRNA injection, female ticks were
held in a humidity chamber for 1 day, after which they were allowed to
feed on a sheep with 10 male ticks per tick feeding cell. The weight of
individual female ticks collected after completion of feeding was determined. Two ticks per group were dissected for RNA extraction to analyze
gene knockdown by real-time RT-PCR.
Analysis of mRNA levels by real-time RT-PCR. Total RNA was extracted from cultured ISE6 tick cells and tick samples using TriReagent
(Sigma, St. Louis, MO) following the manufacturer’s recommendations.
Real-time RT-PCR was performed on tick RNA samples with gene-specific primers (see Table S2 in the supplemental material) using an iScript
one-step RT-PCR kit with SYBR green and an iQ5 thermal cycler (BioRad, Hercules, CA) following the manufacturer’s recommendations. 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
over the same temperature range for every sample (28). The mRNA levels
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were normalized against the tick 16S rRNA level (15) using the genNorm
method (the flflCT method [where CT is the threshold cycle] implemented by the Bio-Rad iQ5 standard edition, version 2.0) (29).
Determination of A. phagocytophilum infection levels by real-time
PCR. DNA was extracted from ISE6 tick cells and tick samples using
TriReagent (Sigma, St. Louis, MO) following the manufacturer’s recommendations. A. phagocytophilum infection levels were characterized by
msp4 real-time PCR with normalization against the level of tick 16S rRNA
as described previously (11) but using oligonucleotide primers MSP4-L
(5’-CCTTGGCTGCAGCACCACCTG-3’)
and
MSP4-R
(5’TGCTGTGGGTCGTGACGCG-3’) and PCR conditions of 5 min at
95°C and 35 cycles of 10 s at 95°C, 30 s at 55°C, and 30 s at 60°C.
Flow cytometry. Recombinant I. scapularis voltage-dependent anionselective channel (VDAC) or mitochondrial porin (T2) (GenBank accession no. XP_002408065) and subolesin (GenBank accession no.
AAV67031) proteins and A. phagocytophilum NY18 MSP4 (GenBank
ac- cession no. AFD54597) proteins were expressed in Escherichia coli
(Champion pET 101 directional TOPO expression kit; Carlsbad, CA)
and purified using a Ni-nitrilotriacetic acid affinity column
chromatography system (Qiagen Inc., Valencia, CA) following the
manufacturer’s recommendations. Purified proteins were used to
immunize rabbits, and IgGs from preimmune and immunized animals
were purified (Montage antibody purification kit and spin columns with
PROSEP-A medium; Millipore, Billerica, MA) and used for analysis.
Anti-spectrin alpha chain or anti-alpha-fodrin (CG8) rabbit polyclonal
IgGs (catalog no. S5381-03B) were purchased from US Biological Co.
(Marblehead, MA) and used as recommended by the manufacturer.
For flow cytometry analysis, ISE6 tick cells from early and late A.
phagocytophilum infection and uninfected control ISE6 tick cells were
washed in phosphate-buffered saline (PBS), fixed, and permeabilized
with an Intracell fixation and permeabilization kit (Inmunostep,
Salamanca, Spain) following the manufacturer’s recom- mendations.
After permeabilization, the cells were washed in PBS and incubated
with primary unlabeled antibody (preimmune IgG isotype control,
MSP4, subolesin, T2, and CG8 antibodies; 50 µg/ml), washed in PBS,
and incubated in 100 µl of PBS with fluorescein isothiocyanate
(FITC)– goat anti-rabbit IgG (Sigma, Madrid, Spain)-labeled antibody
(diluted 1/500) for 15 min at 4°C. Finally, the cells were washed with PBS
and resuspended in 500 µl of PBS. All samples were analyzed on a FACScalibur flow cytometer equipped with CellQuest Pro software (BD Biosciences, Madrid, Spain). The viable cell population was gated according
to forward-scatter and side-scatter parameters. The level of MSP4, subolesin, T2, and CG8 in the viable cells was determined as the geometric
median fluorescence intensity (MFI) of the test labeled sample minus the
MFI of the isotype control (30).
Immunofluorescence in uninfected and A. phagocytophilum-infected ISE6 tick cells. Antibodies against subolesin, T2, CG8, and MSP4
were used for immunofluorescence in uninfected and A. phagocytophilum -infected (30% infection) ISE6 tick cells. Cells were fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature. Tick cell
smears were prepared using a cytocentrifuge. The cells were permeabilized with 0.3% Triton X-100 in PBS for 30 min, blocked with 2.5% bovine
serum albumin in PBS for 1 h at room temperature, and incubated overnight at 4°C with purified antibodies (subolesin, 50 µg/ml; CG8 and T2,
18 µg/ml; MSP4, 24 µg/ml). After washing with PBS, slides were incubated in 100 µl PBS with FITC– goat anti-rabbit IgG (Sigma)-labeled
antibody (diluted 1/160) for 75 min at room temperature. Finally, the
slides were washed with PBS and mounted with ProLong Gold antifade
reagent (Invitrogen, OR). Images were acquired on a Nikon Eclipse Ti-U
microscope with a X100 oil immersion objective and a Nikon Digital
Sight DS Vi1 camera.
Apoptosis (CASP9) assay. The apoptosis assay was conducted using a
caspase-9 (CASP9) colorimetric assay kit (GenScript, Piscataway, NJ).
The assay for CASP9 is based on spectrophotometric detection of the
chromophore p-nitroanilide (pNA) after cleavage from the labeled substrate LEHD-pNA. The CASP9 activity in uninfected and A. phagocyto-
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TABLE 1 Protein and mRNA levels in ISE6 tick cells in response to A. phagocytophiluma
Ratio of level for infected cells/uninfected cells
Protein

mRNA

Protein (sample identifier)

GenBank accession no.

Early
infection

Late
infection

Early
infection

Late
infection

Protein hu-li tai shao, adducin (CG2)
Spectrin alpha chain, cytoskeletal protein (CG8)
Beta-tubulin (CG10)
Na+/K + ATPase, alpha subunit (T1)
Voltage-dependent anion-selective channel (mt) (T2)
Fatty acid-binding protein (FABP) (T3)

B7P1C8, ISCW000621
B7P1U8, ISCW000012, XP_002433506
B7PA92, ISCW017133
B7P9E4, ISCW002538
B7P5X8, ISCW000781, XP_002408065
B7QMW0, ISCW015316

NS
NS
NS
-2.14
-1.33
NS

-2.17
-1.39
-1.27
-2.38
-1.40
-1.34

-100.00
-6.25
NS
-3.12
-50.00
-8.33

-250.00
-10.00
-25.00
-25.00
-16.67
-12.50

a

Protein levels were determined by proteomics analysis using protein one-step in-gel digestion, peptide iTRAQ labeling, isoelectric focusing fractionation, and liquid
chromatography-tandem mass spectrometry analysis for peptide identification (unpublished results). mRNA levels were determined by real-time RT-PCR. Abbreviations and
symbols: CG, cell growth; T, transport; mt, mitochondrial; - (negative values), lower levels in infected cells; NS, no significant differences between infected and uninfected cells
(P > 0.05).

philum-infected ISE6 tick cells was measured. Uninfected and infected
(20% infection) cells were grown in a 24-well plate (approximately 5 X
105 cells per well; n = 4 per treatment). Cells were incubated for 4 h with
the apoptosis inducer ridaifen-B (R5030; Sigma-Aldrich, St. Louis, MO)
at 7.5 µM (31), the apoptosis inhibitor NSCI (N1413; Sigma-Aldrich) at
25 µM (32), and PBS as a control. After incubation, cells were collected
and processed following the manufacturer’s recommendations. The p NA
light emission was quantified using a microtiter plate reader at 405 nm.
The relative CASP9 activity was determined by comparing the absorbance
of p NA from uninfected or infected cells to that of the control.
HK assay. Hexokinase (HK) activity was measured in tick ISE6 cells
using an HK colorimetric assay kit (BioVision, CA). The assay for HK is
based on spectrophotometric detection of a colored product generated by
NADH produced from HK activity. The HK activity in uninfected and
Anaplasma phagocytophilum-infected (20% infection) ISE6 tick cells was
measured. Uninfected and infected cells were grown in 24-well plates
(approximately 1 X 106 cells per well; n = 6) and were collected and
processed following the manufacturer’s recommendations. The colored
product was quantified using a microtiter plate reader at 450 nm, and the
HK activity was calculated and expressed in mU/ml.
Sequence analysis. Protein ontology for the biological process (BP) of
differentially expressed proteins was done using the human protein databases at http://www.hprd.org/ and http://www.ebi.ac.uk/interpro/. Blast
analysis against a nonredundant sequence database (nr) and databases of
tick-specific sequences (http://www.ncbi.nlm.nih.gov and http://www
.vectorbase.org/index.php) was done using the tblastx and blastn programs (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Nucleotide sequences
were aligned using the program AlignX (Vector NTI suite, v5.5; InforMax,
North Bethesda, MD), and protein sequences were aligned using the
CLUSTAL 2.1 multiple-sequence alignment tool (EMBL-EBI; http://www
.e bi.ac.uk/Tools/). Conserved protein domains (cd) were analyzed using
the Conserved Domains and Protein Classification resource at NCBI
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) (33). Molecular
pathways were analyzed for selected genes using the KEGG pathway database (http://www.genome.jp/kegg/pathway.html). Phylogenetic analyses of protein sequences were conducted in the MEGA5 program (34)
using the neighbor-joining (35), maximum likelihood (36), and minimum evolution (37) methods. A bootstrap analysis with 1,000 replicates
was conducted to calculate the percentage of replicate trees in which the
associated taxa clustered together (38). The sequences (GenBank accession numbers) included in the analysis corresponded to those of I. scapularis (XP_002433506), Pediculus humanus corporis (XP_002430009),
Daphnia pulex (EFX88672), Tribolium castaneum (XP_973750), Solenopsis invicta (EFZ23210), Camponotus floridanus (EFN61994), Bombus terrestris (XP_003394286), Harpegnathos saltator (EFN85586), Apis mellifera
(XP_623691), Aedes aegypti (XP_001650465), Culex quinquefasciatus
(XP_001865112), Nasonia vitripennis (XP_001601352), Acromyrmex

echinatior (EGI62932), Anopheles gambiae (XP_316724), and Drosophila
melanogaster (AAA28907) for CG8, with Homo sapiens (NP_001182461)
and Mus musculus (NP_001171139) sequences used as outgroups for
CG8, and I. scapularis (XP_002408065), Rhipicephalus (Boophilus) microplus (ADT82652), Amblyomma variegatum (DAA34069), Aedes aegypti
(XP_001654143), Culex quinquefasciatus (XP_001842637), Anopheles
gambiae (XP_318947), Tribolium castaneum (XP_976150), Daphnia pulex
(EFX77112), Drosophila melanogaster (NP_476813), and Musca autumnalis (ADT92003) for T2, with Homo sapiens (CAG33245) and Mus musculus (NP_035825) sequences used as outgroups for T2.
Statistical analysis. The weights of ticks injected with test dsRNA and
control ticks injected with the unrelated Rs86 dsRNA were compared by
Student’s t test with unequal variance (P = 0.05). To analyze gene expression and A. phagocytophilum infection levels, normalized C T values were
compared between test dsRNA-treated tick cells and ticks and controls
treated with Rs86 dsRNA or between infected and uninfected tick cells and
ticks by Student’s t test with unequal variance ( P = 0.05). In the caspase-9
colorimetric assay, values of the optical density at 450 nm (OD450 ) were
compared between treatments by Student’s t test with unequal variance
(P = 0.05). In the hexokinase assay, the enzyme activity (mU/ml) was
compared between treatments by Student’s t test with unequal variance
(P = 0.05).

RESULTS

The expression of tick genes encoding cell growth and transport
proteins is downregulated in response to A. phagocytophilum
infection. The expression of tick genes encoding proteins in cell
growth and transport biological processes was analyzed in ISE6
tick cells from early and late infection (Table 1). The results
showed differences between protein and mRNA levels. However,
the mRNA and protein levels were lower for genes encoding cell
growth proteins huli tai shao, adducin (CG2), spectrin alpha
chain or alpha-fodrin (CG8), and beta-tubulin (CG10) and transport proteins Na+/K+ ATPase, alpha subunit (T1), voltage-dependent anion-selective channel or mitochondrial porin (T2),
and fatty acid-binding protein (T3) in A. phagocytophilum cells
from early and/or late infection.
Changes in mRNA levels for selected genes in uninfected
ISE6 tick cells and ticks. The expression of CG2, CG8, CG10, T1,
T2, and T3 was characterized in uninfected ISE6 tick cells and tick
developmental stages (Fig. 1). The results revealed differences in
gene expression. For CG2, CG8, and CG10, the highest mRNA
levels were observed in unfed male ticks (Fig. 1). For T1, T2, and
T3, the highest mRNA levels were observed in ISE6 tick cells, except for T2 mRNA levels, which were similar between tick cells
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FIG 1 Gene expression in I. scapularis ISE6 cells and tick developmental stages. The CG2, CG8, CG10, T1, T2, and T3 mRNA levels in ISE6 cells and ticks were
determined by real-time RT-PCR. Amplification efficiencies were normalized against the amplification efficiency for tick 16S rRNA, and normalized mRNA
levels (average ± SD) are expressed in arbitrary units.

and fed female ticks (Fig. 1). In ticks, CG2, CG8, CG10, and T2
mRNA levels increased from eggs to adult males, suggesting a role
for these genes during male tick development (Fig. 1). The mRNA
levels of all selected genes except the CG8 gene increased with
female tick feeding, suggesting a possible role for these genes during blood meal ingestion/digestion (Fig. 1).
Changes in mRNA levels of selected genes in response to A.
phagocytophilum infection in ticks. Gene expression analysis in
response to A. phagocytophilum infection in ticks showed that, as
in ISE6 tick cells, all genes were downregulated in tick salivary
glands (Fig. 2A). However, while CG10 and T2 mRNA levels decreased in the guts and whole females in response to infection, the
mRNA levels for CG2, CG8, T1, and T3 were higher in infected
guts and ticks (Fig. 2A). Subolesin mRNA levels increased in response to pathogen infection in all tick samples (Fig. 2A).
Effect of gene knockdown on female tick feeding. The knockdown of the CG8, CG10, T1, and T2 genes resulted in a 29% to
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73% decrease in female tick weight after feeding compared to the
weight of the controls (P < 0.05) (Fig. 2B; see also Table S3 in the
supplemental material). As expected from previous experiments,
subolesin knockdown reduced the weight of fed ticks by 88%
compared with the weight of unrelated Rs86 dsRNA-injected ticks
(P < 0.01) (Fig. 2B).
Effect of gene knockdown on A. phagocytophilum infection
levels in ISE6 tick cells and ticks. Gene knockdown by RNAi was
used for functional characterization of the CG2, CG8, CG10, T1,
T2, and T3 genes during A. phagocytophilum infection of ISE6 tick
cells and ticks (Fig. 2C and D; see also Table S4 and Table S5 in the
supplemental material). Significant gene knockdown was obtained for 4 genes, the CG2, CG8, T2, and subolesin genes, in ISE6
tick cells (see Table S4 in the supplemental material). However,
gene knockdown produced significant differences in A. phagocytophilum infection levels only for CG8, T2, and subolesin (Fig.
2C). Pathogen infection levels were lower and higher in CG8- and
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FIG 2 Gene expression in response to A. phagocytophilum and effect of gene knockdown on tick weight and pathogen infection. (A) CG2, CG8, CG10, T1, T2,
T3, and subolesin (SUB) mRNA levels in guts, salivary glands, and whole infected and uninfected female ticks were determined by real-time RT-PCR.
Amplification efficiencies were normalized against tick 16S rRNA, and mRNA levels (average ± SD) in infected ticks normalized to those in uninfected ticks are
expressed in arbitrary units. Normalized CT values between infected and uninfected tick cells and ticks were compared by Student’s t test (*, P < 0.05; n = 12 to
20). (B) Female ticks were injected with dsRNA and fed on a sheep. Tick weight was determined after completion of feeding and compared between ticks injected
with test dsRNA and control ticks injected with the unrelated Rs86 dsRNA by Student’s t test (*, P < 0.05, **, P < 0.01; n = 10). (C) A. phagocytophilum infection
levels were characterized in ISE6 tick cells after RNAi. Normalized C T values were compared between test and negative-control tick cells incubated with the
unrelated Rs86 dsRNA by Student’s t test (*, P < 0.05; n = 10). (D) A. phagocytophilum infection levels were characterized in female I. scapularis tick guts and
salivary glands after RNAi. Normalized C T values were compared between test and negative-control ticks injected with the unrelated Rs86 dsRNA by Student’s
t test (*, P < 0.05; **, P < 0.01; n = 12 to 20). Fold differences in expression were determined with respect to expression in the controls incubated with the
unrelated Rs86 dsRNA.

T2-knockdown cells, respectively. Subolesin knockdown resulted
in higher pathogen infection levels in ISE6 tick cells.
In ticks, significant gene knockdown was obtained for all genes
in both guts and salivary glands (see Table S5 in the supplemental
material). As expected, gene knockdown in ticks had different
effects on pathogen infection levels in guts and salivary glands
(Fig. 2D). Knockdown of the CG2 and CG8 genes resulted in
lower infection levels in both guts and salivary glands. Pathogen
infection levels were higher in the salivary glands of CG10-knockdown ticks, while lower infection levels were obtained in T1knockdown ticks. Knockdown of the T2 and T3 genes decreased
infection levels in the guts but increased them in the salivary
glands of T2-knockdown ticks. In this experiment, subolesin
knockdown did not affect pathogen infection levels in ticks. Only
CG8 and T2 knockdown affected A. phagocytophilum infection
levels in both ISE6 tick cells and ticks (Fig. 2C and D). No correlation between the effect of gene knockdown on tick feeding and
pathogen infection levels was found. After gene knockdown,

pathogen infection levels varied between guts and salivary glands,
and while the greatest effect of gene knockdown on tick feeding
was shown for subolesin (Fig. 2B), gene knockdown did not have
an effect on pathogen infection levels (Fig. 2D).
Sequence analysis of I. scapularis genes functionally relevant
for A. phagocytophilum infection of ISE6 tick cells and ticks.
Additional sequence analysis was conducted on the I. scapularis
CG8 and T2 genes, affecting A. phagocytophilum infection after
gene knockdown in both ISE6 tick cells and ticks. The I. scapularis
CG8 sequence contained 24 spectrin (cd00176) repeats. The T2
protein contained one voltage-dependent anion-selective channel
(VDAC; cd07306) domain. Sequence databases were searched for
CG8 and T2 orthologs. Sequences homologous to I. scapularis
CG8 (GenBank accession no. XP_002433506) were not identified
in other tick species, but I. scapularis T2 (GenBank accession no.
XP_002408065) orthologs were found in Rhipicephalus (Boophilus) microplus (GenBank accession no. ADT82652) and Amblyomma variegatum (GenBank accession no. DAA34069). Phyloge-
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FIG 3 Analysis of CG8 and T2 protein sequences. (A) Phylogenetic analysis of CG8 protein sequences. (B) Phylogenetic analysis of T2 protein sequences. The
evolutionary histories were inferred using the neighbor-joining method. Tick sequences are marked with dots. (C) Amino acid sequence alignment of tick T2
ortholog sequences in I. scapularis (GenBank accession no. XP_002408065), R. microplus (GenBank accession no. ADT82652), and A. variegatum (GenBank
accession no. DAA34069). Asterisks denote amino acids conserved among all sequences analyzed.

netic analysis of CG8 (Fig. 3A) and T2 (Fig. 3B) sequences showed
that these tick sequences clustered together in a clade close to the
sequence of the water flea (Daphnia pulex; Arthropoda: Crustacea). Similar results were obtained with all methods used to infer
evolutionary histories (data not shown). Alignment of T2 tick
ortholog protein sequences revealed differences in sequence length
that could be due to incomplete sequence information or evolution,
with a 79% homology in 234 shared amino acids (Fig. 3C). The analysis of molecular pathways involving CG8 and T2 proteins in the
KEGG database showed that these molecules are involved in tight
junction (map04530) and apoptosis (map04210) pathways.
CG8 and T2 proteins levels decrease and subolesin levels increase in A. phagocytophilum-infected ISE6 tick cells. The CG8,
T2, and subolesin protein levels were characterized in ISE6 tick
cells in response to A. phagocytophilum infection. The results
showed that while A. phagocytophilum major surface protein 4
(MSP4) and subolesin levels increased in infected cells compared
to uninfected control cells, CG8 and T2 levels decreased with infection (Fig. 4A and B). Immunofluorescence analysis of uninfected and A. phagocytophilum-infected ISE6 tick cells corrobo-
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rated the flow cytometry results (Fig. 4C). Subolesin was found in
both uninfected and infected cells in the cell nuclei and cytoplasm,
with higher concentrations in the latter and increased levels after
infection (Fig. 4C, panels c and d). T2 was found in both perinuclear and cytoplasmic spaces, with lower levels found in infected
cells, particularly in the cytoplasm, where mitochondria are located (Fig. 4C, panels g and h). CG8 was mainly found in the
perinuclear region, with lower levels found in infected cells (Fig.
4C, panels i and j). Taken together, these results corroborated the
proteomics results and evidenced differences in protein levels between infected and uninfected cells.
A. phagocytophilum inhibits apoptosis and rearranges the
cytoskeleton to increase pathogen infection of ISE6 tick cells.
Previous results suggested that T2 is involved in mitochondrially
induced apoptosis mediated by CASP9. Therefore, CASP9-mediated apoptosis was characterized in uninfected and A. phagocytophilum-infected ISE6 tick cells. The results showed that while
apoptosis was induced or inhibited after treatment with the ridaifen-B and NSCI apoptosis inducer and inhibitor, respectively,
infection with A. phagocytophilum inhibited CASP9-mediated
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FIG 4 T2 and CG8 protein levels decrease in A. phagocytophilum-infected ISE6 tick cells. (A) Flow cytometry profile histogram showing in cells from early and
late infection (infected cells [IC]) and uninfected cells (UC) the isotype control (IgG IC, green; IgG UC, yellow), T2 (T2 IC, purple; T2 UC, orange), and CG8
(CG8 IC, red; CG8 UC, blue) MFI peaks visualized by use of an FITC-conjugated secondary antibody and CellQuest Pro software. (B) Ratio of MFI for infected
cells to MFI for uninfected cells for MSP4, subolesin (SUB), T2, and CG8 in cells from early and late infection and uninfected cells. Positive and negative values
denote higher and lower protein levels in infected cells, respectively, with respect to the levels in the uninfected controls. MFI was calculated as the MFI of the test
labeled sample minus the MFI of the isotype control. (C) Representative images of immunofluorescence analysis of uninfected and A. phagocytophilum-infected
ISE6 tick cells. Tick cells were stained with rabbit anti-tick proteins antibodies (green, FITC). (a and b) Bright-field image of infected cells (a) and preimmune
control serum-treated infected cells (b), which gave results to similar those for uninfected cells; (c and d) uninfected (c) and infected (d) cells stained with
antisubolesin antibodies; (e and f) uninfected (e) and infected (f) cells stained with anti-MSP4 antibodies; (g and h) uninfected (g) and infected (h) cells stained
with anti-T2 antibodies; (i and j) uninfected (i) and infected (j) cells stained with anti-CG8 antibodies. Bars, 10 µm (a, b) and 20 µm (c to j).

apoptosis by more than 1.5-fold (Fig. 5A). The activity of HK, a
protein interacting and partially regulating T2, was lower in A.
phagocytophilum-infected ISE6 tick cells than uninfected cells
(Fig. 5B). These results demonstrate that A. phagocytophilum infection downregulates T2 expression, resulting in the inhibition of
mitochondrially induced apoptosis (Fig. 5C).
Immunofluorescence analysis of uninfected and infected ISE6
tick cells showed that A. phagocytophilum infection not only decreased CG8 expression but also caused a rearrangement of the
cytoskeleton by producing a more diffused, disorganized perinuclear structure (Fig. 4C, panels i and j).
DISCUSSION

The infection of I. scapularis ISE6 tick cells with A. phagocytophilum reduces the levels of proteins involved in cell growth and

transport, thus reflecting the effect of pathogen multiplication on
these cell processes (unpublished results). Herein, the genes encoding tick proteins involved in cell growth and transport were
functionally characterized for their role during pathogen infection.
Several studies have characterized the A. phagocytophilum-tick
interface at the molecular level (10–21). However, this appears to
be the first report of the functional analysis of tick genes confirmed
to be differentially expressed at both the protein and mRNA levels
in response to A. phagocytophilum infection. Furthermore, the
predicted function of the genes confirmed to affect pathogen infection in both ISE6 tick cells and ticks, CG8 and T2, suggested
that they are involved in A. phagocytophilum infection/multiplication and tick response to infection.
Spectrin alpha chain or alpha-fodrin (CG8). The spectrin re-
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FIG 5 Role of T2 in mitochondrially induced apoptosis. (A) CASP9 levels (OD450 values; average ± SD) were compared between treatments by Student’s t test
(*, P < 0.05; **, P < 0.002; n = 4). (B) Hexokinase activity was characterized in uninfected and A. phagocytophilum-infected ISE6 tick cells, and levels (in mU/ml;
average ± SD) were compared between treatments by Student’s t test (*, P < 0.0001; n = 6). (C) Mitochondrially induced apoptosis pathway showing the effect
of A. phagocytophilum infection on reducing T2 levels, which results in the inhibition of tick cell apoptosis.

peats in the I. scapularis CG8 sequence are found in several proteins involved in the cytoskeletal structure (39, 40). CG8 is an
actin-cross-linking and molecular scaffold protein that links the
plasma membrane to the actin cytoskeleton and functions in the
determination of cell shape, arrangement of transmembrane proteins, and organelle organization, all necessary for cell growth
and/or maintenance. In other systems, fodrin-mediated actin rearrangements occur during pathogen infection of host cells (41),
but fodrin activation could result in cell apoptosis (42). These
results suggest a dual role for CG8, in which it induces cytoskeleton rearrangements necessary for pathogen infection while at the
same time it acts as a host cell defense mechanism to control
pathogen infection through induction of cell apoptosis.
This dual function of CG8 was also suggested in tick cells and
ticks infected with A. phagocytophilum. CG8 was downregulated
in infected tick cells and tick salivary glands, likely manipulated by
the pathogen, because the gene is involved in the host cell response
to infection. CG8 mRNA levels were upregulated in the guts of
infected ticks. However, CG8 knockdown resulted in lower A.
phagocytophilum infection levels in ISE6 tick cells and tick guts
and salivary glands because CG8 is also required for pathogen
infection. In fact, downregulation of CG8 was more pronounced
in ISE6 tick cells and tick salivary glands late in A. phagocytophilum
infection, when inhibition of cell apoptosis is crucial to increase
infection, but rearrangement of the actin filaments that are required for pathogen infection may be less relevant at this infection
stage. When RNAi produced gene knockdown before infection,
the effect on cytoskeleton rearrangement occurred at early infection stages and thus resulted in lower pathogen infection levels
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both in ISE6 tick cells and in tick guts and salivary glands. Another
example of how A. phagocytophilum alters the cytoskeleton is
through actin phosphorylation to selectively regulate gene transcription in association with RNA polymerase II (RNAPII) and
the TATA-binding protein in ticks (18). Interestingly, certain
spectrin mutations or polymorphisms have been shown to constitute new factors of innate resistance to malaria in vitro (43).
The reduction in tick weight obtained after CG8 gene knockdown suggested that, although mRNA levels decreased with blood
feeding in female ticks, the protein plays a role during tick feeding
and/or digestion of a blood meal. The increase in CG8 mRNA
levels that occurred from tick larvae to unfed males suggested a
role for this gene during development, at least in male ticks. These
results are probably associated with the rearrangements of the
cytoskeleton that occur during blood feeding and development in
ticks (44).
Voltage-dependent anion-selective channel or mitochondrial porin (T2). The VDAC domain present on I. scapularis T2
suggested that this molecule is the channel known to guide the
metabolic flux across the mitochondrial outer membrane that
plays a key role in mitochondrially induced apoptosis (45, 46). T2
is the most abundant protein in the mitochondrial outer membrane and regulates the flux of mostly anionic metabolites
through the outer mitochondrial membrane, which is highly permeable to small molecules (45, 46). As suggested by immunofluorescence assays conducted here, T2 is also localized extramitochondrially (47). T2 binds to and is regulated in part by HK, an
interaction that renders mitochondria less susceptible to proapoptotic signals, most likely by interfering with T2’s capability to
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respond to Bcl-2 family proteins (45, 46). However, while T2 appears to play a key role in mitochondrially induced cell death, a
proposed involvement in forming the mitochondrial permeability
transition pore, which is characteristic for damaged mitochondria
and apoptosis, has been challenged by more recent studies
(45, 46).
T2 was downregulated in tick cells from both early and late A.
phagocytophilum infection and in tick guts and salivary glands and
was likely manipulated by the pathogen because the protein is
involved in the cell protective response to infection, as gene
knockdown resulted in higher infection levels in ISE6 tick cells
and tick salivary glands. These results suggested that T2 downregulation in tick cells was produced by A. phagocytophilum infection to induce mitochondrial dysfunction and inhibit mitochondrial apoptosis-mediated intracellular innate immunity as a
mechanism to subvert host cell defense against pathogen infection. Upon infection, cells undergo apoptosis as a defense against
pathogen replication, which was characterized by reduced HK levels in A. phagocytophilum-infected tick cells. Pathogens have
evolved mechanisms to subvert the apoptotic processes through
downregulation of T2 (A. phagocytophilum in tick cells) and
VDAC1 and VDAC2 (group A Streptococcus pyogenes in epithelial
cells [48]) and the expression of proteins that interact with Bcl-2
and VDAC1 (herpesvirus in murine fibroblasts [49]). A. phagocytophilum uses different mechanisms to inhibit apoptosis in both
mammalian and tick cells (4, 5, 50). The Anaplasma translocated
substrate 1 (Ats-1) is secreted by A. phagocytophilum and translocates inside the mammalian cell mitochondria to inhibit apoptosis
(51). The activity of this A. phagocytophilum antiapoptotic effector
in tick cells is unknown but could be related to the findings reported herein. Recently, I. scapularis X-linked inhibitor of apoptosis (XIAP) E3 ubiquitin ligase was shown to be required for A.
phagocytophilum infection in ticks (52), again showing how inhibition of tick cell apoptosis through different mechanisms is required for pathogen infection.
As previously discussed for CG8, gene expression and RNAi
experiments suggested that T2 might be involved in tick feeding
and/or digestion of a blood meal and during development of male
ticks. In ticks, like in other organisms, mitochondrial function is
likely essential for many physiological processes, such as feeding
and development (53, 54).
Subolesin. Subolesin was used as a control in these studies, but
new data on protein levels were obtained. Subolesin is a candidate
tick protective antigen discovered in I. scapularis and subsequently
found to be conserved in many tick species and other eukaryotes,
where it is the ortholog of insect and mammalian akirins (14,
55–58). Subolesin expression is induced in response to pathogen
infection in ticks and plays an important role in the tick immune
response to pathogen infection through the regulation of genes
involved in innate immunity (14, 16, 56, 59). As in previous experiments, subolesin mRNA levels did not change in response to
A. phagocytophilum infection of ISE6 tick cells but increased in tick
guts and salivary glands (12, 60). However, subolesin protein levels increased in A. phagocytophilum-infected ISE6 tick cells, suggesting that posttranscriptional mechanisms affect subolesin levels in response to infection (21, 61). Subolesin knockdown
resulted in higher A. phagocytophilum infection levels in ISE6 tick
cells, supporting its role in the tick immune response. However, in
tick guts and salivary glands, subolesin knockdown did not affect
pathogen infection levels, probably due to the role of subolesin in
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tissue structure and development, which are required for pathogen infection (16, 25, 62), pointing to differences between in vitro
and in vivo studies (12, 21, 60).
Although subolesin and akirin function as transcription regulatory factors and should therefore be located in cell nuclei (14,
56–58, 63), the results shown herein suggest, as did previous experiments (25), that at least for tick subolesin, the protein is also
present in the cell cytoplasm. This result agrees with the hypothesized role for tick subolesin in different pathways that help to
provide an understanding of the effect of gene knockdown by
RNAi and vaccination (13, 14). However, further experiments are
needed to characterize the subcellular localization for this protein.
Conclusions. The experiments described here characterized
new genes involved in A. phagocytophilum infection/multiplication and the tick cell response to infection, thus advancing our
understanding of the molecular events at the tick-pathogen interface. The pathogen manipulated CG8 and T2 tick gene expression
to inhibit apoptosis as a mechanism to subvert host cell defenses
and increase infection. In the gut, the tick response to infection
through CG8 upregulation was used by the pathogen to increase
infection due to cytoskeleton rearrangement, which is required
for pathogen infection. These results also evidenced the different
roles that guts and salivary glands play during pathogen infection
(64). Remarkably, both mechanisms have also been reported in
mammalian host neutrophils infected with A. phagocytophilum
(4–8), demonstrating that the pathogen uses similar strategies to
establish infection in both vertebrate and invertebrate hosts.
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SUPPLEMENTAL DATA

Table S1. PCR conditions and sequences of primers used for dsRNA synthesis.
Gene (sample ID)

Forward and reverse primers (5´-3´)*

Protein hu-li tai shao,
Adducin (CG2)

ATGACATGCGGGGCGTGGA
ACAAACACCTTGCTGC
CGCTGGCAACGACATTGAA

Spectrin alpha chain,
cytoskeletal protein
(CG8)
Beta tubulin (CG10)
Na+/K+ ATPase,
alpha subunit (T1)
Voltage-dependent
anion-selective
channel (T2)
Fatty acid-binding
protein FABP (T3)
Subolesin
Rs86

TTCAGGTCCTTCACCCGGT
TGTGGGAATCAAATCGGTG
CTGGTGCACAGACAGGGTG
TGACCTCAAGCAGGAAGTT
CTCTGGTGAGCGTGTCTGA
ATGGCTCCTCCGTGCTACG
AATTGTTGACCTTCGCCCT
ATGGCCTCTGGTCTTCTCG
CTATTCATCTCGGTACT
ATGGCTTGCGCAACATTAAAG
TTATGACAAATAGCTTGGAG
GGACGCGATAAAGACCAGTAT
CACACGGAGCGGCGTAGGCGA

PCR annealing conditions
57ºC/30s
57ºC/30s
57ºC/30s
57ºC/30s
57ºC/30s
57ºC/30s
60ºC/30s
60ºC/30s

*All primers contained T7 promoter sequences (5´-TAATACGACTCACTATAGGGTACT-3´) at the 5´end.
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Table S2. PCR conditions and sequences of primers used for real-time RT-PCR.
Gene (sample ID)
Laminin B (CG1)
Protein hu-li tai shao,
Adducin (CG2)
MCM2; Predicted ATPase
involved in replication
control (CG3)
Cell division protein (CG4)
Talin, cytoskeletal
associated protein (CG5)
Actin beta/gamma (CG6)
Actin (CG7)
Spectrin alpha chain,
cytoskeletal protein (CG8)
Alpha tubulin (CG9)
Beta tubulin (CG10)
Beta thymosin (CG11)
Beta thymosin (CG12)
Na+/K+ ATPase, alpha
subunit (T1)
Voltage-dependent anionselective channel (mt) (T2)
Fatty acid-binding protein
FABP (T3)
Subolesin

Forward and reverse primers (5´3´)
GCAGCTCGACGCTAAGAAGT
TCTGCATCCTTGAGTTGTGC
GGTAACGGAGCTGCTACTGC
AGTGGGTTCACCAGGAAGTG
AGATGCTGGTGATCCTGGAC
CTTGCCGCAGTCATACTTGA
GTACGAAGAGCGCAAACTCC
ATGTTCTTGCGGTTGAGTCC
AACAAGGAGCCAAACACTGG
CGTTGGAGTCGGAGAAGAAG
AAGGACCTGTACGCCAACAC
ACATCTGCTGGAAGGTGGAC
AAAGCAGGTTTTGCTGGAGA
GGTTTGAAGCTGCTCTTTGG
AGAACCAATACGGCAACCTG
AGGTCCGACATGAAGTCGTC
AGGAGATTGTGGACCTGGTG
GCTTGGACTTCTTGCCGTAG
CGACTGTCTTCAGGGCTTTC
AGACAGGGTGGCATTGTAGG
GCAGGAGAAGAACCAACTGC
CCGAGGTCGGATGAATAGAA
GGCAAAGGTCAAACTCCAAA
GTGCCTTTGACTTCCGTCTC
ACGGCCAAGAGTGGACATAC
AGCCAAGGCAGTCTCAAAAA
GTCGTGAAACTCGACTGCAA
CCGTGTTCCACTTCTCCTTC
GTCTTCTCGGCAAGTGGAAG
AGCAGCGTCGAAGTCTTGAT
GCTTGCGCAACATTAAAGCGAAC
TGCTTGTTTGCAGATGCCCATCA

PCR annealing
conditions
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
60 ºC/30s
62 ºC/30s
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Table S3. Effect of gene knockdown on I. scapularis female tick weight.

Sample

ID

of

injected dsRNA
CG2
CG8
CG10
T1
T2
T3
Subolesin
Rs86 (C-)

Ave±SD % silencing with

Tick weight (average±SD; mg)

respect to Rs86 control

(% reduction)

93.4±0.0*
44.3±0.0*
76.7±0.1*
60.0±0.0*
98.9±0.0*
99.5±0.0*
100.0±0.0*
---

171±65 (6)
80±71** (56)
129±51* (29)
49±28** (73)
101±89** (45)
130±88 (28)
22±19** (88)
182±47

Ten female ticks were injected with dsRNA and fed together with 10 male ticks per cell on a sheep. Tick
weight was determined after completion of tick feeding and compared between ticks injected with test dsRNA
and control ticks injected with the unrelated Rs86 dsRNA by Student's t test (*P<0.05, **P<0.01). Two ticks
per group were dissected and total RNA was extracted from whole internal organs to analyze gene expression
silencing with respect to Rs86 negative control (C-) by quantitative RT-PCR normalizing against 16S rRNA.
Normalized Ct vales were compared between test and control ticks injected with Rs86 dsRNA by Student's ttest (*P<0.05).
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Table

S4.

Effect

of

gene

knockdown

on

A.

phagocytophilum

Apoptosis

infection

levels

in

I. scapularis ISE6 tick cells.

Sample ID of

Ave±SD % gene

injected dsRNA

knockdown with

A. phagocytophilum infection levels

respect to Rs86

Average±SD

Fold difference with respect

control

normalized msp4

to control cells

mRNA levels
CG2
CG8
CG10
T1
T2
T3
Subolesin
Rs86 (C-)

99.3±0.7*
74.0±23.8*
78.6±0.0&
0.0±0.0
95.6±4.5*
0.0±0.0
36.0±0.0*
---

8.8±8.2
1.1±0.2*
0.4±0.0
5.2±2.7
16.1±12.1*
1.5±0.6
2058.2±0.2*
3.9±2.8

2.3±2.0
0.3±0.1
0.1±0.0
1.3±0.7
4.1±3.0
0.4±0.2
527.7±0.1
---

The A. phagocytophilum infection levels were characterized in ISE6 tick cells after gene knockdown by RNAi.
Total RNA and DNA were extracted from infected tick cells after RNAi and analyzed by quantitative RT-PCR
or PCR normalizing against 16S rRNA or 16S rDNA to determine gene mRNA levels and A. phagocytophilum
msp4 DNA levels, respectively. Normalized Ct vales were compared between test and negative control (C-)
tick cells incubated with the unrelated Rs86 dsRNA by Student's t-test (*P<0.05; N=10). &Only one sample
was included in the analysis.
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Effect

of

gene

knockdown

on

A.

phagocytophilum

infection

levels

in

female

I. scapularis ticks.
dsRNA

Ave±SE % silencing with

A. phagocytophilum infection (Average±SE

injected

respect to Rs86 control

normalized msp4 mRNA levels)

Guts

Salivary glands

Guts

CG2

74±29*

75±29*

23±21**

0.3-fold

22±8*

0.3-fold

CG8

69±17*

86±1*

35±29**

0.4-fold

19±0**

0.3-fold

CG10

89±22**

88±18**

47±70

0.6-fold

168±147**

2.6-fold

T1

90±13**

74±34*

139±252

1.8-fold

26±25*

0.4-fold

T2

93±12**

71±33*

47±32*

0.6-fold

119±16**

1.8-fold

T3

93±19**

71±32*

41±22**

0.5-fold

86±61

1.3-fold

Subolesin

100±0**

80±7**

55±9

0.7-fold

48±11

0.7-fold

None

0±0

0±0

71±25

0.9-fold

91±30

1.4-fold

Rs86 (C-)

---

---

79±13

---

64±20

---

Salivary glands

The A. phagocytophilum infection levels were characterized in female I. scapularis tick guts and salivary
glands after RNAi. Total RNA and DNA were extracted from infected ticks after RNAi and analyzed by
quantitative RT-PCR or PCR normalizing against 16S rRNA or 16S rDNA to determine gene expression
silencing and A. phagocytophilum msp4 DNA levels, respectively. Normalized Ct vales were compared
between test and negative control (C-) ticks injected with the unrelated Rs86 dsRNA by Student's t-test
(*P<0.05; **P<0.01; N=12-20). Expression fold differences were determined with respect to control ticks
injected with the unrelated Rs86 dsRNA.
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Systems biology of tissue‐specific response to Anaplasma
phagocytophilum in the tick vector Ixodes scapularis
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Running title: Tick tissue-specific response to infection

Abstract
Anaplasma phagocytophilum is an emerging pathogen that causes human granulocytic anaplasmosis. Infection with
this zoonotic pathogen affects gene expression in both vertebrate host and the tick vector, Ixodes scapularis. Here, we
characterized global tissue-specific response and apoptosis signaling pathways in I. scapularis nymphs and adult
female guts and salivary glands infected with A. phagocytophilum using a systems biology approach combining
transcriptomics and proteomics data. The results showed tissue-specific differences in tick response to infection. The
analysis of highly differentially expressed genes and represented proteins suggested that the impact of bacterial
infection was more pronounced in tick nymphs and guts than in salivary glands, probably reflecting bacterial
developmental cycle. All apoptosis pathways described in other organisms were identified in I. scapularis, except for
the absence of the Perforin ortholog. Functional characterization using RNA interference showed that Porin
knockdown significantly increases tick colonization by A. phagocytophilum. In tick nymphs, the results suggested a
possible effect of bacterial infection on the inhibition of tick immune response. In tick gut cells, the results suggested
that A. phagocytophilum infection inhibited cell apoptosis to facilitate and establish infection through up-regulation
of the JAK/STAT pathway. Bacterial infection inhibited the intrinsic apoptosis pathway in tick salivary glands by
down-regulating Porin expression that resulted in the inhibition of Cytochrome c release as the anti-apoptotic
mechanism to facilitate bacterial infection. However, tick salivary glands may be responding to A. phagocytophilum
by promoting apoptosis to limit bacterial infection through induction of the extrinsic apoptosis pathway.

Keywords: systems biology, tick, Anaplasma phagocytophilum, Ixodes scapularis, RNA interference
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1. Introduction
Anaplasma
phagocytophilum
(Rickettsiales:
Anaplasmataceae) is an emerging zoonotic
pathogen transmitted by Ixodes ticks of which the
major vector species are I. scapularis in the US
and I. ricinus in Europe (de la Fuente et al. 2008).
This intracellular bacterium infects tick guts
(Reichard et al. 2009) and salivary glands
(Sukumaran et al. 2006) and vertebrate host
granulocytes causing human, canine and equine
granulocytic anaplasmosis and tick-borne fever of
ruminants (Dumler et al. 2001; Stuen 2010;
Rikihisa 2011; Severo et al. 2012; Stuen et al.
2013). Human granulocytic anaplasmosis is the
second most common tick-borne disease in the
United States and tick-borne fever is an
established and economically important disease of
sheep in Europe (Dahlgren et al. 2011; Stuen et al.
2013).
The molecular mechanisms used by A.
phagocytophilum to infect and multiply within
vertebrate hosts including the inhibition of
neutrophil apoptosis have been well characterized
(Rikihisa 2011; Carlyon and Fikrig 2003; Lee and
Goodman 2006; Lee et al. 2008; Galindo and de la
Fuente 2012; Woldehiwet and Yavari 2014).
Anaplasma infection in the tick vector has been
shown to modulate gene expression and tick
proteins have been identified that interfere with
bacterial
acquisition
and/or
transmission
(Hajdušek et al. 2013). However, little information
is available on the molecular pathways affected by
A. phagocytophilum to establish infection in ticks.
Recently, Ayllón et al. (2013) demonstrated that A.
phagocytophilum infection inhibits tick intrinsic
apoptosis pathway resulting in increased infection
and Severo et al. (2013) defined a role for
ubiquitination during bacterial colonization of tick
cells. However, as shown for other tick-pathogen
models (Sunyakumthorn et al. 2013), information
is not available on the tick tissue-specific
responses to A. phagocytophilum infection. These
facts underline the importance of defining
strategies by which these bacteria establish
infection in the tick vector.
As recently shown for Drosophila melanogaster,
arthropod transcriptomes and proteomes are
dynamic, with each developmental stage and organ
presenting an ensemble of transcripts and proteins
that give rise to substantial diversity (Brown et al.
2014).
Characterization
of
tissue-specific
responses and cellular pathways in ticks in
response to infection with A. phagocytophilum by
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use of high-throughput omics technologies is
essential
for
understanding
tick-pathogen
interactions and to provide targets for development
of novel control strategies for both vector
infestations and pathogen infection/transmission
(de la Fuente et al. 2010; Hajdušek et al. 2013; de
la Fuente and Merino 2013). However, the
application of a systems biology approach to the
study of non-model organisms such as tickpathogen interactions poses challenges including
the analysis of large datasets in order to extract
biologically relevant information and interpret
changes in gene expression in relation with
simultaneous changes in the proteome (Ekblom
and Galindo 2010; Mochida and Shinozaki 2011;
Villar et al. 2014). The I. scapularis genome is the
only tick genome sequenced (GenBank accession
ABJB010000000) but limitations in genome
assembly and annotation add additional
complexity to the use of systems biology to
characterize the molecular events at the tickpathogen interface (Naranjo et al. 2013; Villar et
al. 2014). Thus, the design of experiments
combining tick transcriptomics and proteomics
require the integration of these different datasets to
identify relevant biological processes and
molecules. This challenge can be addressed by
assessing global transcriptome and proteome
changes and studying specific pathways such as
immune response and apoptosis that are important
for pathogen infection and transmission by ticks.
In this study, we characterized global tissuespecific response and apoptosis signaling
pathways in I. scapularis infected with A.
phagocytophilum. Nymphs and female guts and
salivary glands were selected for this analysis
using a systems biology approach combining
transcriptomics and proteomics data. These tick
developmental stages and tissues were selected for
study because nymphs are the main vectors for
pathogen transmission to humans and animals
while guts and salivary glands play a major role
during pathogen acquisition, multiplication and
transmission (Mastronunzio et al. 2012; Hajdušek
et al. 2013). The results reported here evidenced
tissue-specific differences in tick response to
bacterial infection and further extended our
understanding of the role of selected biological
pathways during bacterial infection and
multiplication in the tick vector.
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2. Methods
2.1. Ticks and sample preparation
I. scapularis ticks were obtained from the
laboratory colony maintained at the Oklahoma
State University Tick Rearing Facility. Larvae and
nymphs were fed on rabbits and adults were fed on
sheep. Off-host ticks were maintained in a 12 hr
light: 12 hr dark photoperiod at 22-25 °C and 95%
relative humidity. Nymphs and adult female I.
scapularis were infected with A. phagocytophilum
by feeding on a sheep inoculated intravenously
with approximately 1x107 A. phagocytophilum
(NY18 isolate)-infected HL-60 cells (90-100%
infected cells) (Kocan et al. 2012). In this model,
over 85% of ticks become infected with A.
phagocytophilum in nymphs, guts and salivary
glands (Kocan et al. 2012). Ticks (200 nymphs and
100 female adults) were removed from the sheep 7
days after infestation, held in the humidity
chamber for 4 days and dissected for DNA, RNA
and protein extraction from whole internal tissues
(nymphs) or guts and salivary glands (adult
females). Uninfected ticks were prepared in a
similar way but feeding on an uninfected sheep.
Two independent samples were collected and
processed for each tick developmental stage and
tissue. Total RNA, DNA and proteins were
extracted
from
uninfected
and
A.
phagocytophilum-infected nymph, gut and salivary
gland
samples
using
the
AllPrep
DNA/RNA/Protein Mini Kit (Qiagen, Valencia,
CA, USA). Ten individual nymphs and female
ticks were dissected and samples collected to
characterize A. phagocytophilum infection and the
mRNA levels of genes selected after RNA
sequencing (RNAseq). Animals were housed and
experiments conducted with the approval and
supervision of the OSU Institutional Animal Care
and Use Committee (Animal Care and Use
Protocol, ACUP No. VM1026).

