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Abstract

Ixodes ricinus, the European castor bean tick, is a hard-bodied parasitiform mite
that relies on blood feeding for survival and reproduction. It is widely distributed
across Europe and Northern Africa and is responsible for transmitting several
pathogens, including Borrelia burgdorferi, the causative agent of Lyme
borreliosis. The increasing prevalence of tick-borne diseases in recent years,
exacerbated by climate change and habitat modifications, poses significant
public health and economic concerns. The ability of ticks to successfully
parasitize their hosts is largely attributed to their saliva, which contains
bioactive molecules capable of manipulating different host defense
mechanisms, including the immune system, wound healing processes, and
blood coagulation. Recent studies propose non-coding RNAs (hcRNAs) present
in saliva, such as microRNAs (miRNAs), as potential modulators of the tick-host

interface.

miRNAs are highly conserved non-coding genes present in virtually all
metazoans. Their functional product consists of small RNA molecules (21-23
bp) that regulate gene expression negatively and post-transcriptionally. Their
importance in cellular homeostasis has been extensively demonstrated through
functional assays and is also evident in the apparent causal involvement of
miRNAs in various pathologies. Recent findings suggest that miRNAs can
function cooperatively, enhancing their regulatory effects. Long non-coding
RNAs (IncRNAs), in turn, have been proposed to act as miRNA sponges,
possessing the ability to sequester miRNAs via target regions on the lncRNAs
themselves, adding another layer of complexity to the process of gene

regulation.



This thesis aims to determine the functionalimportance of miRNAs and IncRNAs
in the parasitism and blood-feeding processes carried out by /. ricinus. To
achieve this, we comprehensively analyzed the transcriptomic dynamics of /.
ricinus during active parasitism, assessing the role of gene products, miRNAs,
and IncRNAs in the tick-host interface through an extensive bioinformatics
approach. The ultimate goal is to establish a foundation for the development of

novel clinical and pest control strategies.

During the course of this thesis, we collaborated on the generation of a new
reference genome assembly for /. ricinus. The use of this new reference genome,
along with multiple datasets from various tissues, such as salivary glands,
midgut, saliva, and even the whole tick body, allowed us to improve the

annotation of miRNAs and IncRNAs.

To analyze the potential functional impact of tick miRNAs on the host, we
designed a new computational workflow that integrates miRNA target site
prediction and the functional characterization of regulated genes. Target
prediction incorporates target sequence conservation profiles based on
position and recent findings on the importance of the TNRC6 protein in the

synergistic cooperation of miRNAs in gene silencing.

By applying the aforementioned workflow, we could demonstrate that
integrating target sequence conservation into miRNA target prediction
drastically reduces the number of predicted targets. We found that conserved
predicted target genes were functionally enriched in pathways highly relevant to
host defense. In addition to this, we successfully detected cooperative target
regions for tick salivary miRNAs in host genes that were abundant in skin cells of
the host and involved in key processes at the tick-host interface, such as
immunity, wound healing, nociception, and mechanosensation. We also
demonstrated that these tick miRNAs are present and protected in extracellular

vesicles, which increases their potential to interact with host cells.



To study how IncRNAs can influence the parasitism of /. ricinus, we generated a
de novo assembled reference transcriptome from tick salivary gland and midgut
samples. These samples were collected at different time points from sister ticks
that were either unfed, fed on naive hosts, or fed on hosts that had been
previously exposed to ticks and, therefore, sensitized to tick parasitism. The
specific samples allowed us to analyze the transcriptional dynamics occurring
under these different conditions over time in non-coding RNAs and, additionally,

in coding RNAs.

By means of this analysis, we observed significant differences between the
specific groups of ticks and found that genes differentially expressed over time
are involved in key biological processes, including glycosylation and protein
folding, which play crucial roles in tick adaptation to parasitism and in the

evasion of the host immune response.

Several IncRNAs were identified as potential host miRNA sponges, with the
capability to inhibit the action of host miRNAs involved in critical processes
against parasitism. One of these IncRNAs emerges as the most promising
candidate, as it was detected in extracellular vesicles and it has the capability
to impair glycosylation processes in hosts, which are essential for host

immunity, and signaling processes of extracellular matrix receptors.

Overall, this thesis aims to establish afoundation for future research and clinical
advancements, such as the development of therapeutic miRNAs and antimiRs.
Continued investigation, particularly in biological validation and host response
analysis, will be crucial to complement the bioinformatically driven results
presented in this thesis. This knowledge will be essential in ultimately reducing

the public health and economic impact of I. ricinus on our society.
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Resumen

Ixodes ricinus, la garrapata del ricino europea o garrapata comun, es un acaro
parasitiforme de cuerpo duro que depende de la hematofagia para su
supervivencia y reproduccion. Estd ampliamente distribuida por Europa y el
norte de Africa y es responsable de transmitir varios patégenos, incluidos
Borrelia burgdorferi, el agente causante de la enfermedad de Lyme. La creciente
prevalencia de enfermedades transmitidas por garrapatas en los ultimos afnos,
exacerbada por el cambio climatico y las consiguientes modificaciones de su
habitat, plantea importantes preocupaciones en términos de salud publica y
economia. La capacidad de las garrapatas para parasitar con éxito a sus
hospedadores se atribuye en gran medida a su saliva, que contiene moléculas
bioactivas capaces de manipular diferentes mecanismos de defensa del
hospedador, incluyendo el sistema inmune o los procesos de cicatrizacién de
heridas y coagulacion de la sangre. Estudios recientes proponen que los ARNs
no codificantes (ARNncs) presentes en la saliva, incluyendo los micro-ARNs

(miARNSs), son posibles moduladores de la interfaz garrapata-hospedador.

Los miARNs son genes no-codificantes altamente conservados y presentes en
practicamente todos los metazoos. Su producto funcional son pequefas
moléculas de ARN (entre 21-23 pb) que regulan la expresién génica de forma
negativa y post-transcripcional. Su importancia en la homeostasis celular ha
sido ampliamente demostrada mediante ensayos funcionales y queda patente
también en la aparente implicacion causal de los miARNs en diferentes
patologias. Hallazgos recientes sugieren que los miARNs pueden funcionar de
manera cooperativa, potenciando sus efectos regulatorios. Por su parte, se ha
propuesto que los ARN largos no codificantes (ARNlncs) actian como esponjas

de miARNSs, con la capacidad de secuestrar miARNs a través de regiones diana
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en los propios ARNIncs, lo que anade otra capa de complejidad al proceso de

regulacion génica.

Esta tesis tiene como objetivo determinar la importancia funcional de miARNs y
ARNlncs en el proceso de parasitismo y hematofagia realizado por /. ricinus.
Para ello, analizamos de manera exhaustiva la dinamica transcriptémica de /.
ricinus durante el proceso de parasitismo, evaluando el papel de los productos
génicos, miARNs y ARNIncs en la interfaz garrapata-hospedador mediante un
enfoque bioinformatico extenso. El objetivo final de la tesis es establecer una

base para el desarrollo de nuevas estrategias clinicas y de control de plagas.

Durante el transcurso de esta tesis se colaboré en la generacién de un nuevo
ensamblado de referencia del genomade /. ricinus. Eluso del nuevo genoma de
referencia y de multiples conjuntos de datos de diversos tejidos como las
glandulas salivales, el intestino medio, la saliva, e incluso el cuerpo completo

de la garrapata, nos permitié mejorar las anotaciones de miARNs y ARNlncs.

Para analizar el posible impacto funcional de miARNs de la garrapata en el
hospedador, se diseid un nuevo flujo de trabajo computacional que integra la
prediccion de sitios diana de miARNs y la caracterizacion funcional de los genes
regulados. La prediccion de dianas incluye la incorporacion de perfiles de
conservaciéon de la secuencia diana en funcién de la posicidon y hallazgos
recientes sobre laimportancia de la proteina TNRC6 en la cooperacién sinérgica

de miARNSs en el silenciamiento génico.