2.2. RNA sequencing and analysis
Total RNA quality was evaluated using the
Agilent 2100 Bioanalyzer RNA Nano Chip
(Agilent Technologies, Santa Clara, CA,
USA). For RNAseq sample preparation, the
TruSeq Stranded mRNA Sample Prep Kit
(Illumina, San Diego, CA, USA) was used
according to the manufacturer's protocol. Briefly,
10 µg of each total RNA sample was used for
polyA mRNA selection using streptavidin-coated
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magnetic beads, followed by thermal mRNA
fragmentation. The fragmented mRNA was
subjected to cDNA synthesis using the SuperScript
II reverse transcriptase (Life Technologies, Grand
Island, NY, USA) and random primers. The cDNA
was further converted into double stranded cDNA
and, after an end repair process, was finally ligated
to Illumina paired end (PE) adaptors. Size
selection was performed using a 2% agarose gel,
generating cDNA libraries ranging in size from
200-500 bp. Finally, the libraries were enriched
using 15 cycles of PCR and purified by the
QIAquick PCR purification kit (Qiagen, Valencia,
CA, USA). The enriched libraries were diluted
with elution buffer (Qiagen) to a final
concentration of 10 nM. Each library was run at a
concentration of 7 pM on one Illumina Hiseq 2000
lane using 100 bp sequencing (CD BioSciences,
Shirley, NY, USA). In the case of paired-end
reads, distinct adaptors from Illumina were ligated
to each end with PCR primers that allowed reading
of each end as separate runs. The sequencing
reaction was run for 100 cycles (tagging, imaging,
and cleavage of one terminal base at a time), and
four images of each tile on the chip were taken in
different wavelengths for exciting each basespecific fluorophore. For paired-end reads, data
were collected as two sets of matched 100-bp
reads. Reads for each of the indexed samples were
then separated using a custom Perl script. Image
analysis and base calling were done using the
Illumina GA Pipeline software.
TopHat (Trapnell et al. 2009) was used to align the
reads
to
the
I.
scapularis
(assembly
JCVI_ISG_i3_1.0;
http://www.ncbi.nlm.nih.gov/nuccore/NZ_ABJB0
00000000) reference genome. TopHat incorporates
the Bowtie algorithm to perform the
alignment (Langmead et al. 2009). TopHat initially
removes a portion of reads based on quality
information accompanying each read, then maps
reads to the reference genome. TopHat allows
multiple alignments per read (up to 40 by default)
and a maximum of 2 mismatches when mapping
reads to the reference genome. The mapping
results were then used to identify “islands” of
expression, which can be interpreted as potential
exons. TopHat builds a database of potential splice
junctions and confirms these by comparing the
previously unmapped reads against the database of
putative junctions. Default parameters for TopHat
were used. Raw counts per gene were estimated by
the Python script HTSeq count (http://wwwhuber.embl.de/users/anders/HTSeq/) using the
reference genome. The raw counts per gene were
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used by DEGseq (Wang et al. 2010) to estimate
differential expression at P<0.05.

2.3. Proteomics data collection and analysis
Proteins were digested using the filter aided
sample preparation (FASP) protocol (Wisniewski
et al. 2009). Briefly, samples were dissolved in 50
mM Tris-HCl pH8.5, 4% SDS and 50 mM DTT,
boiled for 10 min and centrifuged. Protein
concentration in the supernatant was measured by
the Direct Detect system (Millipore, Billerica,
MA, USA). About 150 μg of protein were diluted
in 8 M urea in 0.1 M Tris-HCl (pH 8.5) (UA), and
loaded onto 30 kDa centrifugal filter devices
(FASP Protein Digestion Kit, Expedeon, TN,
USA). The denaturation buffer was replaced by
washing three times with UA. Proteins were later
alkylated using 50 mM iodoacetamide in UA for
20 min in the dark, and the excess of alkylation
reagents were eliminated by washing three times
with UA and three additional times with 50 mM
ammonium bicarbonate. Proteins were digested
overnight at 37ºC with modified trypsin (Promega,
Madison, WI, USA) in 50 mM ammonium
bicarbonate at 40:1 protein:trypsin (w/w) ratio.
The resulting peptides were eluted by
centrifugation with 50 mM ammonium
bicarbonate (twice) and 0.5M sodium chloride.
Trifluoroacetic acid (TFA) was added to a final
concentration of 1% and the peptides were finally
desalted onto C18 Oasis-HLB cartridges and
dried-down for further analysis. For stable isobaric
labeling, the resulting tryptic peptides were
dissolved in Triethylammonium bicarbonate
(TEAB) buffer and labeled using the 4-plex
iTRAQ Reagents Multiplex Kit (Applied
Biosystems, Foster City, CA, USA) according to
manufacturer's protocol. Briefly, each peptide
solution was independently labeled at room
temperature for 1 h with one iTRAQ reagent vial
(mass tag 114, 115, 116 or 117) previously
reconstituted with 70 μl of ethanol. Reaction was
stopped after incubation at room temperature for 1
h with diluted TFA, and peptides were combined.
Samples were evaporated in a Speed Vac, desalted
onto C18 Oasis-HLB cartridges and dried-down
for further analysis as previously described.
Labeled peptides were loaded into the LC-MS/MS
system for on-line desalting onto C18 cartridges
and analyzing by LC-MS/MS using a C-18
reversed phase nano-column (75 µm I.D. x 50 cm,
3 µm particle size, Acclaim PepMap 100 C18;
Thermo Fisher Scientific, Waltham, MA, USA) in
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a continuous acetonitrile gradient consisting of 030% B in 145 min, 30-43% A in 5 min and 4390% B in 1 min (A= 0.5% formic acid; B=90%
acetonitrile, 0.5% formic acid). A flow rate of ca.
300 nl/min was used to elute peptides from the
reverse phase nano-column to an emitter
nanospray needle for real time ionization and
peptide fragmentation on orbital ion trap mass
spectrometers (both Orbitrap Elite and QExactive
mass spectrometers, Thermo Fisher Scientific).
For increasing proteome coverage, iTRAQ-labeled
samples were also fractionated by cation exchange
chromatography (Oasis HLB-MCX columns) into
six fractions, which were desalted and analyzed by
using the same system and conditions described
before. For peptide identification, all spectra were
analyzed with Proteome Discoverer (version
1.4.0.29, Thermo Fisher Scientific) using a
Uniprot database containing all sequences from
Ixodida (May 17, 2013). For database searching,
parameters were selected as follows: trypsin
digestion with 2 maximum missed cleavage sites,
precursor and fragment mass tolerances for the
Elite of 600 ppm and 1200 mmu, respectively, or 2
Da and 0.02 Da, respectively for the QExactive,
carbamidomethyl cysteine as fixed modification
and
methionine
oxidation
as
dynamic
modifications. For iTRAQ labeled peptides, Nterminal and Lys iTRAQ modification was added
as a fixed modification. Peptide identification was
validated using the probability ratio method
(Martínez-Bartolomé et al. 2008) and false
discovery rate (FDR) was calculated using
inverted databases and the refined method
(Navarro and Vázquez 2009) with an additional
filtering for precursor mass tolerance of 12 ppm.
Only peptides with a confidence of at least 95%
were used to quantify the relative abundance of
each peptide determined as described previously
(Bonzon-Kulichenko et al. 2011).
Protein quantification from reporter ion intensities
and statistical analysis of quantitative data were
performed as described previously using QuiXoT
(Jorge et al. 2009; Navarro et al. 2014). For
iTRAQ data, only the intensity of the reporter ions
within 0.4 Da windows around the theoretical
values was considered for quantification. Reporter
intensities
were
corrected
for
isotopic
contaminants by taking into consideration the
information provided by the manufacturer. The
intensity of the reporter peaks was used to
calculate the fitting weight of each spectrum in the
statistical model as described previously (Navarro
et al. 2014). Outliers at the scan and peptide levels
and significant protein-abundance changes were
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detected from the z values (the standardized
variable used by the model that expresses the
quantitative values in units of standard deviation)
by using a false discovery rate (FDR) threshold of
5% as described previously (Navarro et al. 2014).
Results are the mean of two replicates.

2.4. Gene and protein ontology analysis
The gene and proteins ontology (GO) analysis for
Biological Process (BP) and Molecular Function
(MF) was done using the STRAP software
(Software for Researching Annotations of
Proteins;
(http://www.bumc.bu.edu/cardiovascularproteomic
s/cpctools/strap/) developed at the Cardiovascular
Proteomics Center of Boston University School of
Medicine (Boston, MA, USA) (Bhatia et al. 2009).
For annotation of selected pathways, gene
identifiers were obtained from VectorBase
(www.vectorbase.org) and compared to the
corresponding pathways in D. melanogaster,
Anopheles gambiae, Aedes aegypti and Homo
sapiens. Regression analysis of biological
processes in infected tick nymphs, adult female
guts and salivary glands was conducted using
Excel normalizing against the total number of
differentially expressed genes and represented
proteins and excluding transcripts and proteins
without known assignations.

2.5. RNA interference (RNAi) for gene
knockdown in ticks
For RNAi, oligonucleotide primers containing T7
promoters (Supplemental Table S5) were used for
in vitro transcription and synthesis of dsRNA as
described previously (Ayllón et al. 2013), using
the Access RT-PCR system (Promega) and the
Megascript RNAi kit (Ambion, Austin, TX, USA).
The unrelated gene Rs86 dsRNA was synthesized
using the same methods described previously and
used as negative control (Ayllón et al. 2013). The
dsRNA was purified and quantified by
spectrophotometry. Unfed adult ticks (N=20
females per group) were injected with
approximately 0.5 µl dsRNA (5x1010-5x1011
molecules/µl) in the lower right quadrant of the
ventral surface of the exoskeleton of ticks (Kocan
et al. 2011). The injections were done using a 10μl syringe with a 1-inch, 33 gauge needle
(Hamilton, Bonaduz, Switzerland). Control ticks
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were injected with the unrelated Rs86 dsRNA or
were left uninjected. After dsRNA injection,
female ticks were held in a humidity chamber for 1
day after which they were allowed to feed on
sheep
inoculated intravenously
with
A.
phagocytophilum (NY18 isolate) as described
before with 20 male ticks per tick feeding cell
(Kocan et al. 2012). Two sheep, Sheep 11 and
Sheep 15, were used with 11 cells each to feed
ticks injected with gene-specific dsRNAs and the
Rs86 dsRNA and uninjected controls. Ten female
ticks per group were collected after 7 days of
feeding and guts and salivary glands dissected for
DNA and RNA extraction using Tri Reagent
(Sigma-Aldrich, St. Louis, MO, USA) following
manufacturer instructions. RNA was used to
characterize gene knockdown by real-time RTPCR with respect to Rs86 control and DNA was
used to characterize A. phagocytophilum infection
by PCR (Ayllón et al. 2013). Remaining ticks were
allowed to feed until full engorgement and tick
mortality and weight were determined in
individual female ticks collected after feeding.
Tick weight was compared between ticks injected
with test genes dsRNA and Rs86 control dsRNA
by Student's t-test with unequal variance (P=0.05).
The number of ticks completing feeding was
compared between ticks injected with test genes
dsRNA and Rs86 control dsRNA by one-tailed
Fisher's exact test (P=0.05).

2.6. Determination of A. phagocytophilum
infection by real-time PCR
A.
phagocytophilum
DNA
levels
were
characterized by msp4 real-time PCR normalizing
against tick 16S rDNA as described previously
(Ayllón et al. 2013). Normalized Ct values were
compared between ticks injected with test genes
dsRNA and Rs86 control dsRNA by Student's ttest with unequal variance (P=0.05).

2.7. Determination of tick mRNA levels by
real-time RT-PCR
The expression of selected genes was
characterized using total RNA extracted from
individual nymphs and/or female guts and salivary
glands. All ticks were confirmed as infected or
uninfected by real-time PCR analysis of A.
phagocytophilum msp4 DNA in guts and salivary
glands. Real-time RT-PCR was performed on
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RNA samples using gene-specific oligonucleotide
primers (Supplemental Table S5) and the iScript
One-Step RT-PCR Kit with SYBR Green and the
CFX96 Touch Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA). 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 16S rRNA and
cyclophilin 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 test dsRNA-treated ticks and
controls treated with Rs86 dsRNA or between
infected and uninfected ticks by Student's t-test
with unequal variance (P=0.05).
For analysis of mRNA levels in different tick
developmental stages, total RNA was extracted
from eggs (three batches of approximately 500
eggs each), fed and unfed larvae (three pools of 50
larvae each), fed and unfed nymphs (three pools of
15 nymphs each), and fed and unfed males and
females adults tick tissues (4 ticks each) were used
for real-time RT-PCR as described before but
normalizing against tick cyclophilin and ribosomal
protein S4 (DQ066214) using oligonucleotide
primers
rsp4-F:
5’GGTGAAGAAGATTGTCAAGCAGAG-3’ and
rsp4-R: 5‘-TGAAGCCAGCAGGGTAGTTTG-3’.

2.8. Western blot and immunofluorescence
assays
Antibodies against Porin (Ayllón et al. 2013) and
Cytochrome c (H-104: sc-7159; Santa Cruz
Biotechnology, Inc. Dallas, TX, USA) were used
for Western blot and immunofluorescence studies.
Total proteins used for proteomics from infected
and uninfected nymphs (2 µg from each sample)
were
methanol/chloroform
precipitated,
resuspended in Laemmli sample buffer and
separated on a 15% SDS-PAGE gel under
reducing conditions. After electrophoresis,
proteins were transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA),
blocked with SuperBlock blocking buffer in TBS
(Thermo Scientific) and incubated overnight at
4ºC with rabbit polyclonal anti-Porin (dilution
1:1000) or anti-Cytochrome c (dilution 1:200)
antibodies. To detect the antigen-bound antibody,
membranes were incubated with goat anti-rabbit
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IgG conjugated with horseradish peroxidase
(dilution
1:10,000;
Sigma-Aldrich).
Immunoreactive proteins were detected by
chemoluminescence using the SuperSignal West
Pico chemoluminescent substrate (Thermo
Scientific), visualized with an ImageQuant 350
Digital Imaging System (GE Healthcare,
Pittsburgh, PA, USA), quantified using the
ImageQuant TL 7.0 software (GE Healthcare) and
normalized against total proteins. Normalized
protein levels (N=2) were compared between
samples by χ2 test (p=0.05). Positive controls (C+)
corresponded to recombinant I. scapularis Porin
expressed in Escherichia coli (5 µg) and human
HL60 cells for Porin and Cytochrome c Western
blots, respectively.
For immunofluorescence, adult ticks were infected
with A. phagocytophilum as described before.
Female ticks were removed from the sheep 10
days after infestation, held in the humidity
chamber for 4 days and fixed with 4%
paraformaldehyde in 0.2M sodium cacodylate
buffer, dehydrated in a graded series of ethanol
and embedded in paraffin. Sections (4 µm) were
prepared and mounted on glass slides. The paraffin
was removed from the sections with xylene and
the sections were hydrated by successive 2 min
washes with a graded series of 100, 95, 80, 75 and
50% ethanol. The slides were treated with
Proteinase K (Dako, Barcelona, Spain) for 7 min,
washed with PBS and incubated with 3% bovine
serum albumin (BSA; Sigma-Aldrich) in PBS for
1 h at room temperature. The slides were then
incubated for 14 h at 4ºC with primary antibodies
diluted 1:100 to 1:300 in 3% BSA/PBS and after 3
washes in PBS developed for 1 h with goat-antirabbit IgG conjugated with FITC (Sigma-Aldrich)
(diluted 1:160 in 3% BSA/PBS). The slides were
washed twice with TBS and mounted in ProLong
Antifade reagent (Molecular Probes, Eugene, OR,
USA) or in mounting medium containing DAPI
(Vector Laboratories, Peterborough, UK). The
sections were examined using a Leica SP2 laser
scanning confocal microscope (Leica, Wetzlar,
Germany). Sections of uninfected ticks and IgGs
from preimmune serum were used as controls.

2.9. Fatty acid synthase (FAS) inhibition in
cultured tick cells
The I. scapularis ISE6 tick cell line (provided by
U.G. Munderloh, University of Minnesota, USA)
was cultured in L15B300 medium and inoculated
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with the human NY18 isolate of A.
phagocytophilum propagated in HL-60 cells as
described previously (Ayllón et al. 2013).
Uninfected cells were cultured in the same way,
except with the addition of 1 ml of culture medium
instead of infected cells. Uninfected and infected
cultures (three independent cultures with
approximately 5x105 cells each) were seeded in 24
well plates and treated with FAS inhibitor
Cerulenin (Santa Cruz Biotechnology, Heidelberg,
Germany) at 0, 5, 10 and 20 μg/ml and sampled at
0 h and 48 h after treatment. Apoptosis was
measured by flow cytometry using the Annexin Vfluorescein isothiocyanate (FITC) apoptosis
detection kit (Immunostep, Salamanca, Spain)
following manufacturers protocol. It detects
changes in phospholipid symmetry analyzed by
measuring Annexin V (labelled with FITC)
binding to phosphatidylserine, which is exposed in
the external surface of the cell membrane in
apoptotic cells. Cells were stained simultaneously
with the non-vital dye propidium iodide (PI)
allowing the discrimination of intact cells
(Annexin V-FITC negative, PI negative), early
apoptotic cells (Annexin V-FITC positive, PI
negative), late apoptotic/necrotic cells (Annexin
V-FITC positive, PI positive) and dead cells
(Annexin V-FITC negative, PI positive). All
samples were analyzed on a FAC-Scalibur flow
cytometer equipped with CellQuest Pro software
(BD Biosciences, Madrid, Spain). The viable cell
population was gated according to forward-scatter
and side-scatter parameters. The percentage of
apoptotic cells (including early apoptotic, late
apoptotic/necrotic and dead cells) was determined
by FACS after Annexin V-FITC and PI labeling.
Total DNA was extracted from 200 μl of a tick cell
suspension using the RealPure Spin Kit (Durviz,
Valencia, Spain) following the manufacturer's
recommendations. A. phagocytophilum DNA
levels were characterized by msp4 real-time PCR
normalizing against tick 16S rDNA as described
before (Ayllón et al. 2013). The percent of
apoptotic
cells
and
normalized
A.
phagocytophilum DNA levels were compared
between cells analyzed at 0 and 48 h of Cerulenin
treatment and/or bacterial infection by Student's ttest with unequal variance (P=0.05).

2.10. Phylogenetic analysis of I. scapularis
FAS sequences
FAS amino acid sequences were aligned with
MUSCLE (v3.7) configured for high precision
(Edgar 2004) and the ambiguous regions were
removed with Gblocks (v0.91b) (Castresana
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2000). The phylogenetic tree was reconstructed
using
the
maximum
likelihood
method
implemented in PhyML (v3.0 aLRT) (Anisimova
and Gascuel 2006; Guindon and Gascuel 2003).
Internal branch confidence was assessed by the
bootstrapping method (1000 bootstrap replicates).
Graphical representation and editing of the
phylogenetic tree were performed with TreeDyn (v
198.3) (Chevenet et al. 2006).

3. Results

and Discussion

3.1. Tick tissue-specific response to A.
phagocytophilum
infection
at
the
transcriptome and proteome levels
After RNAseq, 2.1-4.1 Gbp (Ave±SD; 2.8±0.6)
high quality reads were obtained for nymph, adult
female gut and salivary gland samples in infected
and uninfected ticks with less than 10% (0-8%)
variation between replicates (Supplemental Table
S1). These reads were aligned to 16083, 12651 and
11105 gene transcripts in nymph, gut and salivary
gland samples, respectively. The number of unique
gene transcripts mapped among all samples
(17503) represented 85% of the predicted 20486
protein-coding genes in the I. scapularis genome
(Geraci et al. 2007). Of the mapped transcripts,
8516 (53%), 5394 (43%) and 2487 (22%) were
differentially expressed in response to A.
phagocytophilum infection in nymph, gut and
salivary gland samples, respectively (P<0.05; Fig.
1A and Supplemental Table S2). Probably due to
the fact that whole internal organs were analyzed
in nymphs, the number of differentially expressed
genes in the nymphs was similar to the total
number of genes in adult female guts and salivary
glands together (Figs. 1A-1C). However,
differences were observed in the number of upand down-regulated genes in different samples
with a higher number of down-regulated genes in
nymphs and guts while in salivary glands the
number of up- and down-regulated genes was
similar (Figs. 1B and 1C). We used P<0.05 for
differential gene expression analysis, but a high
proportion of the differentially expressed genes
were significantly different between infected and
uninfected samples at P<0.001 (Figs. 1A-1C).
Proteomics analysis resulted in the identification
of 7418 unique proteins, representing 36% of the
predicted proteins encoded by the I. scapularis
genome (Geraci et al. 2007). The number of
proteins identified in nymphs (738) was lower than

Page | 59

Apoptosis

Chapter II b

the number of proteins identified in guts (4195)
and salivary glands (6324), but the fraction of
proteins matching I. scapularis identifications was
similar between samples (53-66%), supporting that
sampling did not affect protein assignations. Of the
identified proteins, 67, 330 and 533 were
differentially represented in response to A.
phagocytophilum infection in nymphs, adult
female guts and salivary glands, respectively (Fig.
1D and Supplemental Table S3).
Despite the difference between the number of
mapped transcripts and proteins due to the lower

resolution of protein identification when compared
to transcriptomics (de Sousa Abreu et al. 2009),
the coverage of the tick proteome reported here
was high for ticks (Villar et al. 2014). Similar to
the transcriptomics analysis, differences were
observed in the number of over- and underrepresented proteins in different samples with a
similar number of over-represented proteins in
guts and salivary glands but 2.7-fold more underrepresented proteins in the salivary glands than in
the guts (Figs. 1E and 1F).

Figure 1. Tissue-specific differentially expressed genes and represented proteins in response to A. phagocytophilum infection. (A)
Number of differentially expressed genes in infected nymphs, adult female guts and salivary glands. (B) Number of up-regulated genes in
infected nymphs, adult female guts and salivary glands. (C) Number of down-regulated genes in infected nymphs, adult female guts and
salivary glands. (D) Number of differentially represented proteins in infected nymphs, adult female guts and salivary glands (-2 > Zq > 2).
(E) Number of over-represented proteins in infected nymphs, adult female guts and salivary glands. (F) Number of under-represented
proteins in infected nymphs, adult female guts and salivary glands.

3.2. Gene and protein ontology analysis
The analysis of the total number of differentially
expressed genes and represented proteins
identified in tick samples provided the first
information on the tissue-specific differences in
tick response to A. phagocytophilum infection.
However, the total number of differentially
expressed genes and represented proteins
identified in tick samples may have been affected
by technical issues such as those discussed
previously. Therefore, gene and protein ontology
(GO) analyses were conducted to allow for a better
characterization of tissue-specific differences in
response to infection. The GO analysis is
redundant because the same gene/protein may
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participate in more than one biological process
(BP) or molecular function (MF), a problem that
can be overcome in part by considering as one
category
in
the
analysis
highly
expressed/represented genes/proteins to reduce the
number of entries per category.
The GO analysis revealed that as expected for the
incomplete annotation of the I. scapularis genome,
most of the genes and proteins were assigned to
unknown (“Others”) BP or MF (Supplemental
Figs. S1 and S2). Nevertheless, cellular process,
metabolic process and regulation were the most
represented BPs while catalytic activity and
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binding were the most represented MFs in all
tissues for both transcripts and proteins
(Supplemental Figs. S1 and S2). However, tissuespecific differences were also found that were
more evident at the mRNA than at the protein
level (Figs 2A-2D).
The analysis of tick genes/proteins whose
expression/representation varied in more than
50/5-fold illustrated tissue-specific differences in
response to infection (Fig. 2E; Supplemental Figs.
S3 and S4). The number of highly up-regulated
genes in nymphs (110) was higher than the number
of highly down-regulated genes (21). However, in
guts (10 up-regulated and 121 down-regulated)
and salivary glands (4 up-regulated and 21 downregulated) the number of highly down-regulated
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The total number of highly differentially expressed
genes suggested that the impact of bacterial
infection on tick gene expression was more
pronounced in nymphs and adult female guts than
in adult female salivary glands.
In adult female tick tissues, these results probably
reflected A. phagocytophilum developmental cycle
in which the intracellular reticulated, replicative
form more abundant in gut cells converts to the
non-dividing infectious dense-core form more
abundant in the salivary glands where bacterial
transcription and translation are more active than
replication (Mastronunzio et al. 2012).

B

Figure 2. Tissue-specific effect of A. phagocytophilum infection on tick biological processes. (A) Regression analysis of the normalized number of
transcripts in differentially expressed genes (up- and down-regulated) in response to pathogen infection in nymphs, adult female guts and salivary glands.
(B) Regression analysis of the normalized number of proteins in differentially represented proteins (over- and under-represented) in response to pathogen
infection in nymphs, adult female guts and salivary glands. Regression analysis was conducted using Excel normalizing against total number of
differentially expressed genes and represented proteins on each sample and excluding transcripts and proteins without known assignations. (C) The slope
(m) was calculated for each of the linear regression functions (y = mx+b) as a measure of the variation in the number of differentially regulated transcripts
between different tissues and the ratio represented for each of the tick sample comparisons for both up- and down-regulated genes. (D) The slope (m) was
calculated for each of the linear regression functions (y = mx+b) as a measure of the variation in the number of differentially represented proteins between
different tissues and the ratio represented for each of the tick sample comparisons for both over- and under-represented proteins. Abbreviations: N,
nymphs; G, guts; SG, salivary glands. (E) Predominant effect of bacterial infection on tick BPs. The number of top differentially expressed/represented
genes/proteins in selected BPs was normalized against the total number of genes/proteins highly expressed/represented in nymphs, adult female guts and
salivary
select the
predominant
effect ofof
bacterial
infection
genes glands
was to
higher
than
the number
highly
up- on tick BPs. Top differentially expressed genes were selected as those with more
than 50-fold (log2 normalized fold change > 5.64) difference between infected and uninfected ticks. Top differentially represented proteins were selected
regulated
genes.
as
those with more
than 5-fold (log2 normalized fold change > 2.32) difference between infected and uninfected ticks.
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In adult female guts, bacterial replication had the
highest impact on tick gene expression through
down-regulation of cellular, response to stimulus,
regulation and immune system process genes and
up-regulation of metabolic process genes (Fig.
2E). At the protein level, the results revealed a
higher impact on tick proteome in the guts with
425 highly differentially represented proteins than
in the salivary glands showing 228 highly
differentially represented proteins, also affecting
cellular, regulation, response to stimulus and
metabolic process proteins (Fig. 2E; Supplemental
Fig. S3).
However, as expected because of posttranscriptional and post-translational mechanisms,
correlation between mRNA and protein levels did
not occur for most BPs (Fig. 2E) and molecules
(Supplemental Fig. S5). For example, while
cellular process BP was down at both mRNA and
protein levels in the gut, in the salivary glands
genes were down-regulated but proteins were
over-represented (Fig. 2E).
These results showed differences between nymphs,

adult female guts and salivary glands in tissuespecific response to A. phagocytophilum infection.
These differences at the transcriptome and
proteome levels added a new dimension to the
study of tick-pathogen interactions and highlighted
the importance of further characterizing these
differences for specific cellular pathways such as
apoptosis that are relevant for A. phagocytophilum
infection (Carlyon and Fikrig 2003; Lee and
Goodman 2006; Lee et al. 2008; Galindo and de la
Fuente 2012; Woldehiwet and Yavari 2014;
Ayllón et al. 2013; Hajdušek et al. 2013).

3.3. Annotation and tissue-specific expression
of putative tick apoptosis pathway genes in
response to A. phagocytophilum infection
The annotation of the putative apoptosis pathway
genes in I. scapularis was based on sequence
identity to genes reported in other organisms and
used to characterize the tissue-specific response to
A. phagocytophilum infection (Figs. 3A-3C, 4A
and 4B; Supplemental Table S4).

Figure 3. Annotation of intrinsic, extrinsic and execution apoptosis pathway genes and expression in response to A. phagocytophilum
infection. (A) Intrinsic pathway. (B) Extrinsic pathway. (C) Execution pathway. For annotation, gene identifiers were obtained from VectorBase
(www.vectorbase.org) and compared to the corresponding pathways in Drosophila melanogaster, Anopheles gambiae, Aedes aegypti and Homo
sapiens. Differential expression (P<0.05) is shown for tick nymphs (N) and adult female guts (G) and salivary glands (SG).
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All apoptosis pathways described in other
organisms were identified in I. scapularis (Fig.
4C). Each pathway requires specific triggering
signals to begin an energy-dependent cascade of
molecular events that activate the Caspasedependent apoptosis execution pathway (Elmore
2007). Only the Perforin/Granzyme pathway can
work in a Caspase-independent fashion through
Granzyme A at least in humans (Fig. 4C; Elmore
2007). However, the ortholog for the Perforin gene
was not identified in I. scapularis (Figs. 4A and
4C).
Apoptosis pathway genes were differentially
expressed in I. scapularis nymphs and adult
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female guts and salivary glands with little
overlapping between the different samples (Figs.
3A-3C, 4A, 4B, 5A; Supplemental Table S4).
Four, 18 and 22 apoptosis pathway components
were identified in both tick transcriptome and
proteome in nymphs, adult female guts and
salivary glands, respectively (Fig. 5B), and some
of these molecules also showed differences
between infected and uninfected samples at the
protein level (Supplemental Table S4). These
results suggested a role for apoptosis pathways
during A. phagocytophilum infection of I.
scapularis.

Figure 4. Annotation of Perforin/Granzyme and other
apoptosis pathway genes and expression in response to A.
phagocytophilum infection. (A) Perforin/Granzyme pathway.
(B) Other apoptosis-related genes. For annotation, gene
identifiers
were
obtained
from
VectorBase
(www.vectorbase.org) and compared to the corresponding
pathways in Drosophila melanogaster, Anopheles gambiae,
Aedes aegypti and Homo sapiens. Differential expression
(P<0.05) is shown for tick nymphs (N) and adult guts (G) and
salivary glands (SG). (C) Schematic representation of predicted
apoptosis pathways in I. scapularis.

3.4. Role of the tick intrinsic apoptosis
pathway in response to A. phagocytophilum
infection
Some of the intrinsic pathway components
demonstrated a clear pattern of gene/protein
differential expression/representation among the
various samples (Fig. 5C). In nymphs and adult
female guts there was a tendency towards gene upregulation without an effect on protein

representation in response to infection. However,
in adult female salivary glands genes were downregulated in response to infection with Caspase
protein under-represented in response to infection.
One of the problems associated with gene/protein
annotations based on sequence identity is that
function may not be necessarily identical between
organisms. Therefore, functional characterization
is ultimately needed to support gene/protein
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annotation and predicted function. In ticks, RNA
interference (RNAi) is the most widely used
technique for functional analyses (de la Fuente et
al. 2007).

The intrinsic apoptosis pathway has been
implicated in A. phagocytophilum infection of tick
cells (Ayllón et al. 2013) and was therefore
selected for functional analysis using RNAi (Fig.
5D).

Figure 5. Characterization of apoptosis differentially expressed genes and represented proteins in response to A. phagocytophilum
infection in I. scapularis. (A) Differentially expressed apoptosis genes in infected nymphs and adult female guts and salivary glands. (B)
Apoptosis genes/proteins identified by both transcriptomics and proteomics analyses in nymphs and adult female guts and salivary glands. (C)
Comparison between mRNA and proteins levels of selected intrinsic apoptosis pathway components in tick samples in response to pathogen
infection. (D) Intrinsic apoptosis pathway genes selected for functional characterization by RNAi. The genes selected for RNAi are shown with
the accession number next to them. Abbreviations: HK, Hexokinase; IAP, apoptosis inhibitor; CASP, Caspase.

The results revealed significant gene knockdown
after dsRNA-mediated RNAi (Table 1). Gene
knockdown for all selected intrinsic apoptosis
pathway genes except Porin resulted in reduced
tick weights (Figs. 6A and 6B). The number of
ticks that completed feeding was reduced in ticks
injected with Bcl-2 and IAP dsRNAs (Fig. 6C) and
suggested a role for these genes during tick
feeding.
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However, although a tendency was observed
towards higher A. phagocytophilum DNA levels in
ticks after RNAi for most of the selected intrinsic
apoptosis pathway genes (Fig. 6D), this effect was
significant for Porin only when compared to
control dsRNA-injected ticks (Figs. 6E and 6F).
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Table 1. Gene knockdown in tick guts and salivary glands.

Twenty female ticks were injected with gene-specific dsRNA or Rs86 control dsRNA. Ten ticks per group were
collected after 7 days of feeding and guts and salivary glands dissected for RNA extraction to characterize gene
knockdown by real-time RT-PCR with respect to Rs86 control. The mRNA levels were normalized against tick
16S rRNA and cyclophilin and compared between test dsRNA-treated ticks and controls treated with Rs86 dsRNA
by Student's t-test with unequal variance (*P<0.05).

dsRNA

Figure 6. Intrinsic apoptosis gene knockdown phenotype in ticks injected with dsRNA. Twenty adult female ticks were injected with gene-specific
dsRNAs, the unrelated Rs86 dsRNA control or were left uninjected. After dsRNA injection, female ticks were held in a humidity chamber for 1 day after
which they were allowed to feed on sheep inoculated intravenously with A. phagocytophilum (NY18 isolate). Female ticks were allowed to feed until full
engorgement and tick weight and mortality were determined in individual female ticks collected after feeding. (A) Tick weight was compared between
ticks injected with test genes dsRNA and Rs86 control dsRNA by Student's t-test with unequal variance (*P≤0.05). Panels show representative images at
day 5 of tick feeding. (B) Reduction in tick weight in comparison to Rs86 dsRNA-injected controls. (C) The number of ticks completing feeding was
compared between ticks injected with test genes dsRNA and Rs86 control dsRNA by one-tailed Fisher's exact test (*P≤0.05). (D-F) A. phagocytophilum
DNA levels were determined by msp4 real-time PCR normalizing against tick 16S rDNA and shown as test dsRNA to Rs86 dsRNA ratio. Normalized Ct
values were compared between ticks injected with test genes dsRNA and Rs86 control dsRNA by Student's t-test with unequal variance (*P<0.05) and
were significantly different for Porin dsRNA-injected ticks only. Abbreviations: 1T, only one tick completed feeding; IAP, apoptosis inhibitor.
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Ayllón et al. (2013) reported that A.
phagocytophilum infection of tick cells results in
down-regulation of mitochondrial Porin, thus
providing a mechanism for subversion of host cell
defenses to increase infection. This result was
corroborated in this studies in which higher A.
phagocytophilum DNA levels after Porin gene
knockdown was found in both guts and salivary
glands (Figs. 6E and 6F). Interestingly, among
selected intrinsic apoptosis pathway genes, Porin
was the only one consistently showing higher
mRNA levels in unfed than in fed tick
developmental stages and tissues (Fig. 7A),
suggesting an effect of tick feeding on Porin
expression that may also contribute to Porin downregulation in infected adult female salivary glands.

Tick
feeding
and
infection
with
A.
phagocytophilum may also affect Cytochrome c
expression (Fig. 5C). Tick feeding resulted in
lower Cytochrome c mRNA levels in larvae,
nymphs and adult male guts but not in female ticks
and adult male salivary glands (Fig. 7B). Infection
with A. phagocytophilum resulted in up-regulation
of Cytochrome c in adult female guts but downregulation in the salivary glands (Fig. 7C), in
agreement with Porin expression in response to
infection (Fig. 5C). The knockdown of intrinsic
apoptosis pathway genes did not affect
Cytochrome c mRNA levels in adult female tick
guts, but the effect in salivary glands suggested a
complex mechanism by which tick cells respond to
changes in the expression of these genes (Fig. 7D).

Figure 7. Expression of selected intrinsic apoptosis pathway genes. (A) Normalized Bcl-2, Hexokinase, Porin, IAP and Caspase Ct values are
shown as Ave+SD in different tick developmental stages and tissues. (B) Normalized Cytochrome c mRNA levels are shown as Ave+SD in
different tick developmental stages and tissues. The mRNA levels were characterized in tick eggs (three batches of approximately 500 eggs each),
fed and unfed larvae (three pools of 50 larvae each), fed and unfed nymphs (three pools of 15 nymphs each), and fed and unfed males and
females adults tick tissues (4 ticks each) by real-time RT-PCR normalizing against tick cyclophilin and ribosomal protein S4. (C) Cytochrome c
mRNA levels were determined in infected and uninfected female guts (G) and salivary glands (SG), normalized against tick tick cyclophilin and
ribosomal protein S4, represented as infected/uninfected Log2-fold ratio (Ave+SD) and normalized Ct values compared between infected and
uninfected ticks by Student's t-test with unequal variance (*P<0.05; N=10). (D) Cytochrome c mRNA levels were determined in guts and salivary
glands of ticks with gene knockdown, normalized against tick tick cyclophilin and ribosomal protein S4, represented as test/dsRNA ratio
(Ave+SD) and normalized Ct values compared between ticks injected with test genes dsRNA and Rs86 control dsRNA by Student's t-test with
unequal variance (*P<0.05). Abbreviation: IAP, apoptosis inhibitor.
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Figure 8. Immunohistochemical localization of tick Porin and Cytochrome c. (A) Representative images of imunofluorescence analysis of
uninfected and A. phagocytophilum-infected adult female tick salivary glands. Tick tissues were stained with rabbit anti-tick proteins antibodies
(green, FITC). (a) preimmune control serum-treated cells, which gave similar results between uninfected and infected ticks. (c-d) uninfected and
infected cells stained with anti-Porin antibodies. (e-f) uninfected and infected cells stained with anti-Cytochrome c antibodies. (g-h) uninfected
and infected cells stained with DAPI. Bars, 10 μm. (B) Sections in the red squares in e-h were magnified 5X and superimposed to illustrate the
localization of the Cytochrome c in the cytoplasm of uninfected and infected adult female tick salivary glands. (C) Model of the Porin-mediated
inhibition of Cytochrome c release as the anti-apoptotic mechanism to facilitate bacterial infection of tick salivary glands.

Differences in Porin and Cytochrome c levels
between uninfected and A. phagocytophiluminfected tick salivary glands were not seen in the
protein data (Fig. 5C). These results were
corroborated by immunocytochemistry (Fig. 8A),
demonstrating that differences between infected
and uninfected tick salivary glands were not at the
protein level but in the localization of Cytochrome
c (Fig. 8B). While Cytochrome c was distributed
in the cell cytoplasm of uninfected tick salivary
glands, in A. phagocytophilum-infected tick
salivary glands Cytochrome c was mainly
localized within organelles that probably
corresponded to mitochondria (Fig. 8C). Although

the mechanism(s) regulating mitochondrial
permeability and the release of Cytochrome c
during apoptosis are not fully understood, Bcl-2
may acts through the voltage-dependent anion
channel or Porin, which in turn may play a role in
regulating Cytochrome c release (Lindsay et al.
2011). Taken together, these results demonstrated
that A. phagocytophilum infection results in downregulation of Porin expression in tick salivary
gland but not gut cells, which did not translate in
different protein levels but resulted in the
inhibition of Cytochrome c release as the antiapoptotic mechanism to facilitate bacterial
infection (Fig. 8C).
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3.5. Role of the tick extrinsic apoptosis
pathway in response to A. phagocytophilum
infection
As part of the extrinsic apoptosis pathway, 24
genes were annotated as Fatty acid synthase (FAS)
genes (Fig. 3B). In general, most of the putative
FAS proteins were not identified, suggesting low
protein levels or problems with the annotation of
these genes (Fig. 9A). Nevertheless, 6 of the
putative FAS genes were corroborated at the
protein level (Fig. 9A). The analysis of changes in
FAS mRNA and protein levels in response to A.
phagocytophilum infection showed different
patterns in tick nymphs and adult female guts and
salivary glands (Fig. 9A). Thirteen FAS genes
were down-regulated in tick nymphs while in adult
female guts two FAS genes were up-regulated in
response to infection. In adult female salivary
glands, FAS gene expression could not be assessed
but A. phagocytophilum infection resulted in 4
under-represented FAS proteins (Fig. 9A). The
inhibition
of
FAS
causes
apoptosis
(Bandyopadhyay et al. 2006; Zecchin et al. 2011),
suggesting that tick salivary glands may be
responding to A. phagocytophilum by promoting
apoptosis to limit bacterial infection through
induction of the extrinsic apoptosis pathway. In
this way, the activation of the extrinsic apoptosis
pathway in infected salivary glands may serve to
counteract, at least in part, bacterial inhibition of
the intrinsic apoptosis pathway. Phylogenetic
analysis of putative I. scapularis FAS proteins
suggested functional redundancy (Fig. 9B), thus
encouraging the use of FAS inhibitors and not
RNAi for the functional characterization of these
molecules during A. phagocytophilum infection of
tick cells. Despite the increase in the number of
apoptotic uninfected tick cells in culture, the
results showed a 2 to 3 fold increase in the percent
of apoptotic cells after 48 h of treatment with 5, 10
or 20 µg/ml of the FAS inhibitor Cerulenin (Fig.
9C). These results showed that, as in other
organisms (Vandhana et al. 2013), Cerulenin had
an effect on cultured tick cells by promoting
apoptosis through FAS inhibition. After 48 h of A.
phagocytophilum infection of tick cells, the
percent of apoptotic cells decreased in the
presence of 0, 10 and 20 µg/ml of Cerulenin (Fig.
9D), probably reflecting the effect of bacterial
infection on the inhibition of the intrinsic
apoptosis pathway. However, as expected for the
Cerulenin induction of the extrinsic apoptosis
pathway, A. phagocytophilum DNA levels
decreased after 48 h of treatment when compared
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to infection levels on the absence of Cerulenin
(Fig. 9E). These results corroborated the effect of
FAS inhibition on reducing A. phagocytophilum
infection of tick cells by activating the extrinsic
apoptosis pathway in response to bacterial
infection.

3.6. Role of the tick JAK/STAT pathway in
response to A. phagocytophilum infection
The Janus kinase/signal transducers and activators
of transcription (JAK/STAT) pathway has been
implicated in apoptosis signaling in vertebrate
hosts infected with A. phagocytophilum (Galindo
and de la Fuente 2012), but was not characterized
previously in infected ticks. The JAK/STAT
pathway genes were down-regulated in nymphs,
up-regulated in adult female guts and not affected
by bacterial infection in adult female salivary
glands (Fig. 9F). In vertebrate hosts, A.
phagocytophilum
infection
activates
the
JAK/STAT pathway to inhibit neutrophil
apoptosis while mycobacteria and Brucellae
inhibit this pathway to overcome host adaptive
immunity (Galindo and de la Fuente 2012). The
results in ticks suggested that similar mechanisms
might occur during A. phagocytophilum infection
by decreasing immunity in nymphs while
inhibiting cell apoptosis in gut cells to facilitate
and establish infection. However, none of the
JAK/STAT pathway components were identified
in the tick proteome (Supplemental Table S4), thus
precluding from comparing mRNA and protein
levels in infected tick samples.

3.7. Validation of RNAseq and proteomics
data
The validation of RNAseq and proteomics data is
important in order to provide additional support
for the results obtained in these studies. However,
although real-time RT-PCR is easy to perform to
validate RNAseq data, few antibodies are available
against tick proteins for validation of the
proteomics data. Herein, 16 genes were selected to
validate RNAseq results by real-time RT-PCR
(Supplemental Fig. S6A). Analysis of mRNA
levels by real-time RT-PCR in individual samples
from infected and uninfected tick nymphs, adult
female guts and salivary glands corroborated
RNAseq results by demonstrating that gene up- or
down-regulation was similar between RNAseq and
RT-PCR analyses for most samples (Supplemental
Fig. S6B). The minor differences observed
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Figure 9. Role of tick Fatty acid synthase (FAS) and JAK/STAT pathway in response to A. phagocytophilum infection. (A) Comparison
of FAS mRNA and protein levels in tick samples in response to pathogen infection. (B) Phylogenetic analysis of I. scapularis FAS amino acid
sequences. The tree was constructed using the maximum likelihood method. Bootstrap values are represented as percent on internal branches
(1000 replicates). Only Bootstrap values higher than 70 are shown. The GenBank accession numbers of the sequences used in the phylogenetic
analysis are shown. (C) The percent of apoptotic cells was determined by flow cytometry in uninfected ISE6 tick cells treated for 48 h with
different concentrations of the FAS inhibitor, Cerulenin. Results were represented as Ave+SD and compared between cells analyzed at 0 and
48 h of Cerulenin treatment by Student's t-test with unequal variance (*P<0.05; N=3). (D) The percent of apoptotic cells was determined by
flow cytometry in A. phagocytophilum-infected ISE6 tick cells treated for 48 h with different concentrations of the FAS inhibitor, Cerulenin.
Results were represented as Ave+SD and compared between uninfected and infected cells by Student's t-test with unequal variance (*P<0.05;
N=3). (E) A. phagocytophilum DNA levels were determined in infected ISE6 tick cells treated for 48 h with different concentrations of the
FAS inhibitor, Cerulenin by msp4 real-time PCR normalizing against tick 16S rDNA. Results are shown as Ave+SD normalized Ct values and
were compared between cells analyzed at 0 and 48 h of Cerulenin treatment and bacterial infection by Student's t-test with unequal variance
(*P<0.05; N=3). (F) Annotation of JAK/STAT pathway genes and expression in response to A. phagocytophilum infection. For annotation,
gene identifiers were obtained from VectorBase (www.vectorbase.org) and compared to the corresponding pathways in Drosophila
melanogaster, Anopheles gambiae, Aedes aegypti and Homo sapiens. Differential expression (P<0.05) is shown for tick nymphs (N) and adult
guts (G) and salivary glands (SG).

between the results of both analyses could be
attributed to intrinsic variation in gene expression
and the fact that approximately 85% of the ticks
used for RNAseq were infected (Kocan et al.
2012) while for RT-PCR all ticks were confirmed
uninfected or infected with A. phagocytophilum
before analysis. Nevertheless, a positive
correlation was obtained for absolute differential
expression values between RNAseq and RT-PCR
(Supplemental Fig. S6C). For the validation of
proteomics data only nymph proteins were
available after completion of the studies and two

antibodies against intrinsic apoptosis pathway
proteins, Porin and Cytochrome c, were used for
Western blot analysis (Supplemental Fig. S6D)
and immunofluorescence (Fig. 8A). The results
corroborated proteomics results in adult female
tick salivary glands and nymphs and showed that
although Cytochrome c was not identified by
proteomics in nymphs (Fig. 5C), Western blot
results did not show any difference between
infected and uninfected ticks (Supplemental Fig.
S6D).
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Figure 10. Effect of A. phagocytophilum infection on adult female guts and salivary glands. The number of highly differentially expressed genes
and represented proteins was higher in tick guts than in salivary glands, suggesting a higher impact of bacterial infection in gut cells probably associated
with A. phagocytophilum developmental cycle. In tick guts, A. phagocytophilum inhibited cell apoptosis to facilitate and establish infection through upregulation of the JAK/STAT pathway genes. In tick salivary glands, down-regulation of Porin resulted in the inhibition of the Cytochrome c release that
inhibited the mitochondrially-induced intrinsic apoptosis pathway to facilitate bacterial infection. This effect was contrasted in part by the induction of
the extrinsic apoptosis pathway through the inhibition of FAS proteins.