Aplicando el flujo de trabajo descrito arriba, se ha podido demostrar que
integrar la conservacion de las secuencias diana en la prediccion de las dianas
de los miARNs reduce drasticamente el numero de secuencias dianas
predichas. Ademas, observamos que los genes con secuencias diana
conservadas estan funcionalmente enriquecidos en procesos altamente

relevantes para la defensa del hospedador frente al parasitismo. Sumado a
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esto, detectamos con éxito regiones cooperativas para miARNs de la garrapata
en genes abundantes en células dérmicas del hospedador y relacionados con
procesos clave en la interfaz garrapata-hospedador, como la respuesta
inmunitaria, cicatrizaciéon de heridas, nocicepcién y mecanosensacion.
También demostramos que estos miARNs de la garrapata estan presentes en
vesiculas extracelulares de diferentes tamafos, lo que aumenta su potencial

para interactuar con las células del hospedador.

Para estudiar como los ARNLlnhcs pueden influir en el parasitismo de /. ricinus,
generamos un transcriptoma de referencia ensamblado de novo a partir de
muestras de glandulas salivales e intestino medio de garrapata. Estas muestras
se obtuvieron de en diferentes puntos temporales de garrapatas hermanas que
o bien no estaban alimentadas, o bien estaban alimentadas en hospedadores
virgenes, o bien alimentadas en hospedadores previamente expuestos a
garrapatas y, por lo tanto, sensibilizados al parasitismo por garrapata. Estas
muestras, a su vez, nos permitieron analizar la dinamica transcripcional que
sucede en estas diversas condiciones a lo largo del tiempo en ARN no

codificantes y de forma adicional en ARN codificantes.

Mediante este analisis, observamos diferencias significativas entre estos
grupos de garrapatas y encontramos que los genes diferencialmente
expresados a lo largo del tiempo estan involucrados en procesos bioldgicos
clave, incluidos la glicosilacién y el plegamiento de proteinas. Estos procesos
desempenfan roles cruciales en la adaptacion de la garrapata al parasitismo y

en la evasion del sistema inmune del hospedador.

Varios ARNlnhcs fueron identificados como posibles esponjas de miARNs del
hospedador, con la capacidad de inhibir la acciéon de los miARNs del
hospedador involucrados en procesos criticos contra el parasitismo. Uno de
estos ARNIncs destaca como el candidato mas prometedor, ya que fue

detectado en vesiculas extracelulares y tiene la capacidad de afectar los
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procesos de glicosilacidon en los hospedadores, lo cual es esencial para la
inmunidad del hospedador, asi como los procesos de senalizacion de los

receptores de la matriz extracelular.

En general, esta tesis trata de consolidar una base para futuras investigaciones
y avances clinicos, como el uso de miARNs terapéuticos y antimiRs. La
investigacion continua, especialmente en la validacion biolégicay el analisis de
la respuesta del hospedador, sera crucial para complementar los resultados
impulsados por la bioinformatica y presentados en esta tesis. Este
conocimiento sera esencial para reducir finalmente el impacto de /. ricinus en

la salud publicay la economia de nuestra sociedad.
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Chapter 1.

Introduction

Ticks are parasitic arthropods that depend on blood feeding for survival and
reproduction, playing a critical role in the transmission of pathogens that affect
human and animal health [1,2]. Ticks, or Ixodida, form one of the seven orders
of the subclass Acari [3]. This order is further divided into three families: the
Ixodidae, or 'hard' ticks, which contain around 900 species; the Argasidae, or
'soft' ticks, with approximately 200 species; and the somewhat unique
Nutalliellidae, represented by a single species [4]. Their capacity to transmit a
wide array of diseases, including Lyme borreliosis and tick-borne encephalitis,
underscores their medical and veterinary importance [5]. Over recent decades,
the global prevalence of tick-borne diseases has risen dramatically, attributed
to the expansion of tick habitats influenced by climate change and human-
induced environmental transformations such as deforestation, urbanization,

and international trade [6].

The feeding mechanism of hard ticks is a complex process, involving immune
evasion, inhibition of blood coagulation and effective attachment to their hosts.
By using their chelicerae to breach the skin layers, ticks firmly anchor
themselves with their hypostomes, causing localized damage to blood vessels
and haemorrhagic lesions [7,8]. This prolonged interaction at the skin interface

facilitates pathogen transmission [9].
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The economic impact of ticks is substantial, particularly in the livestock sector.
For example, Rhipicephalus microplus alone accounts for annual losses
exceeding 2.5 billion USD in tropical and subtropical regions [10]. Additionally,
climate change and habitat encroachment have increased human exposure to
ticks, leading to a notable rise in tick-borne disease cases and heightened
societal concern over the lack of effective control measures and potential long-
term health implications [11]. Additionally, ticks are emerging as a significant
public health concern due to their increasing presence in urban green spaces,
which are frequented by people for recreation [12]. This expansion into urban
areas elevates the risk of human exposure to tick-borne diseases, such as Lyme
disease and tick-borne encephalitis [12]. A striking example of this challenge is

the invasion of multiple U.S. states by Haemaphysalis longicornis [13].

Despite advancements in biotechnology, chemical acaricides remain the
predominant method for tick control. However, their extensive use has led to
environmental contamination and growing tick resistance to acaricides,
highlighting the urgent need for alternative, sustainable solutions [14]. Emerging
strategies, such as the development of anti-tick vaccines, increasingly rely on
insights gained from genomic and transcriptomic studies. Sequencing efforts for
species such as Ixodes scapularis, Ixodes persulcatus, Rhipicephalus
microplus, Rhipicephalus sanguineus, Hyalomma asiaticum, and Dermacentor
silvarum have marked significant progress in understanding tick biology and
behavior [15]. Moreover, next-generation sequencing technologies have
revolutionized the field, enabling comprehensive genome analyses and detailed
exploration of transcriptomes [16]. Studies of tick transcriptomes have
uncovered tick miRNAs which play key roles in modulating host immune
responses and facilitating successful blood feeding, paving the way for

innovative anti-tick interventions [17-19].
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1.1. Ixodes ricinus, the European hard tick: Biology and

Ecology

Ixodes ricinus, commonly known as the castor bean tick, is a prostriate hard tick
belonging to the family Ixodidae and subfamily Ixodinae, within the subgenus
Ixodes. I. ricinus is distributed across northern, western, central, and eastern
Europe, with sparse populations in southern regions [20]. It is also found in
mountainous areas of northern Africa, demonstrating its adaptability to diverse
habitats [21]. Initial studies on this species were conducted in the United
Kingdom during the 1930s and 1940s, marking the beginning of scientific interest
in its biology and its role as both a pest affecting domestic animals and a vector
of three significant diseases [22]: louping-ill in sheep, caused by a flavivirus;
tick-borne fever in sheep and cattle, caused by the intracellular bacterium
Anaplasma phagocytophilum; and redwater fever (bovine babesiosis) in cattle,
caused by the erythrocytic parasite Babesia divergens. Today, I. ricinus has
become one of the most extensively studied vectors of disease in Europe.
Infectious diseases transmitted by this tick are a growing public health concern
across many European countries. Figure 1 shows the current known distribution
of I. ricinus in Europe and Northern Africa. The European Center for Disease
Prevention and Control predicts a rising incidence of tick-borne diseases (TBDs)

in the near future [23].
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Figure 1. Currently known distribution of Ixodes ricinus in European and proximal
countries, as of October 2023. Adapted from [24].

This section will provide an overview of essential information about /. ricinus,
covering its anatomy, life cycle, host range, and its role in transmitting various
pathogens for the purpose of improving the understanding of the thesis results.
By analyzing these aspects, we can better comprehend the role of the specific

arthropod vector in the spread of diseases that pose a significant and growing

health risk.