4. Conclusions
The experimental approach used in this study
using systems biology demonstrated tissue-specific
response to A. phagocytophilum in the tick vector
I. scapularis and revealed differences between
nymphs and adult female guts and salivary glands
at both transcriptome and proteome levels. Gene
and protein ontology analysis demonstrated tissuespecific differences in tick response to infection
that were more evident at the mRNA than at the
protein level in accordance with the effect of posttranscriptional and post-translational mechanisms
that resulted in the absence of correlation between
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mRNA and protein levels for most BPs and
molecules. The analysis of highly differentially
expressed genes and represented proteins
suggested that the impact of bacterial infection
was more pronounced in tick nymphs and adult
female guts than in adult female salivary glands.
These
results
probably
reflected
A.
phagocytophilum developmental cycle and
suggested that bacterial replication had the highest
impact on tick gut physiology. All apoptosis
pathways described in other organisms were
identified in I. scapularis, except for the absence

Chapter II b

of the Perforin ortholog in the Perforin/Granzyme
pathway, and tissue-specific differences were
found in the response to A. phagocytophilum
infection. Functional characterization using RNAi
demonstrated that Porin silencing significantly
increased
tick
colonization
by
A.
phagocytophilum. In tick nymphs, the results
suggested a possible effect of bacterial infection
on the inhibition of tick immune response but
further experiments are required to address this
hypothesis. In tick gut cells, the results suggested
that A. phagocytophilum infection inhibited cell
apoptosis to facilitate and establish infection
through up-regulation of the JAK/STAT pathway
genes. Bacterial infection inhibited the intrinsic
apoptosis pathway in tick salivary glands but not
in guts by down-regulating Porin expression that
resulted in the inhibition of Cytochrome c release
as the anti-apoptotic mechanism to facilitate
bacterial infection. However, tick salivary glands
may be responding to A. phagocytophilum by
promoting apoptosis to limit bacterial infection
through induction of the extrinsic apoptosis
pathway. In summary, the results suggested that A.
phagocytophilum uses different mechanisms to
establish infection in I. scapularis nymphs and
adult female guts and salivary glands (Fig. 10),
supporting the observation (Ayllón et al. 2013)
that the pathogen uses similar strategies to
establish infection in both vertebrate and
invertebrate hosts. These dynamic changes in
response to A. phagocytophilum in I. scapularis
tissue-specific transcriptome and proteome
demonstrated the complexity of the tick response
to infection and highlighted the need to
characterize gene regulation in ticks to define
mechanisms responsible for differences between
mRNA and protein levels.
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Supplemental Data

Figure S1. Tissue-specific effect of A. phagocytophilum infection on tick
biological processes. (A) Representation of biological processes in differentially
expressed genes in infected nymphs, adult female guts and salivary glands. (B)
Representation of biological processes in differentially represented proteins in
infected nymphs, adult female guts and salivary glands.
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Figure S2. Tissue-specific effect of A. phagocytophilum infection on tick
molecular function. (A) Representation of molecular function in differentially
expressed genes in infected
Representation

of

nymphs,

adult

and

salivary

glands.

(B)

molecular function in differentially represented proteins in

infected nymphs, adult guts and salivary glands.
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Figure

S3.

Tissue-specific

biological

processes

represented

in
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highly

differentially expressed genes and represented proteins in response to A.
phagocytophilum infection. (A) Representation of biological processes in highly
differentially expressed genes in infected nymphs, adult guts and salivary glands. (B)
Representation of biological processes in highly differentially represented proteins in
infected nymphs, adult guts and salivary glands. Highly differentially expressed genes
were selected as those with more than 50-fold (log2 normalized fold change > 5.64)
difference between infected and uninfected ticks. Highly differentially represented
proteins were selected as those with more than 5-fold (log2 normalized fold change
> 2.32) difference between infected and uninfected ticks.
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Figure S4. Tissue-specific molecular function represented in highly differentially
expressed genes and represented proteins in response to A. phagocytophilum
infection. (A) Representation of molecular function in highly differentially expressed
genes in infected nymphs, adult guts and salivary glands. (B) Representation of
molecular function in highly differentially represented proteins in infected nymphs,
adult guts and salivary glands. Highly differentially expressed genes were selected as
those with more than 50-fold (log2 normalized fold change > 5.64) difference
between infected and uninfected ticks. Highly differentially represented proteins
were selected as those with more than 5-fold (log2 normalized fold change > 2.32)
difference between infected and uninfected ticks.
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Figure S5. Correlation between differential gene expression and protein
representation.

(A)

The

analysis

was

done

with

proteins

showing

an

infected/uninfected
-4>Log2-fold>4 ratio (P<0.05) and matching I. scapularis differentially expressed
transcripts (P<0.05) in any of the samples (N=9). (B) The analysis was done
with proteins showing an infected/uninfected 1>Log2-fold>-1 ratio (P<0.05) and
matching I. scapularis differentially expressed transcripts (P<0.05) in any of the
samples (N=18). Normalized infected/uninfected Log2-fold values were plotted for
proteome and transcriptome data and the lineal correlation curve determined.
The correlation
coefficient
shown.

(R2)

is
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Figure S6. Validation of RNAseq and proteomics data. (A) Ten nymphs and
adult female ticks were collected after feeding on infected and uninfected sheep. All
ticks were confirmed as infected or uninfected by PCR. The expression of selected
genes was characterized by real-time RT-PCR using total RNA extracted from
individual nymphs and adult female guts and salivary glands. The mRNA levels
were normalized against tick 16S rRNA and cyclophilin, represented as
infected/uninfected Log2-fold ratio (Ave+SD) and compared between infected and
uninfected ticks by Student's t-test with unequal variance (*P≤0.05). (B) Differential
expression of selected tick genes was compared between RNAseq and real-time RTPCR results in nymphs (N), guts (G) and salivary glands (SG). (C) Correlation
analysis between differential expression (infected/uninfected Log2-fold ratio) values
obtained by real-time RT-PCR (X values)
and RNAseq (Y values). The correlation coefficients (R2) are shown. (D) Western
blot
analysis of the same protein preparations used for proteomics from uninfected (Unf)
and infected (Inf) nymphs using antibodies against Porin and Cytochrome c (Cyt c).
Positive controls (C+) included recombinant I. scapularis Porin (Ayllón et al., 2013)
and proteins extracted form human HL60 cells for Porin and Cytochrome c,
respectively.
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Table S1. RNAseq statistics.
No. read pairs

Raw Data (Gbp)

(Sample 1 & 2)

(Sample 1 & 2)

Salivary glands from infected adult

13,957,587

2.9

female ticks

14,133,013

2.9

Salivary glands from uninfected adult

14,088,073

2.9

female ticks

12,987,915

2.7

Guts from infected adult female ticks

15,103,377

3.1

14,633,730

3.0

Guts from uninfected adult female

10,842,475

2.2

ticks

11,045,326

2.2

Infected nymphs

10,457,230

2.1

11,122,072

2.2

19,943,130

4.1

18,856,067

3.8

Samples

Uninfected nymphs
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Abstract
Background: Tick Subolesin and its ortholog in insects and vertebrates, Akirin, have been suggested to play a role in
the immune response through regulation of nuclear factor-kappa B (NF-kB)-dependent and independent gene
expression via interaction with intermediate proteins that interact with NF-kB and other regulatory proteins, bind
DNA or remodel chromatin to regulate gene expression. The objective of this study was to characterize the
structure and regulation of subolesin in Ixodes scapularis. I. scapularis is a vector of emerging pathogens such
as Borrelia burgdorferi, Anaplasma phagocytophilum and Babesia microti that cause in humans Lyme disease,
anaplasmosis and babesiosis, respectively. The genome of I. scapularis was recently sequenced, and this tick
serves as a model organism for the study of vector-host- pathogen interactions. However, basic biological questions
such as gene organization and regulation are largely unknown in ticks and other arthropod vectors.
Principal Findings: The results presented here provide evidence that subolesin/akirin are evolutionarily conserved at
several levels (primary sequence, gene organization and function), thus supporting their crucial biological function in
metazoans. These results showed that NF-kB (Relish) is involved in the regulation of subolesin expression in ticks,
suggesting that as in other organisms, different NF-kB integral subunits and/or unknown interacting proteins regulate
the specificity of the NF- kB-mediated gene expression. These results suggested a regulatory network involving
cross-regulation between NF-kB (Relish) and Subolesin and Subolesin auto-regulation with possible implications
in tick immune response to bacterial infection.
Significance: These results advance our understanding of gene organization and regulation in I. scapularis and
have important implications for arthropod vectors genetics and immunology highlighting the possible role of NF-kB
and Subolesin/Akirin in vector-pathogen interactions and for designing new strategies for the control of vector
infestations and pathogen transmission.
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Introduction
Subolesin, initially called 4D8, was discovered as a tick
protective antigen in a mouse model of Ixodes scapularis (Acari:
Ixodidae) infestations [1]. Subolesin gene and protein
sequences are highly conserved in ticks and are the ortholog
of insect and vertebrate Akirins [2–6]. RNA interference
(RNAi) studies demonstrated that subolesin knockdown
profoundly affects tick biological processes such as feeding
and fertility and resulted in degeneration of tick guts, salivary
glands, reproductive tissues and embryos [2–4,7–9].

In subsequent studies, Subolesin was found to control
tick gene expression, impact the innate immune response, and
affect tick infection by Anaplasma phagocytophilum, A. marginale, Babesia
bigemina and Borrelia burgdorferi [2–4,7–9,10–18]. Addition- ally,
vaccination with Subolesin/Akirin demonstrated promising
results for the control of arthropod vector infestations and
pathogen infection/transmission [16–18].
The evolution of subolesin/akirin has been characterized in
metazoans but little is known about gene organization and
function in ticks [2–6,13,17].
Furthermore, although
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functional studies have been conducted in several species
including ticks, little is known about subolesin/akirin gene
regulation [2–5,13,17]. Subolesin/Akirin have been suggested
to play a role in the immune response through regulation of
nuclear factor-kappa B (NF-kB)-dependent and independent
gene expression through interaction with intermediate proteins
that interact with NF-kB and other regulatory proteins, bind
DNA or remodel chromatin to regulate gene expression
[3,5,13,17–21]. However, further experiments are required to
characterize the role of Subolesin/Akirin in the immune
response.
Recently, subolesin and NF-kB (Relish) gene knockdown in
ticks suggested that NF-kB might participate in the regulation
of subolesin expression while Subolesin may be involved in the
regulation of NF-kB (Relish) expression [3]. The NF-kB
transcrip- tion factor is a key molecule in various cellular
processes such as proliferation, cell death, development and
innate and adaptive immunity [19]. These results suggested the
hypothesis that NF-kB (Relish) may play a role in the
regulation of subolesin expression, thus adding an additional
complexity to the immune response in ticks.
The objective of this study was to characterize the
structure and regulation of subolesin in the tick vector, I. scapularis. I.
scapularis is a three-host tick with a telotropic host behaviour
that transmits emerging pathogens such as B. burgdorferi, A.
phagocytophilum and Babesia microti that cause human Lyme
disease, anaplasmosis and babesiosis, respectively [22–25]. I.

scapularis is a model organism for the study of vector-hostpathogen interactions [26, 27]. Recent developments in I.
scapularis genomics, proteomics and functional genomics have
advanced our understanding of tick biological processes
[26,27–30]. However, basic biological aspects such as gene
organization and regulation are largely unknown in ticks. The
information obtained from these studies advances our
understanding of gene organization and regulation in I.
scapularis and other tick species.

Results and Discussion
The subolesin Gene Sequence and Structure are
Highly Conserved
Five exons and four introns were identified in the subolesin
gene. From 5’ to 3’, exons 1–5 had 120 bp, 249 bp, 291 bp, 72
bp and 2,041 bp, respectively, and introns 1–4 had 128 bp,
7,807 bp, 11,410 bp and 2,386 bp, respectively (Figs. 1A and
1B). The alignment of subolesin gene sequences identified a
total of 186 candidate polymorphisms with 5 single-nucleotide
polymorphisms (SNPs) and 3 insertions/deletions (INDELs)
on exon sequences and 156 SNPs and 22 INDELs located on
intron sequences (Table 1). These polymorphisms and
particularly INDELs could be attributed to errors in the
assembly of the I. scapularis genome and/or to inter-strain
variations that are common in ticks [31–33].

Figure 1. subolesin gene organization and sequence. (A) subolesin gene organization is shown containing promoter
(grey), exon (E; green) and intron (I; white) regions. Major transcription start site at position +1 is shown in red. The first and
last positions for exon sequences are shown in green. Translation start and stop codons are shown in yellow with positions
marked for the first base of the codon. (B) subolesin gene sequence is shown using the same colors depicted in (A). The core
promoter is shown with putative NF-kB binding site (bold underlined), TATA box (bold italics), major (red) and minor (purple)
transcription start sites indicated. Translation start and stop codons are shown in yellow. Only exon/intron junction sequences
are shown. In the mRNA, polyA starts after the last nucleotide in exon 5.
doi:10.1371/journal.pone.0065915.g001
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Additionally, as in most akirin genes [6], the last tick subolesin
exon was made mostly of untranslated sequences (Figs. 1A
and 1B).
The subolesin/akirin sequences are highly conserved in ticks
and other invertebrates and vertebrates [2–6]. Coding sequence
identity at the nucleotide level was greater than 99% for all
tick sequence pairwise comparisons (Fig. 2A). As reported by
Macqueen and Johnston [6], our results support the
conservation of gene organization (5 exons and 4 introns) in
tick subolesin and insect and vertebrate akirins (Fig. 2B).
The exon/intron/exon junction sequences are highly
conserved in all organisms with a consensus
(<exon><GT–intron–AG><exon>) sequence [34]
(Fig. 2B). In tick subolesin, all intron sequences at the
<exon><intron><exon<
junctions
had
the
consensus sequence (Fig. 1B), which was conserved in human,
tick and Drosophila melanogaster fly intron 2–4 sequences (Fig.
<exon><intron>
or
2B).
Although
tick
<intron><exon> junction sequences diverged from
consensus in exons 1, 2 and 4, these polymorphisms were
common in other organisms (Fig. 2B). In general,
junction
subolesin/akirin
< exon><intron><exon>
sequences were conserved between different organisms and
highly similar to the consensus (Fig. 2B). Remarkably,
<exon4><intron4> junction sequence diverged from
consensus but was conserved in human, tick and fly genes
(Fig. 2B).

The subolesin Core Promoter Region is Located
within
356 Nucleotides Upstream of the
Transcription Start Site
Two putative transcription start sites were identified in tick
subolesin (Fig. 1B). The strongest peak after mRNA start site
analysis by automated capillary electrophoresis suggested that
the major transcription start site was located at a guanine,
316 bases before the translation start site (Fig. 1B). The rapid
amplification of cDNA ends (59-RACE) analysis of subolesin
cDNA corroborated both major and minor transcription start
sites in 60% and 20% of sequenced clones, respectively,
suggesting the possibility of more than one transcript for
subolesin gene in tick cells.
Seven fragments (51–56 and SIN56) of the subolesin 5,503
pb promoter region were amplified by PCR, cloned and
sequenced (Fig. 3A). The 51 to 56 fragments shared the
same 3’end with increasing deletions at the 5’ end, while the
SIN56 fragment had the same 5’ end as the full-length 5,503 bp
fragment 51, but with a 769 bp deletion at the 3’ end (Fig.
3A and Table 2). These promoter fragments were
characterized for their ability to direct the expression of
DsRed fluorescent marker in ISE6 tick cells. Although
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transfection efficiency of ISE6 tick cells was very low
(approximately 0.1%; C+ in Figs. 3A and 3B), FACS
analysis of transfected tick cells was consistent in two
different experiments and showed that between 0.1±0.0%
and 1.5±0.6% of the cells were positive for the DsRed
marker in all constructs but SIN56 (Figs. 3A and 3B). These
results suggested that the core promoter region [35] necessary
and sufficient for subolesin expression in tick cells was located
on the 56 fragment (Figs. 3A and 3B), containing 356 bp
upstream of the major transcription start site (Fig. 1B). To
further confirm these results, the reporter construct containing
the 56 fragment with the subolesin core promoter region was
transfected into mosquito Aag2 cells in which transfection
efficiency was higher than in tick cells (35–40% transfected
cells). The results confirmed the activity of the identified
subolesin core promoter region in Aag2 cells (Figs. 4A–4C). In
the subolesin core promoter region, a putative TATA box and
NF-kB-binding sites were predicted at positions -41 to -46
and -279 to -270 with respect to the major transcription start
site, respectively (Fig. 1B).

NF-kB Transcription Factors are Present in ISE6
Tick Cell Nuclear Extracts
NF-kB (RelA (p65) and RelB)-binding activity was
characterized in nuclear extracts of ISE6 tick cells under
different treatments (Fig. 5A). The results demonstrated the
presence of RelA and RelB-like factors in tick cell nuclear
extracts (Fig. 5A). Competition with the consensus NF-kBbinding site oligonucleotide suggested that binding activity in
tick cells extracts was specific and similar to that obtained with
Raji cell nuclear extracts (Fig. 5A). As in previous experiments
with Relish [3], subolesin knockdown resulted in the inhibition of
RelB but not RelA binding activity (Fig. 5A), probably
reflecting a reduction in tick NF-kB protein levels.
The search for NF-kB-like sequences in I. scapularis
databases resulted in three sequences (XP_002399379,
XP_002434504, EW791150; the last sequence is likely an EST
derived from XP_002434504) with homology to NF-kB
transcription factors (Fig. 5B). All these sequences contained
the IPT-NF-kB domain (cd01177), highly conserved in all
species NF-kB transcription factors such as RelA, RelB, p50
and Relish (Fig. 5B). The XP_002399379 sequence encodes
for a Dorsal-Dif (Dorsal-related immunity factor)-like factor
probably involved in the tick Toll pathway while the
XP_002434504 sequence likely encodes for Relish that may be
required for the IMD pathway described in other organisms
[21]. These results showed that NF-kB transcrip- tion factors
are present in I. scapularis tick cells with binding site sequences
similar to those found in other organisms.

NF-kB Transcription Factors Bind to subolesin Core
Promoter
A putative NF-kB-binding site was predicted at positions
-279 to -270 on the subolesin core promoter with a sequence
(GTGTCTTTCC), 80% identical to the consensus NFkB-binding site (GGGACTTTCC) (Fig. 1B). NF-kB-binding
sites (1,742 and 1,912 hits for sequences identical to
GGGACTTTCC and GTGTCTTTCC, respectively) were also
mapped to D. melanogaster chromosome 3L (NT_037436.3)
where akirin gene is located (3L: 7362900,7366958). Some of
these putative NF-kB- binding sites were located at less than 25
kb of the akirin gene (Fig. S1).
Electrophoretic mobility shift assays demonstrated that
NF-kB transcription factors RelA (p65) and p50 bind to
subolesin promoter (Fig. 5C), recognizing the predicted
GTGTCTTTCC binding site at positions -279 to -270 (Fig.
1B). Binding activity of p50 was higher than that of p65
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Figure 2. subolesin gene sequence and structure are highly conserved. (A) Percent identity matrix created by
Clustal 2.1 for subolesin coding sequences in I. scapularis tick cell lines (1, IDE8; 3, ISE6) and tick strains (2, Wikel; 4, OSU; 5, NY;
6, RI1; 7, RI2). (B) Exon/intron/exon junction sequences in subolesin and akirin genes. The exon/intron/exon junction sequences
are highly conserved in all organisms (consensus sequence). Human (akirin2; AC_000138), tick (JX898528) and fly
(AE014296) subolesin/akirin gene exon/intron/exon junction sequences are shown. Nucleotides that differ from consensus
sequence are shown in lower case letters. Nucleotides conserved among all three sequences are underlined. Abbreviations:
E, exon; I, intron.
doi:10.1371/journal.pone.0065915.g002

(data not shown), reflecting the differences in DNA binding
affinity of the NF-kB subunits found in mammals [36].

NF-kB Transcription Factors are Involved in
the Regulation of subolesin Gene Expression
in Ticks
RNAi experiments in I. scapularis female ticks suggested that
NF-kB (Relish) was involved in the regulation of subolesin gene
expression [3]. In ISE6 tick cells, RNAi experiments did not
affect cell viability and showed that NF-kB (Relish) knockdown
resulted in subolesin downregulation while subolesin knockdown
also reduced Relish mRNA levels (Fig. 6A). Flow cytometry
analysis showed that subolesin or Relish knockdown by RNAi
resulted in lower Subolesin and NF-kB protein levels (Fig. 6B).
The results from subolesin and Relish gene knockdown in
ticks and ISE6 tick cells together with the p65 and p50 binding
experiments shown herein in tick cells support the hypothesis
that NF-kB participates in the transcription of subolesin while
Subolesin may be involved in the regulation of NF-kB
expression
[3,17]. These results agreed with previous
experiments in D. melanogaster and mice suggesting that Akirins
are involved in the regulation of NF-kB and other
transcription factors [3,37–39].
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To further explore this hypothesis, chemical induction
and repression of NF-kB was conducted in ISE6 tick cells to
characterize Subolesin mRNA and protein levels. The
results showed that NF-kB induction and repression did
not affect cell viability and were accompanied with
Subolesin induction and repression, respectively at the
mRNA (Fig. 6C) and protein levels (Fig. 6D). These results
strongly suggested that NF-kB transcrip- tion factor is
involved in the regulation of subolesin expression in ticks.

Subolesin and NF-kB are Involved in Tick Cell
Response to Pathogen Infection
The infection of ISE6 tick cells with A. phagocytophilum
increased NF-kB RelA (p65) and RelB binding activity (Figs.
5A and 5B) and NF-kB (p50) protein levels (Figs. 7A and 7B)
in infected ISE6 tick cells. Furthermore, although as in
previous experiments subolesin mRNA levels did not change
in response to A. phagocytophilum infection of ISE6 tick cells
[40,41], protein levels were higher in infected than
uninfected cells (Figs. 7A and 7B), probably reflecting
regulation at the post-transcriptional level. Recently, the
proteome of ISE6 tick cells was characterized in response to
phagocytophilum
infection
(unpublished
results)
A.
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Figure 3. The subolesin core promoter is located in a fragment 356 bp upstream of the major transcription
start site. (A) subolesin promoter fragments tested in ISE6 tick cells and percent positive cells for DsRed fluorescent marker
(Ave±S.D.; N = 2). (B) Flow cytometry profile of transiently transfected and control cells 24 h after transfection.
doi:10.1371/journal.pone.0065915.g003

and showed that one of the significantly increased proteins in
infected cells was the ribosomal protein 3A (RP3A;
XP_002402816; 3.1-fold increase, false discovery rate (FDR) =
0.004) which has been shown to be an integral subunit of the
NF-kB transcription factor [19]. Together, these results
showed that NF-kB and Subolesin protein levels increase in
ISE6 tick cells in response to A. phagocytophilum infection.
Subolesin/Akirin are functionally conserved and have
been proposed to be involved in host innate immune
response to pathogen infection that affects the regulation of
NF-kB-dependent gene expression [3,5,13–15,17,18,20,41–
43] (Fig. 8A). In addition, Subolesin has a role in other
molecular pathways including those required for tissue
development and function that are important for pathogen
infection and multiplication in ticks [2, 14]. Consequently, a
direct effect of subolesin knockdown in ticks is reduced innate
immunity, thereby increasing pathogen infection levels [44].
Lower pathogen infection levels may result from the effect of
subolesin knockdown on tissue structure and function and the

expression of genes that are important for pathogen infection
and multiplication [11,15,16]. Collectively, these results support
a role for Subolesin and NF-kB transcription factors in tick
immune response, but Subolesin is also involved in the
regulation of other molecular pathways in ticks.

Conclusions
Evolutionary and functional studies have shown that
subolesin/ akirin genes are conserved and essential to many
physiological processes in metazoans [2–6, 13, 17, 20] (Fig.
8A). The results presented herein demonstrated that
subolesin/akirin are evolutionary conserved at several levels
(primary sequence, gene organization and function), thus
showing that these molecules have a crucial biological
function in all metazoans. NF-kB regulation of subolesin gene
expression in ticks suggests that as in other organisms [19],
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Figure 4. The subolesin core promoter is active in mosquito cells. (A) Flow cytometry profile histogram of mosquito Aag2 cells
12 h after transient transfection with pDsRed2-ER expressing the DsRed protein (positive control; C+), promoterless pDsRed-Express-1
(negative control; C) and the construct containing the identified subolesin core promoter (fragment 56). (B) Geometric median
fluorescence intensity (MFI) in transiently transfected Aag2 cells 0, 12 and 24 h after transfection. MFI values (Average±S.D.; N = 2) were
compared between C+ and fragment 56 transfected cells and C- by Student’s T-test (*P≤0.05). (C) Representative images of
imunofluorescence analysis of transiently transfected Aag2 cells 12 h after transfection. Bars, 20 μm. Two independent experiments were
conducted with similar results.
doi:10.1371/journal.pone.0065915.g004

different NF-kB integral subunits and/or unknown interacting proteins regulate the specificity of the NF-kB-mediated
gene expression in ticks (Fig. 8A). Additionally, the possible
implication of Subolesin in NF-kB regulation in ticks adds to
the complexity of this regulatory network with important
implications in tick immune response (Fig. 8A). Taken
together, these results suggest a regulatory network that
includes cross-regulation between NF- kB and Subolesin and
Subolesin auto-regulation (Fig. 8B). These studies highlight
the importance of characterizing gene regulation in ticks, with
particular emphasis on immune response pathways and the
role of NF-kB and Subolesin in gene regulation to design new
strategies for the control of tick infestations and pathogen
transmission.

Materials and Methods
ISE6 Tick Cells
The ISE6 tick cell line, derived originally from I.
scapularis embryos (provided by U.G. Munderloh, University of
Minnesota, USA) was cultured in L15B medium as described
previously [46,47]. The ISE6 tick cells were inoculated with the
NY18 isolate of A. phagocytophilum or the Oklahoma isolate of
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Anaplasma marginale and maintained as described previously
[31,40,41].
Uninfected and
infected
cultures
with
approximately 107 cells each were sampled at 13 days postinfection (dpi) with approximately 30% infected cells.
Collected cells were centrifuged at 10,000 x g for 3 min and
used in various experiments.

RNA Interference in ISE6 Tick Cells
The dsRNA for subolesin, NF-kB (Relish; XP_002434504)
and Rs86 control were generated with oligonucleotide
primers containing T7 promoter sequences for in vitro
transcription and synthesis of dsRNA using the Access RTPCR system (Promega, Madison, WI, USA) and the
Megascript RNAi kit (Ambion, Austin, TX, USA) as
reported previously and using oligonucleo- tide primers
RelRNAi5: 5’-TAATACGACTCACTATAGGGTACTATGTTTCCCTGTAATGTCCG-3’
and
RelRNAi3:5’
TAATACGACTCACTATAGGGTACTGCTCGAGGAAA
CTCCCGTC-3’ for Relish [2,3,48]. RNAi experiments were
conducted in cell cultures by incubating ISE6 tick cells
with 10 µl dsRNA (5x1010–5x1011 molecules/ml) and 90 µl
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Figure 5. NF-kB factors are present in I. scapularis tick cells and bind to subolesin promoter. (A) NF-kB-binding activity in
ISE6 tick cells nuclear extracts. A DNA-binding ELISA was used with RelA (p65) and RelB antibodies to characterize NF-kB-binding activity in
ISE6 tick cells. Nuclear extracts were prepared and assayed from untreated ISE6 tick cells (ISE6), tick cells after incubation with subolesin dsRNA
(RNAi SUB) or the unrelated Rs86 dsRNA (RNAi C-), and A. phagocytophilum (A.p) and A. marginale (A.m) infected tick cells. The wild-type
consensus NF-kB-binding oligonucleotide was used as a competitor for NF-kB binding in order to monitor the specificity of the assay
when compared to non-competing conditions. The mutated consensus oligonucleotide which should have no effect on NF-kB binding was
used as negative control (C-) while Raji cells nuclear extracts were used as positive control for NF-kB binding (C+). Results (Ave±S.D.; N = 4)
were compared between groups by Student’s T-test (*P≤0.05). (B) Protein sequence alignment of the IPT-NF-kB domain (cd01177) in
putative I. scapularis NF-kB factors. Asterisks denote identity to human reference sequence (1A3Q_A). Amino acids conserved in all sequences
are shown with (!) at the bottom of the alignment. (C) NF-kB transcription factor binds to subolesin promoter. Representative electrophoretic
mobility shift assay showing subolesin promoter-NF-kB interactions. Labeled dsDNA probe corresponding to the subolesin promoter was
incubated with p50 and RelA (p65) NF-kB transcription factors. The unlabeled probe used to compete DNA-protein interactions
corresponded to the predicted NF-kB-binding site in the subolesin promoter (GTGTCTTTCC). Fast migrating unbound probes are found
at the bottom of the gel whereas protein–DNA complexes have slower mobility (arrows). doi:10.1371/journal.pone.0065915.g005

L15B medium in 24-well plates using 4 wells per treatment
[40]. Control cells were incubated with the unrelated Rs86
dsRNA. After 48 hours of dsRNA exposure, tick cells were
infected with A. phagocytophilum (NY18 isolate) or mock
infected by adding culture medium alone as described
previously [40,41]. Cells were incubated for an additional
72 hours, collected and used for RNA extraction. RNA
was used to analyze subolesin and NF-kB (Relish) mRNA levels
by real-time RT-PCR as described previously and using
oligonucleotides
RelPCR5:5’-GAGGACTGCTGCTACGTCAC-3’
and
RelPCR3:5’ACCAGGTTCAGGTTCAGCTC-3’ for Relish [45]. Gene
knockdown was analyzed by real-time RT-PCR with respect
to Rs86 control by comparing the normalized Ct values
against tick 16S rRNA for each treatment against the
average control normalized Ct value (N = 4) [3,41].

The normalized Ct values were compared between
treated and control cells by Student’s t-test with unequal
variance (P = 0.05).

Characterization of Subolesin Gene
Organization and Sequence
To characterize subolesin gene organization and sequence, a
cDNA enconding for I. scapularis subolesin (IDE8 cells;
Genbank accession number AY652654) was aligned with
an I. scapularis genomic sequence (Wikel tick colony;
Genbank accession number DS936446). Total DNA was
isolated from I. scapularis ISE6 tick cells using TRI Reagent
(Sigma, St. Louis, Mo, USA) following manufacturer’s
recommendations. Primers were designed to amplify the
predicted introns (Table 2) by PCR using the DyNAzyme
EXT PCR kit (Finnzymes Oy, Espoo, Finland) in a 50 ml
reaction mixture. Total RNA was isolated from ISE6 tick
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Figure 6. NF-kB transcription factors are involved in the regulation of subolesin expression in ISE6 tick cells. (A) For
gene knockdown by RNAi, ISE6 tick cells were incubated with subolesin or NF‐kB (Relish) dsRNAs and compared to control cells incubated
with the unrelated Rs86 dsRNA. The subolesin and Relish mRNA levels were determined by real-time RT-PCR and normalized against tick 16S
rRNA. The percent silencing of gene expression was calculated by comparing the normalized Ct values for each treated cell well against the
average control normalized Ct value and plotted as average+S.D. (N = 4). The normalized Ct values were compared between treated and control
cells by Student’s t-test with unequal variance and were statistically significant (*P≤0.05). (B) Subolesin and NF-kB protein levels were
determined after gene knockdown by flow cytometry. MFI for NF-kB and Subolesin was calculated as the MFI of the test-labeled sample
minus the MFI of the isotype control and used to calculate expression silencing by comparison to the MFI of the Rs86 dsRNA-treated control.
MFI values (Ave+S.D.; N = 2) were compared between groups by Student’s T- test with unequal variance and were statistically significant
(*P≤0.05). (C) Subolesin and NF-kB mRNA levels in ISE6 tick cells after induction and repression of NF-kB. The mRNA levels were
determined by RT-PCR and normalized Ct values were calculated for NF-kB (Relish) and subolesin. (D) Subolesin and NF-kB protein levels in
ISE6 tick cells after induction and repression of NF-kB. Protein levels were determined by flow cytometry and MFI for NF-kB and Subolesin
was calculated as the MFI of the test-labeled sample minus the MFI of the isotype control. For both mRNA and protein levels, Treated/Control
ratios (Ave+S.D.; N = 2) were compared between groups by Student’s T-test (*P≤0.05). doi:10.1371/journal.pone.0065915.g006

cells and I. scapularis tick strains from Oklahoma (OSU;
Tick Rearing Facility, Oklahoma State University, Stillwater,
OK, USA), New York (NY; D. Sonenshine, Old Dominion
University, Norfolk, VA, USA) and Rhode Island (RI1; T.N.
Mather, University of Rhode Island, Kingston, RI, USA and
RI2; R.F. Massung, Centers for Disease Control and
Prevention, Atlanta, GA, USA) using TRI Reagent (Sigma).
The subolesin cDNAs were amplified by RT-PCR using
oligonucleotide
primers
4D8R5:
(5’GCTTGCGCAACATTAAAGCGAAC-3’) and 4D8R: (5’TGCTTGTTTGCAGATGCCCATCA-3’) and the Access
RT- PCR system (Promega) as previously described [2].
Control reactions were performed without DNA or RNA to
monitor contamination of the PCR reaction. PCR products
were electrophoresed in 1% agarose gels to check the size of
amplified fragments by comparison to a DNA molecular
weight marker (1 Kb Plus DNA Ladder; Promega, Madison,
WI, USA). Amplified fragments were purified using a
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MinElute PCR purification kit (Qiagen, Valencia, CA, USA)
and cloned into the pGEM-T vector (Promega) for sequencing
both strands by double-stranded dye-determination cycle
sequencing and primer walking (Core Sequencing Facility,
Department of Biochemistry and Molecular Biology, Noble
Research Center, Oklahoma State University, Stillwater, OK,
USA). At least three clones were sequenced for each
fragment. Sequence alignments were performed between
Wikel tick colony and ISE6 tick cells genomic sequences for
introns and between Wikel tick colony genomic sequence and
ISE6 tick cells and tick strains cDNAs for exons to
characterize single-nucleotide polymorphisms (SNPs) and insertion/deletions (INDELs). Sequences were deposited in the
Genbank under accession numbers JX898528 (for subolesin
genomic sequence in ISE6 tick cells) and JX193813-JX193816
(for tick strains cDNAs).
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Figure 7. Subolesin and NF-kB protein levels are higher in ISE6 tick cells infected with A. phagocytophilum. (A) Flow
cytometric profile histogram and plot for the isotype control (grey), NF-kB (p50) and Subolesin (SUB) in uninfected (UC; green) and A.
phagocytophilum-infected (IC; red) tick cells. (B) MFI for NF-kB and Subolesin in infected and uninfected tick cells. MFI was calculated as the
MFI of the test-labeled sample minus the MFI of the isotype control. Results (Ave±S.D.; N = 2) were compared between groups by Student’s
T-test (*P≤0.05). doi:10.1371/journal.pone.0065915.g007

Mapping of the subolesin Transcription Start Site by
Automated Capillary Electrophoresis
The analysis of subolesin transcription start site was
performed using mRNA start site analysis by automated
capillary electrophoresis (MSACE; Plant-Microbe Genomics
Facility, Ohio State University, OH, USA). MSACE consists
on a primer extension assay where the extension product is
labeled with a fluorescent dye that is analyzed by automated
capillary electrophoresis. RNA from ISE6 cells was isolated
using RNeasy mini kit (Qiagen) following manufacturer’s
recommendations. The oligonucleotide primer PESUB
(5’-ACTATGCAGCGGATCCCAATCG-3’) was labeled with
6FAM (Applied Biosystems, Carlsbad, CA, USA) on the 5’
end and used for the primer extension assay. PESUB is
located between positions +27 to +48 after the translation
start site of the subolesin gene (AY652654). Ten mg RNA
were mixed with 100 pmol 6FAM-PESUB primer in a
11 µl total volume. The mix was heated at 90C for 3 min
and then slowly cooled to 30C in a PCR thermocycler.
Primer extension was completed by adding AMV reverse
transcriptase (AMV RT) 5X reaction buffer (Promega), 10
mM dNTP mix, 40 U of RNasin ribonuclease inhibitor
(Promega) and 25 U of AMV RT enzyme (Promega). The
reaction was incubated for 1 h at 42C. RNA was degraded

using 10 ng RNase A (10 µl at 1 ng/µl) for 30 min at 37C
[49]. The resulting cDNA was purified with the MinElute PCR
purification kit (Qiagen) and eluted in 15 µl water. The
template necessary for the DNA sequencing reaction (520 bp)
included 469 bases upstream of the translation start site. The
DNA
template
was
amplified
with
56PE
(5’GACAGAATCCGACACCCAGA-3’) and PESUB primers
(5’-ACTATGCAGCGGATCCCAATCG- 3’) by PCR using
GoTaq Flexi DNA polymerase (Promega). The specific PCR
conditions were 95C for 2 min followed of 35 cycles of
denaturation at 95C for 30 sec, annealing at 60C for 30 sec
and extension at 72C for 1 min. The PCR product was
purified with the MinElute PCR purification kit (Qiagen) and
cloned into the pGEM-T vector (Promega). The extension
product was analyzed on a 3730 DNA Analyzer (Applied
Biosystems). Results from MSACE analysis were
corroborated by 5’ System for Rapid Amplification of cDNA
Ends (RACE; Life Technologies S.A., Madrid, Spain) using
gene-specific
primers
GSP1
(4D8R:
5’TGCTTGTTTGCAGATGCCCATCA-3’)
and
GSP2
(3PRO: 5’-CCGGATCCGCTCCGGATGATGAACTTTT
3’) and following manufacturer’s recommendations [50]. The
PCR product was purified, cloned into pGEM-T and 20
clones were sequenced as previously described.
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Figure 8. Model for Subolesin regulation in ticks. (A) Proposed model for NF-kB/Relish(REL) and Subolesin (SUB) regulation of gene
expression in ticks. The mechanisms resulting in NF-kB/Subolesin activation and/or increased protein levels are still unknown. NF-kB/REL
directly regulates the expression of SUB and other genes. SUB interacts with NF-kB/REL subunits through unknown auxiliary proteins and may
be involved in the regulation of NF-kB/REL expression and the regulation of NF-kB/REL-independent gene expression in ticks. (B) Proposed
regulatory network that includes cross- regulation between NF-kB/REL and Subolesin and Subolesin auto-regulation.
doi:10.1371/journal.pone.0065915.g008

Characterization of subolesin Core Promoter

A 5,503 pb region was used to characterize subolesin
promoter sequence. DNA was isolated from ISE6 tick cells
as previously described. Oligonucleotide primers were designed
to amplify by PCR 7 different fragments with 59 or 39
deletions in the subolesin promoter region (Table 3). PCR
reactions were performed using the Advantage Genomic LA
Polymerase Mix (Clontech, Mountain View, CA, USA) in a
25 µl reaction mixture. Control reactions were performed
without DNA to monitor contamination of the PCR
reaction. PCR products were electrophoresed, purified, cloned
into pGEM-T and sequenced as previously described.
Positives clones from the seven fragments were digested with
BamHI and BglII (Promega), purified using the Qiaquick Gel
Extraction kit (Qiagen) and cloned into the pDsRed-Express-1
vector (Clontech), which is a promoterless vector containing
the Discosoma sp. red fluorescent protein (DsRed) marker.
Resulting constructs were purified and 4 µg were used to
transfect ISE6 tick cells using Effectene Transfection Reagent
(Qiagen). Two independent experiments were conducted. The
pDsRed2-ER expressing the DsRed protein and promoterless
pDsRed-Express-1 were used as positive and negative controls,
respectively. After transfection, cells were incubated in L15B
medium for 24 h [51] and then analyzed for DsRed protein
expression by flow cytometry FACS analysis using a
FACSCalibur cytometer (Becton Dick- inson, Franklin Lakes,
NJ, USA).
To confirm these results, the construct containing the
identified subolesin core promoter (fragment 56) was more
efficiently transfected into Aedes aegypti mosquito Aag2 cells
(kindly provided by Alain Kohl and Claudia Rueckert; [52]).
As in the experiment with tick cells, pDsRed2-ER expressing
the DsRed protein and promoterless pDsRed-Express-1 were
used as positive and negative controls, respectively. Cells were
grown at 31C in L15 medium containing 10% tryptose
phosphate broth (Sigma) and 10% fetal bovine serum. Cells
were seeded for transfection 24 h prior to use in 24-well
plates. Approximately 2x105 cells/well were transfected with
100 µl/well of Lipofectamine 2000 (Invitrogen, Oregon,
USA; 1 µl/well) and plasmid DNA (4 µg/well) in Optimem
added to 400 ml of medium/well and incubated for 5 h at
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31C following manufacturer’s instructions. After transfection, cells were incubated in L15 medium for 12 and 24 h
and collected for FACS as described before. Cells were also
observed under a Nikon Eclipse Ti-U fluorescent microscope
with a Nikon Digital Sight DS Vi1 camera. Two independent
experiments were conducted with similar results.

DNA-binding ELISA for the Characterization of NFkB Binding Activity in Tick Cells
To characterize NF-kB binding activity in ISE6 tick
cells, a DNA-binding ELISA was used with RelA (p65)
and RelB antibodies (Trans AM NF-kB Family
Transcription Factor Assay Kit, Active Motif, Carlsbad,
CA, USA). ISE6 tick cells were collected in PBS and lysed
following manufacturer’s instructions. After centrifugation,
the pellet contained the nuclear fraction at a concentration
of 4 mg/ml. The wild-type consensus NF-kB
oligonucleotide (5’-GGGACTTTCC-3’) was used (20
pmol/well) as a competitor for NF-kB binding in order to
monitor the specificity of the assay. Conversely, the mutated
consensus oligonucleotide (Active Motif) should have no
effect on NF-kB binding and served as negative control. The
Raji cells nuclear extract (Active Motif) was used as positive
control for NF-kB binding. Four replicates were done for
each assay and results were compared between groups by
Student’s T-test (P = 0.05).

Electrophoretic Mobility Shift Assay for the
Characterization of NF-kB Binding to subolesin
Promoter
NF-kB binding to subolesin promoter was assessed by
incubating 5’ end biotin-labeled double stranded (ds)DNA
oligonucleotide corresponding to the surrounding region of
the predicted NF-kB binding site in the subolesin promoter
(nucleotides -309 to -252; Fig. 1B) with p50 and Rel (p65)
proteins (Active Motif, Carlsbad, CA USA) according to the
manufacturer’s protocol (Gel Shift Chemiluminiscent
EMSA kit, Active Motif). NF-kB proteins (0.1 µg) were
incubated independently with 20 fmol of labeled dsDNA
probe in binding buffer (EMSA kit, Active Motif) in a final
volume of 20 µl at room temperature for 20 min. The

Chapter III

resulting complexes were separated in a 6% DNA
retardation gel (Invitrogen, Madrid, Spain). Competition
with the unlabeled probe containing the predicted
subolesin NF-kB binding site (GTGTCTTTCC) were done
in a 200:1 (unlabeled:labeled) ratio.

Characterization of Subolesin and NF-kB Expression
in Tick Cells
Subolesin and NF-kB expression was characterized in ISE6
tick cells in response to A. phagocytophilum infection, after
gene knockdown by RNAi and after activation and
repression of the NF-kB pathway. Tick cells were infected with
A. phagocytophilum or left uninfected as described before.
For the activation and repression of the NF-kB pathway,
ISE6 tick cells were incubated at 31C for 24 hrs with 7.5
mg/ml NF-kB inducer (2-Deoxy-D- glucose; Sigma, St. Louis,
MO, USA) [53], 5 mM NF-kB represor (Sodium Salicylate;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) [54],
and PBS as control and analized by RT-PCR and flow
cytometry for subolesin and NF-kB (Relish or p50) expression.
The subolesin and NF-kB (Relish) mRNA levels were characterized
by real-time RT-PCR as described before for RNAi. For
flow cytometry analysis, ISE6 tick cells were washed in
phosphate buffered saline (10 mM PBS) fixed and
permeabilized with Intracell® fixation and permeabilization
kit
(Inmunostep,
Sala- manca,
Spain)
following
manufacturer recomendations. After permeabilization, the
cells were washed in PBS and incubated in 100 ml with
primary
unlabeled
rabbit
polyclonal
antibodies
(preimmune IgG isotype control; 5 µg/ml, anti-subolesin; 5
µg/ ml) and labelled monoclonal antibodies (PE-anti-NFkB p50; 40 µg/ml), washed in PBS and incubated in 100 µl
of PBS with FITC or Cy5-goat anti-rabbit IgG for subolesin
(Sigma, Madrid, Spain) labeled antibodies (diluted 1/500)
for 15 min at 4C. Finally, the cells were washed with PBS
and resuspended in 500 µl of PBS. All samples were
analyzed on a FACScalibur® Flow Cytometer, equipped
with the CellQuest Pro® software (BD- Biosciences,
Madrid, Spain). The viable cell population was gated
according to forward scatter and side scatter parameters. The
level of Subolesin and NF-kB in the viable cells was
determined as the geometric median fluorescence intensity
(MFI) of the test-labeled sample minus the MFI of the
isotype control [55]. Two replicates were done for each assay
and results were compared between groups by Student’s Ttest (P = 0.05).
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Sequence Analysis
Multiple sequence alignments were performed using
Geneious Pro 5.0.3 software (Biomatters Ltd., Auckland,
New Zealand; http://www.geneious.com). Transcription
factor binding sites to subolesin promoter were predicted
using TRANSFAC at Biobase (http://www.biobasefactor-bindinginternational.com/product/transcriptionsites). Blasting against nonredundant sequence database
(nr) and databases of tick-specific (http://www.ncbi.
nlm.nih.gov and http://www.vectorbase.org/index.php) and
D. melanogaster release 5.30 genomic sequences was done
tblastx
and
blastn
using
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Protein sequences
were aligned using the CLUSTAL 2.1 multiple sequence
alignment
tool
(EMBL-EBI;
http://www.
ebi.ac.uk/Tools/). Conserved protein domains (cd) were
analyzed using Conserved Domains and Protein
Classification
at
ncbi
(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.
shtml)
[56]. D. melanogaster akirin and NF-kB-binding sites were
mapped using the NCBI Map Viewer (http://www.ncbi.nlm.
nih.gov/mapview/).

Supporting Information
Figure S1 NF-kB-binding

sites in D. melanogaster
chromosome 3L (NT_037436.3) where akirin gene is
located (3L: 7362900,7366958). Blasting was done against
GTGTCTTTCC sequence in D. melanogaster release 5.30
blastn
genomic
sequence
using
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and mapped using
the
NCBI
Map
Viewer
(http://www.ncbi.nlm.nih.gov/mapview/). (TIF)
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25. de la Fuente J, Estrada-Peñ a A, Venzal JM, Kocan KM, Sonenshine DE
(2008) Overview: Ticks as vectors of pathogens that cause disease in
humans and animals. Frontiers Biosc 13: 6938–6946.
26. Hill CA, Wikel SK (2005) The Ixodes scapularis Genome Project: an
opportunity
for advancing tick research. Trends Parasitol 21: 151–153.
27. Megy K, Hammond M, Lawson D, Bruggner RV, Birney E, et al.
(2009) Genomic resources for invertebrate vectors of human pathogens,
and the role of VectorBase. Infect Genet Evol 9: 308–313.
28. Jongejan F, Nene V, de la Fuente J, Pain A, Willadsen P (2007) Advances
in the genomics of ticks and tick-borne pathogens. Trends Parasitol 23:
391–396.
29. Nene V (2009) Tick genomics–coming of age. Front Biosci 14: 2666–
2673.
30. de la Fuente J, Kocan KM, Almazán C, Blouin EF (2007) RNA
interference for the study and genetic manipulation of ticks. Trends
Parasitol 23: 427–433.
31. de la Fuente J, Almazán C, Van Den Bussche RA, Bowman J, Yoshioka
JH, et al. (2005) Characterization of genetic diversity in two populations of
Dermacentor andersoni (Acari: Ixodidae). Exp Parasitol 109: 16–26.

Page | 102

32. Labruna MB, Naranjo V, Mangold AJ, Thompson C, Estrada-Peñ a A,
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Ticks are ectoparasites of animals and humans that serve as vectors of Anaplasma and other pathogens that affect humans and
animals worldwide. Ticks and the pathogens that they transmit have coevolved molecular interactions involving genetic traits
of both the tick and the pathogen that mediate their development and survival. In this paper, the expression of heat shock
proteins (HSPs) and other stress response proteins (SRPs) was characterized in ticks and cultured tick cells by proteomics and
transcriptomics analyses in response to Anaplasma spp. infection and heat shock. The results of these studies demonstrated that
the stress response was activated in ticks and cultured tick cells after Anaplasma spp. infection and heat shock. However, in the
natural vector-pathogen relationship, HSPs and other SRPs were not strongly activated, which likely resulted from tick-pathogen
coevolution. These results also demonstrated pathogen- and tick-specific differences in the expression of HSPs and other SRPs in
ticks and cultured tick cells infected with Anaplasma spp. and suggested the existence of post-transcriptional mechanisms induced
by Anaplasma spp. to control tick response to infection. These results illustrated the complexity of the stress response in ticks and
suggested a function for the HSPs and other SRPs during Anaplasma spp. infection.

1. Introduction

Ticks are ectoparasites of wild, domestic animals and
humans and are considered to be the most important
arthropod vector of pathogens in some regions [1, 2].
The genus Anaplasma includes intraerythrocytic
pathogens of ruminants, A. marginale, A. centrale, A.
bovis, and A. ovis [2, 3]. Also included in this genus
are A. phagocytophilum, which infects granulocytic

leukocytes of a wide range of hosts including humans,
wild and domestic animals, and A. platys that infects
dog platelets [2, 3]. Ticks are biological vectors of
Anaplasma spp. but different tick species transmit
A. marginale, A. centrale, A. bovis, A. ovis, A.
phagocytophilum, and A. platys [1]. Mammalian or tick
hosts with persistent infection serve as reservoirs of
these pathogens in nature [3].
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The ticks and the pathogens that they transmit have
coevolved molecular interactions involving genetic traits of
both the tick and the pathogen that mediate their
development and survival, but these mechanisms are not
well defined [3– 5]. Furthermore, although advances in
proteomics technologies have been made during the last
decades, proteomics studies to characterize protein
expression in ticks are diﬃcult to conduct [5–17]. Most of
these studies have focused on the sialome (salivary gland
secretory proteome) analysis of ticks [6–12] and the
analysis of host-tick-pathogen interactions in an attempt
to identify potential candidates for vaccine development
against tick-borne diseases [5, 13–17].
The heat shock and other stress responses are a
conserved reaction of cells and organisms to elevated
temperatures and other stress conditions such as toxicity
and pathogen infection [18–21]. The heat-shock proteins
(HSPs) and other stress response proteins (SRPs) protect
cells and organisms from damage, allow resumption of
normal cellular and physiological activities, and overall
provide higher levels tolerance to environmental stress.
Crucial to cell survival is the sensitivity of proteins and
enzymes to heat inactivation and denaturation. Therefore,
adaptive mechanisms exist that protect cells from the
proteotoxic effects of heat stress.
At the molecular level, the heat-shock response
is a transient reprogramming of cellular activities
mediated by the synthesis of HSPs [18–21]. In most
organisms, the major groups of HSPs, HSP100, HSP90,
HSP70, HSP60, and small HSPs are represented by a few
members of each class [18, 21]. HSPs are functionally
linked to the large and diverse group of molecular
chaperones that are defined by their capacity to
recognize and bind substrate proteins that are in an
unstable inactive state [18, 21]. Additionally,
extracellular and membrane bound HSPs such as
HSP70 are involved in binding to antigens and
presenting them to the immune system [18, 20, 21].
The expression of the heat-shock genes encoding
the different HSPs is primarily regulated at the
transcriptional level [20]. The thermoinducibility is
attributed to conserved cis-regulatory promoter elements
(HSEs) located in the TATA-box-proximal 5'-flanking
regions of heat-shock genes. The occurrence of multiple
HSEs within a few hundred base pairs is a signature of
most eukaryotic heat-shock genes. The eukaryotic HSE
consensus sequence has been ultimately defined as
alternating units of 5-nGAAn-3 [20]. HSEs are the binding
sites for the transactive heat shock factor (HSF), and
eﬃcient binding requires at least three units, resulting in
5'-nGAAnnTTCnnGAAn-3 [20].
In this paper, the expression of HSPs and other SRPs
was characterized in ticks and cultured tick cells by
proteomics and transcriptomics analyses in response to
Anaplasma spp. infection and heat shock. The
transcriptomics analyses of ticks and tick cells in
response to A. marginale and A. phagocytophilum
infection and the proteomics analysis of tick cells A.
marginale interactions were published previously [4, 5].
The proteomics analysis of tick cells A. phagocytophilum
interactions, the proteomics and transcriptomics analyses
of R. turanicus-A. ovis interactions, and the
characterization of HSPs mRNAs en tick cells cultured at
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different temperatures are unpublished and thus methods
were described here in detail. However, herein we did not
present all results from these analyses, but focused on the
analysis of HSPs and other SRPs expression. These results
illustrated the complexity of the stress response in ticks
and suggested a function for the HSPs and other SRPs
during Anaplasma spp. infection in these organisms.

2. Materials and Methods

Ticks, Tick Cell Cultures, and Samples Preparation. ISE6
and IDE8 cells, originally derived from Ixodes
scapularis embryos (provided by U.G. Munderloh,
University of Minnesota, USA), were cultured in L15B
medium as described previously [22], but for ISE6
cells the osmotic pressure was lowered by the addition
of one fourth sterile water by volume. The ISE6 cells
were inoculated with A.
phagocytophilum-(NY18
isolate-) infected HL-60 cells as described previously
[23, 24]. The IDE8 tick cells were inoculated with the
Virginia isolate of A. marginale and monitored by stained
smears and with phase contrast microscopy [22].
Uninfected and infected cultures (N = 3–5 independent
cultures each) were sampled at 13 days postinfection
(dpi) (percent infected cells, 26%–31%) for
A.
phagocytophilum and at 3 dpi (percent infected cells,
30%–40%) for A. marginale. The cells were centrifuged
at 10,000 × g for 3 min and cell pellets were frozen in
liquid nitrogen until used for RNA and protein extraction.
Approximately 106–107 cells were pooled from each
condition. For proteomics analysis, A. phagocytophiluminfected and uninfected ISE6 cells were lysed in 350 μl
lysis buffer (PBS, 1% Triton X-100, 1 mM sodium
vanadate, 1 mM NaF, 1 mM PMSF, 1 μg/ml leupeptin,
and 1 μg/ml pepstatin) for 30 min at 4◦C. A. marginaleinfected and uninfected IDE8 cells were lysed in 30
mM Tris- HCl, pH8.8, 7 M Urea, 2 M thiourea, and 4%
CHAPS electrophoresis reagent (Sigma, St. Louis, MO,
USA). Total cell extracts were centrifuged at 200 × g for
5 min to remove cellular debris. The supernatants were
collected and protein concentration was determined using
the Bradford Protein Assay (Bio-Rad, Hercules, CA,
USA) with BSA as standard.
For analysis of HSP70 and HSP20 mRNA levels in
response to heat shock, ISE6 cells were cultured in
L15B medium as described previously [22] and
incubated for 24 h at 4◦C, 31◦C (normal growth
conditions), and 37◦C prior to RNA extraction. Total RNA
was extracted from two independent cultures for each
condition as described previously [4, 5].
Dermacentor variabilis, Dermacentor andersoni,
and Rhipicephalus sanguineus male ticks were obtained
from laboratory colonies maintained at the Oklahoma
State University, Tick Rearing Facility. Offhost ticks were
maintained at 95% relative humidity in a 12 hr light : 12 hr
dark photoperiod at 22–25◦C. In order to obtain infected
ticks, male ticks were fed for one week on a
splenectomized calf with ascending A. marginale
parasitemia that was experimentally infected with the
Virginia isolate of A. marginale [5]. The ticks were then
removed and maintained offhost for 4 days and then fed for
an additional week on an uninfected calf to cause infection
of salivary glands and other tick tissues. Uninfected ticks
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were fed in a similar way on the uninfected calf.
Rhipicephalus
(Boophilus)
microplus
male
ticks
(Mozambique strain) were reared in cattle at the Utrecht
Centre for Tick-borne Diseases, Utrecht University, The
Netherlands. Ticks were infected by feeding on a calf
experimentally infected with a Texas isolate of A.
marginale [5]. Rhipicephalus (Boophilus)
annulatus
larvae were allowed to feed on a calf naturally
infected with A. marginale in Tamaulipas, Mexico
(approximately 4% rickettsemia during tick feeding) and
collected as adults after 21 days of feeding. Uninfected
ticks were fed in a similar manner on an uninfected
calf. The I. scapularis nymphs uninfected and
infected with A. phagocytophilum (Gaillard and Dawson
strains) were obtained from a laboratory colony reared
at the Centers for Disease Control and Prevention,
Atlanta, GA, USA [4]. Tick larvae were fed on infected or
uninfected mice, collected after feeding and allowed to
molt to the nymphal stage [4]. Animals were housed
with the approval and supervision of the Institutional
Animal Care and Use Committees. Total RNA was
extracted with TriReagent (Sigma) as described
previously [4, 5].
Rhipicephalus turanicus adult female ticks feeding
on sheep were collected in farms in Sicily, Italy. DNA
(for characterization of pathogen infection), RNA (for
transcriptomics analysis), and proteins (for proteomics
analysis) were extracted with TriReagent (Sigma)
following manufacturers recommendations. Anaplasma
spp. infection was characterized by PCR and sequence
analysis of cloned major surface protein 4 (msp4)
amplicons [25, 26]. After analysis, two ticks were positive
for A. ovis and negative for other Anaplasma, Ehrlichia,
Rickettsia, and Theileria spp. [26] Uninfected ticks were
negative for all pathogens analyzed and were used as
controls (N = 10) for proteomics and transcriptomics
analyses. Interfering components for 2D DIGE
experiments were removed from protein samples by using
a 2D Clean up Kit (GE Healthcare, Madrid, Spain)
according to the manufacturer’s instructions. The protein
pellet was resuspended in 25 μl of lysis buffer (7 M urea,
2 M thiourea, 4% CHAPS, 25 mM Tris-HCl, and pH 8.0)
and protein concentration was determined using the
2D Quant Kit (GE Healthcare). In order to reduce
individual-to-individual variation and to obtain enough
protein for analysis, protein samples that were pooled
resulted in 18.5 μg total protein from the infected ticks.
2.1. Proteomics Analysis of Tick Cells Infected with
A. Phagocytophilum
2.2.1. Protein One-Step In-Gel Digestion, Peptide iTRAQ
Labeling, and IEF Fractionation. Hundred μg of protein
extracts from each experimental condition were
resuspended in a volume up to 300 μl of sample buffer
and applied using a 5-well comb on a conventional
SDS-PAGE gel (1.5 mm- thick, 4% stacking, and 10%
resolving). The 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
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Blue R- 250 staining, excised, cut into cubes (2 × 2 mm),
and digested overnight at 37◦C with 60 ng/μl trypsin
(Promega, Madison, WI, USA) at 5 : 1 protein:trypsin
(w/w) ratio in 50 mM ammonium bicarbonate, pH 8.8
containing
10% (v/v) ACN, and 0.01% (w/v) 5cyclohexyl-1-pentyl-β-D- maltoside (CYMAL-5) [27, 28]. The
resulting tryptic peptides from each proteome were
extracted by 1h-incubation in 12 mM ammonium
bicarbonate, pH 8.8. TFA was added to a final
concentration of 1% and the peptides were finally
desalted onto C18 OASIS HLB Extraction cartridges
(Waters, Milford, Massachusetts, USA) to remove the aminecontaining buffers and drieddown. Dried peptides were
resuspended in triethylammoniumbicarbonate (TEAB), pH
8.53 and labeled with iTRAQ reagents (Applied Biosystems,
Madrid, Spain) for 1 h at room temperature. Samples
from uninfected and infected ISE6 cell cultures were
labeled with 116 and 117 iTRAQ tags, respectively. The
two labeled samples were resuspended in 100 μl 0.1%
formic acid and combined into one tube. The mixture was
dried down, redissolved in 3.3 ml 5 mM ammonium
formiate, pH 3, cleaned up with SCX Oasis cartridges
(Waters) using as elution solution 1 M ammonium formiate
pH 3, containing 25% ACN, and dried down. The peptide
pools were resuspended in 0.5 ml 0.1% TFA, desalted onto
C18 Oasis cartridges using as elution solution 50% ACN in
5 mM ammonium formiate, pH 3 and dried down.
The sample was taken up in focusing buffer (5%
glycerol and 2% IPG buffer pH 3–10 (GE Healthcare,
Madrid, Spain) loaded onto 24 wells over a 24 cm-long
Immobiline DryStrip, pH3-10 (GE Healthcare), and
separated by IEF on a 3100 OFFgel fractionator
(Agilent, Santa Clara, CA, USA), using the standard
method
for
peptides
recommended
by
the
manufacturer. The recovered fractions were acidified
with 20 μl of 1 M ammonium formiate, pH 3, and the
peptides were desalted using OMIX C18 tips (Varian,
Palo Alto, CA, USA). After elution with 50% ACN in 5
mM ammonium formiate, pH 3, the peptides were
drieddown prior to RP- HPLC-LIT analysis.
2.2.2. LC-MS/MS Analysis and Peptide Identification. All
samples were analyzed by LC-MS/MS using a
Surveyor LC system coupled to a linear ion trap mass
spectrometer model LTQ (Thermo-Finnigan, San Jose,
CA, USA) as described previously [29, 30]. The LTQ
was programmed to perform a data-dependent MS/MS
scan on the 15 most intense precursors detected in a
full scan from 400 to 1600 amu (3 μ scans, 200 ms
injection time, and 10 000 ions target). Singly charged
ions were excluded from the MS/MS analysis. Dynamic
exclusion was enabled using the following parameters: 2
repeat counts, 90 s repeat duration, 500 exclusion size list,
120 s exclusion duration, and 2.1 amu exclusion mass
width. PQD parameters were set at 100 ms injection
time, 8 microscans per scan, 2 amu isolation width, 28%
normalized collision energy, 0.6 activation Q, and 0.3
ms activation time. For PQD spectra generation 10 000
ions were accumulated as target and automatic gain
control was used to prevent overfilling of the ion trap.
Protein identification was carried out as
described previously [29] using SEQUEST algorithm
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(Bioworks 3.2 package, Thermo Finnigan), allowing
optional (Methionine oxidation) and fixed modifications
(Cysteine carboxamidomethylation, Lysine, and Nterminal modification of +144.1020 Da). The MS/MS
raw files were searched against the alphaproteobacteria
combined with the arach- nida Swissprot database
(Uniprot release 15.5, 7 July, 2009) supplemented with
porcine trypsin and human keratins. This joint database
contains 638408 protein sequences. The same collections
of MS/MS spectra were also searched against inverted
databases constructed from the same target databases.
The alphaproteobacteria Swissprot database was used to
identify and discard Anaplasma and possible bac- terial
symbiotic sequences from further analyses. Statistical
analysis and determination of error rates were
performed with the Probability Ratio Method [31]. False
Discovery Rate (FDR) was used as a measure of statistical
significance of peptide identification and was calculated
using the refined method proposed by Navarro and
Vazquez [32].
2.2.3.
Peptide Quantification and Statistics. The
intensity of the centroided iTRAQ reporter ion signals
was computed by the QuiXoT software, correcting for
isotope overlap between iTRAQ reporter ions [33]. The
sensitivity threshold and mass tolerance for extracting
the iTRAQ ratios were set to 0 and ±0.4 Da, respectively.
Statistical analysis of the data was done on the basis of a
novel random-effects model recently developed and
validated in our laboratory that includes four different
sources of variance: at the spectrum fitting, scan,
peptide, and protein levels [34]. The log2 ratio of
peptide concentration in samples A and B determined
by scan s coming from peptide p derived from protein q
is expressed as xqps = log2 (A/B). The statistical weight
associated to the scan, wqps, is calculated from the
spectrum fitting and the scan variance, σ s 2 , as
described in [34]. The log2-ratio value associated to each
peptide, xqp, is calculated as a weighted average of the
scans used to quantify the peptide, and the value
associated to each protein, xq, is similarly the weighted
average of its peptides. Besides, a grand mean, x, is
calculated as a weighted average of the protein values.
In turn, the statistical weight associated to each
peptide, wqp, is calculated from the 2 corresponding scan
weights and the peptide variance, σp , and that of each
protein, wq, is calculated from the corresponding
peptide weights and the protein variance, σq2 . In all
cases, the statistical weights are the inverses of
variances. Outliers at the scan and peptide levels are
detected by calculating the probability that the
measurements deviate from the expected average
according to their respective variances, and controlling
for the false discovery rate at each level, FDRqps and
FDRqp, respectively. Details about the statistical model
and the algorithm used to calculate the variances at the
scan, peptide, and protein levels can be found in Jorge et
al. [34]. Differential protein expression in early versus late
infections was compared using Venn diagrams to show
shared and distinct protein expression. Significance of
overlaps
was
calculated
using
hypergeometric
distributional assumption [35], and P-values were

Page | 112

adjusted using Bonferroni correction for multiple
comparisons [36]. Protein ontology for biological process
(BP) of differentially expressed proteins was done using
the human protein databases at http://www.hprd.org/ and
http://www.ebi.ac.uk/interpro/. The proportion of upand downrepresented proteins was statistically analyzed
separately for early and late infections for each BP
protein ontology category by a Fisher two-tailed test (P=
0.05) using Statistica 6.0 software (StatSoft Inc.,12, OK,
USA).
2.3. Proteomics Analysis of Tick Cells Infected with A.
Marginale. Proteomics analysis was performed at Applied
Biomics
(Hayward,
CA,
USA;
http://www.appliedbiomics.com) by two-dimensional
difference in gel electrophoresis (2D DIGE) as reported
previously [5].
2.4. Proteomics Analysis of Ticks Naturally Infected with
A. ovis
2.4.1.
Two-Dimensional
Difference
in
Gel
Electrophoresis (2D DIGE). CyDye DIGE fluor labeling kit
for scarce protein samples (GE Healthcare) was used
to label tick proteins according to the manufacturer’s
protocol. Briefly, for cysteine reduction before labeling, 5
μg of protein of each sample were incubated with 2 nmol
Tris (2carboxyethyl) phosphine hydrochloride (TCEP;
Sigma) at 37◦C for 1 hour in the dark and, for labeling, 4
nmol of Cy5 dye in 2 μl of anhydrous DMF (Sigma) were
added and the samples were incubated at 37◦C for 30
min in the dark. For internal standardization, a pool of
equal amounts of all samples (5 μg per sample) was
created and labeled with Cy3 dye with the same
procedure but scaling adjusted the quantities of
reagents according to the amount of protein (10 μg). The
reaction was quenched by adding an equal volume of 2
x sample buffer (7 M urea, 2 M thiourea, 4% w/v
CHAPS, 1% v/v IPG buffer pH 3–11, and 0.2% w/v
DTT). Before 2D separation, 5 μg of the Cy3-pool was
mixed with 5 μg of each sample.
For the first dimension, 24-cm 3–11 NL pH range
IPG strips were rehydrated overnight in 450 μL of
DeStreak
Rehydration Solution
(GE
Healthcare)
supplemented with 0.5% IPG buffer pH 3–11 (GE
Healthcare) using a reswelling tray. IEF was performed at
20◦C using an Ettan IPGphor 3 (GE Healthcare). Samples
were applied using anodic cup loading and
the
isoelectrofocusing was carried out using the following
conditions: 300 V for 3 h, 300–1000 V for 6 h, 1000–
10000 V for 3 h, 10000 V for 3 h, and 500 V for 3 h.
Prior to second dimension, focused IPG strips were
incubated for 10 min equilibration buffer containing 50 mM
Tris-HCl pH 8.8, 6 M urea, 30% v/v glycerol, 2% w/v
SDS, 0.5% w/v DTT, and traces of bromophenol blue.
Equilibrated IPG strips were placed onto 12%
homogeneous SDS-polyacrylamide gels casted in lowfluorescence glass plates using an Ettan-DALT Six System
(GE Healthcare). Electrophoresis was carried out at 20◦C
and 0.5 W/gel for 30 min followed by a second step at 15
W/gel for 4 hours.
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2.4.2. Image Acquisition and Data Analysis. Proteins were
visualized using an Ettan DIGE Imager (GE Healthcare)
following the manufacturer’s instructions. Image analysis
was performed with DeCyder 2D Software, version 7.0
(GE Healthcare). Four images were considered for the
analysis, 2 corresponded to samples labeled with Cy5,
and 2 corresponded to the sample pool labeled with Cy3
and acquired individually with each gel. Spot codetection, normalization of each spot against the
corresponding value of the internal pool, and volume
ratios calculation were carried out using Differential InGel Analysis (DIA) module. In the Biological Variation
Analysis (BVA) module, the 4 spot maps were distributed
in 3 groups, that is, standard, and the 2 different samples
(one control and one infected) and the standard image
most representative with average quality were assigned as
master. After match images, average ratios between groups
were calculated. Protein spots with 5-fold as threshold
in the average ratio were considered as differentially
expressed between samples under comparison.
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automatically using Flexanalysis software, version 2.2
(Bruker Daltonics). Database searches were performed
using MASCOT (http://matrixscience.com) [38] against
the NCBI nonredundant protein sequence database
(http://www.ncbi.nih.gov).
The
selected
search
parameters were as follows: tolerance of two missed
cleavages, carbamidomethylation (Cys), and oxidation
(Met) as fixed and variable modifications, respectively,
and setting peptide tolerance to 100 ppm after closeexternal calibration. A significant MASCOT probability
score
(P < 0.05) was considered as condition for
successful protein identification.

2.4.3.
Selection and Preparation of Protein Samples for
Mass Spectrometry. For preparative gel, equal protein
amounts of all samples were pooled. 2D electrophoresis
was carried out in the same conditions described above
for CyDye labeled samples, but in this case, after second
dimension, the gel was stained with Sypro Ruby
(Molecular Probes, Invitrogen, Eugene, OR, USA) following
the protocol recommended by the manufacturer. Proteins
were visualized by fluorescence using an Ettan DIGE
Imager (GE Healthcare) selecting 100 μm as pixel size and
channel Sypro Ruby 1 with 0.4 of exposure and gel image
was acquired. The gel was matched automatically in the
BVA module of DeCyder software with the DIGE image in
order to select the spots of interest for mass
spectrometry analysis. The 2D electrophoresis stained gel
was washed twice for 10 min with distilled water. Selected
protein spots were visualized with a UV benchtop
transilluminator (UVP, Cambridge, UK), manually excised
from the gels, dehydrated with acetonitrile, and vacuum
dried (Savant Speed Vac, mod SPD, 121 P, equipped with a
vacuum pump OFP-400). After drying, spots were
rehydrated and digested in situ with trypsin (Promega) as
described by Shevchenko et al. [27] with minor
modifications. Stained protein gel spots were incubated
in 50 mM NH4HCO3 with trypsin (5 ng/μl) for 1 hr in an
ice bath. The digestion buffer was removed and gels were
covered again with 50 mM NH4HCO3 and incubated at
37◦C for 12 hr. Whole supernatants were allowed to dry
and then stored at 20◦C until mass spectrometry
analysis.

2.4.5.
Reverse Phase-Liquid Chromatography (RPLC) MS/MS Analysis. When peptide mass fingerprinting
failed to identify a spot, the protein digest was dried,
resuspended in 7 μl of 0.1% formic acid, and analyzed
by RP-LC- MS/MS in a Surveyor HPLC system
coupled to an ion trap Deca XP mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The
peptides were separated by reverse phase chromatography
using a 0.18 mm × 150 mm BioBasic C18 RP column
(Thermo Fisher Scientific), operating at 1.8 μl/min.
Peptides were eluted using a 50-min gradient from 5 to
40% solvent B (Solvent A: 0,1% formic acid in water,
solvent B: 0,1% formic acid, 80% acetonitrile in water).
ESI ionization was done using a microspray “metal needle
kit” (Thermo Fisher Scientific) interface. Peptides were
detected in survey scans from 400 to 1600 amu (8 μscans),
followed by three data-dependent MS/MS scans, using an
isolation width of 3 amu, normalized collision energy of
30%, and dynamic exclusion, applied during 3-min
periods. Peptide identification from raw data was carried
out using the SEQUEST algorithm (Bioworks Browser 3.2,
Thermo Fisher Scientific) and the PHENYX 2.6 search
engine (GENEBIO, Switzerland). Database search was
performed against the Apicomplexa, proteobacteria, and
metazoa databases download from the Protein Knowledgebase (UniProtKB) (http://www.uniprot.org). The
following constraints were used for the searches: tryptic
cleavage after Arg and Lys, up to two missed cleavage
sites, and tolerances of 2 Da for precursor ions,
and 0.8 Da for MS/MS fragment ions and the searches were
performed allowing optional Met oxidation and fixed
Cys carbamidomethylation. If the Sequest and Phenyx
searches did not yield positive results, high-quality
spectra that had not been assigned to any protein
identification were selected and a manual de novo
interpretation was conducted that was confirmed with
PEAKS Studio 4.5 software (Bioinformatics Solutions Inc.,
Waterloo, ON, Canada).

2.4.4.
Matrix-Assisted Laser Desorption/Ionization
Time of Flight Mass Spectrometry (MALDI-TOF MS) Analysis.
Pep- tide mass fingerprinting was conducted as
described previously [37] using an Autoflex (Bruker
Daltonics, Bremen, Germany) mass spectrometer in a
positive ion
reflector mode employing 2, 5dihydroxybenzoic acid as matrix, and an AnchorChip
surface target (Bruker Daltonics). Peak identification and
monoisotopic peptide mass assignation were performed

2.5. Real-Time RT-PCR. Real-time RT-PCR was
performed on RNA samples from IDE8 and ISE6 tick cells
and ticks with gene-specific primers ([4, 5] and HSP20F:
5'-GACAACTGCGTCGTAGTCCA-3'
and
HSP20R:
5'-CTTGACAGCACCTCCTTTGG-3',
and
HSP70F:
5'-GTTTTCAAGAATGGGCGTGT-3'
and
HSP70R:
5'-GAGGCTTGCTGTTCTTGTCC-3' for HSP20 and
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levels were normalized against tick 16S rRNA [4,
5] using the genNorm method (ddCT method as
implemented by Bio-Rad iQ5 Standard Edition,
Version 2.0) [40]. Data from cells cultured at 31◦C
(normal growth conditions) were compared with
data from cells cultured at 4◦C and 37◦C and
between Anaplasma-infected and uninfected ticks
and tick cells using the Student’s t-test (P = .05).

HSP70, resp.) using the iScript One-Step RT-PCR
Kit with SYBR Green and the iQ5 thermal cycler
(Bio-Rad,
Hercules,
CA,
USA)
following
manufacturer’s recommendations. A dissociation
curve was run at the end of the reaction to ensure
that only one amplicon was formed and that the
amplicon denatured consistently in the same
temperature range for every sample [39]. The mRNA
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Figure 1: Experimental design for the analysis of heat shock and other stress response genes/proteins in ticks and
cultured tick cells in response to Anaplasma spp. infection.
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3. Results and Discussion
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(SEL, MET, FER1; [42–44]), and metals (MET, FER1;
[43, 44]). Additionally, these proteins have been
reported to be regulated by tick attachment, blood
feeding, or pathogen infection [4, 5, 14, 15, 45–51] as
well as expressed in unfed and uninfected ticks and tick
cells [10, 11, 52, 53].

In this study, proteomics and transcriptomics were
used to characterize heat shock and other stress
responses in ticks and tick cells in response to
Anaplasma spp. infection and heat shock (Figure 1).
These analyses included both natural (I. scapularis ticks
and cells A. phagocytophilum, D. variabilis/D.
andersoni/R. microplus/R. annulatus/R. sanguineus- A.
marginale, and R. turanicus-A. ovis) and nonnatural
(I. scapularis cells A. marginale) tick-pathogen
interactions (Fig- ure 1). Gene/proteins considered in this
paper included HSPs and other SRPs such as
glutathione-S transferase (GST), selenoprotein (SEL),
metallothionein (MET), and ferritin1 (FER1). These
proteins have been shown to be involved in the cellular
response to different stress conditions such as heat shock
(HSPs; [18, 19, 21]), endogenous and environmental
chemicals (GST; [41]), oxidative stress

3.1. Analysis of HSPs and Other SRPs in Cultured I.
scapularis Tick Cells in Response to A. marginale Infection. At
the mRNA level, HSP70, GST, SEL W2a, and salivary
SEL M genes were upregulated while FER1 was
downregulated in A. marginale- infected IDE8 tick cells
[4, 5]. The mRNA levels for HSP20 and HSP70 were
further evaluated by real-time RT-PCR in ISE6 tick
cells in response to A. marginale infection.

Uninfected IDE8 cells (Cy3)

Infected IDE8 cells (Cy5)

(a)

GST

(b)

GST

GST

(d)

(c)

Figure 2: 2D DIGE analysis of the total proteome of uninfected and A. marginale-infected I. scapularis IDE8 tick
cells showing GST underexpression in infected cells [5]. (a) 2D representative maps of uninfected (left) and infected
(right) IDE8 cells that were labeled with Cy3 and Cy5, respectively. Circled spots correspond to proteins that were
differentially expressed after infection. (b, c) Amplification of gel area where GST protein was localized after MS
identification in uninfected (green square) and infected (red square) IDE8 cells. (d) 2D DIGE gel image corresponding
to the overlapping Cy3 and Cy5 fluorochromes for uninfected versus infected paired samples in the GST region
mentioned above.
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The results showed that both HSP20 (2.6 ± 2.4
infected to uninfected cells mRNA ratio, Ave ± SD) and
HSP70 (2.4 ± 1.2) were upregulated in A. marginaleinfected tick cells. These results suggested that the stress
response was activated in cultured I. scapularis tick cells
in response to A. marginale infection [5]. However, at the
protein level, GST was underexpressed in infected IDE8
tick cells [5], probably reflecting a posttranscriptional
mechanism induced by A. marginale to control tick stress
response to infection (Figure 2). In fact, functional
analyses conducted by RNA interference (RNAi) in
IDE8 tick cells demonstrated that GST gene
knockdown resulted in lower A. marginale infection
levels, thus suggesting that while GST gene expression is
activated in response to pathogen infection, it is required
for A. marginale infection, traﬃcking, and/or
multiplication in tick cells [5, 54].

annulatus and R. sanguineus, A. marginale infection did not
change GST and FER1 mRNA levels in guts and salivary
glands. These results demonstrated differences between tick
species in the stress response to A. marginale infection.

3.2. Analysis of HSPs and Other SRPs in Cultured I.
scapularis Tick Cells in Response to A. phagocytophilum
Infection. Proteomics analysis of ISE6 tick cells in response
to A. phagocytophilum infection demonstrated that while
HSP70 was overexpressed in infected cells, other putative

HSPs such as HSP20 were underexpressed after
infection (Table 1). However, HSPs represented only
10% (3/31) and 4% (2/50) of over and underexpressed
proteins, respectively, in A. phagocytophilum-infected
ISE6 tick cells (unpublished results). At the mRNA level,
FER1, SEL W2a, SEL M, and GST expression did not
change significantly between A. phagocytophiluminfected and uninfected ISE6 tick cells [4]. The mRNA
levels for HSP20 and HSP70 were evaluated by realtime RT-PCR in ISE6 tick cells in response to A.
phagocytophilum infection. As with other SRPs, the
results showed that both HSP20 (8 ± 8 infected to
uninfected cells mRNA ratio, Ave ± SD) and HSP70 (0.5 ±
0.4) mRNA levels did not change significantly in A.
phagocytophilum-infected ISE6 tick cells when
compared to uninfected cells. These
results
demonstrated differences in the response of ISE6 tick
cells to A. marginale and A. phagocytophilum
infections [4]. As discussed previously for GST protein
expression in A. marginale-infected IDE8 tick cells,
differences in HSP expression between proteomics and
transcriptomics
analyses
probably
reflected
a
posttranscriptional
mechanism
induced
by
A.
phagocytophilum to control tick responses to infection.
3.3. Analysis of HSPs and Other SRPs in AnaplasmaInfected Ticks. In A. marginale-infected D. variabilis male
ticks, FER1 mRNA levels were lower in the guts and did
not change in the salivary glands of infected ticks [5].
For GST, mRNA levels did not change in both guts
and salivary glands after infection [5]. In A. marginaleinfected D. andersoni male ticks, FER1 mRNA levels did
not change in guts and salivary glands, and GST mRNA
levels were similar and lower in guts and salivary glands,
respectively, when compared to uninfected controls.
While SEL M and FER1 were not differentially
expressed in R. microplus salivary glands, GST mRNA
levels were significantly higher in uninfected ticks. In R.
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In A. phagocytophilum-infected I. scapularis
nymphs, the expressions of FER1 and GST were
significantly downregulated at the mRNA level [4]. The
mRNA levels were similar in I. scapularis nymphs
infected with two different
strains
of
A.
phagocytophilum [4]. However, as shown before in ISE6
tick cells, these results were different from those
obtained in response to A. marginale infection and
may reflect pathogen-specific and/or tick speciesspecific differences in the effect of Anaplasma spp.
infection on gene expression.
Proteomics analysis of R. turanicus ticks infected
with A. ovis was conducted in comparison with their
respective uninfected controls and the proteins that were
differentially expressed with an average ratio of ±5-fold
after DeCyder software analysis of DIGE gels was
considered. Two experiments were conducted with similar
results. Of the 50 identified differentially expressed
proteins (30 overexpressed and 20 underexpressed in
infected ticks), none corresponded to HSPs or other SRPs.
At the mRNA level, GST was downregulated (0.008 ±
0.007 infected to uninfected cells mRNA ratio, Ave ± SD)
while FER1 expression (0.02 ± 0.02) did not change in
infected ticks.
R. turanicus is a natural vector of A. ovis [55]. D.
variabilis, D. andersoni, R. microplus, R. annulatus, and

R. sanguineus are natural vectors of A. marginale,
and I. scapularis is a natural vector of A.
phagocytophilum in different regions of the world [1–3].
However, I. scapularis does not vector A. marginale
[1–3]. The results of HSPs and other SRPs expression
suggested that, at least when ticks are the pathogen’s
natural vector, heat shock and other stress responses
are not strongly activated, probably reflecting tickpathogen
coevolution
[3–5].
This
fact
was
demonstrated in A. marginale-infected D. variabilis, D.
andersoni, R. microplus, R. annulatus,
and R.
sanguineus, in
A. phagocytophilum-infected
I.
scapularis ticks and ISE6 tick cells, and in A. ovisinfected R. turanicus, but not in A. marginale-infected
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IDE8-cultured tick cells, which were not derived from a
natural vector species [1–3] (Figure 3). In fact, except
for
FER1
expression
that
was
consistently
downregulated or did not change in response to
Anaplasma infection, the expression of the other stress
response genes was upregulated in A. marginaleinfected I. scapularis IDE8 cells while did not change
or were downregulated in other tick-Anaplasma
interactions (Figure 3). These results suggested that
while cultured tick cells are a useful tool for the study
of tick-Anaplasma interactions, experiments should be
conducted with the natural tick vector and pathogen.
3.4
Expression of HSP20 and HSP70 Genes in I.
scapularis ISE6 Tick Cells in Response to Heat Shock. To
further characterize the expression of HSP20 and HSP70
genes in response to heat shock, the mRNA levels for
HSP20 and HSP70 were evaluated by real-time RT-PCR
in ISE6 tick cells incubated at different temperatures.
The results demonstrated that both HSP20 and HSP70
were upregulated after heat shock at 37◦C but not at 4◦C
when compared to control cells grown at 31◦C (Figure 4).
Although the mRNA levels for HSP70 were 72-fold higher
than those for HSP20 at 31◦C, a 5- and 3-fold increase in
HSP20 and HSP70 mRNA levels was obtained after heat
shock at 37◦C, respectively, (Figure 4). These results
showed that, as in other organisms, HSPs are
upregulated in tick cells in response to heat shock.

Figure 3: Differential expression of heat shock and other
stress response genes in different tick-Anaplasma
interactions. The mRNA levels of HSP20, HSP70, GST, SEL,
and FER1 were characterized by real-time RT-PCR in
uninfected and Anaplasma-infected ticks and tick cells.
Arbitrarily, +10 and −10 values were used to represent
gene upregulation and downregulation, respectively.
When the mRNA levels did not change after pathogen
infection, a zero value was used. A ±5 value was used
when pathogen infection was characterized in the same
species ticks and tick cells or in tick guts and salivary
glands. Abbreviations: A. m., A. marginale; A. p., A.
phagocytophilum; A. o., A. ovis; I.s., I. scapularis; D. v.,
D. variabilis; D. a., D. andersoni; R. s., R. sanguineus; R.
a., R. annulatus; R. m., R. microplus; R. t., R. turanicus.

Figure 4: Heat shock response in I. scapularis ISE6 tick cells. ISE6 cells were incubated for 24 h at 4◦ C, 31◦ C (normal growth
conditions), and 37◦ C prior to RNA extraction. Total RNA was extracted from two independent cultures for each
condition, and HSP20 and HSP70 mRNA levels were analyzed by real-time RT-PCR. The mRNA levels were normalized
against tick 16S rRNA and compared between control cells grown at 31◦ C and cells cultured at 4◦ C and 37◦ C using the
Student’s t-test ( ∗ P < .05).

4. Conclusions
The results of these studies demonstrated that the
stress response was activated in ticks and cultured
tick cells after Anaplasma spp. infection and heat
shock. However, under natural vector-pathogen
relationships, HSPs and other SRPs were not strongly
activated,
probably
reflecting
tick-pathogen
coevolution. Nevertheless, at least as shown by

proteomics analysis of ISE6 tick cells in response to
A. phagocytophilum infection, some HSPs such as the
HSP70 family were overexpressed while other putative
HSPs such as HSP20 were underexpressed in infected
cells. Furthermore, these results demonstrated pathogenspecific and tick species-specific differences in the
expression of HSPs and other SRPs in ticks and tick cells
infected with Anaplasma spp. Additionally, our results
suggested the existence of posttranscriptional
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mechanisms induced by Anaplasma spp. to control tick
response to infection. In summary, the results
presented herein illustrate the complexity of the stress
response in ticks and suggest a function for HSPs and
other SRPs during Anaplasma infection in ticks.
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Campillos, F. Martı́n-Maroto, and J. Vázquez,
“Statistical model for large-scale peptide identification in
databases from tandem mass spectra using SEQUEST,”
Analytical Chemistry, vol. 76, no. 23, pp. 6853–6860, 2005.
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Abstract. We characterized the effects of subolesin and heat shock protein (HSP)
expression on Ixodes scapularis Say (Acari: Ixodidae) stress responses to heat shock
and feeding, questing behaviour and Anaplasma phagocytophilum (Rickettsiales:
Anaplasmataceae) infection. Ticks and cultured tick cells were analysed before and
after subolesin, hsp20 and hsp70 gene knock-down by RNA interference. The
results of these studies confirm that HSPs are involved in the tick cell response
to heat stress and that subolesin and HSPs are both involved in the tick response
to blood-feeding stress and A. phagocytophilum infection. Subolesin and hsp20 are
involved in the tick protective response to A. phagocytophilum infection and hsp70
expression may be manipulated by the pathogen to increase infectivity. Importantly,
these results demonstrate that subolesin, hsp20 and hsp70 expression also affect
tick questing behaviour. Overall, this research demonstrates a relationship between
hsp and subolesin expression and tick stress responses to heat shock and blood
feeding, A. phagocytophilum infection and questing behaviour, thereby extending our
understanding of the tick–host–pathogen interface.
Key words. Anaplasma phagocytophilum, Ixodes scapularis, behaviour, stress, RNA

interference.

Introduction
Ticks are ectoparasites of wild and domestic animals and
humans and are considered to be the most important arthropod vectors of pathogens in some regions (de la Fuente et al.,
2008a). Ixodes scapularis Say is an important vector of
pathogens that cause disease in humans and domestic animals worldwide, including Anaplasma phagocytophilum, the
causative agent of human granulocytic anaplasmosis and small
ruminant tick-borne fever (Dumler et al., 2001; Stuen, 2007).

Tick behaviour undergoes periodic fluctuations, often with
an approximately diel or 24-h photoperiod (Belozerov, 1982),
suggesting that ticks alternate between two behavioural
modes in response to environmental conditions: questing (and
desiccating) in the upper layers of leaf litter or vegetation, and
rehydrating in the humid lower layers (Lees & Milne, 1951).
Questing refers to ‘a behaviour expressed by the willingness
of the ticks to crawl or climb to favourable locations in their
environment, e.g. herbaceous or woody stems, where they may
attach to transient hosts’ (Sonenshine, 1993).
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Tick questing behaviour affects host-seeking activity and
pathogen transmission (Randolph, 2004). The physiological
and behavioural mechanisms underlying tick questing activity
most likely involve the interaction of several factors, including
molecular mechanisms regulating stress response (Belozerov,
1982; Daniel & Dusbabek, 1994).
Few studies have characterized the effect of different
factors on I. scapularis questing behaviour. In a recent study,
Schulze et al. (2001) demonstrated that temperature and
relative humidity (RH) explained a significant amount of the
total variation in adult I. scapularis field collections and that
adult ticks tended to quest earlier and later in the day when
temperatures were lower and RH higher. Schulze et al. (2001)
observed I. scapularis adults questing at temperatures as low
as −0.6 ◦C, a much lower temperature than the 4 ◦C reported
earlier as the apparent threshold of questing activity in adults
of this species (Duffy & Campbell, 1994). Laboratory studies
with I. scapularis nymphs demonstrated that temperature had
no effect on mean questing height, but significantly affected
the mean distance moved and the percentage of time spent
in the questing posture (Vail & Smith, 2002). The mean
distance moved and percentage of time ticks maintained the
questing posture were both greater at 25◦C than at higher
or lower temperatures. Lefcort & Durden (1996) demonstrated
that infection with Borrelia burgdorferi negatively affects adult
I. scapularis questing behaviour, which suggests a connection
between pathogen infections and questing.
Heat shock and other stress responses are conserved
reactions of cells and organisms to elevated temperatures and
other stress conditions, such as toxicity and pathogen infection;
the expression of heat shock proteins (HSPs) and other stress
response proteins protects cells and organisms from damage
and provides higher levels of tolerance to environmental
stress (Schlesinger, 1990; Joly et al., 2010; Tutar & Tutar,
2010). At the molecular level, heat shock responses are
transient reprogrammings of cellular activities mediated by
the synthesis of HSPs (Schlesinger, 1990; Joly et al., 2010;
Tutar & Tutar, 2010). In most organisms, the major groups
of HSPs (HSP100, HSP90, HSP70, HSP60 and small HSPs,
such as HSP20) are represented by a few members in each
class (Schlesinger, 1990; Tutar & Tutar, 2010). Heat shock
proteins are functionally linked to the large and diverse group
of molecular chaperones defined by their capacity to recognize
and bind substrate proteins that are in an unstable, inactive
state (Schlesinger, 1990; Tutar & Tutar, 2010). Additionally,
extracellular and membrane-bound HSPs, such as HSP70,
bind to antigens and present them to the immune system
(Schlesinger, 1990; Tutar & Tutar, 2010). Interestingly, a
connection may exist between pathogen infection and tick
response to stress conditions. Recently, Herrmann & Gern
(2010) reported that infection with B. burgdorferi and Borrelia
afzelii confers survival advantages to Ixodes ricinus under
challenging thermohygrometric conditions.
Subolesin has been identified as a tick protective antigen in
I. scapularis (Almazán et al., 2003). RNA interference (RNAi)
studies showed that subolesin knock-down had a profound
effect on tick biology and caused the degeneration of tick
tissues, including guts, salivary glands, reproductive tissues
and embryos. In subsequent studies, subolesin was found
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to control tick gene expression, impact the innate immune
response, and affect tick infection by A. phagocytophilum
and Anaplasma marginale (Almazán et al., 2005, 2010; de
la Fuente et al., 2006a, 2006b, 2006c, 2006d, 2008b, 2008c,
2010; Kocan et al., 2007, 2009; Nijhof et al., 2007; Galindo
et al., 2009; Mangold et al., 2009; Zivkovic et al., 2010).
Stress responses to tick attachment, blood feeding and
pathogen infection have been characterized in ticks and cultured tick cells (Macaluso et al., 2003; Mulenga et al., 2003,
2007; Rudenko et al., 2005; Ribeiro et al., 2006; de la Fuente
et al., 2007; Rachinsky et al., 2007, 2008; Zivkovic et al.,
2009; Kongsuwan et al., 2010; Lew-Tabor et al., 2010). The
stress response to heat shock was also recently characterized in
cultured tick cells (Villar et al., 2010a). However, no relationships have yet been established between tick stress response,
questing behaviour and pathogen infection. Thus, the objectives of this study were to characterize the effects of subolesin
and hsp gene expression on I. scapularis stress responses,
questing behaviour and A. phagocytophilum infection, through
analyses in ticks and cultured tick cells before and after subolesin, hsp20 and hsp70 gene knock-down by RNAi.

Materials and methods
Experiment design
To characterize the effects of subolesin and hsp gene
expression on I. scapularis stress response, questing behaviour
and A. phagocytophilum infection, ticks and cultured tick cells
were analysed before and after subolesin, hsp20 and hsp70
gene knock-down by RNAi. The expression of subolesin,
hsp20 and hsp70 genes was analysed in ticks and tick cells
at normal incubation temperatures (22◦C and 31◦C for ticks
and tick cells, respectively) and at extreme temperatures (4◦C
and 37◦C) that are below and above this normal incubation
temperature, but within the natural range for I. scapularis
ticks and at which tick cells survive. Expression of hsp20
and hsp70 was characterized in different tick developmental
stages to describe how hsp gene expression varied during tick
development and to infer a possible role for these molecules
during tick feeding. In all experiments involving animals,
animals were housed and experiments conducted with the
approval and supervision of the Oklahoma State University
(OSU) Institutional Animal Care and Use Committee.

Ticks
Ixodes scapularis ticks were obtained from the laboratory
colony maintained at the OSU Tick Rearing Facility. Larvae
and nymphs were fed on rabbits and adults were fed on
sheep. Off-host ticks were maintained under an LD 12 : 12 h
photoperiod at 22–25◦C and 95% RH. Adult male I.
scapularis were infected with A. phagocytophilum (NY18
isolate) by allowing them to feed on a sheep inoculated
intravenously with approximately 107 A. phagocytophilum
(NY18 isolate)-infected HL-60 cells (90–100% infected cells)
(Blas-Machado et al., 2007). Ticks were removed from the
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sheep 10 days after infestation, held in the humidity chamber
for 4 days and dissected for DNA and RNA extraction from
guts and salivary glands. To allow the analysis of subolesin,
hsp20 and hsp70 mRNA levels in response to heat shock, six
unfed adult I. scapularis males per group were incubated for
3–4 h at 4◦C, 22 ◦C or 37◦C (at approximately 50% RH)
until they were dissected for RNA extraction from wholebody tissues. For analysis of hsp20 and hsp70 mRNA levels
in different tick developmental stages, eggs (three batches
of approximately 3000 eggs each), larvae (three pools of
100 larvae each), nymphs (three pools of 100 nymphs each),
and adult unfed and fed ticks (10 ticks in each group) were
used for RNA extraction and analysis.

Cultured tick cells
The ISE6 tick cell line, derived originally from I.
scapularis embryos (provided by U. G. Munderloh,
Department of Entomology, University of Minnesota, St. Paul,
MN, U.S.A.), was cultured in L15B medium as described
previously (Munderloh et al., 1999). The ISE6 cells were
inoculated with A. phagocytophilum (NY18 isolate)-infected
HL-60 cells and maintained according to the procedures of de
la Fuente et al. (2005). Uninfected cells were cultured in the
same way, except that 1 mL of culture medium was added in
place of infected cells. Uninfected and infected cultures (n = 5
independent cultures with approximately 107 cells in each) were
sampled at 6 days post-infection (dpi) [early infection, mean
± standard deviation (SD) percentage of infected cells: 13 ±
2% (range: 11–17%)] and 13 dpi [late infection, mean ± SD
percentage of infected cells: 28 ± 2% (range: 26–31%)]. For
analysis of hsp20 and hsp70 mRNA levels in response to
heat shock, ISE6 cells were cultured in L15B medium and
incubated for 24 h prior to RNA extraction at 4◦C, 31◦C
(normal growth conditions) and 37◦C in two independent
cultures with approximately 107 cells in each for each
condition. Collected cells were centrifuged at 10 000 x g for
3 min and cell pellets were frozen in liquid nitrogen until
used for DNA and RNA extraction.

Synthesis of double-stranded RNA
Oligonucleotide primers homologous to I. scapularis hsp20
(GenBank accession no. B7P7F7; IscW_ISCW001762) (5’TAATACGACTCACTATAGGGTACTATGGCACTGTTC
CCACTTT-3’ and 5’-TAATACGACTCACTATAGGGTACTT
CACTTGCTCTTGACAGCA-3’) and hsp70 (GenBank accession no. B7PEN4; IscW_ISCW017754) (5’-TAATACGACTC
ACTATAGGGTACTATGGTGTTGACCAAGATGAA-3’ and
5’-TAATACGACTCACTATAGGGTACTATCTCGTCCACAT
CAGTCT-3’) genes containing T7 promoters were used for
in vitro transcription and synthesis of double-stranded RNA
(dsRNA) as described previously (de la Fuente et al., 2006a),
using the Access reverse-transcription polymerase chain reaction (RT-PCR) system (Promega Corp., Madison, WI, U.S.A.)
and the Megascript RNAi Kit (Ambion, Inc., Austin, TX,
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U.S.A.). Ixodes scapularis subolesin (de la Fuente et al.,
2006a) and the unrelated Rs86 (de la Fuente et al., 2006b)
dsRNAs were synthesized using the same methods described
previously and used as positive and negative controls, respectively. The dsRNA was then purified and quantified by
spectrophotometry.