1.1.1. Anatomy of Ixodes ricinus

Ixodes ricinus has an ovoid or pear-shaped body, typically brownish red in color,

with the female’s abdomen turning light grey when engorged [4]. In terms of size,
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the adult male measures between 2.4 and 2.8 mm in length, while the female
ranges from 3.0 to 3.6 mm [25]. However, when engorged, the female can
exceed 1 cmin length [4]. From a morphological perspective, I. ricinus is divided
into three primary parts: the head, body, and legs [3]. Figure 2 provides an
overview of the anatomical parts of I. ricinus, which will be discussed in more

detail below.

Tarsus

Segmented legs

-
Alloscutum

Figure 2. Dorsal view of Ixodes ricinus with key anatomical parts labeled. Adapted
from [4].

The head and mouthparts of ticks are referred to as the Capitulum, with the
Basis Capitulum serving as a support structure [4]. The Auriculae, small spurs
on the side of the Capitulum, aid in anchoring the tick to the host and are
important for species identification; in /. ricinus, they appear as dark divergent

triangles [26]. The mouthparts contain various essential structures for blood
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feeding, including sensory palps, cutting chelicerae, and a syringe-like

hypostome used for blood extraction [4].

Regarding the body, the frontal region of mites is called the podosoma and the
posterior opisthosoma, but in ticks, these sections are merged [3]. As hard ticks,
the body of /. ricinus is covered by a protective chitinous cover, named Scutum
[27]. In males, the Scutum covers the entire body, while in females, it only
partially covers the body [4]. This allows the uncovered part of the body, known
as the Alloscutum, to expand during blood feeding [28]. Scapular grooves run
down the Scutum, and lateral grooves encircle its rim [27]. Ventrally, the genital
opening is located between the 3rd and 4th pairs of legs, and males have
additional hard plates around the genitals and anus, with the anus surrounded

by a groove [27].

I. ricinus has four pairs of segmented legs attached to the frontal podosoma
region [4]. The final segment of the legs, known as the tarsus, is long and tapering
on the frontal legs of I. ricinus [4]. Additionally, the front legs feature long spurs,

which are sharp hooks that assist in attaching to the host [4].

Among the internal organs of [. ricinus, several belong to the digestive tract: the
preoral canal, which acts as an extension of the mouth; the pharynx; the
esophagus; and the midgut, which stores and digests the host's blood meal; and
the hindgut, which comprises the intestine, the rectal sac, and the rectum [29].
As an accessory organ to the digestive track, the Malpighian tubules consolidate

nitrogenous wastes and transport them to the rectal sac [30].

I. ricinus has paired salivary glands located in the antero-lateral regions, with
saliva passing through salivary ducts into the host tissue at the bite site [31].
Thus, these glands and the saliva they produce will play a crucial role in

modulating the tick-host interaction, making them a central focus of this thesis.
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1. ricinus respiratory system features an extensive tracheal network that opens
via two lateral spiracular plates [32]. The tick's open circulatory system includes
a heart situated dorsally along the mid-sagittal line [31]. Ticks lack a distinct
brain and ventral nerve cord; instead, the central nervous system's ganglia form
a structure called synganglion, a highly condensed, fused nerve mass, covered
by a vascular sheath known as the periganglionic sheath [29]. Ticks also have
peripheral nerves and sensory organs that provide environmental information

and adaptability [29].

In females, the reproductive system includes the genital aperture, a two-part
vagina, seminal receptacle, oviducts, ovaries, and two accessory glands: the
lobular and tubular glands [31]. Additionally, females have the Gené's organ,

which produces wax to coat eggs during oviposition [29].

The male reproductive system comprises the male accessory gland, vas
deferens, and testes, connected to the genital aperture via the ejaculatory duct
[31]. During reproduction, the male produces a capsule containing sperm, the
spermatophore, which is manually transferred to the female’s genital aperture

using his mouthparts [33].