RNA interference in cultured tick cells
RNA interference experiments were conducted in cell
cultures by incubating ISE6 tick cells with 10 µL dsRNA
(5×1010–5×1011molecules/µL) and 90µL L15B medium in 24well plates using 10 wells per treatment (4×105 cells/well) (de la
Fuente et al., 2008b). Control cells were incubated with the
unrelated Rs86 dsRNA. After 48 h of dsRNA exposure, tick
cells were infected with cell-free A. phagocytophilum (NY18
isolate) obtained from approximately 5 × 106 infected HL-60
cells (90–100% infected cells) and resuspended in 24 mL
culture medium, resulting in 1 mL/well (Thomas & Fikrig,
2007), or mock infected by adding culture medium alone.
Cells were incubated for an additional 72 h, collected and
used for DNA and RNA extraction.

RNA interference in ticks
Unfed I. scapularis adult ticks (n = 6 males per group for
behaviour experiments; n = 10 females per group for tickfeeding experiments; n = 12–15 females per group for effect
on A. phagocytophilum infection experiments) were injected
with approximately 0.5 µL dsRNA (5 × 1010 –5 × 1011
molecules/µL) in the lower right quadrant of the ventral surface of the tick exoskeleton (de la Fuente et al., 2006a). The
injections were performed using a 10-µL syringe with a 1-inch,
33-gauge needle (Hamilton Bonaduz AG, Bonaduz, Switzerland). Control ticks were injected with subolesin dsRNA, the
unrelated Rs86 dsRNA or were left uninjected. After the
completion of the experiments, ticks were dissected and
whole-body tissues (behaviour and tick-feeding experiments)
or separated guts and salivary glands (A. phagocytophilum
infection experiment) were used for DNA and/or RNA extraction. RNA was used to analyse gene expression silencing by
real-time RT-PCR with respect to the Rs86 control. DNA was
used to quantify A. phagocytophilum infection levels by
msp4 PCR.

Tick-feeding experiment
After dsRNA injection, female ticks were held in a humidity
chamber for 1 day, after which they were allowed to feed on
a sheep with 10 male ticks per tick-feeding cell. Tick weight
was determined in individual female ticks collected after the
completion of feeding. Two ticks per group were dissected
for RNA extraction to analyse gene knock-down by real-time
RT-PCR.
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Behaviour experiments
The experimental unit for behaviour experiments
consisted of a transparent, 2-mL, graduated polypropylene
microcentrifuge tube with a snap cap (approximately 1 cm in
diameter, 4 cm long) (Sigma-Aldrich, Inc., St. Louis, MO,
U.S.A.) in which a single I. scapularis male was confined. For
the study of tick questing behaviour, tubes were placed in
temperatures of 4°C, 22°C or 37°C (at approximately 50% RH)
to measure the time (in seconds) taken by ticks to reach a height
of 180 mm from the bottom of the tube. For convenience, we
divided the height reached by ticks (180 mm) by the time they
spent reaching it and referred to the result as ‘questing speed’
(mm/s). Six ticks were used for each treatment and
measurements were repeated 10 times for each tick. When tick
questing behaviour was analysed after RNAi, ticks were held in
a humidity chamber for 4–6 days after dsRNA injection and
then used to investigate questing speed at 4°C, 22°C and 37°C,
as described above. At the end of each experiment, ticks were
incubated for 3–4 h at the test temperature before whole-body
internal organs were dissected for RNA extraction.

Real-time RT-PCR
Total RNA was extracted from cultured tick cells and tick
tissues using TriReagent (Sigma-Aldrich, Inc.) following the
manufacturer’s recommendations. Real-time RT-PCR was
performed on tick RNA samples with gene-specific primers
[4D8R5 (GCTTGCGCAACATTAAAGCGAAC) and 4D8-R
(TGCTTGTTTGCAGATGCCCATCA),
HSP20F
(5’GACAACTGCGTCGTAGTCCA-3’) and HSP20R (5’CTTGACAGCACCTCCTTTGG-3’), and HSP70F (5’GTTTTCAAGAATGGGCGTGT-3’) and HSP70R (5’GAGGCTTGCTGTTCTTGTCC-3’) for subolesin, hsp20 and
hsp70, respectively] using the iScript One-Step RT-PCR Kit
with SYBR Green and the iQ5 Thermal Cycler (Bio-Rad, Inc.,
Hercules, CA, U.S.A.), following the manufacturer’s
recommendations. 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 (Ririe et al., 1997). The
mRNA levels were normalized against tick 16S rRNA (de la
Fuente et al., 2007; Zivkovic et al., 2009) using the genNorm
method (ddCT method as implemented by Bio-Rad iQ5
Standard Edition, Version 2.0) (Livak & Schmittgen, 2001).

Determination of A. phagocytophilum infection levels
DNA was extracted from cultured tick cells and tick
tissues using TriReagent (Sigma-Aldrich, Inc.) following the
manufacturer’s recommendations. Anaplasma phagocytophilum
infection levels were characterized by msp4 real-time PCR
normalizing against tick 16S rDNA as described previously (de
la Fuente et al., 2006c), but using oligonucleotide primers
MSP4-L (5’-CCTTGGCTGCAGCACCACCTG-3’) and MSP4R (5’ -TGCTGTGGGTCGTGACGCG3’) and PCR conditions
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of 5 min at 95°C and 35 cycles of 10 s at 95°C, 30 s at 55°C and
30 s at 60°C.

Statistical analyses
Tick weights were compared between ticks injected with
the test dsRNA and control ticks injected with the unrelated Rs86
dsRNA by Student’s t -test (P = 0.05). To analyse hsp gene
expression and A. phagocytophilum infection levels, normalized
Ct values were compared between ticks incubated at 4°C or 37°C
and ticks incubated at 22°C, between test dsRNA-injected ticks
and control ticks injected with Rs86 dsRNA, and between
infected and uninfected ticks by Student’s t -test (P = 0.05).
Questing speeds were compared between ticks incubated at
different temperatures and between RNAi treatments at each
temperature using an analysis of variance (anova) test (P =
0.001).

Results
Subolesin and HSP expression in I. scapularis cultured cells
and ticks incubated at different temperatures
The subolesin, hsp20 and hsp70 mRNA levels were
determined in ISE6 tick cells incubated at 4°C, 31°C (normal
growth temperature) and 37°C (Fig. 1A) and in unfed male ticks
incubated at 4°C, 22°C (normal incubation temperature) and
37°C (Fig. 1B). The results demonstrated higher hsp70 than
hsp20 expression at all temperatures and a significant (P <0.05)
increase in both hsp20 and hsp70 mRNA levels at 37°C in both
cultured tick cells and male ticks (Fig. 1A, B), consistent with the
induction of these genes in response to heat shock. Subolesin
mRNA levels did not change significantly when ISE6 cells and
male ticks were incubated at different temperatures (data not
shown).
The expression of hsp20 and hsp70 was characterized in
different tick developmental stages incubated at 22°C (Fig. 1C).
The results revealed differences in expression levels between
hsp20 and hsp70 and among developmental stages. Other than in
eggs, mRNA levels of hsp70 were higher than those of hsp20 in
all tick developmental stages. The highest and lowest hsp20
expression levels were found in nymphs and unfed adult ticks,
respectively. The highest mRNA expression levels of hsp70 were
observed in fed females, whereas the lowest levels were found in
eggs.

Effects of subolesin and HSP expression on female I. scapularis
tick feeding
Expression of hsp20 and hsp70 increased with female tick
feeding (Fig. 1C), suggesting a possible role of hsp20 and hsp70
during bloodmeal ingestion and/or digestion. Knockdown of
hsp70, but not of hsp20, resulted in a 23-fold decrease in female
tick weight after feeding (P <0.01) (Table 1). As expected from
previously reported experiments, subolesin knock-down reduced
the weight of fed ticks by eight-fold compared with that of
unrelated Rs86 dsRNA-injected ticks (P< 0,01) (Table 1).
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Subolesin and HSP expression in I. scapularis cultured cells
and ticks infected with A. phagocytophilum

Fig. 1. Levels of hsp20 and hsp70 expression in Ixodes
scapularis cultured cells and ticks. The hsp20 and
hsp70 mRNA levels were determined by real-time
reverse-transcription polymerase chain reaction in (A)
ISE6 cells incubated at 4 ◦ C, 31 ◦ C (normal growth
conditions) and 37 ◦ C, (B) unfed males incubated at 4 ◦ C,
22 ◦ C (normal incubation conditions) and 37 ◦ C and (C)
different tick developmental stages incubated at 22 ◦ C.
Amplification efficiencies were normalized against tick
16S rRNA, and normalized Ct values were compared
between ticks incubated at 4 ◦ C or 37 ◦ C and ticks
incubated at 22 ◦ C by Student’s t -test. Normalized mRNA
levels are expressed in arbitrary units *P < 0.05

In both early and late infections, hsp20 and hsp70 mRNA
levels did not change significantly in A. phagocytophiluminfected
ISE6 tick cells compared with uninfected cells. As reported in
previous experiments (de la Fuente et al., 2008b), subolesin
mRNA levels did not change in response to A. phagocytophilum
infection of ISE6 tick cells (data not shown). By contrast, in I.
scapularis female ticks fed on an infected sheep, hsp20 and hsp70
mRNA levels were significantly higher and lower, respectively,
in A. phagocytophilum-infected ticks and dissected guts and
salivary glands compared with uninfected controls (P <0.05)
(Fig. 2A). Differential expression of hsp20 in response to
pathogen infection was more pronounced in guts (804-fold) than
in salivary glands (1.6-fold), whereas differential expression of
hsp70 in response to pathogen infection presented the opposite
profile (0.004- fold and 0.0001-fold in guts and salivary glands,
respectively) (Fig. 2A). Subolesin mRNA levels significantly
increased (P <0.01) in female ticks (2 × 105-fold), and in guts (5
× 105-fold) and salivary glands (126-fold) of ticks infected with
A. phagocytophilum (Fig. 2B).
Effects of subolesin and HSP expression on I. scapularis
cultured cells and ticks infected with A. phagocytophilum
Infection of ISE6 cultured tick cells with A. phagocytophilum did not change hsp20 and hsp70 expression compared
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1000
Infected/uninfected normalized
mRNA levels

hsp70

100

hsp20

A. phagocytophilum infection
levels

10
1

0.01

0.0001

Fed female ticks

Infected/uninfected normalized
subolesin mRNA levels

hsp20
hsp70
Subolesin
Rs86 (C-)

42.6 ± 23.0*
27.8 ± 18.6
36.0 ± 0.0*
—

0.001

Guts

Salivary glands

Normalized
msp4 mRNA
levels,
mean ± SD

2358.2 ± 0. 2*

Fold difference
with respect to
control cells
4.8
1.3
604.7

18. 9 ± 10.7*
5.0 ± 2.4
3.9 ± 2.8

—

Anaplasma phagocytophilum infection levels were characterized in
ISE6 tick cells after RNA interference (RNAi). Total RNA and DNA
were extracted from infected tick cells after RNAi and analysed by
quantitative reverse-transcription polymerase chain reaction (RT-PCR)
or PCR normalizing against 16S rRNA or 16S rDNA to determine
gene expression silencing and A. phagocytophilum msp4 DNA levels,
respectively. Normalized Ct values were compared between test and
C- ticks injected with the unrelated Rs86 dsRNA by Student’s t -test.
*P < 0.05.
SD, standard deviation; C-, negative control.

1 000 000

(B)

dsRNA
injected

Silencing with
respect to Rs86
control,
mean ± SD, %

0.1

0.00001

(A)

Table 2. Effect of subolesin and heat shock mRNA levels on
Anaplasma phagocytophilum infection levels in ISE6 tick cells.

100 000

10 000

1000

100

two-fold increase in the salivary glands of ticks injected with
hsp70 dsRNA (Table 3).

10

1
Fed female ticks

Guts

Salivary glands

Fig. 2. Levels of hsp20, hsp70 and subolesin expression in Ixodes
scapularis female ticks in response to Anaplasma phagocytophilum
infection. The hsp20, hsp70 and subolesin mRNA levels were determined by real-time reverse-transcription polymerase chain reaction
in female ticks (n = 12, n = 15 and n = 15, respectively) fed on
an infected sheep. Amplification efficiencies were normalized against
tick 16S rRNA and normalized Ct values were compared between
infected and uninfected ticks. (A) Levels of hsp20 and hsp70 expression were significantly different in infected ticks, guts and salivary
glands (P ≤ 0.05, Student’s t -test). (B) Subolesin expression levels
were significantly different in infected ticks, guts and salivary glands
(P ≤ 0.01, Student’s t -test). Normalized mRNA levels are expressed
in arbitrary units.

with uninfected controls. However, hsp20 but not hsp70 gene
knock-down in ISE6 tick cells resulted in 4.8-fold higher A.
phagocytophilum levels compared with those in Rs86 dsRNAtreated controls after infection (P < 0.05) (Table 2).
Expression of hsp70 was not significantly silenced after RNAi,
which prevented the analysis of the effect of gene knock-down
on pathogen infection. As with hsp20, subolesin expression did
not change in response to A. phagocytophilum infection, but
gene knock-down resulted in 604.7-fold higher infection levels
compared with those in controls (Table 2).
Gene expression silencing was effective for hsp20,
hsp70 and subolesin in tick guts and had no effect on A.
phagocytophilum infection levels (Table 3). In the salivary
glands, gene knock-down was demonstrated for subolesin
dsRNA-injected ticks only without a significant effect on
(Table 3).
However,
A.
pathogen infection levels
phagocytophilum infection levels showed a significant
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Effects of subolesin and HSP expression on I. scapularis
questing behaviour
In order to determine baseline questing speed values
under our experimental conditions, an initial experiment was
conducted in which four I. scapularis males per group were
studied at 4 ◦C, 22 ◦C and 37 ◦C. The results confirmed that
the experimental design was appropriate for the study of tick
questing behaviour by demonstrating that ticks moved
significantly (P < 0.0005) faster as the temperature increased
from 4 ◦C to 22 ◦C to 37 ◦C (Fig. 3). In the second
experiment, I. scapularis male tick behaviour was characterized
at 4 ◦C, 22 ◦C and 37 ◦C after subolesin, hsp20 and hsp70
gene knock-down by RNAi. As in the previous experiment,
ticks were significantly (P < 0.001) faster as the temperature
increased from 4 ◦C to 22 ◦C to 37 ◦C for all treatments (Table
4). At 4 ◦C and 37 ◦C, hsp20 and hsp70 gene knock-down
affected tick behaviour by reducing the questing speed in
approximately 30–60% of ticks when compared to control
ticks injected with the unrelated Rs86 dsRNA (Table 4, Fig.
4). At 22 ◦C, only hsp70 knock-down significantly reduced
tick questing speed in approximately 50% when compared to
controls (Table 4). Interestingly, subolesin knock-down also
reduced tick questing speed at 4◦C and 37◦C by 50% and 66%,
respectively (Table 4, Fig. 4).

Discussion
Defining the molecular interactions involved in the control
of tick stress responses, questing behaviour and pathogen
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Table 3. Effect of subolesin and heat shock mRNA levels on Anaplasma phagocytophilum infection levels in female Ixodes scapularis ticks.
Silencing with respect to Rs86
control, mean ± SD, %

A. phagocytophilum infection, normalized msp4 mRNA levels, mean ± SD

dsRNA injected

Guts

Salivary glands

Guts

hsp20
hsp70
Subolesin
None
Rs86 (C-)

76 ± 6*
62 ± 5*
100 ± 0*
0±0
—

0±0
0±0
80 ± 7*
0±0
—

85
102
55
71
79

Salivary glands

±5
±9
±9
± 25
± 13

36 ± 8
130 ± 11*
48 ± 11
91 ± 30
64 ± 20

1.1-fold
1.3-fold
0.7-fold
0.9-fold
—

0.6-fold
2.0-fold
0.7-fold
1.4-fold
—

Anaplasma phagocytophilum infection levels were characterized in female I. scapularis tick guts and salivary glands (n = 12–15) after RNA
interference (RNAi). Total RNA and DNA were extracted from infected ticks after RNAi and analysed by quantitative reverse-transcription
polymerase chain reaction (RT-PCR) or PCR normalizing against 16S rRNA or 16S rDNA to determine gene expression silencing and
A. phagocytophilum msp4 DNA levels, respectively. Normalized Ct values were compared between test and C- ticks injected with the unrelated
Rs86 dsRNA by Student’s t -test. Expression fold differences were determined with respect to control ticks injected with the unrelated Rs86 dsRNA.
*P < 0.05.
SD, standard deviation; C-, negative control.
Table 4. Effect of subolesin and heat shock mRNA levels on the questing behaviour of Ixodes scapularis males incubated at different temperatures.
Silencing with respect to Rs86 control,
mean ± SD, %
dsRNA injected

4 ◦C

22 ◦ C

hsp20
hsp70
Subolesin
Rs86 (C-)
Uninjected

100 ± 0
100 ± 0
76 ± 3
—
0±0

100
100
84
—
0

±0
±0
±4

Questing speed, mm/s
37 ◦ C
100
100
89
—
0

±0

±0
±0
±3
±0

4 ◦C

22 ◦ C

0.7 ± 0.3*a
0.6 ± 0.2*a
0.5 ± 0.2*a
1.0 ± 0.5*b
0.9 ± 0.4*b

4.3
2.7
3.8
5.0
3.4

± 2.5b
± 1.8a
± 2.3b
± 2.9b
± 2.4b

37 ◦ C
5.8
5.6
4.7
13.8
9.5

± 2.1*a
± 4.2*a
± 2.5a
± 7.1*b
± 7.0*b

Six ticks per incubation temperature were analysed, except for the group injected with subolesin dsRNA, in which three ticks per treatment were
analysed. At 4–6 days after dsRNA injection, ticks were incubated at 4 ◦ C, 22 ◦ C or 37 ◦ C to determine questing speeds. For each tick, the
experiment was repeated 10 times and values were expressed as mean ± SD. Values were compared for each treatment between ticks incubated
at 4 ◦ C or 37 ◦ C and ticks incubated at 22 ◦ C and between treatments using analysis of variance (anova) (different letters within the column
denote differences at P < 0.001). Ticks were dissected after 3 h of incubation at the indicated temperature and total RNA was extracted from
whole internal organs to analyse gene expression silencing with respect to Rs86 C- by quantitative reverse-transcription polymerase chain reaction
normalizing against 16S rRNA. Normalized Ct values were compared between test and control ticks injected with Rs86 dsRNA by Student’s t -test
and all values were significant at P < 0.05.
*P < 0.001.
SD, standard deviation; C-, negative control.

16

P = 4.1E-14
P = 2.0E-04

Questing speed, mm/s

14
12
10
P = 7.4E-13

8
6
4
2
0
4 °C

22 °C

37 °C

Fig. 3. Baseline questing speeds. Four Ixodes scapularis males per
group were studied at 4 ◦ C, 22 ◦ C and 37 ◦ C. Each measurement was
repeated 40 times and average values were compared between ticks
incubated at different temperatures by Student’s t -test (P -values are
shown for each comparison).

infection is important to understanding the possible interactions
among these processes. It is important to define the interactions
among pathogen infection, tick behaviour and stress responses
because they may affect the transmission of pathogens to
humans and animals. Although limited studies have been
conducted, recent results suggest an interaction between
pathogen infection and tick questing behaviour (Lefcort &
Durden, 1996), and between pathogen infection and the tick
response to thermohygrometric stress (Herrmann & Gern,
2010). In addition, stress responses have been characterized
in ticks and cultured tick cells in response to tick attachment,
blood feeding, pathogen infection and heat shock (Macaluso
et al., 2003; Mulenga et al., 2003, 2007; Rudenko et al., 2005;
Ribeiro et al., 2006; de la Fuente et al., 2007; Rachinsky et
al., 2007, 2008; Zivkovic et al., 2009; Kongsuwan et al.,
2010; Lew-Tabor et al., 2010; Villar et al., 2010a). However,
this is the first study to establish molecular relationships
among tick stress response, questing behaviour and pathogen
infection.
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Fig. 4. Heat shock protein and subolesin expression affect tick
behaviour. Ticks were injected with hsp20 dsRNA, hsp70 dsRNA,
subolesin dsRNA, the unrelated Rs86 dsRNA (negative control) or left
uninjected. At 4–6 days after dsRNA injection, ticks were incubated
at 4 ◦ C, 22 ◦ C or 37 ◦ C to determine questing speed. Six ticks were
analysed per incubation temperature, except for the group injected with
subolesin dsRNA, in which three ticks were analysed per treatment. For
each tick, the experiment was repeated 10 times and values expressed
as mean ± standard deviation. ∗ P < 0.001 compared with controls.

The results of these experiments demonstrated that
subolesin and HSPs are involved in the control of I. scapularis
responses to stress produced by heat shock and blood feeding,
A. phagocytophilum infection and tick questing behaviour.
Subolesin and hsp expression were induced in response
to tick stress. Both hsp20 and hsp70, but not subolesin, were
upregulated in response to heat shock at 37◦C in ISE6 cells
and male ticks. These results are consistent with the role of
HSPs during heat stress (Schlesinger, 1990) and
corroborated in vivo the results obtained previously in cultured
tick cells (Villar et al., 2010a). Heat shock proteins were
expressed in all tick developmental stages. As reported previously (Mulenga et al., 2007; Lew-Tabor et al., 2010), hsp
expression was induced by tick feeding, probably in response
to the stress induced by feeding in blood-sucking arthropods
(Graça-Souza et al., 2006). Similar results were obtained for
subolesin expression in tick developmental stages (Almazán
et al., 2005), suggesting that subolesin is also involved in tick
responses to feeding stress. Both subolesin and hsp70 gene
knock-down resulted in a significant reduction in female tick
weight, again suggesting that these molecules play a role in
the tick response to feeding stress. In summary, these results
suggest that HSPs are involved in tick responses to heat stress,
whereas both subolesin and HSPs participate in tick responses
to blood-feeding stress.
Subolesin, hsp20 and hsp70 expression was not
affected in A. phagocytophilum-infected ISE6 tick cells
compared with uninfected cells. However, subolesin and
hsp20 were upregulated in response to A. phagocytophilum
infection, whereas hsp70 levels were downregulated in A.
phagocytophilum- infected whole ticks, guts and salivary
glands. These results suggest that these genes have different
functions during pathogen infection in ticks and tick cells.
Subolesin and hsp20 gene knock-down by RNAi in ISE6 tick
cells resulted in higher A. phagocytophilum infection levels.
However, gene knockdown did not affect pathogen infection
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levels in tick guts and A. phagocytophilum infection levels
increased only in salivary glands of ticks injected with hsp70
dsRNA. These results suggest that subolesin and hsp20 are
involved in the I. scapularis protective response to A.
phagocytophilum infection, whereas hsp70 expression may be
downregulated by pathogen infection to promote infectivity.
However, given that hsp70 gene knock- down was not
demonstrated in tick salivary glands after dsRNA injection, the
increase in pathogen infection levels after RNAi may have been
caused by RNAi off-target effects that affected the expression of
a related HSP with a protective effect on pathogen infection in
this tissue. Some HSPs, such as HSP70, are involved in the
binding and presentation of antigens to the immune system
(Schlesinger, 1990; Tutar & Tutar, 2010) and thereby constitute
candidate molecules that could be involved in the tick immune
response to pathogen infection.
Subolesin has been shown to be involved in tick
innate immunity (Zivkovic et al., 2010). In previous
studies, subolesin mRNA levels were upregulated in A.
marginale-infected IDE8 tick cells and Dermacentor
variabilis (Ixodida: Ixodidae) salivary glands, but not in the
guts, and were downregulated in A. phagocytophiluminfected I. scapularis nymphs (de la Fuente et al., 2008b).
As reported previously, subolesin knock-down in D.
variabilis infected with A. marginale and other tick-borne
pathogens resulted in lower infection levels, whereas
infection with Francisella tularensis increased in ticks after
RNAi (de la Fuente et al., 2008b; Zivkovic et al., 2010). In
general, the stress response was activated in ticks and
cultured tick cells after pathogen infection and heat shock
(Villar et al., 2010a). However, in natural vector–pathogen
relationships, HSPs and other stress response proteins were
not strongly activated, probably because of tick–pathogen
coevolution (Villar et al., 2010a). Overall, these results
demonstrate that the tick response to pathogen infection
involves several molecules, such as subolesin and HSPs,
but shows tick and pathogen-specific factors, which may vary
among tick tissues and developmental stages (de la Fuente et
al., 2008b; Zivkovic et al., 2009, 2010; Villar et al., 2010a,
2010b).
Recent proteomic studies demonstrated that HSP20 and
HSP70 were differentially expressed in ISE6 tick cells infected
with A. phagocytophilum (Villar et al., 2010a). However,
whereas hsp20 and hsp70 expression was not affected at the
mRNA level by pathogen infection in ISE6 tick cells, these
genes were differentially expressed in ticks in response to A.
phagocytophilum infection. These results demonstrate that
although cell culture studies may be useful in the study of
tick–pathogen interactions, it is likely that differences exist
between ticks and cultured tick cells in the mRNA levels of
certain genes after pathogen infection. Therefore, in vivo
studies are required for the authentic characterization of tick–
pathogen interactions (de la Fuente et al., 2008b). These results
also suggest that tick responses to pathogen infection may be
regulated at the transcriptional and/or post- transcriptional
levels (Villar et al., 2010a).
Questing of I. scapularis adults has been recorded at
temperatures as low as −0.6 ◦C (Schulze et al., 2001), but
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the apparent threshold for questing activity in adults of this
species in nature is 4◦C (Duffy & Campbell, 1994). The
results reported here showed that I. scapularis adults can
quest at 4◦C, although with a lower questing speed than at
22◦C and 37◦C. Although hsp20 and hsp70 expression was
induced only in ticks incubated at 37◦ C, RNAi experiments
suggested that HSP20 and HSP70 were involved in the tick
behavioural response at both 4◦C and 37◦C. Additionally,
hsp70 gene knock-down also affected tick questing
behaviour at 22◦C. These results suggested that the function
of both HSP20 and HSP70 is not only to protect tick cells
from stress and during A. phagocytophilum infection, but
also to impact tick behaviour such as questing speed.
Although initially unexpected, behaviour in arthropods is
affected by the expression of many genes coding for
proteins with important functions in different metabolic and
developmental pathways (Gotzek & Ross, 2007; Denison &
Raymond-Delpech, 2008; Toth & Robinson, 2009). The
effect of subolesin knock-down on tick questing behaviour at
4◦C and 3 ◦C may reflect the profound effects of subolesin
knock-down on global gene expression and tissue structure
and function in ticks, which affect behaviour at extreme
temperatures but not at 22◦ C (Almazán et al., 2005, 2010; de
la Fuente et al., 2006a, 2006d, 2008c, 2010; Kocan et al.,
2007, 2009; Nijhof et al., 2007; Galindo et al., 2009;
Mangold et al., 2009; Zivkovic et al., 2010).
In summary, the results of these studies demonstrated
the existence of relationships among the expression of
subolesin and HSPs, and I. scapularis responses to stress
produced by heat shock and blood feeding, pathogen
infection and tick questing behaviour. These results suggested
that at high temperatures and during feeding, when hsp20,
hsp70 and subolesin are overexpressed, I. scapularis ticks are
protected from stress and pathogen infection and have a higher
questing speed. These responses help to increase the tick’s
survival by inducing stress responses and preventing
desiccation at high temperatures by enhancing questing speed
in order to increase the tick’s chances of attaching to a host. In
addition, because pathogen infection occurs during blood
feeding, ticks have developed a protective response to limit
pathogen infection levels, which also contributes to their
survival. Subolesin and HSPs therefore play crucial roles in
mechanisms evolved by ticks in order to survive at high
temperatures and during blood feeding and to tolerate
pathogen infection. Overall, this research extends our
understanding of the tick–host–pathogen interface.
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to the commentary of D. Macqueen on: Galindo, R.C., DoncelPérez, E., Zivkovic, Z. et al. Tick subolesin is an ortholog of the
akirins described in insects and vertebrates. Developmental and
Comparative Immunology, 33, 878–879.
Mulenga, A., Macaluso, K.R., Simser, J.A. & Azad, A.F. (2003)
Dynamics of Rickettsia-tick interactions: identification and characterization of differentially expressed mRNAs in uninfected and
infected Dermacentor variabilis. Insect Molecular Biology, 12,
185–193.
Mulenga, A., Blandon, M. & Khumthong, R. (2007) The molecular
basis of the Amblyomma americanum tick attachment phase.
Experimental and Applied Acarology, 41, 267–287.
Munderloh, U.G., Jauron, S.D., Fingerle, V. et al. (1999) Invasion and
intracellular development of the human granulocytic ehrlichiosis
agent in tick cell culture. Journal of Clinical Microbiology, 37,
2518–2524.
Nijhof, A.M., Taoufik, A., de la Fuente, J., Kocan, K.M., de Vries, E.
& Jongejan, F. (2007) Gene silencing of the tick protective antigens,
Bm86, Bm91 and subolesin, in the one-host tick Boophilus microplus
by RNA interference. International Journal of Parasitology, 37,
653–662.
Rachinsky, A., Guerrero, F.D. & Scoles, G.A. (2007) Differential
protein expression in ovaries of uninfected and Babesia-infected
southern cattle ticks, Rhipicephalus (Boophilus) microplus. Insect
Biochemistry and Molecular Biology, 37, 1291–1308.
Rachinsky, A., Guerrero, F.D. & Scoles, G.A. (2008) Proteomic
profiling of Rhipicephalus (Boophilus) microplus midgut responses
to infection with Babesia bovis. Veterinary Parasitology, 152,
294–313.
Randolph, S.E. (2004) Tick ecology: processes and patterns behind the
epidemiological risk posed by ixodid ticks as vectors. Parasitology,
129 (Suppl), 37–65.
Ribeiro, J.M., Alarcon-Chaidez, F., Francischetti, I.M., Mans, B.J. &
Mather, T.N. (2006) An annotated catalogue of salivary gland
transcripts from Ixodes scapularis ticks. Insect Biochemistry and
Molecular Biology, 36, 111–129.
Ririe, K.M., Rasmussen, R.P. & Wittwer, C.T. (1997) Product differentiation by analysis of DNA melting curves during the polymerase
chain reaction. Analytical Biochemistry, 245, 154–160.
Rudenko, N., Golovchenko, M., Edwards, M.J. & Grubhoffer, L.
(2005) Differential expression of Ixodes ricinus tick genes induced
by blood feeding or Borrelia burgdorferi infection. Journal of Medical Entomology, 42, 36–41.
Schlesinger, M.J. (1990) Heat shock proteins. Journal of Biological
Chemistry, 265, 12111–12114.
Schulze, T.L., Jordan, R.A. & Hung, R.W. (2001) Effects of selected
meteorological factors on diurnal questing of Ixodes scapularis and
Amblyomma americanum (Acari: Ixodidade). Journal of Medical
Entomology, 38, 318–324.
Sonenshine, D. (1993) Biology of Ticks, Vol. 2. Oxford University
Press, New York, NY.
Stuen, S. (2007) Anaplasma phagocytophilum –the most widespread
tick-borne infection in animals in Europe. Veterinary Research
Communications, 31 (Suppl. 1), 79–84.

Chapter IV b
Thomas, V. & Fikrig, E. (2007) Anaplasma phagocytophilum specifically induces tyrosine phosphorylation of ROCK1 during infection.
Cellular Microbiology, 9, 1730–1737.
Toth, A.L. & Robinson, G.E. (2009) Evo-devo and the evolution
of social behaviour: brain gene expression analyses in social
insects. Cold Spring Harbor Symposia on Quantitative Biology, 74,
419–426.
Tutar, L. & Tutar, Y. (2010) Heat shock proteins: an overview. Current
Pharmaceutical Biotechnology, 11, 216–222.
Vail, S.C. & Smith, G. (2002) Vertical movement and posture of
blacklegged tick (Acari: Ixodidae) nymphs as a function of
temperature and relative humidity in laboratory experiments.
Journal of Medical Entomology, 39, 842–846.
Villar, M., Ayllón, N., Busby, A.T. et al. (2010a) Expression of heat
shock and other stress response proteins in ticks and cultured tick
cells in response to Anaplasma spp. infection and heat shock.
International Journal of Proteomics, 2010, 657261. doi:10.1155/
2010/657261.

Stress Response
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Abstract. Anaplasma phagocytophilum is an emerging pathogen that causes human granulocytic anaplasmosis. Infection
with this zoonotic pathogen affects gene expression in both vertebrate host and the tick vector, Ixodes scapularis. The
proteome of A. phagocytophilum has been characterized in tick salivary glands during transmission feeding and identified
proteins that may be involved in bacterial infection and multiplication. Here, a high throughput quantitative proteomics
approach was used to characterize A. phagocytophilum proteome during rickettsial multiplication in early and late-infected
tick cells and in adult female guts and salivary glands. The analysis of A. phagocytophilum differentially represented
proteins identified stress response (GroEL, HSP70, SOD, Peptidase, Iron-binding protein, FtsZ) and membrane (MSP2,
MSP4) proteins that were over-represented in salivary glands and/or late-infected cells. The results demonstrated that
MSP4, GroEL and HSP70 bind to tick cells, thus playing a role in rickettsia-tick interactions. The activation of stress
response pathways in A. phagocytophilum may represent a mechanism by which rickettsiae increase infection by facilitating
interaction with tick cells and protecting bacteria against oxidative stress while inhibiting replication in late-infected tick
cells and salivary glands. The overrepresentation of the T4S may be associated with translocation of GroEL and HSP70 to
the membrane and/or an adaptation mechanism for survival in obligatory intracellular bacteria that could also serve as a
preparedness signal for infection of vertebrate neutrophils after transmission of A. phagocytophilum by feeding ticks. These
results demonstrated that A. phagocytophilum activates a new mechanism associated with bacterial cell stress pathways to
counteract tick cell response to infection and favor pathogen infection and multiplication. Characterization of Anaplasma
proteome contributes information for genome annotation and on host-pathogen interactions and provides targets for
development of novel control strategies for pathogen infection and transmission.

Keywords: stress response, tick-pathogen interaction, Anaplasma phagocytophilum, Ixodes scapularis.
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Author Summary
The continuous human exploitation of environmental resources and the increase in human outdoor activities, which have
allowed for the contact with arthropod vectors normally present in the field, has promoted the emergence and resurgence of
vector-borne pathogens. Among these, Anaplasma phagocytophilum is an emerging bacterial pathogen transmitted to
humans and other vertebrate hosts by ticks as they take a blood meal that causes human granulocytic anaplasmosis in the
United States, Europe and Asia, with increasing numbers of affected people every year. Bacterial mechanisms involved in
pathogen infection and multiplication have not been well characterized and are critical to develop new control strategies.
Here, we use a proteomics approach to characterize bacterial response to infection and multiplication in tick cells, and adult
tick guts and salivary glands. We found that A. phagocytophilum activates a new mechanism associated with bacterial cell
stress pathways to counteract tick cell response to infection and favor pathogen infection and multiplication. Our study
contributes information for A. phagocytophilum genome annotation and on host-pathogen interactions and provides targets
for development of novel control strategies for pathogen infection and transmission.

1. Introduction
Anaplasma
phagocytophilum
(Rickettsiales:
Anaplasmataceae) is a tick-borne pathogen that is the
etiologic agent of human, canine and equine
granulocytic anaplasmosis and tick-borne fever of
ruminants [1-3]. Despite this organism being an
emerging pathogen in many regions of the world,
vaccines are not available for prevention of transmission
and infection of humans and animals [4]. While A.
phagocytophilum infection may resolve without therapy,
the pathogen has been shown to be susceptible to
tetracycline antibiotics [4].
A. phagocytophilum is an intracellular bacterium that
infects tick gut and salivary glands and vertebrate host
neutrophils [5-11]. While transcriptomics and
proteomics analyses have contributed to our
understanding of the mechanism by which A.
phagocytophilum infection affects host and vector gene
expression and protein content [5-8, 12-17], less
information is available on bacterial molecular
mechanisms involved in pathogen infection and
multiplication [18-21]. Definition of bacterial proteins
involved in vector-pathogen interactions may provide
target antigens for the development of vaccines and
therapeutics that interfere with pathogen transmission by
ticks.
The proteome of A. phagocytophilum has been
characterized in tick salivary glands during transmission
feeding [21] and in human HL-60 cells [18-20]. The
proteome of the closely related pathogen A. marginale
was characterized in IDE8 and ISE6 tick cells [22-24].
These experiments demonstrated the existence of hostspecific Anaplasma spp. proteomes and identified
proteins that may be involved in bacterial infection and
multiplication. However, the Anaplasma proteome has
not been characterized during early and late infection
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stages to identify proteins functionally important during
bacterial multiplication in the tick vector.
The proteome is dynamic with each developmental stage
presenting an ensemble of proteins that give rice to
substantial diversity and thus the need to characterize
changes as infection proceeds from early to late infection
stages. Although in vivo data is more relevant to
understand bacterial infection [21], in vitro studies allow
for controlling A. phagocytophilum infection for a better
comparison between early and late infection in tick cells.
Nevertheless, the experimental approach using tick cell
cultures should be complemented with in vivo studies to
identify bacterial proteins playing a relevant role during
infection and multiplication in the tick vector.
In this research, we characterized A. phagocytophilum
proteome during rickettsial multiplication in I.
scapularis cultured tick cells, tick guts and salivary
glands and demonstrated that this bacterium activates a
new mechanism associated with stress response
pathways to counteract tick cell response to infection
and favor pathogen infection and multiplication.
Characterization of Anaplasma proteome contributes
information for genome annotation and on host-pathogen
interactions and also provides targets for development of
novel control strategies for pathogen infection and
transmission.

2. Results
2.1. A. phagocytophilum induces differential
protein representation in infected ISE6 tick cells
The first step in this research was focused on I.
scapularis ISE6 cells in which it is easy to control early
and late A. phagocytophilum infections, thus allowing
for the identification of key bacterial proteins
overrepresented during late infection. A high throughput
iTRAQ-based quantitative proteomics approach was
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used to characterize A. phagocytophilum differential
protein representation in infected I. scapularis ISE6
cells. After LC-MS/MS analysis and database searches,
the statistical analysis revealed a total of 700 unique
peptides that were assigned to positive peptide
identification at a false discovery rate (FDR) of 5%.
After identifying and discarding acari peptide sequences,
62 bacterial peptides were identified, 14 of which
belonged to A. phagocytophilum proteins. The analysis
of A. phagocytophilum differentially represented
proteins between early and late infected cells resulted in
the identification of 9 proteins (Table 1). All 9 A.
phagocytophilum proteins were over-represented in lateinfected cells (Table 1). Analysis of protein ontology for
bacterial differentially represented proteins showed that
biological processes (BP) such as infection, iron ion
transport, proteolysis, protein folding, stress response,
superoxide metabolic process, GTPase activity, and cell
cycle were affected as infection proceeded in tick cells
(Fig. 1A). Proteins over-represented in late-infected tick
cells had molecular functions (MF) such as metal ion
binding, cell-cell interactions, metalloendopeptidase
activity, chaperone, and ATP binding (Fig. 1B).
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results of quantitative proteomics showed the
identification of 1295 Anaplasma proteins in infected
tick guts (N=988) and/or salivary glands (N=1248)
(Table S1). These proteins were identified with 2906 and
6696 peptide-spectrum match (PSM) in tick guts and
salivary glands, respectively (Table S1). After grouping
proteins with the same description, the analysis of
protein ontology showed that while proteins in cell
division, infection, metabolic process and protein folding
BPs were over-represented in infected guts (Fig. 1C), in
infected salivary glands proteins in the proteolysis, stress
response, transcription and translation BPs were overrepresented (Fig. 1D).
Three of the proteins over-represented in late-infected
ISE6 cells were not identified in the tick proteome
(Table 1). Of the proteins over-represented in lateinfected ISE6 cells, the Iron-binding protein, Peptidase,
MSP4 and HSP70 were over-represented in infected tick
salivary glands while MSP2 and GroEL levels did not
change between infected tick guts and salivary glands
(Table 1).

Table 1. A. phagocytophilum proteins differentially represented in
infected ISE6 tick cells and ticks.

A. phagocytophilum proteins differentially represented in early and late
infected ISE6 tick cells were looked at in infected adult female guts and
salivary glands. Differentially represented proteins were characterized in
late versus early-infected ISE6 cells (5% FDR) and infected adult female
salivary glands versus guts (1% FDR). Accession numbers correspond to
UniprotKB (www.unniprot.org). Fold change is shown in late-infected
cells with respect to early-infected cells (P<0.001) and in infected tick
salivary glands with respect to tick guts (P<0.01). Abbreviations: NS, not
significant; NF, protein not found in the tick proteome.

2.2. A. phagocytophilum induces differential
protein representation in infected adult female
tick guts and salivary glands.
The second step in this research was focused on adult
female tick guts and salivary glands infected with A.
phagocytophilum to compare in vitro results obtained
under controlled conditions with those occurring during
bacterial infection in vivo. The early infection of tick
cells should better resemble bacterial infection in tick
guts while late tick cell infection should be more closely
related to bacterial infection in tick salivary glands. The
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2.3. A. phagocytophilum over-represented
proteins in late-infected tick cells are members
of the stress response pathway and are localized
in cell cytoplasm and membrane-exposed

Figure 1. A. phagocytophilum protein ontology in infected tick cells
and adult female guts and salivary glands. (A) Tick cell protein
ontology for biological process of differentially represented proteins in
late versus early infected ISE6 cells. (B) Tick cell protein ontology for
molecular function of differentially represented proteins in late versus
early infected ISE6 cells. (C) Tick guts protein ontology for biological
process of proteins identified in infected adult female ticks. (D) Tick
salivary glands protein ontology for biological process of proteins
identified in infected adult female ticks. Only peptides with a confidence
of at least 99% and identified with two or more PSM in at least one of
the samples were considered to perform protein quantification. Proteins
with the same description in the Anaplasmataceae were grouped and the
total number of PSM for each protein were normalized against the total
number of PSM on each infected adult female tick tissue and compared
between salivary glands and guts by Chi2-test. Results are the mean of
two replicates. Biological processes with over-represented proteins in
infected tick guts or salivary glands are indicated with red arrows
(P<0.05).

Table 2. Adhesion to cultured tick cells by recombinant E. coli
producing surface-exposed A. phagocytophilum proteins.

E. coli strains were grown and induced for the production of recombinant
proteins. E. coli strains with expression vector alone producing
recombinant Thioredoxin and A. marginale MSP1a were used as
negative and positive control, respectively. E. coli expressing SOD were
also included as a control because this protein localizes to cell cytoplasm.
Adhesive bacteria were quantitated as the number of colony forming
units (CFU) recovered from each test and compared to the Thioredoxin
control values by Student’s t-test for paired samples (*P<0.05).
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The A. phagocytophilum proteins Peptidase, GroEL,
MSP4, HSP70, SOD and FtsZ with fold change > 1.5 in
late-infected cells when compared to early-infected cells
are members of the stress response pathway and were
selected for further characterization (Table 1).
Recombinant proteins were obtained in Escherichia coli
to produce antibodies in rabbits for the
immunofluorescence studies. Antibodies against all
recombinant proteins, except FtsZ, recognized A.
phagocytophilum in late-infected I. scapularis ISE6 tick
cells (Fig. 2A) and tick salivary glands (Fig. 2B).
Peptidase
and
GroEL
were
detected
by
immunofluorescence at low levels (Fig. 2A, h and l)
while SOD, MSP4 and HSP70 were clearly detected in
bacterial morulae in infected cells (Fig. 2A, d, f, j). The
most notable immunostaining was obtained for SOD,
MSP4 and HSP70 in both ISE6 tick cells (Fig. 2A) and I.
scapularis female tick salivary glands (Fig. 2B). These
proteins were among the A. phagocytophilum proteins
highly over-represented in late-infected tick cells and
infected tick salivary glands (Table 1).
A. phagocytophilum protein levels were characterized in
earlyand
late-infected
tick
cells
by
immunofluorescence. In IDE8 tick cells infected with
the L610 isolate of A. phagocytophilum, SOD and
HSP70 levels increased as bacterial morulae matured
and were present on many extracellular bacteria after
exiting the tick cell (Fig. 3A).
These results
corroborated proteomics results and suggested a role for
these proteins during A. phagocytophilum infection and
multiplication in tick cells.
Both cytoplasmic (Peptidase, SOD, FtsZ) and membrane
(MSP2, MSP4) A. phagocytophilum proteins were overrepresented in late-infected tick cells. For other overrepresented proteins such as the iron-binding protein and
a putative uncharacterized protein (Table 1) the
subcellular localization is unknown while GroEL and
HSP70 may be found in the cytoplasm and associated
with the cell membrane in other organisms. Due to the
size and intracellular localization of A. phagocytophilum,
it is difficult to characterize protein subcellular
localization using immunofluorescence. Therefore, flow
cytometry was used to characterize the localization of A.
phagocytophilum MSP4, SOD, HSP70 and GroEL
proteins in late-infected and uninfected ISE6 tick cells
(Fig. 3B). The results showed that MSP4, HSP70 and
GroEL were recognized at higher levels in infected than
in uninfected tick cells while for SOD no differences
were observed between samples, thus suggesting that
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MSP4, HSP70 and GroEL proteins may be exposed on
the rickettsial membrane (Fig. 3B).
To characterize further the subcellular localization of
these proteins, E. coli over-producing the recombinant A.
phagocytophilum
proteins
were
analyzed
by
immunofluorescence (Figs. 3C a-b and 3D a-j).
Antibodies against recombinant A. phagocytophilum
proteins did not react with E. coli cells expressing the
recombinant tick Porin (Figs. 3C a-b and data not
shown), thus ruling out cross-reaction with E. coli
proteins. Rabbit pre-immune antibodies did not react
with E. coli for all recombinant proteins (Figs. 3D a-b
and data not shown). The results using antibodies against
recombinant A. phagocytophilum proteins showed that
MSP4 and SOD were localized on the E. coli membrane
and cytoplasm, respectively (Figs. 3D c-d and e-f).
Recombinant HSP70 and GroEL were localized on the
E. coli membrane (Figs. 3D g-h and i-j), thus providing
additional support for the possibility that similar to
MSP4 they are exposed on the A. phagocytophilum cell
membrane.

2.4. A. phagocytophilum over-represented stress
response proteins are involved in rickettsia-tick
interactions

A
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The characterization of protein-protein direct and/or
functional interactions using STRING demonstrated that
GroEL interacts with HSP70 and SOD, which in turn
could interact with Peptidase (Fig. 4A), suggesting a
physical and/or functional connection between these
proteins. However, for functional analysis we focused on
the proteins GroEL, HSP70 and MSP4, which are
exposed on the cell membrane and may be involved in A.
phagocytophilum-tick interactions.
The binding of GroEL, HSP70 and MSP4 to tick cells
was characterized using the recombinant E. coli model in
which E. coli producing surface-exposed A.
phagocytophilum proteins were used for binding to tick
cells (Table 2). The results demonstrated that GroEL,
HSP70 and MSP4 were involved in binding to tick cells.
Furthermore, E. coli producing recombinant GroEL and
HSP70 with truncated peptide-binding domains (Fig.
4B) did not bind to tick cells, providing additional
support for the role of these proteins in A.
phagocytophilum-tick
interactions
(Fig.
4C).
Interestingly, binding to tick cells was more pronounced
in bacteria producing recombinant MSP4 than A.
marginale MSP1a (Fig. 4C).

B

Figure 2. Antibodies against recombinant MSP4, SOD, GroEL,
HSP70 and Peptidase proteins recognize A. phagocytophilum in
infected tick cells and ticks by immunofluorescence. (A) Uninfected
and A. phagocytophilum-infected ISE6 tick cells were characterized by
immunofluorescence in (a, c, e, g, i, k) uninfected cells and (b, d, f, h, j, l)
infected cells. (B) Sections were made from I. scapularis female ticks
after feeding on an uninfected (a, c, e g) or A. phagocytophilum-infected
(b, d, f, h) sheep. Representative immunofluorescence images are shown
for sections stained with rabbit preimmune (control) or anti-A.
phagocytophilum protein antibodies (green, FITC). Arrows show the
localization of A. phagocytophilum proteins in infected cells. Bars, 5 μm
and 10 μm.
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D

A

B

C

Figure 3. Localization of A. phagocytophilum over-represented proteins. (A) Infected IDE8 tick cells were collected during early and late A. phagocytophilum
infection and representative immunofluorescence images are shown. (a, b) Bright-field images of Giemsa-stained infected tick cells at (a) early and (b) late infection
stages. Bacteria stain purple (arrows) and host nuclei stain pink. (c, e) Early-infected cells. (d, f) Late-infected cells. Tick cells were stained with rabbit anti-A.
phagocytophilum protein antibodies (green, FITC). Arrows show the localization of A. phagocytophilum proteins in infected cells. Bar, 5 μm. (B) Flow cytometry
profile showing MFI values determined using a FITC-conjugated secondary antibody. MFI was calculated as the MFI of the test-labeled sample minus the MFI of the
isotype control, shown as Ave+SD and compared between infected and uninfected tick cells by Student's t-test (*P<0.05) (N=3). (C) Immunofluorescence assay of E.
coli producing recombinant tick Porin and reacted with purified antibodies against (a) HSP70 (green, FITC) or (b) stained with DAPI. Bars, 10 μm. (D)
Immunofluorescence assay of E. coli producing recombinant A. phagocytophilum (a, b, g, h) HSP70, (c, d) MSP4, (e, f) SOD, and (i, j) GroEL proteins and reacted
with (a) control pre-immune IgGs which gave similar results for all recombinant E. coli or purified antibodies against (c) MSP4, (e) SOD, (g) HSP70, and (i) GroEL
(green, FITC) or (b, d, f, h, j) stained with DAPI (blue). Bars, 10 μm.
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To provide additional support for the role of A.
phagocytophilum GroEL, HSP70 and MSP4 in bacterial
binding to tick cells, antibodies against these proteins
were used to inhibit infection of tick cells. Antibodies
against these proteins could affect the interaction
between bacterial ligands and tick receptors to block
infection or affect proteins functionally important for
bacterial infection and/or multiplication in tick cells,
including those with physical and/or functional
interactions. The results showed an inhibitory effect of
anti-GroEL, anti-HSP70 and anti-MSP4 antibodies on A.
phagocytophilum infection of tick cells when compared
to cells treated with pre-immune serum (Fig. 5A).
The possible translocation of GroEL and HSP70 to the
membrane of A. phagocytophilum suggested a role for
the protein secretion system during infection and
multiplication in ticks. Several proteins of the T4S were
identified in infected tick guts and/or salivary glands
(Table S1). Furthermore, although protein secretion BP
did not differ between infected tick guts and salivary
glands (Figs. 1C and 1D), the A. phagocytophilum T4S
proteins VirB2, VirB6, VirB10 and VirD4 were
overrepresented in tick salivary glands (Fig. 5B).
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2.5. A. phagocytophilum over-represented
proteins are regulated at the transcriptional and
post-transcriptional levels
The mRNA levels were characterized in early and late
infected tick cells for A. phagocytophilum genes
peptidase, groEL, msp4, hsp70, sod and ftsz, encoding
for proteins over-represented in late-infected tick cells
by more than 1.5-fold (Table 1). With the exception of
peptidase, the results of the RT-PCR demonstrated that
mRNA levels were significantly higher in late-infected
cells (Fig. 6A). The comparison of mRNA and protein
levels demonstrated a positive correlation for peptidase,
groEL, msp4 and ftsz, suggesting up-regulation at the
transcriptional level (Fig. 6B). However, the results for
hsp70 and sod suggested that, apart from up-regulation
at the transcriptional level, the presence of posttranscriptional mechanisms result in higher protein
levels in late-infected tick cells (Fig. 6B).

A

A

B

C

Figure 4. Characterization of A. phagocytophilum over-represented
proteins. (A) Protein-protein interactions were characterized using
STRING 8.3 (http://string-db.org). STRING score values are shown. (B)
Schematic representation of GroEL and HSP70 functional domains in full
and short proteins produced in E. coli and used for binding experiments to
tick cells. (C) Adhesion of recombinant E. coli producing surface-exposed
A. phagocytophilum proteins to cultured tick cells. E. coli strains were
grown and induced for the production of recombinant proteins. E. coli
strains with expression vector alone producing recombinant Thioredoxin
and A. marginale MSP1a were used as negative and positive control,
respectively. Adhesive bacteria were quantitated as the number of colony
forming units (CFU) recovered from each test and compared to the
Thioredoxin control values by Student’s t-test for paired samples
(*P<0.05).

Figure 5. Inhibition of A. phagocytophilum infection by antibodies
against over-represented proteins and characterization of the T4S.
(A) The inhibitory effect of antibodies against over-represented proteins
on A. phagocytophilum infection of tick cells. The antibodies against
membrane-exposed proteins, GroEL, HSP70 and MSP4, were use to
characterize the inhibition of pathogen infection in ISE6 tick cells. Tick
cells were left untreated or treated with rabbit anti-A. phagocytophilum
protein antibodies before infection. Control cells were left uninfected or
treated with rabbit pre-immune serum. A. phagocytophilum infection
levels were determined by msp4 PCR and normalized against tick 16S
rDNA. Normalized msp4 levels were compared between infected and
uninfected cells and between infected cells treated with the pre-immune
serum and antigen-specific antibodies by Student’s t-test with unequal
variance (N=8 replicates per treatment). (B) Characterization of the T4S
proteins. Only peptides with a confidence of at least 99% and identified
with two or more PSM in at least one of the samples were considered to
perform protein quantification. Proteins with the same description in the
Anaplasmataceae were grouped and the total number of PSM for each
protein were normalized against the total number of PSM on each
infected adult female tick tissue and compared between salivary glands
and guts by Chi2-test (*P<0.05). Results are the mean of two replicates.
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3. Discussion
3.1. Changes in A. phagocytophilum proteome
correlate with bacterial infection cycle in
cultured tick cells and tick guts and salivary
glands
The proteome of A. phagocytophilum was previously
characterized in I. scapularis tick salivary glands during
transmission feeding [21]. In vivo data is more relevant
to understand bacterial infection. However, the proteome
is dynamic with each developmental stage presenting an
ensemble of proteins that give rice to substantial
diversity and thus the need to characterize changes as
infection proceeds from early to late infection stages,
both under controlled conditions in vitro and in vivo in
both guts and salivary glands. Herein, the proteome of A.
phagocytophilum was characterized during rickettsial
multiplication in cultured tick cells and adult female tick
guts and salivary glands. Proteomics characterization of
Anaplasma spp. provides information on host-pathogen
interactions and suggests possible targets for control of
pathogen infection and transmission [17-26].
Additionally, some of the proteins identified here were
predicted based on genomics information [27]. The
proteomics results corroborated the existence of these
proteins, thus expanding linkage of the genome
annotation with the proteome.
Previous characterization of the A. phagocytophilum
proteome has shown that chaperones (GroEL), MSP2
(P44) membrane, translation and stress response proteins
are among the most abundant proteins found in I.
scapularis tick salivary glands [21] while in human HL60 cells, DNA replication proteins are more abundant
[19, 20]. In the closely related species A. marginale
grown in cultured tick cells, membrane proteins
including MSP4 are abundant in the bacterial proteome
[22, 24], together with proteins involved in stress
response (GroEL), transcription and translation [22].
These results suggest that A. phagocytophilum
transcription and translation are more active than
replication in tick salivary glands during tick
transmission feeding [21].
Herein, the characterization of A. phagocytophilum
proteome in infected tick guts and salivary glands
showed that infection, cells division and metabolic
proteins are more abundant in tick guts while proteins in
the stress response, transcription and translation
pathways are more active in tick salivary glands. The
results of these studies showed that the proteome of A.
phagocytophilum in late-infected cultured tick cells was
similar to that obtained in tick salivary glands, with
higher impact on protein synthesis and processing than
on bacterial replication. These results correlated well
with the developmental cycle of A. phagocytophilum, in
which cells convert from an intracellular reticulated,
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replicative form to the nondividing infectious dense-core
form [10, 20, 21].
The correlation analysis between mRNA and protein
levels suggested the effect of post-transcriptional
mechanisms, which result in higher A. phagocytophilum
protein levels in late infected tick cells. These
mechanisms could include enhancement of mRNA
stability and/or translation that have been described in
other bacteria [28]. In A. phagocytophilum, the
activation of p44 has been linked to post-transcriptional
bacterial RNA splicing [29] which may account for the
increased protein levels observed in late-infected tick
cells.

Figure 6. Characterization of the mRNA levels for selected genes
encoding for A. phagocytophilum over-represented proteins. (A) A.
phagocytophilum mRNA levels in infected tick cells. The mRNA levels
for groEL, peptidase, msp4, hsp70, sod and ftsz were determined by realtime RT-PCR in early and late infected ISE6 tick cells. Amplification
efficiencies were normalized against tick 16S rRNA and normalized late
to early infected mRNA levels (Ave±SD) were expressed in arbitrary
units. Normalized Ct values were compared between early and late
infected tick cells by Student's t-test (*P<0.05). (B) Correlation between
mRNA and protein levels for genes encoding for selected differentially
represented proteins. A positive lineal correlation is shown for peptidase,
groEL, msp4 and ftsz genes. When hsp70 and sod were included in the
analysis, a polynomial trend fits better with data. Correlation coefficients
for both lineal and polynomial correlations are shown.

3.2. Higher GroEL, HSP70 and MSP4 protein
levels may enhance A. phagocytophilum
infection in late-infected tick cells and salivary
glands
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The role of membrane major surface proteins in
adhesion to tick cells for bacterial infection has been
demonstrated in A. marginale [23, 30-32] and MSP1a
levels have been associated with bacterial differential
adhesion to host cells [33, 34]. The results obtained here
demonstrated that A. phagocytophilum GroEL, HSP70
and MSP4 are involved in tick-pathogen interactions.
The GroEL and HSP70 proteins may be functionally
relevant at the tick-A. phagocytophilum interface
because they are localized on the cell membrane in other
bacteria [23, 35-39] and may interact with other
membrane proteins [40]. Furthermore, the results shown
here using flow cytometry and the recombinant E. coli
model [33, 41] suggested that this is also the case in A.
phagocytophilum. It has been shown that bacterial
GroEL interacts with lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1) to mediate bacterial
adherence to vertebrate host cells [39]. The LOX-1
homolog was not identified in the I. scapularis genome,
thus questioning a role for A. phagocytophilum GroEL in
adhesion to tick cells using LOX-1. However, the results
of binding experiments supported the interaction of
GroEL and HSP70 with tick cell membrane proteins.
The increase in protein levels in tick salivary glands
and/or late-infected tick cells and the inhibition of
bacterial infection in tick cells treated with proteinspecific antibodies support the hypothesis that higher
GroEL, HSP70 and MSP4 levels may enhance A.
phagocytophilum infection of tick cells through
interaction with a still unknown receptor or interacting
molecule.

3.3. A. phagocytophilum stress response protein
levels may increase to protect bacteria against
oxidative stress and inhibit replication in lateinfected tick cells and salivary glands
In ISE6 tick cells and tick salivary glands our results
demonstrated the presence of over-represented A.
phagocytophilum proteins involved in cell stress
response, detoxification and protein folding. The
proteins levels increased as bacterial multiplication
proceeded in tick cells and ticks, suggesting a role for
these proteins during bacterial multiplication.
The proteins identified in these studies impact host cellpathogen interactions. These proteins have been shown
to interact directly (physically) or indirectly
(functionally) in other tick-borne bacteria but data was
not available for A. phagocytophilum [35]. Furthermore,
these interactions may be functionally important for
bacterial infection and/or multiplication in tick cells.
GroEL, which belongs to the chaperonin/HSP60 family,
prevents misfolding and promotes the refolding and
proper assembly of unfolded polypeptides generated
under stress conditions and has been used for genetic
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characterization of tick-borne bacteria [42]. HSP70 is
also a chaperonin involved in protein folding and stress
response [43]. SOD destroys radicals that are normally
produced within the cells, are toxic to organisms and has
been associated with bacterial pathogenesis [44]. FtsZ is
an essential cell division protein that forms a contractile
ring structure (Z ring) at the future cell division site to
control the timing and location of cell division [45].
However, FtsZ polymerization is also linked to stressors
like DNA damage, which induces the production of
proteins such as SulA [46]. SulA prevents the
polymerization and GTPase activity of FtsZ by binding
to self-recognizing FtsZ sites, thus preventing DNA
damage by inhibiting cell division [47]. Additionally, E.
coli FtsZ-dependent localization of GroEL protein has
been reported at possible division sites, thus linking cell
division with stress response [48]. Finally, higher
production of Peptidase, an M16 family insulinase, has
been associated with resistance to stress conditions in
Aspergillus niger [49].
The higher levels of GroEL and HSP70 in tick salivary
glands and/or late-infected tick cells suggested a new
mechanism by which bacterial stress response is
activated to increase A. phagocytophilum survival and/or
multiplication in tick cells. Recently, GroEL and HSP70
were shown to relocate to the Bacillus subtilis membrane
to restore membrane structure and function after ethanol
stress [38] and to function in the molecular processing of
Borrelia burgdorferi flagellin [35]. GroEL was also
shown to function in Caulobacter crescentus
multiplication and response to oxidative stress [40].
These results suggested that bacterial heat shock proteins
function as molecular chaperones to protect cells from
stress-induced lethal damage but also have important
roles under physiological growth conditions by acting as
carriers for immunogenic peptides, assist in protein
export or mediate adherence to host cells and may play
an essential role during cell division [35, 37-40].
It has been shown that oxidative stress response is
affected in tick cells and ticks infected with Anaplasma
spp. and other bacteria, with some proteins with antioxidant activity playing a role during bacterial infection
and multiplication [17]. Additionally, it has been shown
that cell division is inhibited in C. crescentus at a stage
consistent with the time when the level of expression of
the groESL operon is maximum [40], consistent with the
higher GroEL protein levels in the nondividing
infectious dense-core A. phagocytophilum that are more
abundant in late-infected tick cells and salivary glands
[10, 20, 21]. Taken together, these results suggested that
A. phagocytophilum stress response protein levels may
increase to protect bacteria against oxidative stress and
inhibit replication in late-infected tick cells and salivary
glands.
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3.4. The activation of the A. phagocytophilum
T4S may be associated with bacterial infection,
survival and transmission
The T4S transports macromolecules such as virulence
factors across the membrane and distribute genetic
material between Gram-negative bacteria [50]. The
characterization of the T4S in A. phagocytophilum
showed differential expression of virB6 and virB9 in
different developmental stages associated with infection
and multiplication in human neutrophils [51]. However,
the role of the T4S during bacterial multiplication in
ticks is unknown. The overrepresentation of A.
phagocytophilum T4S proteins in infected tick salivary
glands suggested the activation of this system, which
may be associated with translocation of GroEL and
HSP70 to the membrane and/or an adaptation
mechanism for survival in obligatory intracellular
bacteria [51]. The activation of the T4S could also serve
as a preparedness signal for infection of vertebrate
neutrophils after transmission of A. phagocytophilum by
feeding ticks.
The structure of the T4S has not been determined in A.
phagocytophilum, but the proteins overrepresented in
infected tick salivary glands play a central role in the
structure and function of the E. coli T4S [50]. As in
human neutrophils, the signal responsible for the
activation of the T4S is not known, but it may be in
response to conditions such as oxidative stress, which
also activate stress response proteins such as those
identified here as over-represented in tick late-infected
cells and salivary glands.

4. Conclusions
In summary, the results reported here demonstrated the
increase in the level of bacterial stress response and
membrane proteins in A. phagocytophilum-late infected
tick cells and salivary glands (Fig. 7). The results
demonstrated that MSP4, GroEL and HSP70 bind to tick
cells, thus playing a role in rickettsia-tick interactions
(Fig. 7). The activation of stress response pathways in A.
phagocytophilum may represent a mechanism by which
rickettsiae increase infection by facilitating interaction
with tick cells and protecting bacteria against oxidative
stress while inhibiting replication in late-infected tick
cells and salivary glands. The overrepresentation of the
T4S may be associated with translocation of GroEL and
HSP70 to the membrane and/or an adaptation
mechanism for survival in obligatory intracellular
bacteria that could also serve as a preparedness signal for
infection of vertebrate neutrophils after transmission of
A. phagocytophilum by feeding ticks (Fig. 7). As
suggested previously for A. marginale, these proteins
may be targeted as antigens for use in vaccine
development for control of Anaplasma infection in tick
vectors by reducing or blocking transmission to
vertebrate hosts [32]. Additionally, these proteins could
be used to develop novel therapeutic interventions for A.
phagocytophilum and future experiments should evaluate
these proteins as antigens for vaccination against HGA.

Figure 7. Proposed mechanisms of how stress response and membrane proteins increase A. phagocytophilum infection in late-infected tick cells and
tick salivary glands. The levels of bacterial stress response and membrane proteins are higher in A. phagocytophilum-late infected tick cells and tick salivary
glands. MSP4, GroEL and HSP70 bind to tick cells, thus increasing interaction with tick cells. The activation of stress response pathways in A.
phagocytophilum may represent a mechanism by which rickettsiae increase infection by facilitating interaction with tick cells and protecting bacteria against
stress. The overrepresentation of the T4S may be associated with translocation of GroEL and HSP70 to the membrane. These results correlate well with the
developmental cycle of A. phagocytophilum, in which cells convert from an intracellular reticulated, replicative form to the nondividing infectious dense-core
form [20, 21].
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5. Materials and Methods
5.1. I. scapularis
preparation

tick

cells

and

sample

The I. scapularis embryo-derived tick cell line ISE6,
provided by Ulrike Munderloh, University of Minnesota,
USA, was cultured in L15B medium as described
previously [32], except that the osmotic pressure was
lowered by the addition of one fourth sterile water by
volume. Tick cells were inoculated with A.
phagocytophilum (NY18 isolate)-infected HL-60 cells as
described previously [52, 53]. Uninfected and infected
cultures (N=5 independent cultures each) were sampled
at 6 days post-infection (dpi) (early infection; percent
infected cells 11-17% (Ave±SD, 13±2)) and 13 dpi (late
infection; percent infected cells 26-31% (Ave±SD,
28±2)). The percentage of cells infected with A.
phagocytophilum was calculated by examining at least
200 cells using a 100x oil immersion objective. The cells
were centrifuged at 10,000 g for 3 min, and cell pellets
were frozen in liquid nitrogen until used for protein and
RNA extraction. Approximately 107 cells were pooled
from each condition and lysed in 350 μl lysis buffer
(phosphate buffered saline (PBS), 1% Triton X-100, 1
mM sodium vanadate, 1 mM NaF, 1 mM PMSF, 1 μg/ml
leupeptin, 1 μg/ml pepstatin) for 30 min at 4ºC. Total
cell extracts were centrifuged at 200 x g for 5 min to
remove cell debris. The supernatants were collected and
protein concentration was determined using the Bradford
Protein Assay (Bio-Rad, Hercules, CA, USA) with BSA
as standard. Total RNA was extracted from the same cell
cultures (N=5) using TriReagent (Sigma, St. Louis, MO,
USA) following manufacturer’s recommendations.

5.2. I. scapularis ticks and sample preparation
I. scapularis ticks were obtained from the laboratory
colony maintained at the Oklahoma State University
Tick Rearing Facility. Larvae and nymphs were fed on
rabbits and adults were fed on sheep. Off-host ticks were
maintained in a 12 hr light: 12 hr dark photoperiod at 2225 °C and 95% relative humidity. Adult female I.
scapularis were infected with A. phagocytophilum by
feeding on a sheep inoculated intravenously with
approximately 1x107 A. phagocytophilum (NY18
isolate)-infected HL-60 cells (90-100% infected cells)
[54]. In this model, over 85% of ticks become infected
with A. phagocytophilum in guts and salivary glands
[54]. One hundred female adult ticks were removed from
the sheep 7 days after infestation, held in the humidity
chamber for 4 days and dissected for protein extraction
from guts and salivary glands. Uninfected ticks were
prepared in a similar way but feeding on an uninfected
sheep. Two independent samples were collected and
processed for each tick tissue. Total proteins were
extracted from uninfected and A. phagocytophiluminfected gut and salivary gland samples using the
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AllPrep DNA/RNA/Protein Mini Kit (Qiagen, Valencia,
CA, USA). Animals were housed and experiments
conducted with the approval and supervision of the OSU
Institutional Animal Care and Use Committee (Animal
Care and Use Protocol, ACUP No. VM1026).

5.3. Proteomics data collection and analysis for
A. phagocytophilum proteome in ISE6 tick cells.
Protein extracts (100 μg) from the four experimental
conditions: control early (CE), infected early (IE),
control late (CL) and infected late (IL) were resuspended
in 300 μl of sample buffer and applied using a 5-well
comb onto a conventional SDS-PAGE gel (1.5 mmthick, 4% stacking, 10% resolving). The 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 R250 staining, excised, cut into cubes (2 x 2 mm) and
digested overnight at 37ºC with 60 ng/µl trypsin
(Promega, Madison, WI, USA) at 5:1 protein:trypsin
(w/w) ratio in 50 mM ammonium bicarbonate, pH 8.8
containing 10% (v/v) ACN and 0.01% (w/v) 5cyclohexyl-1-pentyl-ß-D-maltoside (CYMAL-5) [55,
56]. The resulting tryptic peptides from each proteome
were extracted by 1h incubation in 12 mM ammonium
bicarbonate, pH 8.8. TFA was added to a final
concentration of 1% and the peptides were finally
desalted onto C18 OASIS HLB Extraction cartridges
(Waters, Milford, Massachusetts, USA) to remove the
amine-containing buffers and dried down. Dried peptides
were taken up in 30 μl of iTRAQ dissolution buffer
provided with the kit (Applied Biosystems, Madrid,
Spain) and labeled by adding 70 μl of the corresponding
iTRAQ reagent in ethanol and incubating for 1h at room
temperature
in
70%
ethanol,
180
mM
triethylammoniumbicarbonate (TEAB), pH 8.53. CE
was labeled with 114, IE with 115, CL with 116 and IL
with 117 iTRAQ tags. After quenching the reaction with
100 μl 0.1% formic acid for 30 min, samples were
brought to dryness to completely stop the labeling
reaction. This quenching process was repeated once
more to promote TEAB volatilization. The four-labeled
samples were resuspended in 100 μl 0.1% formic acid
and combined into one tube. The mixture was dried
down, redissolved in 3.3 ml 5 mM ammonium formiate,
pH 3, cleaned up with SCX Oasis cartridges (Waters)
using as elution solution 1 M ammonium formiate pH 3,
containing 25% ACN, and dried down. The peptide
pools were resuspended in 0.5 ml 0.1% TFA, desalted
onto C18 Oasis cartridges using as elution solution 50%
ACN in 5 mM ammonium formiate, pH 3 and dried
down. The sample was taken up in focusing buffer (5%
glycerol and 2% IPG buffer pH 3-10 (GE Healthcare,
Madrid, Spain) loaded onto 24-wells over a 24 cm-long
Immobiline DryStrip, pH3-10 (GE Healthcare) and
separated by IEF on a 3100 OFFgel fractionator
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(Agilent, Santa Clara, CA, USA), using the standard
method for peptides recommended by the manufacturer.
The recovered fractions were acidified with 20 μl of 1 M
ammonium formiate, pH 3, and the peptides were
desalted using OMIX C18 tips (Varian, Palo Alto, CA,
USA). After elution with 50% ACN in 5 mM
ammonium formiate, pH 3, the peptides were drieddown prior to RP-HPLC-LIT analysis.
All samples were analyzed by LC-MS/MS using a
Surveyor LC system coupled to a linear ion trap mass
spectrometer model LTQ (Thermo-Finnigan, San Jose,
CA, USA) as previously described [57, 58]. The LTQ
was programmed to perform a data-dependent MS/MS
scan on the 15 most intense precursors detected in a full
scan from 400 to 1600 amu (3 µscans, 200 ms injection
time, 10,000 ions target). Singly charged ions were
excluded from the MS/MS analysis. Dynamic exclusion
was enabled using the following parameters: 2 repeat
counts, 90 s repeat duration, 500 exclusion size list, 120
sec exclusion duration and 2.1 amu exclusion mass
width. PQD parameters were set at 100 ms injection
time, 8 microscans per scan, 2 amu isolation width, 28%
normalized collision energy, 0.6 activation Q, 0.3 ms
activation time. For PQD spectra generation 10,000 ions
were accumulated as target and automatic gain control
was used to prevent over-filling of the ion trap.
Protein identification was carried out as previously
described [57] using SEQUEST algorithm (Bioworks 3.2
package, Thermo Finnigan), allowing optional
(Methionine oxidation) and fixed modifications
(Cysteine carboxamidomethylation, Lysine and Nterminal modification of +144.1020 Da). The MS/MS
raw files were searched against the alphaproteobacteria
combined with the arachnida Swissprot database
supplemented with porcine trypsin and human keratins.
This joint database contained 638,408 protein sequences.
The same collections of MS/MS spectra were also
searched against inverted databases constructed from the
same target databases. For this study, non-baterial
proteins were discarded and the alphaproteobacteria
Swissprot database was used to identify Anaplasma
sequences. Statistical analysis and determination of error
rates were performed with the Probability Ratio Method
[59]. False Discovery Rate (FDR) was used as a measure
of statistical significance of peptide identification and
was calculated using the refined method proposed by
Navarro and Vázquez [60]. The intensity of the
centroided iTRAQ reporter ion signals were computed
by the QuiXoT software, correcting for isotope overlap
between iTRAQ reporter ions [61]. The sensitivity
threshold and mass tolerance for extracting the iTRAQ
ratios were set to 0 and ±0.4 Da, respectively.
Statistical analysis of the data was done as described
previously [14] applying a model that includes four
different sources of variance: the spectrum fitting, scan,
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peptide, and protein levels [62]. Differential protein
content in early versus late infections was compared
using χ2 test statistics and P-values (P<0.001) were
adjusted using Bonferroni correction for multiple
comparisons
[63]
in
the
IDEG6
software
(http://telethon.bio.unipd.it/bioinfo/IDEG6_form/).

5.4. Proteomics data collection and analysis for
A. phagocytophilum proteome in adult female
tick guts and salivary glands
Proteins were digested using the filter aided sample
preparation (FASP) protocol [64]. Briefly, samples were
dissolved in 50 mM Tris-HCl pH8.5, 4% SDS and 50
mM DTT, boiled for 10 min and centrifuged. Protein
concentration in the supernatant was measured by the
Direct Detect system (Millipore, Billerica, MA, USA).
About 150 μg of protein were diluted in 8 M urea in 0.1
M Tris-HCl (pH 8.5) (UA), and loaded onto 30 kDa
centrifugal filter devices (FASP Protein Digestion Kit,
Expedeon, TN, USA). The denaturation buffer was
replaced by washing three times with UA. Proteins were
later alkylated using 50 mM iodoacetamide in UA for 20
min in the dark, and the excess of alkylation reagents
were eliminated by washing three times with UA and
three additional times with 50 mM ammonium
bicarbonate. Proteins were digested overnight at 37ºC
with modified trypsin (Promega, Madison, WI, USA) in
50 mM ammonium bicarbonate at 40:1 protein:trypsin
(w/w) ratio. The resulting peptides were eluted by
centrifugation with 50 mM ammonium bicarbonate
(twice) and 0.5 M sodium chloride. Trifluoroacetic acid
(TFA) was added to a final concentration of 1% and the
peptides were finally desalted onto C18 Oasis-HLB
cartridges and analyzing by LC-MS/MS using a C-18
reversed phase nano-column (75 µm I.D. x 50 cm, 3 µm
particle size, Acclaim PepMap 100 C18; Thermo Fisher
Scientific, Waltham, MA, USA) in a continuous
acetonitrile gradient consisting of 0-30% B in 145 min,
30-43% A in 5 min and 43-90% B in 1 min (A= 0.5%
formic acid; B=90% acetonitrile, 0.5% formic acid). A
flow rate of ca. 300 nl/min was used to elute peptides
from the reverse phase nano-column to an emitter
nanospray needle for real time ionization and peptide
fragmentation on orbital ion trap mass spectrometer
model Orbitrap Elite (Thermo Fisher Scientific). For
peptide identification, all spectra were analyzed with
Proteome Discoverer (version 1.4.0.29, Thermo Fisher
Scientific) using a Uniprot database containing all
sequences from Anaplasmataceae (April 11, 2014). For
database searching, parameters were selected as follows:
trypsin digestion with 2 maximum missed cleavage sites,
precursor and fragment mass tolerances of 600 ppm and
1200 mmu, respectively, carbamidomethyl cysteine as
fixed modification and methionine oxidation as dynamic
modifications. Peptide identification was validated using
the probability ratio method [59] and false discovery rate
(FDR) was calculated using inverted databases and the
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refined method [60] with an additional filtering for
precursor mass tolerance of 12 ppm. Only peptides with
a confidence of at least 99% and identified with two or
more PSM in at least one of the samples analyzed were
included to perform protein quantification. Proteins with
the same description in the Anaplasmataceae were
grouped and the total number of PSM for each protein
were normalized against the total number of PSM on
each infected adult female tick tissue and compared
between salivary glands and guts by Chi2-test (P=0.05).
Results are the mean of two replicates.

5.5In silico analysis for protein characterization
Protein ontology for biological process (BP) and
molecular function (MF) of differentially represented
proteins was done using Uniprot annotation
(www.uniprot.org). Protein-protein interactions were
characterized using STRING 8.3 (http://string-db.org).

5.6 Recombinant protein
antibody preparation

expression

and

The recombinant A. phagocytophilum NY18 proteins
Peptidase, GroEL, MSP4 (AFD54597), HSP70, SOD
and FtsZ, were expressed in E. coli BL21 cells
(Champion pET101 Directional TOPO Expression kit,
Carlsbad, CA, USA), induced with IPTG and purified
using the Ni-NTA affinity column chromatography
system (Qiagen Inc., Valencia, CA, USA) following
manufacturer’s recommendations. Purified proteins were
used to immunize rabbits and IgGs from preimmune and
immunized animals were purified (Montage Antibody
Purification Kit and Spin Columns with PROSEP-A
Media, Millipore, Billerica, MA, USA) and used for
analysis.

5.7. Flow cytometry
A. phagocytophilum-infected and uninfected control
ISE6 tick cells were washed in phosphate buffered saline
(PBS), fixed and permeabilized with Intracell® fixation
and permeabilization kit (Inmunostep, Salamanca,
Spain) following manufacturer recommendations. After
permeabilization, the cells were washed in PBS and
incubated with primary unlabeled antibody (preimmune
IgG isotype control, MSP4, SOD, HSP70 and GroEL; 50
µg/ml), washed in PBS and incubated in 100 μl of PBS
with FITC-goat anti-rabbit IgG (Sigma, Madrid, Spain)
labeled antibody (diluted 1/500) for 15 min at 4°C.
Finally, the cells were washed with PBS and
resuspended in 500 µl of PBS. All samples were
analyzed on a FACScalibur® Flow Cytometer, equipped
with the CellQuest Pro® software (BD-Biosciences,
Madrid, Spain). The viable cell population was gated
according to forward scatter and side scatter parameters.
The level of MSP4, SOD, HSP70 and GroEL in the
viable A. phagocytophilum-infected and uninfected tick
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cells was determined as the geometric median
fluorescence intensity (MFI) of the test-labeled sample
minus the MFI of the isotype control [15] and compared
between infected and uninfected cells by Student's t-test
(P=0.05)

5.8. Immunofluorescence in cultured tick cells
Antibodies against A. phagocytophilum Peptidase,
GroEL, MSP4, HSP70, and SOD were used for
immunofluorescence studies in I. scapularis IDE8 or
ISE6 cells. Uninfected and A. phagocytophilum (human
NY18 isolate)-late infected (80% infected cells) or
uninfected and A. phagocytophilum (canine L610
isolate)-early (20% infected cells) and late (80% infected
cells)-infected I. scapularis tick cells were used. The
L610 isolate was provided by Erich Zweygarth,
Lehrstuhl für Vergleichende Tropenmedizin und
Parasitologie, Ludwig-Maximilians University, Munich,
Germany. Cells were fixed with 10% neutral buffered
formaldehyde. After 2 washes with PBS, 40 μl aliquots
of cell suspension were placed on microscope slides and
air-dried. The cells were permeabilized with 0.3%
Triton-X100 in PBS for 30 min and 0.1% sodium
dodecyl sulphate in PBS for 10 min, and washed 1x with
PBS. After blocking with the CAS blocking agent
(Invitrogen, Paisley, UK) for 1h, purified rabbit IgG
(diluted 1: 100 to 1:300 in CAS blocking agent) was
added and incubated overnight, followed by 3 washes in
PBS. Incubation for 1 h with goat-anti-rabbit IgG
conjugated with FITC (Abcam, Cambridge, UK) (diluted
1:1000 in CAS blocking agent) was followed by 3
washes in PBS. The slides were mounted in mounting
medium containing DAPI (Vector Laboratories,
Peterborough, UK). Images were acquired on an
Axioskop 2 fluorescence microscope with an AxioCam
MRc camera (Carl Zeiss, Cambridge, UK).
Cytocentrifuge smears of A. phagocytophilum-infected
and uninfected IDE8 cells were fixed for 3 min with
technical methanol before staining for 20 min in Giemsa
stain (10% v/v in deionised water buffered to pH 7.2).
The percentage of cells infected with A.
phagocytophilum was calculated by examining at least
200 cells using a 100x oil immersion objective. Images
were acquired as above.

5.9. Immunofluorescence in adult female ticks
Adult female I. scapularis were infected with A.
phagocytophilum as described before. Female ticks were
removed from the sheep 10 days after infestation, held in
the humidity chamber for 4 days and fixed with 4%
paraformaldehyde in 0.2M sodium cacodylate buffer,
dehydrated in a graded series of ethanol and embedded
in paraffin. Sections (4 µm) were prepared and mounted
on glass slides. The paraffin was removed from the
sections with xylene and the sections were hydrated by
successive 2 min washes with a graded series of 100, 95,
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80, 75 and 50% ethanol. The slides were treated with
Proteinase K (Dako, Barcelona, Spain) for 7 min,
washed with PBS and incubated with 3% bovine serum
albumin (BSA; Sigma-Aldrich) in PBS for 1 h at room
temperature. The slides were then incubated for 14 h at
4ºC with primary antibodies diluted 1:100 to 1:300 in
3% BSA/PBS and after 3 washes in PBS developed for 1
h with goat-anti-rabbit IgG conjugated with FITC
(Sigma-Aldrich) (diluted 1:160 in 3% BSA/PBS). The
slides were washed twice with TBS and mounted in
ProLong Antifade reagent (Molecular Probes, Eugene,
OR, USA) or in mounting medium containing DAPI
(Vector Laboratories, Peterborough, UK). The sections
were examined using a Leica SP2 laser scanning
confocal microscope (Leica, Wetzlar, Germany).
Sections of uninfected ticks and IgGs from preimmune
serum were used as controls.

5.10. Immunofluorescence in recombinant E.
coli

were used as negative and positive control, respectively.
Cell densities were determined and adjusted to 108
cells/ml in LB. One hundred microlitres (107 bacteria)
culture were added to 900 ml of 106 cells/ml suspensions
of ISE6 tick cells in LB. Tick cells and bacteria were
incubated for 30 min at 37 ºC with occasional agitation.
Cells were then collected by centrifugation, washed two
times in PBS and resuspended in 100 ml of PBS.
Elimination of unbound bacteria from tick cells with
bound bacteria was performed by Percoll (Sigma)
gradient separation [33]. The band containing tick cells
was removed with a pipette and washed in PBS. The
final cell pellet was lysed in 1 ml of sterile water and 5
μl plated onto LB agar plates containing 100 μg of
ampicillin per ml. Adhesive bacteria were quantitated as
the number of colony forming units (CFU) recovered
from each test and compared to the Thioredoxin control
values by Student’s t-test for paired samples (P=0.05).

5.12. Antibody inhibition assay
The E.coli induced for the production of recombinant A.
phagocytophilum proteins as described before were fixed
with 4% paraformaldehyde in PBS for 20 min at room
temperature. E. coli cells producing recombinant tick
Porin [15] were used as control. Bacterial smears were
prepared using a cytocentrifuge. The cells were treated
with 0.3% Triton X-100 in PBS for 30 min, blocked with
3% BSA in PBS for 1h at room temperature and
incubated overnight at 4C with purified antibodies (Preimmune control, 35 μg/ml; HSP70 and MSP4, 22 μg/ml;
SOD and GroEL, 30 μg/ml) and developed as described
previously for tick cells using goat-anti-rabbit IgG
conjugated with FITC (Sigma; 1/160 dilution). The
slides were washed twice with TBS and mounted in
ProLong Antifade reagent (Molecular Probes). Images
were acquired on a Nikon Eclipse Ti-U microscope with
a 100x oil immersion objective and a Nikon Digital
Sight DS Vi1 camera.

5.11. Adhesion of recombinant E. coli strains to
ISE6 tick cells
Adhesion of recombinant E. coli strains to ISE6 tick
cells was tested as previously reported [33]. Briefly, E.
coli strains were grown and induced as described before.
E. coli strains with expression vector alone producing
recombinant Thioredoxin and A. marginale MSP1a [33]

The inhibitory effect of antibodies against the
differentially expressed membrane-exposed proteins,
GroEL, MSP4 and HSP70, on A. phagocytophilum
infection of ISE6 tick cells was conducted as described
previously for A. marginale [32]. Confluent monolayers
of ISE6 tick cells were pooled and used to seed 24-well
plates for each assay. Each well received 1x106 tick cells
in L-15B medium 48 h prior to inoculation with A.
phagocytophilum. Infected cultures for inoculum were
harvested when monolayers were detaching (late
infection; 90% infected cells) and host cells were
mechanically disrupted with a syringe and 26-gauge
needle. Rabbit IgGs (2.2-2.4 mg/ml) were mixed with
inoculum (1:1) for 60 min before being placed on the
cell monolayers. Each monolayer then received 100 µl
of the inoculum plus IgG mix and plates were incubated
at 34ºC for 30 min. The inoculum was removed from the
wells and monolayers washed three times with PBS.
Complete medium (1 ml) was added to each well and the
plates were incubated at 34ºC. Controls for each trial
included (a) inoculum incubated with pre-immune IgG,
(b) inoculum incubated with medium only (untreated
control) and (c) uninfected tick cells that served as
background control. An additional series of monolayers
was infected with inoculum incubated with medium only

Table 3. PCR
conditions and
sequences of
primers used for
real-time RT-PCR.
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to provide samples for monitoring normal rickettsial
development. Eight replicates were done for each
treatment. After 7 days, monolayers from all wells were
harvested, resuspended in 1 ml PBS and frozen at -70ºC.
Samples were thawed and solubilized with 1% TritonX100 and processed for A. phagocytophilum detection
by PCR after DNA extraction using TriReagent (Sigma)
according to the manufacturer’s recommendations. A.
phagocytophilum infection levels were determined by
msp4 real-time PCR normalizing against tick 16S rDNA
as described previously [65] but using oligonucleotide
primers
MSP4-L
(5’CCTTGGCTGCAGCACCACCTG-3’) and MSP4-R
(5’-TGCTGTGGGTCGTGACGCG3’)
and
PCR
conditions of 5 min at 95°C and 35 cycles of 10 sec at
95°C, 30 sec at 55°C and 30 sec at 60°C. Results were
compared between treatments by the Student’s t-test
with unequal variance (P=0.05).

5.13. Analysis of mRNA levels by real-time RTPCR
Real-time RT-PCR was performed on tick RNA samples
with gene-specific primers (Table 3) using the iScript
One-Step RT-PCR Kit with SYBR Green and the iQ5
thermal cycler (Bio-Rad, Hercules, CA, USA) following
manufacturer's recommendations. 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 [66]. The mRNA levels were normalized against
tick 16S rRNA [12] using the genNorm method (ddCT
method as implemented by Bio-Rad iQ5 Standard
Edition, Version 2.0) [67]. Normalized Ct values were
compared between early and late infected cells by
Student's t-test with unequal variance (P=0.05).

6. Supporting information
Table S1. A. phagocytophilum proteins in infected I.
scapularis female tick guts and salivary glands.
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Recent advances in climate research together with a better understanding of tick–pathogen
interactions, the distribution of ticks and the diagnosis of tick-borne pathogens raise questions about the impact of environmental factors on tick abundance and spread and the
prevalence and transmission of tick-borne pathogens. While undoubtedly climate plays
a role in the changes in distribution and seasonal abundance of ticks, it is always difficult to disentangle factors impacting on the abundance of tick hosts from those exerted
by human habits. All together, climate, host abundance, and social factors may explain
the upsurge of epidemics transmitted by ticks to humans. Herein we focused on tickborne pathogens that affect humans with epidemic potential. Borrelia burgdorferi s.l. (Lyme
disease), Anaplasma phagocytophilum (human granulocytic anaplasmosis), and tickborne encephalitis virus (tick-borne encephalitis) are transmitted by Ixodes spp. Crimean–
Congo hemorrhagic fever virus (Crimean–Congo hemorrhagic fever) is transmitted by
Hyalomma spp. In this review, we discussed how vector tick species occupy the habitat
as a function of different climatic factors, and how these factors impact on tick survival
and seasonality. How molecular events at the tick–pathogen interface impact on
pathogen transmission is also discussed. Results from statistically and biologically
derived models are compared to show that while statistical models are able to outline
basic information about tick distributions, biologically derived models are necessary to
evaluate pathogen transmission rates and understand the effect of climatic variables and
host abundance patterns on pathogen transmission. The results of these studies could
be used to build early alert systems able to identify the main factors driving the subtle
changes in tick distribution and seasonality and the prevalence of tick-borne pathogens.
Keywords: tick, model, genetics, climate, Borrelia, Anaplasma, virus

INTRODUCTION
Ticks are obligate hematophagous ectoparasites of wild and
domestic animals and humans that are classified in the subclass
Acari, order Parasitiformes, suborder Ixodida, and distributed
from Arctic to tropical regions of the world. Despite efforts to
control tick infestations, ticks and the pathogens they transmit
continue to be a serious constraint to human and animal health
worldwide (de la Fuente and Kocan, 2006).
Several events that occurred during the final decades of the
twentieth century and the beginning of the twenty-first century
suggest a rise of tick-borne infections worldwide. These events
include recent national and regional epidemics of known diseases such as tick-borne encephalitis (TBE) in Central and Eastern Europe, Kyasanur forest disease (KFD) in Karnataka state in
India, Crimean–Congo hemorrhagic fever (CCHF) in northern
Turkey and the southwestern regions of the Russian Federation,
and Rocky Mountain spotted fever (RMSF) in Arizona, United
States, and Baja California, Mexico (Pattnaik, 2006; Randolph,
2008; Maltezou et al., 2010; McQuiston et al., 2010). Globally, the
recognized number of distinct and epidemiologically important

diseases transmitted by ticks has increased considerably during
the last 30 years. For example, more than 10 newly recognized
spotted fever rickettsioses have been identified since 1984 (Parola
et al., 2005; Paddock et al., 2008). In the United States, the list of
national notifiable diseases include four tick-borne diseases, Lyme
disease (Borrelia burgdorferi s.l.), human granulocytic anaplasmosis (HGA; A. phagocytophilum), human babesiosis (Babesia
spp.), and human monocytic ehrlichiosis (Ehrlichia chaffeensis),
each of which has increased steadily in average annual
incidence. From 2000 to 2007, the incidence of infections caused
by B. burgdorferi, A. phagocytophilum, and E. chaffeensis increased
linearly (Bacon et al., 2008). Although advances in molecular technology have contributed to the identification of these pathogens,
rapidly expanding pathogen diagnosis and increasing incidence
have raised concerns about the accuracy of case counts and epidemiology reports (Mantke et al., 2008). The problem of analyzing
the incidence of tick-borne pathogens in humans is the concurrency of factors affecting the whole system such as climate, driving
the life cycle of the ticks, the availability, occurrence and seasonal
patterns of competent reservoirs, and social habits, leading the
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contact with tick-infested areas need to be considered. All these
factors should be analyzed with increasing levels of complexity that
obscure the relationships between climate and the final impact of
tick-borne pathogens.
Ticks and tick-borne pathogens have co-evolved molecular interactions involving genetic traits of both the tick and
the pathogen that mediate their development and survival
(Narasimhan et al., 2002, 2007; Kocan et al., 2004; de la Fuente
et al., 2007a; Zivkovic et al., 2009; Rikihisa, 2010). These mechanisms are not well defined and the impact of environmental factors
such as climate adds additional complexity to their study. However, the complexity of tick–pathogen relationships are emerging
to show that it is difficult to describe a simple effect on the cascade of social and biological events affecting the transmission of
tick-borne pathogens.
In these review, we evaluated pathogens that infect humans with
epidemic potential such as B. burgdorferi s.l. (Lyme disease), A.
phagocytophilum (human granulocytic anaplasmosis; HGA), and
tick-borne encephalitis virus (TBEV; TBE) and Crimean–Congo
hemorrhagic fever virus (CCHFV; CCHF). These pathogens are
transmitted by Ixodes spp. and Hyalomma spp. ticks (de la Fuente et
al., 2008) and were used to discuss how these tick species occupy
the habitat as a function of different environmental factors, and
how these factors together with molecular events at the tick–
pathogen interface impact on tick survival and seasonality and
pathogen transmission. The results of existing models could be
used to build early alert systems able to identify the main factors driving changes in tick distribution and seasonality and the
prevalence of tick-borne pathogens.

EFFECT OF CLIMATE AND OTHER ABIOTIC AND BIOTIC
FACTORS ON TICK DEVELOPMENT, SURVIVAL, AND
QUESTING
As many other arthropods, ticks are very sensitive to climate. Ticks
spend most of their life cycle in the environment, and all tick life
cycle stages are dependent on a complex combination of climate
variables for development and survival. Host availability and vegetation significantly modulate the dynamics of tick populations.
They probably have smaller contributions than climate in delimiting tick distribution as climate is probably the major driver to
the presence or absence of a tick species in a given territory (Cumming, 2002). However, vegetation is a great modifier of the local
weather or the so-called microclimatic conditions, the one that
the ticks must adapt to for development and survival. Though
many animal species can serve as tick hosts, there are several determinants of host suitability and the specificity of tick-reservoir
host–pathogen relationships is key to our understanding of the
complex processes conditioning the transmission of pathogens by
ticks (Randolph, 2009). For example, host availability in time and
space is an important determinant of tick bionomics. Shelter and
protection from environmental extreme conditions are critical to
tick survival, because questing and diapausing ticks are vulnerable
to extremes temperatures and humidity.
Concerns exist about how predicted climate changes may alter
tick–host–pathogen relationships and particularly tick potential
for invasion of new areas and pathogen transmission. Although
surveillance and reporting of changes in the distribution of
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tick populations is generally inadequate, some well-documented
reports support the slow but apparently continuous expansion of
the historical frontiers of some tick species into areas where they
were previously absent (Gray et al., 2009). Warmer temperatures
have been suggested as the main driver of some tick geographic
range changes (Lindgren et al., 2000; Danielova et al., 2006).
However, the potential influence of changing rainfall patterns has
largely been ignored although this may have a greater effect than
temperature on the ability of tick populations to establish in new
areas. Invasive events (the transportation of an exotic tick species
into an area far from its native range) are also well-documented
and seem to be related to unrestricted domestic animal movements or over-abundance of certain wild hosts. Finally, there is
little doubt that human-induced changes in abiotic (climate, land
cover, habitat structure) and biotic (distribution and abundance of
tick hosts) conditions have occurred over the past few decades, and
there is equally indisputable evidence for the increase in recorded
human cases of some tick-borne diseases (Randolph, 2009).
Many tick species are exophilous, meaning that they develop
and quest in open habitats, not in the protected environment of
a shelter as do the endophiluous ticks. The ticks have three developmental instars, larvae, nymphs, and adults that feed on one
(one-host ticks) or multiple (two- and three-host ticks) animal
hosts. Ticks take a continuous blood meal on the same host for
3–10 days, depending on the instar. When fully engorged, ticks fall
off their host and undergo development to the next instar. The
mortality observed during tick development is regulated by water
losses, which in turn are greatly influenced by the temperature
and the physical properties of the arthropods cuticle. Climate thus
affects tick survival mostly during non-parasitic periods of their
life cycle because ticks survival and host-seeking activity is inhibited outside certain ranges of temperature and rainfall (Randolph,
1997; Ogden et al., 2004). If developing and host-seeking ticks
suffer mortality at an approximately constant rate in nature (Vail
and Smith, 1998), then the lower the temperature, the longer is the
developmental cycle and the higher is tick mortality. Therefore,
warmer than current climate conditions would favor the presence of permanent populations of the tick species living across the
northern temperate zone, where water stress is not an important
factor. Therefore, climate may contribute to increased tick abundance (because faster development and lower mortality) and the
probability to survive in a newly colonized territory (Ogden et al.,
2004). However, this relationship is not lineal. It is important to
stress that relative humidity is not an adequate concept to understand water stress in ticks. Low air water contents are responsible
of water losses in ticks (like in any other arthropod). An increased
in temperature contributes to desiccation by water losses (Perret
et al., 2000, 2003). The temperature, together with the deficit in
water content of the air are thus the drivers of tick desiccation.
Climate can affect not only tick development and mortality,
but also their activity rates, a feature that deeply affects infestation
risks for humans and the intensity of tick infestations in reservoir
hosts. Questing is the mechanism by which ticks find a host, climb
on it, and feed. Ticks quest at variable heights in the vegetation,
driven by factors such as temperature and relative humidity (Vail
and Smith, 2002; Busby et al., 2012). It is known that different tick
species, and even different instars of the same species, may quest at
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different heights, therefore experiencing different mortality rates
at various temperatures.