1.1.2. Life cycle of Ixodes ricinus

The life cycle of I. ricinus typically lasts 2-3 years in warmer southern regions, or
4-6 years in the cooler northern and central European climates [34]. Aside from
climate conditions, the life span of I ricinus is intricately tied to both host
availability and other environmental conditions. I. ricinus typically inhabits
lowland, humid biotopes, including unmanaged grasslands, heaths, forest
edges, woodlands, and broadleaf forests, where dense undergrowth provides
suitable conditions for survival and questing [35]. Most of the tick’s life is spent

off-host, either unfed (resting or questing), engorged in a developmental
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diapause, or developing to the next stage following a bloodmeal (engorged or
moulting) [34]. In contrast, the feeding phases as a whole comprise less than 1%
of the life cycle (approximately 2-3 weeks) [34]. The tick’s life cycle consists of
four key stages: egg, larva, nymph, and adult. Each of the three active life stages
must take a bloodmeal to develop to the next life stage (larva, nymph) or to

produce and lay eggs in the case of an adult female [34].

I. ricinus larvae and nymphs are highly opportunistic in seeking a host. They
actively climb low vegetation, where they wait in ambush, ready to attach to
passing hosts [4]. After completing their bloodmeal, engorged larvae and
nymphs seek refuge in the leaf litter, where they avoid exposure to sunlight and
desiccation [34]. They can survive dry periods, especially in habitats with a
stable layer of leaf litter formed by oak or beech trees, which provides consistent
moisture [34]. During these off-host phases, ticks are capable of absorbing
water vapor from the environment through hygroscopic salivary secretion to
compensate for moisture loss [36]. However, they require high relative humidity

(above 80-85%) to survive and thrive [37].

Once engorged, a process called apolysis occurs. During this process, the old
integument separates from the underlying epithelium, marking the transition
from the current life stage to the next [38]. After the apolysis, ticks undergo a
process called moulting. During this phase, ixodid ticks temporarily lose the
ability to walk and to actively absorb atmospheric water vapor [39].
Simultaneously, all ectodermal tissues undergo degeneration, followed by the
development of new structures [40]. The majority of their old external chitin
layer, the cuticle, is digested, while a new cuticle is formed in a highly intricate
process [41,42]. The moulting process concludes with ecdysis, during which the
tick's new form emerges, leaving behind the remnants of the old cuticle, known

as the exuvia [34,41,42].
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Following ecdysis, I. ricinus ticks transition to the next life stage, typically in the
warmer months [34]. However, I. ricinus ticks that detach late in the summer
may enter a developmental diapause, which can last for 9-10 months, remain in
an engorged state over the winter and continue their development in the
following spring [43]. The aforementioned tick’s ability to survive extended
periods between bloodmeals is a key aspect of its ecology, allowing /. ricinus to
adapt to varying environmental conditions and ensure survival until the next

suitable bloodmeal opportunity arises.

After a period of post-ecdysial maturation, the unfed adult tick begins its quest
for a host, which can involve climbing vegetation or resting on objects up to 1.2
meters in height, waiting for the opportunity to latch onto a passing animal [34].
The questing phase can last for weeks, with the tick often retreating to more
humid, sheltered areas if conditions become too dry or hot [34]. Questing
behaviour ensures that ticks maximize their chances of encountering a suitable

host while also managing environmental stress.

The adult male tick, unlike the females, does not feed significantly but attaches
to a host primarily to mate with feeding females [44]. Off-host mating is possible
assuming an accidental encounter of males with unfed females in the

environment [44].

When conditions are favorable, the adult female tick completes its life cycle by
laying 2,000-3,000 eggs after a successful bloodmeal [37]. This egg-laying
process is temperature-dependent, ceasing below 4-5°C until warmer
conditions resume [37]. Following oviposition, the female dies, marking the
completion of the life cycle of I. ricinus [34,37]. A schematic representation of

the lifecycle of /. ricinus is provided in Figure 3.
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Figure 3. Overview of Ixodes ricinus lifecycle. Adapted from [45].
1.1.3. Potential hosts of Ixodes ricinus

I. ricinus is a highly adaptable tick species, capable of feeding on a broad
spectrum of vertebrate hosts throughout its various life stages. The larval and
nymphal stages are particularly opportunistic and have been recorded feeding

on over 300 vertebrate species, including mammals, birds, and reptiles [46].