IMPACT OF WEATHER‐INDUCED TICK STRESS RESPONSE
ON TICK SURVIVAL, QUESTING, AND PATHOGEN
TRANSMISSION
The heat shock and other stress responses are a conserved reaction
of cells and organisms to elevated temperatures and other stress
conditions such as toxicity and pathogen infection (Tutar and
Tutar, 2010). Crucial to cell survival is the sensitivity of proteins
and enzymes to heat inactivation and denaturation. Therefore,
adaptive mechanisms exist that protect cells from the proteotoxic
effects of heat stress. The heat shock proteins (HSPs) and other
stress response proteins (SRPs) protect cells and organisms from
damage, providing higher levels of tolerance to environmental
stress.
Tick HSPs and other SRPs such as glutathione-S-transferase,
selenoproteins, metallothioneins, and ferritin have been shown
to be involved in the cellular response to different stress conditions such as heat shock, oxidative stress, tick attachment, blood
feeding, and pathogen infection (Macaluso et al., 2003; Mulenga
et al., 2003, 2007; Rudenko et al., 2005; Ribeiro et al., 2006; de la
Fuente et al., 2007b; Rachinsky et al., 2007, 2008; Hajdusek et al.,
2009; Zivkovic et al., 2009; Kongsuwan et al., 2010; Lew-Tabor
et al., 2010; Villar et al., 2010; Busby et al., 2012). For example,
recent studies demonstrated that the stress response is activated
in ticks and cultured tick cells after Anaplasma spp. infection and
heat shock (Villar et al., 2010; Busby et al., 2012). However, under
natural vector–pathogen relationships such as those occurring in
I. scapularis infected with A. phagocytophilum, HSPs, and other
SRPs are not strongly activated, probably reflecting tick–pathogen
co-evolution (Villar et al., 2010). Nevertheless, at least as shown by
proteomics analysis of I. scapularis ISE6 tick cells in response to A.
phagocytophilum infection, some HSPs such as the HSP70 family
are over-expressed while other putative HSPs such as HSP20 are
under-expressed in infected cells (Villar et al., 2010).
Tick questing behavior affects host-seeking activity and
pathogen transmission through the interaction of several factors including tick stress response (Belozerov, 1982; Daniel and
Dusbabek, 1994; Randolph, 2004). The effect of temperature and
relative humidity on I. scapularis questing behavior and abundance has been demonstrated in field and laboratory studies
(Schulze et al., 2001; Vail and Smith, 2002; Busby et al., 2012).
Lefcort and Durden (1996) demonstrated the effect of pathogen
infection on ticks questing behavior by showing that infection
with B. burgdorferi negatively affects adult I. scapularis questing
behavior. Although still controversial, Herrmann and Gern (2010)
provided evidence that that infection with B. burgdorferi and B.
afzelii confers survival advantages to I. ricinus under challenging
thermohygrometric conditions.
Recent studies demonstrated that subolesin and HSPs are
involved in the control of I. scapularis response to the stress
produced by heat shock, blood feeding, and A. phagocytophilum
infection (Busby et al., 2012). These results showed that at high
temperatures and during blood feeding, when hsp20, hsp70, and
subolesin are over-expressed, I. scapularis ticks are protected from
stress and pathogen infection and have a higher questing speed.

General Discussion

These responses help I. scapularis to increase survival by inducing stress responses and preventing desiccation because higher
water losses at high temperatures with higher questing speed to
increase chances to attach to a host. Because pathogen infection
occurs during blood feeding, ticks also have developed a protective response to limit pathogen infection levels, also contributing
to their survival.
Taken together, these results suggest a connection between tick
stress response, questing behavior, and pathogen transmission.
Tick stress response is activated as a consequence of different
stress conditions such as those caused by temperature changes,
blood feeding, and pathogen infection. The stress response counteracts the negative effect of heat shock and pathogen infection
on tick questing behavior and increase tick survival, those playing
an important role in pathogen transmission and the adaptation of
tick populations to challenging environmental conditions.

IMPACT OF CLIMATE TRENDS ON TICK–PATHOGEN
TRANSMISSION
BORRELIA BURGDORFERI s.l., THE CAUSATIVE AGENT OF LYME
DISEASE

Lyme disease is caused by B. burgdorferi s.l. infection and is transmitted by Ixodes spp. ticks. Lyme disease is one of the most
prevalent human arthropod-borne diseases in United States and
Europe (Bacon et al., 2008; Gray et al., 2009). However, Lyme
disease records in Europe are commonly produced by large administrative divisions, which are extremely heterogeneous in climate,
abundance of reservoir hosts and landscape composition, all factors affecting pathogen prevalence in the tick vector (Estrada-Peña
et al., 2011a). The association between B. burgdorferi and its vector is quite specific and only a small group of tick species within
the genus Ixodes are known to be vector competent. These ticks
have infections that spread from the gut to the salivary glands
for transmission to susceptible hosts. Ixodes spp. ticks feed upon
small to medium-sized reservoir hosts (usually mice, birds, and
lizards) as immatures, and medium to large hosts (ungulates) as
adults. Host range for all stages of Ixodes spp. is much broader than
for most other ticks (Keirans et al., 1999). Microclimatic and biologic requirements for Ixodes ticks that transmit the spirochete are:
(1) suitable host availability, (2) temperature fluctuations between
−10 and +35°C, with tolerance to the extremes for only brief periods, and (3) a constant relative humidity not lower than 80% in
the air and near saturation in the soil. Therefore, the ticks have
well quantified requirements for its development and survival.
A recent study by Ogden et al. (2004) demonstrated that, under
the conditions in the northern United States, local populations of
I. scapularis are not affected by water stress, therefore temperature and photoperiod would be the only regulatory variables of
tick activity and development. Ticks acquire B. burgdorferi infection while feeding on an infected competent reservoir host, a
species capable of transmitting infection. After molting, ticks quest
for another host among the herbage of the woodland floor, and
infected ticks will transmit the pathogen and infect any susceptible host they feed on. Two factors have facilitated the spread
of B. burgdorferi in northern United States. First, the increasing population size and geographical range of I. scapularis ticks,
which is believed to be driven by restored woodlands and growing
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white-tailed deer populations, an important tick host (Kurtenbach
et al., 2006). Second, the role of migratory birds in the spread of
feeding I. scapularis nymphs when flying from their winter quarters to northern territories in Canada (Ogden et al., 2005a,b). Not
only these migratory birds can introduce ticks into new territories, but also move further north established tick populations,
likely because warmer weather periods in autumn and winter.
These studies complemented previous reports (e.g., Estrada-Peña,
2002) derived from models about the increasing suitability of the
weather in United States to support permanent I. scapularis populations. Each of these weather-derived factors affect tick survival
rates, influencing the densities of endemic tick populations and
the threshold number of immigrating ticks needed to establish a
tick population in a new focus.
The situation in Western Palearctic is very different (Kurtenbach et al., 2006). The temporal pattern of the incidence of Lyme
disease in Europe seems to be more stable than in the northeastern United States, although local temporal fluctuations in tick
infection prevalence have been recorded (Kurtenbach et al., 2006).
Unlike in the northeastern United States, in Europe, most species
or even subtypes of B. burgdorferi s.l. are specialized to infect different groups of vertebrates. I. ricinus, the main tick vector of B.
burgdorferi in Europe, needs areas with a good cover of vegetation
and a mat of decaying vegetation with a relative humidity of at least
80% during the driest times of the year (Gray, 2008). When it is too
dry or too cold, ticks will withdraw to the litter area to prevent desiccation and freezing (Gray, 2008). Geographical range of I. ricinus
ticks is limited in its northern, or high-altitude, range by temperature (Lindgren et al., 2000; Jouda et al., 2004) and in its southern
range by humidity (Estrada-Peña et al., 2004). The ecology of the
tick and its habitat in northern Africa, where the pathogen also
circulates in a dry, Mediterranean type environment, has not been
characterized. Due to the effect of temperature and humidity on
I. ricinus, its activity varies in different regions. In central Europe,
occurrence of ticks shows two peaks for all developmental stages,
with maximum in May–June and September–October (EstradaPeña et al., 2004). In Northern Europe, these two peaks converge
into a single maximum in the summer, although this pattern is not
constant in all regions (Lindgren et al., 2000). Jouda et al. (2004)
demonstrated that tick seasonality changes with variations in altitude. However, these bimodal or unimodal activity patterns may
change from year to year in the same area (Jouda et al., 2004). In the
Mediterranean, an adult tick maximum occurs between November and January, but nymphs are active in spring (Dsouli et al.,
2006).
The association between the prevalence of B. burgdorferi in
nymphal I. ricinus ticks exists across a large geographical range in
the western Palearctic and this association is partially correlated
with some continuous traits of the regional weather (Estrada-Peña
et al., 2011a). Some climate gradients and phenological features
together with habitat fragmentation provide better conditions for
B. burgdorferi infection of I. ricinus and for the maintenance of
highly tick-infected foci (Estrada-Peña et al., 2011a). Some studies
have indicated the influence of tick life cycle traits on the distribution of B. burgdorferi genotypes in the United States as a
consequence of different climate patterns affecting tick phenology. Kurtenbach et al. (2006) predicted and it was later confirmed
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by empirical data (Gatewood et al., 2009) that the asynchrony of
infected nymphs and uninfected larvae favors pathogen persistence strategies, whereas synchrony of these tick stages combined
with a short annual period of activity should favor short-lived
strategies and the capacity for co-feeding transmission. Because
the climate modulates such a tick phenology in keeping both larval and nymphal stages feeding on host at the same time or at
different moments of the year, climate can be considered responsible for the persistence of different strains of B. burgdorferi s.l.
in the United States and Europe. The abundance of infected ticks
is determined not only by climate trends but also by the extrinsic incubation period of spirochetes in ixodid ticks, which equals
the duration of development from larvae to nymphs that is climate sensitive (Randolph and Rogers, 2000). Therefore, patterns
of abundance and genotype distribution of the populations of B.
burgdorferi are shaped substantially by the environmental cues that
act on the tick populations, whereas additional layers of complexity are introduced into the system by host population dynamics
and the host immune response to both bacteria and the ticks.
ANAPLASMA PHAGOCYTOPHILUM, THE CAUSATIVE AGENT OF
HUMAN GRANULOCYTIC ANAPLASMOSIS

Similar processes to those described for B. burgdorferi could be
considered for A. phagocytophilum (formerly E. phagocytophila,
E. equi, and A. phagocytophila), the causative agent of HGA and
also transmitted by ticks of the I. ricinus complex. A.
phagocytophilum was ﬁrst identiﬁed and described in humans in
1994 (Dumler et al., 2001). HGA is an emerging zoonotic
disease in Asia and Europe (Parola and Raoult, 2001) and is
reported in the United States at a rate of 4.2 cases per million
persons in 2008 (http://www.cdc.gov/anaplasmosis/stats/). A.
phagocytophilum is widespread in many species of wild and
domestic animals, including rodents, carnivores, equids, ruminants,
and birds (Sréter et al., 2004). Although, the same tick species
involved in the transmission of B. burgdorferi are also involved in
the transmission of A. phagocytophilum, the range of competent
reservoir hosts and tick vectors is different and involves a larger
number of species, thus affecting the epidemiology of the disease.
A. phagocytophilum has been detected in animals and ticks
throughout the United States and in nearly all European countries,
but the strains or variants and the resulting diseases vary with the
geographic location (de la Fuente et al., 2005; Massung et al., 2006;
Stuen, 2007; Reichard et al., 2009; Woldehiwet, 2010; Gaowa et al.,
2012; Jin et al., 2012). Additionally, recent evidence suggested that
pathogen strains infecting humans differ genetically from ruminant
straits and may be maintained in nature in different reservoir hosts
(de la Fuente et al., 2005).
Transmission of A. phagocytophilum was shown to be transstadial, in which infection is acquired by the feeding of larvae or
nymphs on infected hosts and transmission occurring by the next
tick stage, nymphs or adults (Hodzic et al., 1998). However, the
low abundance of I. ricinus in some areas in which A.
phagocytophilum has been identiﬁed suggests that other tick
species may be involved in pathogen transmission (MacLeod,
1932; Holden et al., 2003; de la Fuente et al., 2004; Alberti et al.,
2005; Cao et al., 2006; Naranjo et al., 2006; Barandika et al.,
2008). Tick transmission of A. phagocytophilum variants by these
tick species may have different transmission patterns and target
hosts which have not been reported so far. Notably, Baldridge et
al. (2009) demonstrated transovarial transmission of A.
phagocytophilum variants in D. albopictus, which is of interest
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because this mode of transmission is not considered to occur
with other Anaplasma spp. Transovarial transmission of A.
phagocytophilum variants in nature would reduce their
dependence on mammalian reservoirs. However, further studies
on A. phagocytophilum transmission by different tick species
and pathogen strains and variants are needed to fully define the role
of ticks in the transmission of this pathogen.
Anaplasma phagocytophilum host infection levels at the time
of tick feeding influence tick infection rates. The infection of A.
phagocytophilum in I. scapularis nymphs correlated with the
bacteremia level in the mouse blood (Hodzic et al., 1998).
However, once ticks become infected, even with a low number
of bacteria, pathogen replication in ticks appears to compensate
for the low infection rates and enhanced transmission
(Hodzic et al., 1998). Transmission of A. phagocytophilum by
ticks was shown to occur between 24 and 48 h after tick
attachment (Sukumaran et al., 2006).
Despite these advances in the study of tick–host–pathogen
interactions, available information is not enough to model infection risks associated with A. phagocytophilum distribution and the
effect of abiotic factors on pathogen transmission.
TICK‐BORNE ENCEPHALITIS VIRUS, THE CAUSATIVE AGENT OF TBE

Tick-borne encephalitis is caused by an important arbovirus of the
genus Flavivirus. The disease is reported from many areas in central and northern Europe. The geographical range of TBE clinical
cases do not overlap with the known distribution of the vector, I.
ricinus, which is recognized as the only vector in Western Palearctic.
Therefore, it is inferred that factors other than the simple presence
of the vector, are driving the range of the virus.
Recent results show that tick saliva contains factors that modulate host inflammatory, coagulation and immune response to
improve tick blood feeding and pathogen transmission (Jones
et al., 1989; Alekseev et al., 1991; Labuda et al., 1993a; Randolph, 2009). This so-called “saliva-assisted transmission” (SAT)
was reviewed by Nuttall and Labuda (2008). Inoculation of salivary
glands extracts and TBEV into laboratory animal hosts resulted in
enhanced transmission from hosts to nymphal ticks when compared with pathogen inoculation alone (Alekseev et al., 1991;
Labuda et al., 1993b). SAT helped to explain the mechanism behind
the equally novel observation of TBEV transmission between cofeeding ticks in the absence of a systemic infection (Labuda et al.,
1993a,b; Randolph, 2009).
Co-feeding transmission imposes constraints because it
requires co-feeding by at least two tick stages in synchrony in their
seasonal activity (Randolph et al., 2000). The long and slow life
cycle typical of temperate tick species, caused by low temperaturedependent developmental rates and overwinter diapause, slows the
pace of pathogen transmission. As tick phenology is reset each year
by winter conditions (Randolph et al., 2002), the critical stages (larvae and nymphs for TBEV) may emerge from diapause in more or
less synchrony in the spring, depending on whether temperatures
rise sufficiently rapidly to cross the threshold for larval activity
(ca. 10°C mean daily maximum) soon after the threshold for
nymphal activity (ca. 7°C mean daily maximum; Randolph and
Sumilo, 2007). The variability of thermal conditions associated
with seasonal synchrony between tick stages has been identified
as the key determinant of the focal distribution of TBEV across
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Europe (Randolph et al., 2000), allowing the predicted risk of
TBE to be mapped using climatic surrogates sensed from space
(Randolph et al., 2000).
Altogether, this information suggests that climate exerts an
extreme control of the natural cycles of TBEV and delineates both
their intensity (in terms of field tick prevalence rates) and their
geographical distribution. According to the prevalent hypothesis
outlined before, the climate at the beginning of the spring exerts
a regulatory action on the synchrony of the active immature ticks,
conditioning the necessary coexistence of nymphs and larvae on
the same hosts. Because the short time of feeding for both larvae
and nymphs, small changes in the temperature in that period may
promote a lack of synchronicity of a few days, enough to prevent
the “backward” transmission of the virus. These events have not
yet been captured by a process-driven model, which could be a welcomed addition to our array of epidemiological tools, necessary to
understand the TBEV epidemiology and design intervention for
its prevention.
The situation is drastically different when series of human TBE
cases are compared against a background of oscillating climatic
conditions. It has been speculated that changes in climate, host
abundance, social habitats, economic fluctuations, environmental changes, and to a lesser extent climate changes have increased
the incidence of TBE (Lindgren and Gustafson, 2001; Zeman and
Benes, 2004; Sumilo et al., 2006, 2007, 2008). However, it is very
difficult to correlate series of human clinical cases against basic
climatic features because climate has several collateral effects, not
only affecting tick life cycle but also hosts and, most important,
social habits. This has been demonstrated in a series of data for
TBE cases in the countries of the Baltic Sea (Sumilo et al., 2007)
and the Czech Republic (Zeman and Benes, 2004). It is thus hard
to find a long, unbiased series of data on human TBE incidence,
covering an adequate time, and then find simple correlations with
raw climate features.
CRIMEAN–CONGO HEMORRHAGIC FEVER VIRUS, THE CAUSATIVE
AGENT OF CCHF

A different situation exists regarding CCHFV, the causative agent
of CCHF. One of Hoogstraal’s conclusions in his review on the
epidemiology of CCHF (Hoogstraal, 1979) stated that “Not a single substantial study has been made of interrelationships between
the virus, [. . .] wild and domestic mammals, [. . .] and ticks during
the “silent” coursing of the virus in nature. It is disappointing
to have to write [. . .] that there are still no detailed investigations
on CCHF virus localization, multiplication, and dynamics in
ticks.” More than 30 years later it is disappointing to report that
little has progressed in this area. The complex enzootic cycles of
CCHFV are made up of a combination of interactions resulting in
a seemingly focal geographic distribution range that does not
appear to currently match that of competent vector species.
These interactions include: (i) several tick species implicated as
vectors, (ii) a wide array of (suspected) reservoir hosts for
immature and adult stages of the ticks, (iii) trends in climate and
(iv) social changes, and consequently thereafter (v) alterations in
landscape and vegetation. A recent review (Estrada-Peña et al.,
2012a) discussed the possibility of missing basic factors in our
understanding of the epidemiology of CCHFV and some
arguments that have been already rejected as drivers of virus

Page | 163

General Discussion

Chapter V a

reemergence. It is of interest to note that epidemics or active
“silent” (inter-epidemics) CCHFV transmission occurs in
areas where ticks of the genus Hyalomma are common. It has
been proposed that other tick species are involved in the
transmission of the virus. Some genera other than Hyalomma
have been tested under strict laboratory conditions,
demonstrating the presence of the virus in the tick after
feeding on infected hosts (Swanepoel et al., 1983). The only
constant feature of CCHFV foci is the presence, and in some
cases increased abundance, of Hyalomma ticks. These results
suggest that although other tick species may be competent
vectors for the virus, Hyalomma ticks play the major role in
virus transmission.
The tick genus Hyalomma is widespread in different ecological
areas of the Palearctic and Afrotropical regions. Some species, like
H. scupense (one- or two-host tick) and H. anatolicum (two- or
three-host tick) prefer to feed on the same large ungulates (mostly
cattle) during all developmental stages, and adopt a ridiculous
life cycle. H. marginatum and H. rufipes are two-host ticks with
immatures feeding on birds or small/medium-sized mammals and
adults feeding on a larger wild and domestic ungulates (Apanaskevich, 2004). The principal species implicated in transmission of
CCHFV in Eurasia are H. marginatum, H. turanicum, H. anatolicum, and H. scupense (including the former H. detritum, now
considered a synonym of H. scupense; (Guglielmone et al.,
2010). The virus has been reported to survive throughout tick’s
life cycle and is transmitted transstadially and transovarially
(Matser et al., 2009). The long survival of the virus in ticks is
important CCHFV epidemiology, but there is still a dearth of
knowledge regarding host exposure rates and host immune
responses particularly in populations of short-lived birds,
insectivores and lagomorphs.
Similar to other tick-borne diseases, climate trends have been
commonly linked to outbreaks of CCHF clinical cases. However, social factors such as abandoned arable land (and therefore
secondary vegetation growth) together with an increase in the
abundance of wild animal hosts for ticks, may result in the amplification of tick populations (Vatansever, personal communication).
Without a framework linking the response of the tick vector to
subtle climate variations, it is only possible to speculate on the
effect of climate on pathogen transmission. An assessment of the
effects of climate on the presence of human CCHF clinical cases in
Turkey included monthly values of several climate variables and
concluded that climate was not different in sites with active foci of
the disease as compared with sites where H. marginatum is common but human cases have not been reported (Estrada-Peña et al.,
2011b). Studies in the focus of the disease in Turkey demonstrated
that a high landscape fragmentation, compatible with conditions
of high hosts and tick population movements and turnover, is a
hallmark in areas with highest case incidence of CCHF in humans
(Estrada-Peña et al., 2010). These reports concluded that it is not
possible to predict, based solely on climate grounds, where new
CCHF cases could appear in a reasonably near future. The recent
finding of CCHFV in southern Europe (Estrada-Peña et al., 2012b)
opened a yet speculative door about the potential real distribution
of the virus in the Western Mediterranean. One of the most striking
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questions in the geographical distribution of CCHFV is the lack
of clinical cases in western Mediterranean, west to the main distribution area of the pathogen, which ends at western Balkans.
The analysis of the viral strain recorded in southwestern Europe
suggested its close phylogenetic proximity with strains commonly
reported from northern Africa and suggested that migratory birds
might be behind such a particular spread of the pathogen.
Results suggest that the Hyalomma tick vector may spread into
northern Europe as a consequence of warmer winters. Migratory birds have been repeatedly implicated in dispersing immature
Hyalomma ticks. Each spring, many thousands of ticks are introduced in Europe by migratory birds from Africa (Hoogstraal et al.,
1961, 1963). The level to which these birds may be exposed to
African Hyalomma populations and subsequently import them
into Europe depends upon the habitats they frequent, their ground
feeding behavior and the timing of their departure. Owing to the
earlier timing of bird arrivals in western Europe compared to the
period for optimal nymphal molt in Africa, the likelihood of such
importation is reduced (Knudsen et al., 2007). The northern limit
of Hyalomma potential survival will depend upon how suitable
the abiotic conditions are at the arrival site to facilitate molt of
engorged immatures, as well as the availability of suitable hosts.
Hasle et al. (2011) reported the presence of only seven immature H. rufipes on 713 migratory birds collected in the southern
coasts of Norway. However, this result does not guarantee their
survival under local climate conditions. Further investigation is
required to determine whether or not such exotic tick species can
survive and establish should they arrive to a suitable habitat and
with available hosts. For example, H. rufipes from sub-Saharan
Africa and the Nile River cannot survive in the environments of
the Mediterranean basin or in the northern European latitudes.
Studies demonstrated that the natural distribution of H. rufipes
is sub-Saharan Africa and adjacent regions of Africa and Arabia
along the Red Sea (Apanaskevich and Horak, 2008). The records of
H. rufipes from Europe (Macedonia, Malta, and Turkey) and North
Africa (except Egypt) are an apparent consequence of the dissemination of the immature stages by migratory birds from Africa,
but do not represent permanent populations (Apanaskevich and
Horak, 2008). However, studies have demonstrated that the northern distribution limit of H. marginatum, which is a Palearctic tick
species, may be moving further north owing to the trend in the
autumn and winter temperatures (Estrada-Peña and Venzal, 2007).
The issue is thus the evaluation of the probabilities at which a bird
with infected and feeding Hyalomma immatures may arrive to a
given site in Europe, at the precise timing for optimal tick molt
and survival.
Nothing is known about the molecular interactions at the
tick–host–virus interface, probably because the high biosafety
level required working with CCHFV. The characterization of the
tick–host–virus interactions is essential to fully understand virus
infection and transmission processes.

MODELING RISKS FOR PATHOGEN TRANSMISSION AND
EPIDEMIC POTENTIAL
The most common strategy to estimate the potential geographic
range of a species is to characterize the environmental conditions
that are suitable for the species, and then identify where suitable

Chapter V a
environment is distributed in space. This is the fundamental strategy common to most distribution models. The environmental
conditions that are suitable for a species may be characterized
using either a statistical or a correlative approach. Statistical models aim to incorporate physiologically limiting mechanisms in a
species tolerance to environmental conditions. The principal steps
required to build and validate a correlative species distribution
model are: (1) known species occurrence records and (2) a suite
of environmental variables. Raw climate variables, such as daily
precipitation records collected from weather stations are often
processed to generate model inputs that are thought to have a
direct physiological role in limiting the ability of the species to survive. The species occurrence records and environmental variables
are entered into an algorithm that aims to identify environmental
conditions that are associated with species occurrence. In practice,
we usually seek algorithms that are able to integrate several environmental variables, since species are in reality likely to respond to
multiple factors. Having run the modeling algorithm, a map can
be drawn showing the predicted species distribution. The ability
of the model to predict the known species distribution should be
tested at this stage. A set of species occurrence records that have not
previously been used in the modeling should be used as independent test data. The ability of the model to predict the independent
data is assessed using a suitable statistic test. Once these steps have
been completed, and if model validation is successful, the model
can be used to predict species occurrence in areas where the distribution is unknown. Thus, a set of environmental variables for the
area of interest is the input into the model and the suitability of
conditions at a given locality is predicted. In many cases the model
is used to “fill the gaps” around known occurrences.
A model to capture the range of suitable climate conditions for
the tick I. ricinus based on occurrence records has been developed (Estrada-Peña, 1999, 2008). This model runs on a series
of remotely sensed climate features, namely the average monthly
temperature and the average normalized derived vegetation index
(NDVI). NDVI is an indicator of plant photosynthetic activity
and therefore used here as a surrogate for water stress as perceived
by the tick. NDVI is the single variable that better explains the
range of environmental suitability for I. ricinus (Estrada-Peña,
1999). Figure 1 shows the expected range for the I. ricinus colonization in a wide area of western Palearctic. After training the
model, a relatively long series of data can be used as information
for the modeling algorithm to predict the long-term changes of
the index of habitat suitability for I. ricinus. Figure 1 also displays
the trend in environmental (climate) suitability for the I. ricinus in
the period 2000–2010. The model shows a clear increase in climate
suitability and the possible expansion of tick populations into wide
areas of southern Scandinavia, eastern Europe, and Baltic countries. These predictions agree with recent observations of increased
abundance of the tick in these areas (Danielova et al., 2006; Jaenson et al., 2012). It is widely recognized that climate is not the only
factor driving tick range expansion, because availability of key tick
hosts may cause sharp changes in tick population abundance (Jore
et al., 2011; Jaenson et al., 2012). Climate is just one of the factors
involved, but the models trained only with climate as explanatory
variables of tick occurrence produce a coherent result about the
effects of climate on tick populations.
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FIGURE 1 | Predicted climate suitability for the tick I. ricinus in the
western Palearctic. (A) Predicted climate suitability (0–100) was evaluated
by a model trained with more than 4,000 tick occurrence points using
MaxEnt as modeling software (Phillips et al., 2006). The map is based on
previous developments by Estrada-Peña et al. (2006). The ramp of colors
shows the probability to find permanent tick populations as driven only by
climate conditions, including a set of remotely sensed monthly average
temperature and vegetation stress (NDVI, a proxy for tick water stress)
from 2000 to 2010. (B) Changes in climate suitability for I. ricinus in the
period 2000–2010 (from 0, the minimum, to 1, the maximum) based on the
same model. Results are based on modeling climate suitability for ticks
separately for each year and then evaluating the suitability index trend along
years 2000–2010. Both maps (A,B) do not represent tick abundance but the
appropriateness of the climate for the development of the tick (A) and how
this factor evolved in time (B).

However, the many factors behind the complex tick–host–
pathogen interface make this approach simplistic for the purpose
of understanding pathogen transmission. If we aim to decipher
how a pathogen can be sustained and spread, we need a processdriven model capturing the seasonal activity of the tick. A series of
studies on the life cycle of I. scapularis and the transmission of B.
burgdorferi were conducted by Ogden et al. (2005a,b). These models are built over the concept of the accumulated development, i.e.,
the different stages of the tick have a temperature over which the
tick is activated and perform developmental processes. There is
a species-specific threshold of temperature (e.g., a value of accumulated temperatures) over which tick development is completed.
Therefore, the temperatures recorded at a given period indicate the
fraction of tick development completed. The models by Ogden
et al. (2005a,b) for the I. scapularis life cycle also incorporate
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adequate descriptions of tick questing periods and the infestation
rates on hosts. These models were aimed to describe the spreading
patterns of B. burgdorferi in southern Canada and northern United
States, and to recognize the effect of key hosts in the prevalence
rates by some pathogens in ticks.
While not explicitly aimed to address the concept, these deterministic models are focused on the understanding of the basic
reproduction number, R0. The spread of pathogens is typically
characterized by this index, which is defined as the expected number of secondary cases produced by a single primary case in a
wholly susceptible population when there is a homogeneous and
well-mixed population of hosts. In the case of the pathogens surviving in an Ixodes-reservoir rodent cycle, the duration of rodent
infectivity for ticks must span any gap between the seasons of
nymphal and larval activity (Randolph, 2001). The duration of
infectivity is a crucial measure of fitness in different host species
for vector-borne pathogens and particularly for B. burgdorferi
in northeastern Unites States (Tsao et al., 2004). However, for I.
scapularis-borne zoonoses investigated so far, recovery of rodents
from acute, highly transmissible infections is not complete and the
rodents remain persistently infective carriers that transmit infection to ticks with low efficiency (Derdáková et al., 2004; Ogden
et al., 2005b). The potential capacity for B. burgdorferi or A. phagocytophilum to be transmitted between ticks co-feeding on the same
host irrespective of systemic host infection adds further complexity to the transmission dynamics. Furthermore, relative rodent
birth and death rates between nymphal and larval appearance each
year very likely also affect pathogen transmission cycles (Schauber
and Ostfeld, 2002).
These examples show that, for a complete understanding of
the complex cycles among ticks, reservoir hosts, and pathogens, it
is necessary to develop a system able to reliably predict, at least,
the periods of activity of the tick vectors. It must also coherently
compute the tick density-dependent mortality rates, which are a
feature derived from the abundance of both ticks and hosts. A
model displaying the seasonal patterns of the tick is thus necessary before R0 can be calculated for tick-transmitted pathogens.
A statistical model derived from the relationship between the tick
and the climate will probably provide a reliable picture of the geographical range of the tick, but not the environment necessary for
the potential evaluation of R0.
A process-driven model for H. marginatum (Estrada-Peña et al.,
2011b, 2012c) examined the potential effects of a changing environment on the colonization potential of the tick in areas outside
its current range. This study specifically described areas where
climatic features and a critical habitat configuration for host dispersal results in major changes in tick turnover. The study used
a model based on host movement rules over the interface of the
process-driven tick model, regulated by the daily climate obtained
for a spatially interpolated 10 min grid over the target region.
The results of this model, based on a dynamic evaluation of tick
developmental and mortality rates, predicted different tick suitability areas when compared to a previously developed model
based on tick occurrence patterns (Estrada-Peña and Venzal, 2007;
Figure 2). Process-driven models tend to map a larger area of
potential tick range, even if plotted at the same resolution of
raw explanatory climate variables. This is probably because these
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FIGURE 2 | Compared output between a statistical and a
process-driven model of H. marginatum in the Mediterranean basin.
(A) The statistical model was trained with records of tick occurrence in the
region and displays the probability to find permanent tick populations (in the
range 0–1) as reported by Estrada-Peña and Venzal (2007). The model is
based only on climate features found at the sites where the tick has been
recorded. (B) The process-driven model uses the same set of climate
explanatory variables (average monthly temperature and water deficit) and
represents the same probability based on tick development and mortality
rates over a period of 1 year (Estrada-Peña et al., 2011b). The process-driven
model predicted a larger range northern to the Mediterranean area, sites
which were regarded as unsuitable by the statistical model, and reported
no suitability in large areas of the Sahara desert.

models use a higher number of features, therefore providing a
better environment to develop a reliable background to evaluate
R0 rates.
Climate scenarios for the years 2020, 2050, and 2080 on the
life cycle of H. marginatum ticks in the western Palearctic showed
that the net growth rate of tick populations increase in every scenario tested compared to current climate baseline. These results
support the expectations of increased tick survival and increased
population turnover in future climate scenarios. Such a model of
host dispersal linked to the process-driven life cycle model demonstrated that current eastern (Turkey, Russia, Balkans) populations
of H. marginatum are well separated and have little mixing with
western (Italy, Spain, northern Africa) populations. The cold areas
in the Balkans, Alps, and Pyrenees mark the northern limit for tick
survival. Under the warmer conditions predicted by future climate
scenarios, tick expansion to new areas previously free of the vector
is expected to increase, mainly in the Balkans and southern Russia,
thus increasing the northern limit of the tick range.
Another area in which models can help understating the risks
associated with tick-borne pathogen transmission is modeling
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vaccination strategies. It has been shown that immunization with
tick antigens can reduce pathogen transmission by reducing tick
populations and vector capacity (de la Fuente et al., 1998, 2006,
2007a,c; de la Fuente and Kocan, 2003, 2006; Labuda et al., 2006;
Pedra et al., 2006; Narasimhan et al., 2007; Tsuji et al., 2007; Merino
et al., 2011; Carreón et al., 2012). Gomes-Solecki et al. (2006) and
Tsao et al. (2004) recently demonstrated the feasibility of vaccinating animal host populations to decrease the prevalence of
tick-borne pathogens in ticks, thus reducing the risk for pathogen
transmission to humans and animals. In this research, B.
burgdorferi infections in I. scapularis were reduced when ticks fed
on mice immunized with the bacterial protein OspA, possibly
by blocking bacterial adhesion to the tick receptor. A dynamic
model of B. burgdorferi transmission in mice was then developed
by Tsao et al. (2012) to evaluate the effect of vaccinating mice for
the con- trol of Lyme disease. They showed that a mousetargeted vaccine would reduce B. burgdorferi infection prevalence
in ticks but to further reduce risks of human infection,
vaccination should also target other host species and measures
should be implemented to reduce tick populations by vaccination
and/or acaricide application. However, these models need to
incorporate other variables related to climate and factors
described herein to fully explore the effect of vaccines on the
control of pathogen transmission.

CONCLUSION AND FUTURE DIRECTIONS
Several reliable models use climate variables as drivers to predict
the current and future distribution of ticks or even their particular
phenological patterns. Populations of the tick vector are regulated
by a series of admittedly complex factors and climate traits. However, the “risk,” conceived as the probability for humans to get
infected by tick-transmitted pathogens, is dependent upon a large
array of genetic factors (at the pathogen, tick, and host levels),
social factors, and the dynamics of competent reservoir hosts,
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thus adding further layers of complexity. Therefore, other than the
modulation of the development and mortality rates of the tick vector, climate, and other factors may regulate the intrinsic rates of the
population density of the many tick hosts available. It is necessary
to understand how regional weather and pathogen infection rates
affect the molecular events in the tick vector and pathogen transmission. The field of compared ecology and behavioral processes is
still widely open, which needs new developments and harmonized
approaches to extricate the complex processes at the host–vector–
pathogen interface. Recent results support that climate is playing
a pivotal role in the spread, seasonality, and abundance patterns
of several tick species with economical importance and/or impact
on human and animal health.
Future research directions include the development of models
that could handle the complex relationships between cohorts of
newly borne and adult reservoir hosts, integrating tick developmental and mortality rates into a dynamic framework. Currently,
adequate methods do not exist to model the composition of
tick populations, the impact of climate on the individuals in the
population as related to tick questing activity. This is of special
relevance to compute the infestation rates on hosts and estimate
density-dependent mortality rates and thus the recruitment of
individuals into the next tick activity season. This is expected to
be of particular importance in the development of reliable R0
values.
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Ticks are hematophagous arachnids transmitting a wide variety of pathogens including
viruses, bacteria, and protozoans to their vertebrate hosts. The tick vector competence
has to be intimately linked to the ability of transmitted pathogens to evade tick defense
mechanisms encountered on their route through the tick body comprising midgut,
hemolymph, salivary glands or ovaries. Tick innate immunity is, like in other invertebrates,
based on an orchestrated action of humoral and cellular immune responses. The direct
antimicrobial defense in ticks is accomplished by a variety of small molecules such
as defensins, lysozymes or by tick-specific antimicrobial compounds such as
microplusin/hebraein or 5.3-kDa family proteins. Phagocytosis of the invading microbes by
tick hemocytes is likely mediated by the primordial complement-like system composed
of thioester-containing proteins, fibrinogen-related lectins and convertase-like factors.
Moreover, an important role in survival of the ingested microbes seems to be played by
host proteins and redox balance maintenance in the tick midgut. Here, we summarize
recent knowledge about the major components of tick immune system and focus on
their interaction with the relevant tick-transmitted pathogens, represented by spirochetes
(Borrelia), rickettsiae (Anaplasma), and protozoans (Babesia). Availability of the tick
genomic database and feasibility of functional genomics based on RNA interference
greatly contribute to the understanding of molecular and cellular interplay at the tickpathogen interface and may provide new targets for blocking the transmission of tick
pathogens.
Keywords: tick, tick-borne diseases, innate immunity, phagocytosis, antimicrobial peptides, Borrelia,
Anaplasma, Babesia

TICK-PATHOGEN INTERFACE: GENERAL CONSIDERATIONS
Ticks are the most versatile arthropod diseases vectors capable to transmit the broadest spectrum of pathogens comprising
viruses, bacteria, protozoa, fungi and nematodes to their vertebrate hosts (Jongejan and Uilenberg, 2004). The tick-borne
diseases, such as Lyme disease, tick-borne encephalitis, rickettsiosis (spotted fever), ehrlichiosis or human granulocytic anaplasmosis, are of great concern in human health and their serious
threat discourage people from outdoor work or leisure activities. No less important are tick-transmitted zoonoses, such as
anaplasmosis, babesiosis, theileriosis and African swine fever that
cause substantial economic losses to the livestock production
worldwide.
The success rate of pathogens transmitted by ticks is mainly
given by the favorable aspects of tick physiology arising from
their adaptation to the relatively long-lasting blood feeding. The
modulation of host immune and inflammatory responses by various bioactive molecules present in the tick saliva (Francischetti
et al., 2009) facilitates pathogen acquisition and transmission.

Furthermore, the long-term persistence of ingested microbes in
the midgut lumen is facilitated by the absence of extracellular
digestive enzymatic apparatus, which is in ticks located inside
the digestive vesicles of midgut cells (Sonenshine, 1991; Sojka
et al., 2013). Nevertheless, ticks possess defense mechanisms that
allow them to maintain the pathogens and commensal microbes
at the level, which does not impair their fitness and further development. The long lasting co-evolution of ticks with pathogens
resulted in the mutual tolerance, apparently adapted to the tick
physiological differences (Mans, 2011). Therefore, the detailed
knowledge of tick physiology and behavior is crucial to understand the fate of pathogens within the tick vector. For instance,
the length of feeding, that strikingly differs between the hard
and soft ticks (days vs. minutes, respectively), definitely shape
the course of pathogen transmission. Pathogens transmitted by
the hard ticks (Ixodidae) usually undergo several days of development until they infect the host. On the contrary, pathogens
transmitted by the soft ticks (Argasidae) are ready for transmission immediately after the feeding starts. A good example here
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is difference in the time of transmission between the Borrelia
spirochetes causing Lyme disease (transmission several days after
attachment) and relapsing fever (transmission several minutes
after attachment) vectored by the hard and soft ticks, respectively (Sonenshine, 1991). Another important aspect that should
be taken into consideration is the tick feeding strategy, the differences between one- and multi-host ticks in terms of transovarial
and transstadial transmission.
The transmitting pathogen acquired from the infected host
has to overcome several tissue barriers within the tick body
comprising midgut, hemocoel and salivary glands or ovary (in
case of transovarial transmission). Each of these compartments
may play a decisive role in the tick vector competence for a
certain microbe. The tick midgut is probably the most important tissue for survival and proliferation of the pathogens since
many of them have to persist here until the molting and subsequent feeding. On their route from the midgut to the peripheral
tissues, the pathogens are facing cellular and humoral defense
mechanisms functioning within the tick hemolymph. Therefore,
the abilities to cope with or avoid the tick immune responses
are crucial for the pathogen transmission. During the last two
decades, our knowledge about the invertebrate immunity has
rapidly expanded, mainly given by the research on the model
organisms such as fruit fly Drosophila melanogaster (Ferrandon
et al., 2007), horseshoe crab, crayfish or ascidians (Iwanaga and
Lee, 2005; Söderhäll, 2010). A substantial progress has been also
made in the field of blood feeders, such as mosquitoes (Osta
et al., 2004; Hillyer, 2010) and tsetse flies (Lehane et al., 2004).
The information on the tick innate immunity is rather fragmentary and allows only approximate comparison with other
invertebrates (Sonenshine and Hynes, 2008; Kopacek et al., 2010).
Nevertheless, even these scattered data indicate that ticks possess
defense mechanisms protecting them against microbial infection (Figure 1). At the cellular level, they comprise phagocytosis, encapsulation and nodulation of foreign elements. The
humoral defense is based on a variety of pattern-recognition proteins and effector molecules such as lectins, complement-related
molecules and a broad spectrum of common as well as specific
antimicrobial peptides (AMPs) (Kopacek et al., 2010). In addition, possibly important but rather unexplored role in the tick
defense system is played by the immune molecules of the host
origin.
In this review, we will follow the transmission routes of
pathogens and subsequently enumerate the potential obstacles
they have to evade in the tick body. The general features of tick
immunity will be further discussed in relation to our current
knowledge of tick interaction with the three most intensively
studied agents of tick-borne diseases, represented here by Borrelia
spirochete, intracellular rickettsia Anaplasma, and malaria-like
protozoa Babesia.

TICK IMMUNE SYSTEM
TICK MIDGUT—THE PRIMARY SITE OF TICK-PATHOGEN
INTERACTIONS

Although the midgut of arthropod disease vectors is most likely
the principle organ that determines their vector competence,
the general knowledge of the mutual interplay between ingested
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FIGURE 1 | An overview of the tick immune mechanisms and
molecules constituting potential barriers for the pathogen
transmission. The pathogen transmission is tightly linked with physiology
of blood feeding and tick innate immunity. Ingested blood meal is
accumulated in the midgut content (red arrow; only one caecum shown).
Hemoglobin and other proteins are taken up by the tick midgut cells and
digested intracellularly in the lysosome-like digestive vesicles (Sojka et al.,
2013). Liberated amino acids and other compounds are transported to the
peripheral tissues and ovaries, supplying mainly egg development (yellow
arrow). Importantly, the blood meal is concentrated by reabsorption of
excessive water, which is spitted back into the wound by the action of
salivary glands (blue arrow). Tick saliva contains a great variety of
anti-coagulant, immunomodulatory and anti-inflammatory molecules that
facilitate pathogen acquisition and transmission. The ingested pathogens
have to survive the period between detachment and subsequent feeding
of the next tick developmental stage and overcome several obstacles on
its route through the tick body. In the midgut, tick may utilize some of
the host immune molecules (e.g., complement system) for its own
defense against intestinal inhabitants. Hemoglobin fragments, derived
from the host hemoglobin, are secreted into the midgut lumen and exert
strong antimicrobial activity. Tick midgut tissue also expresses a variety
of endogenous AMPs, which sustain the midgut microbes at a tolerable
level. An important, but still poorly understood, role is most likely played
by the maintenance of the redox homeostasis in the tick midgut.
Pathogens intruding into the tick hemocoel can be phagocytosed by tick
hemocytes or destroyed by effector molecules of the humoral defense
system, comprising AMPs, components of the primordial complement
system (thioester-containing proteins (TEPs), convertase-like factors and
fibrinogen-related lectins (FREPs). Ticks probably possess a mechanism
of hemolymph clotting, but genes/proteins putatively involved in the
activation of prophenoloxidase cascade leading to melanization have not
yet been identified in any tick species. Tick salivary glands express also a
variety of AMPs, which may impair pathogen acquisition and persistence
in the tick, as demonstrated for the 5.3-kDa antimicrobial peptides and
their role in the defense against Anaplasma infection (Liu et al., 2012).
Abbreviations: GUT, midgut; OVA, Ovary; SG, salivary glands.

pathogen, commensal microflora and tick itself is still inadequate. Unlike in mosquitoes and other insect blood feeders,
the microbes ingested by ticks are not in direct contact with
digestive proteases secreted into the lumen and the highly nutritious broth of concentrated blood proteins, neutral pH and
long-term storage present an ideal environment for microbial
proliferation. Therefore, ticks have to possess efficient defense
mechanisms which maintain the intestinal microflora at tolerable
level.
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Two recent high-throughput mapping projects of the
microflora (microbiome) by the next generation sequencing
were carried out in two tick species, R. microplus (Andreotti
et al., 2011) and Ixodes ricinus (Carpi et al., 2011). These studies
revealed an extreme diversity of the bacterial community (more
than hundred different organisms identified in one tick species),
which apparently reflects tick geographical and environmental
origin as well as developmental stage. However, encounter with
a microbe, which a tick hardly meets in nature, could have a
fatal consequence because of the lack of effective defense. A
good example is the artificial infection of soft tick, Ornithodoros
moubata, with the Gram (−) bacterium, Chryseobacterium
indologenes (Buresova et al., 2006), which resulted in rapid tick
death. Although this soft tick secretes into the midgut lumen at
least two kinds of antimicrobial compounds protecting against
Gram (+) bacteria, lysozyme (Kopacek et al., 1999; Grunclova
et al., 2003) and defensins (Nakajima et al., 2001, 2002), these
molecules apparently fail to protect the ticks against some Gram
(−) bacteria. Defensins have been also frequently reported to
be expressed in the midgut tissues of hard ticks (Hynes et al.,
2005; Rudenko et al., 2005; Zhou et al., 2007), but their secretion
and antimicrobial activity in the midgut lumen has not yet
been unambiguously demonstrated. A defensin-related molecule
named longicin, expressed in the midgut of Haemaphysalis
longicornis, was reported to be active against a variety of microbes
including Gram (+) and Gram (−) bacteria, fungi and various
Babesia species (Tsuji et al., 2007) (see also below).
A specific role of the midgut defense against Gram (+) and
some fungi is played by the antimicrobial activity of large peptides
derived from the host hemoglobin (hemocidins). The antibacterial hemoglobin fragments were initially isolated from the midgut
contents of the cattle tick R. microplus (Fogaca et al., 1999) and
later also identified in the midgut of other soft and hard tick
species (Nakajima et al., 2003; Sonenshine et al., 2005). The generation of antimicrobial hemoglobin fragments most likely occurs
in the digestive cells during the initial phase of hemoglobin digestion by the synergic action of cathepsin D-type and cathepsin
L-type aspartic and cysteine peptidases, respectively (Horn et al.,
2009; Cruz et al., 2010).
Hemoglobin digestion and the concomitant process of heme
detoxification via hemosome formation (Lara et al., 2003) is necessarily associated with the maintenance of the redox homeostasis
in the tick midgut. Although this process is virtually unknown
in ticks, the paradigm to follow is the recent seminal finding on
the importance of redox balance in the mosquito midgut epithelial immunity. In the malaria vector Anopheles gambiae, a tandem
of heme peroxidase and dual oxidase (Duox) catalyzes formation of dityrosine network between the midgut epithelium and
lumen. This network prevents delivery of the epithelial immunity elicitors and ultimately results in up-regulation of intestinal
microflora and Plasmodium infection in the lumen (Kumar et al.,
2010). Heme peroxidase and NADPH oxidase 5 (Nox5) were further shown to mediate the epithelial nitration of Plasmodium
ookinetes and hereby their opsonization for subsequent lysis by
the complement-like action of thioester-containing protein TEP1
(Oliveira Gde et al., 2012). The redox situation may also indirectly affect the pathogen transmission by changing its balance

General Discussion

with other microflora present in the midgut. An example, how
the midgut microflora determines the competence of A. gambiae and malaria parasites was reported recently, showing that
ROS produced by the mosquito midgut dweller Enterobacter sp.
interfere with Plasmodium development (Cirimotich et al., 2011).
The interrelationship between the redox balance and intestinal microflora could be quite complex, as demonstrated using
sugar vs. blood fed mosquitoes Aedes aegypti (Oliveira et al.,
2011). The presence of heme in the mosquito diet caused a
significant decrease of ROS levels, resulting in consequent expansion of midgut bacteria. This phenomenon was interpreted as
a result of the mosquito adaptation against the high oxidative stress potentially caused by reaction of pro-oxidative heme
with high levels of continuously produced ROS (Oliveira et al.,
2011).
By contrast, very little is known about the maintenance of
redox homeostasis in the tick midgut except for one report showing the role of catalase in the regulation of the oxidative stress in
the cattle tick R. microplus (Citelli et al., 2007) and the seminal
work on the heme-detoxification pathway described in the same
species (Lara et al., 2003, 2005). Nevertheless, the genomic and
transcriptomics data from other tick species suggest that ticks do
maintain the redox homeostasis in their midguts as they possess
ROS-generating enzymes, such as NOX5 or DUOX, and arsenal of antioxidant enzymes and radical scavengers comprising
catalases, glutathione- and thioredoxin peroxidases, glutathione
S-transferases, and selenoproteins (Anderson et al., 2008; Megy
et al., 2012). Thus, the framework of redox balance and its
direct or indirect impact on the persistence of pathogens in the
tick midgut offers almost unlimited inspiration for the further
research.

IMMUNE REACTIONS WITHIN THE TICK HEMOLYMPH
The major portion of our knowledge on the tick innate immunity
is associated with cellular and humoral immune responses within
the tick hemocoel. The volume of tick hemolymph increases
linearly during the tick feeding from about 2–3 μl in unfed
to almost 150 μl in fully engorged females, as demonstrated
for Dermacentor andersoni (Kaufman and Phillips, 1973). At
least three types of hemocytes, namely plasmatocytes,
granulocytes I and granulocytes II, have been recognized in the
hard and soft ticks, out of which the former two are phagocytic
(Sonenshine, 1991; Borovickova and Hypsa, 2005). Several
studies demonstrated the capability of hemocytes from different
tick species to engulf foreign material and different microbes
(Inoue et al., 2001; Loosova et al., 2001; Buresova et al., 2006).
In addition, it was demonstrated that phagocytosis of microbes
by the tick hemocytes is associated with humoral defense
mechanisms, such as the production of ROS (Pereira et al.,
2001) or complement-like molecules (Buresova et al., 2009,
2011). The process of hemocytic encapsulation of artificial
implants, possibly linked with hemolymph coagulation and
cellular response against Escherichia coli resembling nodulation,
was reported to occur in the hemo- coel of Dermacentor
variabilis (Eggenberger et al., 1990; Ceraul et al., 2002).
Of special interest is the phagocytosis of tick-transmitted
pathogens, such as Borrelia spirochetes, which seem to be
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engulfed at least in part by the process of “coiling” phagocytosis (Rittig et al., 1996). A comparison of the phagocytic and
borreliacidal activity against B. burgdorferi injected into the
hemocoel of natural vector, I. scapularis and a refractory tick
D. variabilis, revealed much stronger immune response against
the spirochetes in the latter immunocompetent tick species
(Johns et al., 2000, 2001a). On the other hand, it was recently
shown that infection of I. scapularis hemocytes by A. phagocytophilum is mediated by the protein named P11 and is required
for successful migration of the pathogen from the midgut to
salivary glands (Liu et al., 2011), meaning that phagocytosis
or engulfment of the pathogen by tick hemocytes does not
necessarily cause its elimination. This rise an interesting question whether at least some of the tick-transmitted pathogens
may take an advantage of being engulfed by tick hemocytes
to hide from the attack of humoral immune responses in the
hemocoel.
Effector molecules of several types have been described in
the tick hemolymph, out of which reports on tick defensins are
the most frequent since they have been identified in a number
of hard and soft tick species (Chrudimska et al., 2010; Kopacek
et al., 2010). Moreover, the recent analysis of I. scapularis genome
revealed an extensive expansion of genes encoding for defensins
and defensin-like peptides divided into two multi-gene families
referred to as scapularisins and scasins, respectively (Wang and
Zhu, 2011). Typical mature defensins are ∼4 kDa cationic peptides with a conserved pattern of six paired cysteins, derived by
C-terminal cleavage after the furin (RVVR) motif from ∼8 kDa
pre-prodefensin. Tick defensins are usually active against Gram
(+) bacteria and their interactions with transmitted pathogens
[except for the above mentioned longicin (Tsuji et al., 2007)]
have not been yet unequivocally demonstrated. Varisin, a defensin
isolated from the hemolymph of D. variabilis, exerted a borreliacidal effect in combination with lysozyme (but not alone), which
may in part explain the incompetence of this species to sustain B.
burgdorferi spirochetes (Johns et al., 2001b). Interestingly, depletion of varisin from the D. variabilis hemolymph using RNA
interference resulted in the significant reduction of Anaplasma
marginale infection, indicating that the impact of defense mechanisms on a certain pathogen might be quite complex and not
always predictable (Kocan et al., 2008b, 2009).
In addition to defensins, ticks possess a specific class of
histidine- and cysteine-rich antimicrobial peptides of size about
10 kDa, namely hebraein identified in Amblyoma hebraeum (Lai
et al., 2004) and microplusin isolated from the hemolymph of
R. microplus (Fogaca et al., 2004). Unlike defensins, which kill
bacteria in a detergent-like manner by disruption of bacterial
membranes, the bacteriostatic effect of microplusin is based on
its capacity to sequester copper required mainly for bacterial respiration (Silva et al., 2009). Another cysteine-rich antimicrobial
peptide, unrelated to microplusin and referred to as ixodidin, was
isolated from R. microplus hemocytes and its antibacterial activity
was proposed to be linked to the inhibitory activity against serine
proteases by yet unknown mechanism (Fogaca et al., 2006).
The process of self/nonself recognition within the tick
hemolymph is believed to involve the interaction of tick lectins
and carbohydrates associated with the invading microbes (PAMPs
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or pathogen-associated molecular patterns). The activity of
lectins/hemagglutinins with preferential binding specificity for
N-acetyl-D-hexosamines, sialic acids and glycoconjugates have
been identified in the hemolymph of several hard and soft tick
species (Grubhoffer et al., 2008; Sterba et al., 2011) and is mainly
attributed to the presence of fibrinogen-related proteins (FREPs)
related to Dorin M, isolated and characterized from the soft tick
O. moubata (Kovar et al., 2000; Rego et al., 2006). In contrast to
mammalian ficolins, Dorin M lacks the N-terminal collagen-like
domain and is closely related to the lectins of tachylectin-5 type
known to function as pattern recognition molecules in the horseshoe crab immune system (Gokudan et al., 1999; Kawabata and
Tsuda, 2002; Ng et al., 2007). The genomes of I. scapularis and
I. ricinus contain genes encoding for a variety of FREPs named
Ixoderins that can be phylogenetically divided into three major
groups (Rego et al., 2005; Kopacek et al., 2010). Although the
role of FREP family members in the invertebrate immunity may
be multifunctional, as recently suggested for gastropod mollusk
(Hanington and Zhang, 2011), we hypothesize that at least some
tick FREPs play a role in activation of tick complement system,
components of which have been identified in ticks (Kopacek et al.,
2012).
Ticks are unique among other invertebrates in that they possess representatives of all major classes of thioester-containing
proteins (TEP) known in vertebrates and arthropods: (1)
molecules related to α2-macroglobulins, (2) C3-components of
complement system and (3) insect TEPs and (4) macroglobulin
complement-related proteins (MCR) (Buresova et al., 2006). The
pan protease inhibitors of α2-macroglobulin type were reported
to be present in the hemolymph of soft and hard ticks (Kopacek
et al., 2000; Saravanan et al., 2003; Buresova et al., 2009), where
they presumably protect the ticks against undesired proteolytic
attack of endogenous as well as exogenous proteases including
those of invading microbes. The inhibition of metalloproteases
secreted by the Gram (−) bacterium C. indologenes was shown to
be functionally linked with phagocytosis of this bacteria by the
tick hemocytes (Buresova et al., 2009). Further functional study
of the tick TEPs suggested that phagocytosis of different bacteria
by the tick hemocytes depends on non-redundant involvement
of various tick TEPs with a central role of C3-like molecules
(Buresova et al., 2011). Although nothing is known about interaction of the tick TEPs with tick-transmitted pathogens, the
paradigm of A. gambiae TEP1 as a complement-like molecule,
which determines the mosquito competence to Plasmodium parasites (Blandin et al., 2004, 2008), should stimulate further research
in this area. In addition to the TEP family, genome of I. scapularis
contains genes encoding for putative C3 convertases (Kopacek
et al., 2012) having the multi-domain architecture similar to that
of factor C2/Bf and LPS-sensitive Factor C activating the ancient
complement-like system in the horseshoe crab (Zhu et al., 2005;
Ariki et al., 2008). These preliminary results suggest that ticks possess features of a primitive complement system, which evolved
on Earth at least one billion years ago (Nonaka and Kimura,
2006).
The existence of tick molecule related to the horseshoe crab
Factor C, which primarily serves to trigger the limulus clotting cascade upon recognition of bacterial endotoxins (Kawabata,
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2010), may suggest that ticks possess also a system for hemolymph
coagulation. This suggestion was in part corroborated by the
high throughput screening of immune-responsive genes in D.
variabilis challenged with different bacteria. The most inducible
immune gene found among others was transglutaminase, which
acts as a crosslinking enzyme in the terminal phase of clotting mesh formation (Jaworski et al., 2010). However, with a
possible exception of the previous observation, where a fibrous
matrix was formed around the Epon-Araldite particles implanted
under D. variabilis cuticle (Eggenberger et al., 1990), a convincing
evidence of hemolymph clotting in ticks is still missing.
In contrast to other arthropods, ticks most likely lack the
prophenoloxidase (PPO) activation system leading to melanization, because no PPO-related gene has been yet identified neither
in the genome of I. scapularis (Megy et al., 2012) nor within the
extensive EST datasets from other tick species (Kopacek et al.,
2010).

IMMUNE REACTIONS WITHIN THE SALIVARY GLANDS
The tick salivary glands and components of tick saliva have been
investigated foremost for their indispensable role in the modulation of host hemostasis, inflammation and immune response
at the tick-host interface (Francischetti et al., 2009). The increasing number of salivary glands transcriptomes (sialomes) from the
hard and soft ticks revealed the expression of a various AMPs,
such as defensins, microplusin/hebraein and lysozymes, in this
tissue (Mans et al., 2008; Karim et al., 2011). A defensin-like peptide named longicornisin was purified from the salivary glands
of H. longicornis (Lu et al., 2010) and two different antimicrobial
peptides unrelated to any known AMPs designated as Ixosin and
Ixosin B were isolated from the salivary glands of Ixodes sinensis
(Yu et al., 2006; Liu et al., 2008). However, it still has not been
demonstrated whether these salivary glands AMPs are secreted
into the tick saliva or hemolymph and if they directly interact
with pathogens. The only exception is the 5.3-kDa antimicrobial
protein, referred to as ISAMP and isolated from the saliva of I.
scapularis, which exerts activity against Gram (−) and Gram (+)
bacteria (Pichu et al., 2009). The transcripts encoding the family of secreted 5.3-kDa proteins were previously described to
be significantly enriched in the transcriptome of I. scapularis
nymphs infected with B. burgdorferi (Ribeiro et al., 2006). More
recently, it was demonstrated that the 5.3-kDa family members
were markedly upregulated in the salivary glands and hemocytes during A. phagocytophilum infection and were involved in
the I. scapularis defense against this pathogen. Intriguingly, they
were also shown to be effector molecules regulated by the JAKSTAT pathway (Liu et al., 2012) and although the I. scapularis
genome contains also components of the putative Toll and Imd
immune signaling pathways (Megy et al., 2012; Severo et al.,
2013), the 5.3-kDa family regulation by JAK/STAT is the only so
far described case of tick antimicrobial response controlled by a
signaling pathway.
RNA INTERFERENCE—AN ANTIVIRAL DEFENSE IN TICKS
The RNA interference (RNAi) is an ancient mechanism evolved
for the inhibition of foreign genetic elements and precise regulation of the endogenous genes during organism development
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(Myers and Ferrell, 2005). The RNAi seems to work very well in
the tick tissues (De La Fuente et al., 2007b) and the genome of
I. scapularis contains all components important for the endogenous and exogenous RNAi machinery including dicers, argonauts, dsRNA binding proteins, exonucleases and surprisingly
also RNA-dependent RNA polymerases (Kurscheid et al., 2009).
The discovery that plant viruses encoded suppressors of the gene
silencing machinery provided a strong support for RNAi function as a natural defense mechanism against viruses (Lindbo et al.,
1993; Ratcliff et al., 1999). It was shown that viral proteins identified as suppressors in plants and insect cells were able to abrogate
RNA silencing also in the tick cells (Garcia et al., 2006). In the
context of tick immunity, we can speculate that RNAi could interfere directly with the viral infection or regulate production of
antimicrobial peptides through the expression of microRNAs.

TICK INTERACTIONS WITH TRANSMITTED PATHOGENS
BORRELIA

Lyme disease is an emerging human tick-borne disease of temperate climates with a concurrent distribution spanning North
America and Eurasia. It is caused by Borrelia spirochetes related
to Treponema and Leptospira, mainly by Borrelia burgdorferi sensu
stricto in the US. and B. burgdorferi sensu stricto, B. garinii,
and B. afzelii in Europe (Radolf and Samuels, 2010). Borreliosis
in humans affects multiple body systems, producing a range of
potential symptoms (Burgdorfer et al., 1989). The classical sign
of early infection is circular, expanding, skin rash at the tick bite
site called erythema migrans. Treatment with antibiotics is effective at this stage of infection. When left untreated, the spirochetes
disseminate throughout the body and are associated with arthritis
(B. burgdorferi sensu stricto), neurological symptoms (B. garinii)
or dermatitis (B. afzelii) (Stanek et al., 2012). Although Lyme disease is intensively studied, an effective vaccine is still not available
and annual incidence in many countries continues leading over
other human vector-borne diseases (Bacon et al., 2008).
Borrelia spirochetes survive in an enzootic cycle involving
three-host Ixodes ticks and small animals like rodents, birds
and lizards (Steere et al., 2004). The spirochetes are usually
not detected in larger mammals, which are essential in the tick
life cycle as a source of sufficient amount of blood for feeding
females (adult female of Ixodes ticks can take in total about one
milliliter of blood Balashov, 1972), but complement system of the
vertebrate innate immunity lyses most of the bacteria (De Taeye
et al., 2013). Humans are not able to efficiently kill the pathogens
and often get infected. However, they are mostly dead-end hosts
for both the ticks and the pathogens. Transovarial transmission
of Borrelia in ticks is not likely (Rollend et al., 2013) and people can contract Lyme disease only by feeding of infected nymphs
or adults, where nymphs play a key role in the epidemiology of
disease because of their small size and relatively short feeding
time.
The interplay between tick proteins, Borrelia spirochetes and
hosts has been mapped by transcriptomics and proteomics studies (Narasimhan et al., 2007a), antibody-screening assays (Das
et al., 2001) and yeast-surface displays (Schuijt et al., 2011b).
Several tick genes have been identified as crucial for acquisition of the infection in ticks, Borrelia persistence in the midgut
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and transmission into the next host during subsequent feeding
(Figure 2 and Table 1). Borrelia colonization of the tick midgut
lumen and their persistence until the next feeding is crucial
process for the successful transmission of the parasite. Borrelia
outer surface protein A (OspA) (De Silva et al., 1996), which is
expressed predominantly inside the tick vector, is essential for
pathogen adherence to the midgut cells during the acquisition
phase and plays a significant role in the pathogen persistence.
During the subsequent feeding, OspA expression is suppressed,
but upregulated expression of OspC facilitates invasion of the
tick salivary glands and transmission to the new host (Schwan
et al., 1995). Tick protein called TROSPA (tick receptor for OspA)

FIGURE 2 | Tick molecules involved in Borrelia transmission. Schematic
diagram representing general stages of B. burgdorferi sensu lato infection
and transmission in the Ixodes nymph, the most important developmental
stage for human infection. Tick molecules, for which interference with
Borrelia acquisition, persistence and/or transmission have been proved by
genetic tests, are shown in rectangles (see text and the Table 1 for their
function and references). Borrelia spirochetes, that persisted in the tick
midgut after the previous feeding (transstadial transmission), multiply
rapidly within the newly engorged blood. They remain immobile and
attached to the midgut cells. Around 53–72 h after the placement
spirochetes become motile and swiftly cross the midgut barrier (between
the cells), enter the hemolymph, salivary glands and via the saliva they
infect new host (Ohnishi et al., 2001; Dunham-Ems et al., 2009).
Transovarial transmission of Borrelia does not occur and newly hatched
larvae are not infectious.

has been found to be implicated in the binding of OspA (Pal
et al., 2004). TROSPA is specifically expressed in the midgut and
its mRNA levels increase following the spirochete infection and
decrease in response to engorgement. Importantly, interference
with TROSPA expression by RNAi or its saturation by TROSPA
antisera reduces Borrelia adherence to the midgut surface, preventing pathogen colonization of the vector and reducing its
transmission (Pal et al., 2004).
An antibody-screening assay performed on rabbit sera with
acquired resistance to the tick bites after I. scapularis infestation identified salivary gland protein called Salp25D (Das et al.,
2001). Salp25D encodes for a glutathione peroxidase, is upregulated upon feeding, and silencing of this gene by RNAi or
immunization of mice with the recombinant protein impairs
spirochete acquisition by ticks (Narasimhan et al., 2007b). Thus,
Salp25D is most likely important for quenching the reactive oxygen species released from the activated neutrophils and hereby
protects Borrelia during acquisition and colonization of the tick
midgut.
During the tick feeding, Borrelia spirochetes, which multiplied previously in the midgut content, cross midgut barrier
(between the cells) to get into the hemolymph and salivary glands
(De Silva and Fikrig, 1995; Hojgaard et al., 2008; Dunham-Ems
et al., 2009). Borrelia enolase, an enzyme found on the surface of
spirochetes, was shown to bind host plasminogen and facilitate
dissemination of Borrelia in the ticks and host (Coleman et al.,
1995, 1997). In the later study, yeast surface display approach
identified that Borrelia outer-surface lipoprotein BBE31 interacted with the tick protein called tre31 (Zhang et al., 2011).
Expression of tre31 is induced in the midgut upon Borrelia infection and silencing of tre31 by RNAi or blocking of BBE31 using
mice antibodies decreases spirochete burden in the hemolymph
and salivary glands of feeding ticks.
It has been shown before that proteins contained in the tick
saliva had strong pharmacological properties, targeting coagulation, platelet aggregation, vasoconstriction (Chmelar et al., 2012)
and complement system (De Taeye et al., 2013). Salp15 is a salivary gland protein with remarkable immunosuppressive properties, which is bound by Borrelia OspC surface protein during host
invasion and protects the spirochetes from antibody-mediated
killing (Ramamoorthi et al., 2005). Its expression is upregulated
in salivary glands upon Borrelia infection and silencing of Salp15
by RNAi dramatically reduces the capacity of spirochetes to infect
mice. Moreover, antibodies raised against tick Salp15 protect

Table 1 | Tick molecules interfering with Borrelia acquisition, persistence and/or transmission.
Name

Supposed function

RNAi effect on the pathogen

References

Tick receptor for OspA (TROSPA)

Unknown

Reduced acquisition

Pal et al., 2004

Salivary protein 15 (Salp15)

Inhibition of the host complement
system

Decreased transmission

Ramamoorthi et al., 2005

Salivary protein 25D (Salp25D)

Glutathione peroxidase

Decreased acquisition

Narasimhan et al., 2007b

Tick histamine release factor (tHFR)

Stimulation of histamine release

Decreased transmission

Dai et al., 2010

Tick receptor of BBE31 (tre31)

Unknown

Reduced persistence

Zhang et al., 2011

Tick salivary lectin pathway inhibitor
(TSLPI, P8)

Inhibition of the host complement
system

Decreased persistence and
transmission

Schuijt et al., 2011a
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mice from the infection (Dai et al., 2009). Tick salivary lectin
pathway inhibitor TSLPI, previously identified by yeast surface
display assay as P8 protein with ability to reduce complement
killing of Borrelia (Schuijt et al., 2011b), interferes with lectin
complement pathway, resulting in impaired neutrophil phagocytosis and chemotaxis (Schuijt et al., 2011a). Silencing of this
protein by RNAi or exposure of ticks to TSLPI-immunized mice
decreases persistence of Borrelia in nymphs and hampers their
transmission, respectively. Tick histamine-release factor tHRF is
a saliva protein able to bind host basophils and stimulate histamine release (Dai et al., 2010). This property can be exploited
by Borrelia spirochetes for host infection. Expression of tHRF is
upregulated in Borrelia-infected ticks and silencing of this gene
by RNAi or tHRF blocking by antibodies reduce tick feeding and
decrease spirochete burden in mice. The last molecule that should
be mention is tick salivary protein named Salp20, which is an
inhibitor of alternative complement pathway and partially protects serum sensitive species of Borrelia from lysis (Tyson et al.,
2007) by displacing properdin from C3 convertase (Tyson et al.,
2008). However, functional genetic studies are needed to prove its
role in vivo.
ANAPLASMA

Anaplasmosis is considered as one of the most important vectorborne diseases of livestock (Kocan et al., 2010). The genus
Anaplasma (Rickettsiales: Anaplasmataceae) includes six species
of obligate intracellular bacteria, closely related to Ehrlichia,
Wohlbachia, and Neorickettsia, occurring within the membranebound vacuoles called colonies in the host cytoplasm (Dumler
et al., 2001; Kocan et al., 2008a). The Anaplasma rickettsiae preferably infect vertebrate red blood cells, however A. phagocytophilum
attacks host neutrophils.
A. phagocytophilum infects a wide range of animals. It is
responsible for the human granulocytic anaplasmosis (HGA), an
emerging disease in the US, Europe and Asia, tick-borne fever
in ruminants and equine and canine anaplasmosis (Woldehiwet,
2010). Three Anaplasma species exclusively infect ruminants:
A. marginale, A. centrale, and A. ovis. A. centrale is used as life
cattle vaccine in some regions, because infection with this parasite results only in mild clinical symptoms and could leave
cattle persistently infected but immune against A. marginale, the
causative agent of bovine anaplasmosis, which causes economic
losses to the cattle industry worldwide. A. ovis is infective for
sheep and wild ruminants, but infections are usually asymptomatic (Kocan et al., 2010). Also included in the genus
Anaplasma are A. bovis and A. platys, which infect cattle and dogs,
respectively.
All Anaplasma species are transmitted by Ixodid ticks,
although tick transmissibility of A. centrale has been recently
questioned (Shkap et al., 2009). The transmission cycle has been
most extensively studied for A. marginale (Kocan et al., 1986,
1992a,b, 2008a). The developmental cycle in ticks is well coordinated with feeding and two Anaplasma morphotypes, reticulate
(cell-dividing form) and dense core (infective form), can be found
at each site of development (Kocan et al., 2010). Transovarial
transmission of Anaplasma spp. from female ticks to their progeny
does not occur. Therefore, ticks must acquire infection during
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blood feeding and the transmission cycles of these bacteria in
nature are dependent upon the presence of infected reservoir
hosts. Transmission by one-host ticks is probably accomplished
by males, which can feed repeatedly and transfer between hosts
(Sonenshine, 1991).
It has been shown that Anaplasma spp. modulate gene expression in ticks (De La Fuente et al., 2007a; Kocan et al., 2008a;
Zivkovic et al., 2009; Sultana et al., 2010; Villar et al., 2010a,b),
although differences may exist between species (Zivkovic et al.,
2009). Functional studies of tick-Anaplasma interactions have
shown how tick genes may affect bacterial infection (Figure 3 and
Table 2). Four differentially regulated genes/proteins, glutathione
S-transferase (GST), salivary selenoprotein M (SelM), vATPase,
and ubiquitin have been identified by suppression-subtractive
hybridization and differential in-gel electrophoresis analyses
using tick IDE8 cells infected with A. marginale (De La Fuente
et al., 2007a). Glutathione S-transferases are intracellular enzymes
with various functions, mostly accompanying cellular detoxification, but also signaling (Oakley, 2011). Selenoproteins are
selenocysteine-containing proteins and important antioxidants
(Reeves and Hoffmann, 2009). Vacuolar H+ ATPases are membrane proteins acidifying a wide array of intracellular organelles
by pumping protons across the plasma membranes (Nelson,
2003). Finally, ubiquitins are small regulatory proteins, involved

FIGURE 3 | Tick molecules involved in Anaplasma transmission.
Schematic diagram representing general stages of Anaplasma infection and
transmission (Kocan et al., 2008a). Tick genes, for which interference with
Anaplasma acquisition and/or transmission have been proved by genetic
tests, are shown in rectangles (see text and the Table 2 for their function
and references). Infected red blood cells (neutrophils for A.
phagocytophilum) are engorged by the tick during blood meal. The released
bacteria infect tick midgut cells and develop reticulate (cell-dividing; open
circle) and dense core (infective; filled circle) forms of colonies inside the
cells. During the next feeding, bacteria are released from the cells and
infect other tissues including salivary glands. Here, they multiply inside the
cells and are released into the saliva and transferred into the new host.
Infection of tick hemocytes is required for the pathogen migration from the
midgut to the salivary glands (Liu et al., 2011). Transovarial transmission of
Anaplasma does not seem to occur. Transmission in one-host ticks is
probably accompanied by tick males, which can feed repeatedly and
transfer between hosts.
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Table 2 | Tick molecules interfering with Anaplasma acquisition and/or transmission.
Name

Supposed function

RNAi effect on the pathogen

References

Salivary protein 16 (Salp16)

Unknown

Decreased acquisition

Sukumaran et al., 2006

Subolesin (SUB)

Component of the immune signaling
pathways

Decreased acquisition

De La Fuente et al., 2006, 2008; Merino
et al., 2011; Busby et al., 2012

Varisin

Defensin

Decreased acquisition

Kocan et al., 2008b

Vacuolar H+ ATPase (vATPase)

Acidification of vesicles

Decreased acquisition

De La Fuente et al., 2007a; Kocan et al.,
2009

Ubiquitin

Protein degradation

Decreased acquisition

De La Fuente et al., 2007a; Kocan et al.,
2009

Glutathione S-transferase (GST)

Detoxification and signaling

Decreased acquisition

De La Fuente et al., 2007a; Kocan et al.,
2009

Salivary selenoprotein M (SelM)

Protection against oxidative stress

Decreased acquisition

De La Fuente et al., 2007a; Kocan et al.,
2009

α-1,3 fucosyltransferase (IsFT)

Glycosylation of proteins

Decreased acquisition

Pedra et al., 2010

G protein-coupled receptor Gβγ
subunits (Gβγ)

Signal transduction

Decreased acquisition

Sultana et al., 2010

Phosphoinositide 3-kinase (pak1)

Cytoskeletal reorganization and signaling

Decreased acquisition

Sultana et al., 2010

p21-activated kinase (pi3k)

Cytoskeletal reorganization and signaling

Decreased acquisition

Sultana et al., 2010

Protein 11 (P11)

Unknown

Decreased acquisition

Liu et al., 2011

Heat-shock protein 20 (Hsp20)

Cellular stress response

Increased acquisition

Busby et al., 2012

Heat-shock protein 70 (Hsp70)

Cellular stress response

Decreased acquisition

Busby et al., 2012

Janus kinase (JAK)

Component of JAK/STAT signaling
pathway

Increased acquisition

Liu et al., 2012

Signal transducer and activator of
transcription (STAT)

Component of JAK/STAT signaling
pathway

Increased acquisition and
transmission

Liu et al., 2012

Gene-15

Antimicrobial peptide

Increased acquisition and
transmission

Liu et al., 2012

X-linked inhibitor of apoptosis
protein (XIAP)

E3 ubiquitin ligase

Increased acquisition

Severo et al., 2013

α-fodrin (CG8)

Spectrin α-chain

Decreased acquisition

Ayllón et al., 2013

Porin (T2)

Mitochondrial voltage-dependent
anion-selective channel

Decreased acquisition

Ayllón et al., 2013

in an intracellular destruction and recycling of proteins in the
proteasome, which is an important process also for the regulation of arthropod immune pathways (Ferrandon et al., 2007).
Silencing of GST, vATPase or ubiquitin by RNAi decreases midgut
Anaplasma acquisition in D. variabilis males fed on A. marginale
infected cows, while silencing of GST or SelM decreases pathogen
infection in the salivary glands of infected ticks fed on naïve
sheep (De La Fuente et al., 2007a; Kocan et al., 2009). As previously mentioned, silencing of D. variabilis defensin named
varisin that was shown to be expressed primarily in hemocytes, but also in midgut and other tissues (Hynes et al., 2008),
decreased midgut pathogen acquisition in D. variabilis males fed
on A. marginale infected cows and decreased infection in salivary glands of infected ticks fed on naïve sheep with obvious
morphological abnormalities in bacterial colonies (Kocan et al.,
2008b). Moreover, silencing of E3 ubiquitin ligase named x-linked
inhibitor of apoptosis (XIAP) increases colonization of I. scapularis midgut cells and salivary glands by A. phagocytophilum,
attracting even more attention to the ubiquitination process in
ticks (Severo et al., 2013).
Fucosylation, which participates in many pathological processes in eukaryotes, has been shown to be modulated in ticks
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during Anaplasma infection (Pedra et al., 2010). A. phagocytophilum modulates expression of I. scapularis α-1,3 fucosyltransferase (IsFT) and uses α-1,3-fucosylation process to colonize the
tick vector. Silencing of IsFT by RNAi reduces acquisition but not
transmission of A. phagocytophilum in ticks.
The arthropod immune responses are generally regulated by
Toll, Imd and JAK/STAT pathways (Ferrandon et al., 2007).
Janus kinase (JAK)/signaling transducer activator of transcription
(STAT) pathway has been shown to play a critical role in the
tick defense against Anaplasma (Liu et al., 2012). Silencing of
JAK/STAT genes by RNAi in I. scapularis causes burden of
A. phagocytophilum in midgut, hemolymph and SG. The gene15 of the salivary glands family encoding a member of 5.3-kDa
antimicrobial peptide family is highly induced upon Anaplasma
infection and regulated by JAK/STAT pathway. Silencing of gene15 (and also STAT) by RNAi causes increased infection in salivary
glands and transmission to the mammalian host.
Salivary protein 16 (Salp16) is an antigen recognized by tickexposed host sera. Silencing of Salp16 by RNAi does not influence
A. phagocytophilum acquisition in I. scapularis midgut, but the
pathogen is not able to successfully infect the salivary glands
(Sukumaran et al., 2006). Furthermore, expression of Salp16 in
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the tick salivary glands is upregulated upon Anaplasma infection.
It has been elegantly shown that Salp16 upregulation is not part of
the tick defense mechanisms, but that Anaplasma selectively alter
Salp16 expression for its benefit (Sultana et al., 2010). A. phagocytophilum infection induces actin phosphorylation, which is
dependent on tick p21-activated kinase (ipak1)-mediated signaling. Activity of ipak1 is stimulated via G protein-coupled
Gβγ receptor subunits (Gβγ), which in turn mediate
phosphoinositide 3-kinase (pi3k) activation. In association with
RNA polymerase II (RNAPII) and TATA box-binding protein,
expression of Salp16 is selectively promoted. Silencing of
ipak1, Gβγ or pi3k by RNAi reduces actin phosphorylation
and Anaplasma acquisition by ticks (Sultana et al., 2010).
Recently, α-fodrin (spectrin α-chain) and mitochondrial
porin (voltage-dependent anion-selective channel) were shown
to be involved in A. phagocytophilum infection/multiplication
and the tick cell response to infection in I. scapularis (Ayllón et al.,
2013). The pathogen presence decreases expression of αfodrin in the tick salivary glands and porin in both the
midgut and salivary glands to inhibit apoptosis, subvert host
cell defenses and increase infection. In the midgut, α-fodrin
upregulation was used by the pathogen to increase infection
due to cytoskeleton rearrangement that is required for pathogen
infection. These results demonstrated that the pathogen uses
similar strategies to establish infection in both vertebrate and
invertebrate hosts.
After the initial infection of midgut cells, Anaplasma spread
to other tick organs. However, the exact mechanism mediating
migration to and infection of different tick organs is still not
well known. Secreted I. scapularis protein 11 (P11), induced upon
A. phagocytophilum infection, was shown to be important for
Anaplasma migration from the midgut to the salivary glands,
while being engulfed and hidden in the tick hemocytes (Liu
et al., 2011). Silencing of P11 by RNAi or blocking the P11 with
anti-sera or inhibition of hemocyte phagocytosis by injection of
polystyrene beads into the tick hemolymph resulted in decreased
Anaplasma infection of the tick salivary glands (Liu et al., 2011).
Tick subolesin (SUB), an ortholog of insect and vertebrate
akirins, is possibly involved in several pathways, including innate
immune responses, through a regulatory network involving crossregulation between NF-κB (Relish) and SUB and SUB
auto- regulation (Naranjo et al., 2013). SUB is down-regulated
during
A.phagocytophilum infection of tick nymphs, but up-regulated
in female midguts and salivary glands infected with A. marginale
or A. phagocytophilum (De La Fuente et al., 2006; Galindo et al.,
2009; Zivkovic et al., 2010; Merino et al., 2011; Busby et al., 2012).
Silencing of SUB by RNAi has strong effect on tick mortality and
feeding and causes degeneration of midgut, salivary glands and
reproductive organs (De La Fuente et al., 2008). After SUB knockdown, infection with A. marginale is significantly reduced in D.
variabilis male salivary glands, but has only little effect on infection with A. phagocytophilum (De La Fuente et al., 2006; Ayllón
et al., 2013). Subolesin has been used for vaccination against tick
infestations and pathogen infection (De La Fuente et al., 2011).
Although limited success has been obtained in this area, ongoing
efforts are focused on the characterization of the Anaplasma-tick
interface to develop vaccines for the control of tick infestations
and pathogen transmission (De La Fuente, 2012).
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BABESIA

Babesiosis is a tick-borne malaria-like disease affecting health
of many animals and reducing cattle production in tropical and
subtropical regions worldwide. Moreover, human babesiosis
increasingly raises public health concern (Florin-Christensen and
Schnittger, 2009). Babesia, the causative agent of babesiosis, is an
apicomplexan parasite, which is together with Theileria referred
to as piroplasm because of its pear-shape intra-erythrocytic stage.
The genus Babesia constitutes paraphyletic group of parasites
(described in various hosts with discrepancies in developmental cycles), which can be only distinguished by an appropriate
molecular methods (Allsopp and Allsopp, 2006). They multiply
in vertebrate erythrocytes (asexual stage) and cause severe symptoms related to their destruction. In the tick (hard tick), the
parasite undergo sexual development in the midgut content, multiply in midgut cells and spread to different tissues including the
salivary glands and ovary. Most of Babesia, unlike Theileria, are
capable of transovarial transmission and newly hatched larvae are
infectious to the hosts (Chauvin et al., 2009; Florin-Christensen
and Schnittger, 2009).
It has been shown that infection of ticks with Babesia parasite
pose negative effect on the tick development (Cen-Aguilar et al.,
1998), thus ticks are supposed to evolve defense mechanisms to
control Babesia infection and to regulate their mutual interaction.
Although genomic sequences of Babesia and tick are available
(Pagel Van Zee et al., 2007; Cornillot et al., 2012) and several
projects have identified tick genes differently expressed upon
Babesia infection (Rachinsky et al., 2007, 2008; Antunes et al.,
2012; Heekin et al., 2012), only few tick genes have been shown
to be directly implicated in the vector-pathogen interaction
(Figure 4 and Table 3). First of them, called longicin (Tsuji and
Fujisaki, 2007), is defensin-like protein of H. longicornis exerting anti-microbial and anti-fungal activity. Recombinant longicin
was reported to inhibit proliferation of Babesia (Theileria) equi
merozoites in in vitro cultures and to reduce parasitemia of mice
experimentally infected with B. microti. Moreover, silencing of
this gene by RNAi increased number of B. gibsoni in the tick
midgut content, ovary and laid eggs, pointing to longicin role
in the regulation of H. longicornis vectorial capacity (Tsuji et al.,
2007).
Longipain (Tsuji et al., 2008) is midgut-specific cysteine protease of H. longicornis, whose expression is upregulated upon
blood feeding. Similarly as for longicin, recombinant protein
inhibited proliferation of Babesia (Theileria) equi merozoites in
in-vitro cultures and silencing of this gene by RNAi resulted
in increased number of parasites in the midgut lumen, ovary,
and hatched larvae. In general, inhibition of tick and parasite proteases is of interest as both the tick and the parasite
genomes encode for several cysteine proteases important for
blood digestion (Sojka et al., 2008) and host invasion (FlorinChristensen and Schnittger, 2009), respectivelly. Addition of
various cysteine protease inhibitors into the B. bovis culture
resulted in parasite growth inhibition (Okubo et al., 2007). The
cysteine proteases inhibitor called cystatin-2 (Hlcyst2) from H.
longicornis (Zhou et al., 2006) was overexpressed in midgut
and hemocytes after Babesia infection. Recombinant HlCyst2
had slight effect on B. bovis growth in in vitro assays, but
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its role in the tick infection has never been experimentally
examined.
Three tick genes, namely TROSPA, serum amyloid A and calreticulin has been recently identified by cDNA screen as genes
upregulated after the tick infection with B. bigemina (Antunes
et al., 2012). TROSPA is a midgut receptor with unknown function, which is used by Borrelia spirochete as a docking protein for
midgut colonization and spirochete persistence (Pal et al., 2004).
Serum amyloid A is a homolog of vertebrate acute phase protein

FIGURE 4 | Tick molecules involved in Babesia transmission. Schematic
diagram representing general stages of Babesia infection and transmission
(Zintl et al., 2003; Chauvin et al., 2009; Florin-Christensen and Schnittger,
2009). Tick genes, for which interference with Babesia acquisition and/or
transmission have been proved by genetic tests, are shown in rectangles
(see text and the Table 3 for their function and references).
Pre-gametocytes in red blood cells, taken up within the blood meal, develop
in the tick midgut content into matured gametocytes and gametes (ray
bodies, Strahlenkörper) with distinctive spine-like projections. They fuse and
give raise to the spherical spiked zygotes, which invade midgut cells. Inside
the midgut cells, the zygotes transform, undergo meiosis and differentiate
into motile prolonged kinetes (ookinetes). The kinetes escape the midgut
cells, enter the hemolymph and invade other tick tissues, including ovary
(transstadial and transovarial transmission, respectively). Here they undergo
asexual reproduction and produce sporokinetes, which further spread the
infection inside the tick or newly emerged larvae. During the next feeding,
the kinetes that invaded salivary glands undergo a final cycle of
multiplication (sporogony) to produce numerous sporozoites, host-invasive
stages of the parasite. The sporozoites enter the tick saliva and infect host.

reacting to inflammation (Urieli-Shoval et al., 2000). Calreticulin
is an intracellular protein with many functions, including calcium binding, protein folding and immune signaling (Wang et
al., 2012). Involvement of these genes in Babesia infection has
been confirmed by RNAi, where silencing significantly reduced
A. bigemina numbers in Rhipicephalus annulatus and R. microplus
(Antunes et al., 2012). Furthermore, RNAi silencing of subolesin
(the previously mentioned ortholog of mammalian akirin) or
vaccination with recombinant SUB strongly reduced acquisition
of B. bigemina by R. microplus fed on an infected cattle (Merino
et al., 2011).
Vitellogenin serves as a storage protein and source of amino
acids during embryogenesis and its uptake is achieved by a specific
vitellogenin receptor, which was identified from H. longicornis
and shown by RNAi to be indispensable for egg development
(Boldbaatar et al., 2008). Interestingly, Babesia DNA was not
detected in eggs lays from ticks with silenced vitellogenin receptor
previously fed on dogs infected with B. gibsoni. This suggests that
impairing the vitellogenin uptake interrupt the parasite transovarial transmission.

CONCLUSION—FUTURE PERSPECTIVES
The overall knowledge of tick innate immunity still lags far
beyond the model invertebrate organisms and arthropod disease vectors. However, the availability of I. scapularis genome
database (Megy et al., 2012), feasibility of functional genomics
based on RNAi (De La Fuente et al., 2007b) and extensive number
of tissue transcriptomes obtained from a variety of tick species
promise to counterbalance experimental difficulties associated
with tick handling and manipulation. Furthermore, introduction
of the artificial membrane feeding (Krober and Guerin, 2007)
extends our possibilities how to simulate the natural infections
of ticks without the need of using laboratory animal models.
These favorable conditions offer almost unlimited perspectives
for the advanced research of the tick immune system and its
impact on pathogen transmission. Among others, we can enumerate several high-priority topics, which can significantly aid
to our understanding of the tick-pathogen relationship: (1) the
role of epithelial immunity and maintenance of the redox balance
for the pathogen persistence in the tick midgut; (2) interactions between the pathogens and commensal microflora; (3) tick
antimicrobial peptides and their regulation via the Toll, Imd and
JAK-STAT signaling pathways; (4) the role of tick primordial

Table 3 | Tick molecules interfering with Babesia acquisition and/or transmission.
Name

Supposed function

RNAi effect on the pathogen

References

Longicin

Defensin

Increased acquisition and transovarial transmission

Tsuji et al., 2007

Longipain

Cysteine protease

Increased acquisition and transovarial transmission

Tsuji et al., 2008

H. longicornis vitellogenin receptor
(HIVgR)

Uptake of vitellogenin

Decreased transovarial transmission

Boldbaatar et al., 2008

Subolesin (SUB)

Component of the immune
signaling pathways

Decreased acquisition

Merino et al., 2011

Tick receptor for OspA (TROSPA)

Unknown

Decreased acquisition

Antunes et al., 2012

Calreticulin

Protein folding and signaling

Decreased acquisition

Antunes et al., 2012

Serum amyloid A

Response to inflammation

Decreased acquisition

Antunes et al., 2012
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complement system in the immune response against transmitted pathogens; (5) tick molecules involved in the pathogen
acquisition, persistence or transmission as vaccine candidates;
(6) the detailed description of the pathogen transmission cycles
within the tick vector. Taken together, focused research in these
areas can lead to the ultimate goal of efficient control of tickborne diseases.
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General Conclusions

1.‐ Using a system biology approach, we demonstrated tissue‐specific differences in Ixodes
scapularis response to Anaplasma phagocytophilum infection. The analysis of highly
differentially expressed genes and represented proteins suggests that the impact of bacterial
infection is more pronounced in tick nymphs and guts than in salivary glands, probably
reflecting bacterial developmental cycle (replicative form in guts and dense form in salivary
glands).
2.‐ In tick nymphs, the results suggested a possible effect of bacterial infection on the
inhibition of tick immune response. In tick gut cells, the results suggested that Anaplasma
phagocytophilum infection inhibited cell apoptosis to facilitate and establish infection
through up‐regulation of the JAK/STAT pathway. Bacterial infection inhibited the intrinsic
apoptosis pathway in tick salivary glands by down‐regulating Porin expression that resulted
in the inhibition of Cytochrome c release as the anti‐apoptotic mechanism to facilitate
bacterial infection. However, tick salivary glands may be responding to Anaplasma
phagocytophilum by promoting apoptosis to limit bacterial infection through induction of the
extrinsic apoptosis pathway. These results suggest apoptosis is regulated through different
pathways depending on tick tissue to improve infection and/or tick protective responses.
3.‐ Anaplasma phagocytophilum induces cytoskeleton rearrangement and inhibits apoptosis
to subvert host cell defenses and increase bacterial infection, demonstrating that Anaplasma
phagocytophilum uses similar strategies to establish infection in both vertebrate and
invertebrate hosts.
4.‐ Anaplasma phagocytophilum infection induces Ixodes scapularis immune response
through cross‐regulation between Subolesin and NF‐kB.
5.‐ The Subolesin and Heat Shock Proteins affect Ixodes scapularis biological processes
involved in the stress response such as tick feeding, heat shock, questing and infection by
pathogens such as Anaplasma phagocytophilum.
6.‐ Anaplasma phagocytophilum activates a new mechanism associated with bacterial cell
stress pathways to counteract tick cell response to infection and favor pathogen infection
and multiplication.
7.‐ Anaplasma phagocytophilum membrane (MSP4) and stress response (HSP70 and GroEL)
proteins that are over‐represented in salivary glands and/or late‐infected cells interact and
bind to tick cells, thus playing a role in tick‐pathogen interactions. The activation of stress
response pathways in Anaplasma phagocytophilum may represent a new mechanism by
which pathogen increase infection by facilitating interaction with tick cells and protecting
bacteria against oxidative stress.
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8.‐ Characterization of Anaplasma phagocytophilum proteome and Ixodes scapularis response
to infection contributes information on tick‐pathogen interactions and provides targets for
development of novel control strategies for pathogen infection and transmission.
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Conclusiones Generales

1.‐ Mediante una aproximación a la biología de sistemas, se observa diferencias específicas
entre tejidos en Ixodes scapularis en respuesta a la infección por Anaplasma
phagocytophilum. Teniendo en cuenta los genes y proteínas altamente expresados y
representadas, respectivamente, se observa que el efecto de la infección es más
pronunciado en ninfas e intestinos de garrapata que en glándulas salivares, reflejando de
esta manera el ciclo dual de desarrollo de Anaplasma phagocytophilum en garrapata (forma
replicativa en intestino y forma densa en glándulas salivares).
2.‐ En ninfas de garrapata, los resultados sugieren que la infección por Anaplasma
phagocytophilum produce un efecto inhibitorio sobre la respuesta inmune de la garrapata.
En intestino de garrapata, los resultados muestran que Anaplasma phagocytophilum inhibe el
proceso de apoptosis celular con el fin de facilitar y establecer la infección a través de la
activación de la ruta JAK/STAT. Por otro lado, la infección produce un efecto inhibitorio
sobre la vía intrínseca de la apoptosis en glándulas salivares a través de la inhibición de la
expresión de la Porina que conlleva la disminución de la liberación de Citocromo c,
produciéndose un efecto anti‐apoptótico que favorece el proceso infectivo. Sin embargo, las
células de las glándulas salivares a su vez pueden estar induciendo la apoptosis a través de la
vía extrínseca en respuesta a Anaplasma phagocytophilum con el fin de limitar su
supervivencia. Estos resultados sugieren que, frente a la infección, la apoptosis se regula a
través de diferentes rutas dependiendo del tejido de la garrapata con el fin de favorecer el
proceso infectivo y/o la protección de la garrapata.
3.‐ Anaplasma phagocytophilum promueve cambios en la organización del citoesqueleto e
inhibe el proceso de apoptosis de las células hospedadoras con el fin de ampliar su
supervivencia y promover el proceso infectivo, demostrando que Anaplasma
phagocytophilum utiliza estrategias similares durante la infección en hospedadores
vertebrados e invertebrados.
4.‐ La infección por Anaplasma phagocytophilum induce la respuesta inmune en Ixodes
scapularis a través de la regulación recíproca entre Subolesina y NF‐kB.
5.‐ En Ixodes scapularis existe un efecto de Subolesina y proteínas de choque térmico en
procesos biológicos relacionados con la respuesta al estrés como son la alimentación de la
garrapata, el choque térmico, el comportamiento de trepar de la garrapata sobre la
vegetación con el fin de aumentar su exposición a los hospedadores vertebrados, y la
infección con patógenos como Anaplasma phagocytophilum.
6.‐ Anaplasma phagocytophilum induce un nuevo mecanismo relacionado con la respuesta al
estrés en bacterias con el fin de hacer frente a la respuesta defensiva que la garrapata ejerce
ante la infección, favoreciendo de este modo su multiplicación e infección.
7.‐ Se ha comprobado que proteínas de membrana (MSP4) y proteínas de respuesta a estrés
(HSP70 y GroEL) de Anaplasma phagocytophilum que están sobre‐representadas tanto en
glándulas salivares como en células con infección tardía, participan en la unión del patógeno
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en las células de garrapata, sugiriendo su papel en la interacción patógeno‐garrapata. De
manera, la activación de la respuesta al estrés en Anaplasma phagocytophilum puede reflejar
una nueva estrategia por la que el organismo patógeno aumenta su éxito infectivo a través
su unión con las células de garrapata y de su protección frente al estrés oxidativo generado
la célula hospedadora.
8.‐ La caracterización del proteoma de Anaplasma phagocytophilum y de la repuesta de
Ixodes scapularis frente a la infección aporta nueva información sobre la interacción
patógeno‐garrapata de gran relevancia para el desarrollo de nuevas estrategias destinadas al
control de la infección y transmisión de agentes patógenos por parte de la garrapata.
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