The adult stage of [ ricinus primarily feeds on large and medium-sized
mammals, with a preference for species such as deer. Hedgehogs represent
some of the smallest mammals to support adult ticks, but larger hosts like the
deer species: Capreolus capreolus, Cervus elaphus and Dama dama, are
critical for maintaining tick populations [47]. In the absence of deer, hares and
wild boars may serve as important hosts for adult ticks [48]. Additionally,

domestic livestock, including sheep and cattle, provide substantial support for

10
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tick populations in agricultural environments, where they sustain large numbers

of ticks [49].

To successfully parasitize such a wide variety of evolutionarily divergent hosts,
I. ricinus must target conserved molecules and pathways shared across the
various vertebrate host species that the specific ticks parasitize. This hypothesis
has significant implications for the analyses conducted in this thesis and
remarks on the importance of identifying universally conserved molecular

mechanisms that mediate the parasitism of /. ricinus.

1.1.4. Pathogens and diseases associated with Ixodes

ricinus

1. ricinus poses significant public health and economic challenges. As a vector
of multiple pathogens, . ricinus is responsible for transmitting viral, bacterial,
and protozoan agents that cause serious anthropozoonotic diseases. Therise of
tick populations in urban and peri-urban green spaces has heightened the risk
of human exposure to infected ticks, complicating disease prevention and

management strategies [12].

Some of the most significant and challenging diseases caused by pathogens

transmitted by /. ricinus include:

1. Lyme borreliosis: The spirochete Borrelia burgdorferi sensu lato,
transmitted by /. ricinus, causes Lyme borreliosis, the most common
tick-borne disease in Europe. It manifests in various forms, including
localized erythema migrans, systemic neurological involvement, and
chronic arthritis. Small rodents, birds, and certain reptiles act as

reservoirs for these spirochetes, sustaining transmission cycles [50,51].

11
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2. Tick-borne encephalitis: Caused by the tick-borne encephalitis virus,
tick-borne encephalitis is a potentially severe neuroinvasive disease
endemic in Europe and Asia. I. ricinus is the primary vector for the
western European subtype of TBEV. The virus circulates in natural cycles
involving small mammals and co-feeding ticks, with occasional
spillovers to humans through tick bites or consumption of unpasteurized

dairy products [52].

3. Anaplasmosis: Anaplasma phagocytophilum is a bacterium thatinfects
granulocytes, leading to human granulocytic anaplasmosis. Although
clinical cases are less common in Europe compared to the U.S., the
pathogen is widely prevalent in [. ricinus ticks and various reservoir

hosts, such as roe deer and rodents [53].

4. Babesiosis: Protozoans of the genus Babesia, particularly Babesia
microti and Babesia divergens, are transmitted by /. ricinus and cause
babesiosis, a malaria-like illness. This disease poses a particular threat
to immunocompromised individuals, with cattle serving as a primary

reservoir for B. divergens [54].

5. Rickettsioses: Members of the spotted fever group, such as Rickettsia
helvetica and Rickettsia monacensis, are transmitted by /. ricinus. These
pathogens can cause febrile illnesses and are emerging as notable

zoonotic agents in Europe [55].

6. Borrelia miyamotoi infection: Borrelia miyamotoi is a spirochete
transmitted by /. ricinus ticks. Unlike Lyme borreliosis, an infection with
B. miyamotoi leads to a relapsing fever disease characterized by
recurring episodes of fever, headache, and myalgia, without the typical
erythema migrans rash. Additionally, B. miyamotoi can be transmitted

transovarially, from adult ticks to their offspring, resulting in infected

12
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larvae capable of transmitting the pathogen to hosts, including humans

[56].

7. Neoehrlichiosis: Caused by Candidatus Neoehrlichia mikurensis and
transmitted by /. ricinus, this disease is characterized by systemic
inflammation, headache, malaise, nausea, and fever. Thromboembolic
and vascular events have been reported in patients with human
neoehrlichiosis, although it remains unclear whether these
complications arise from infected or inflamed vascular endothelial cells

[57].

8. OtherPathogens:/. ricinus has also beenimplicated in the transmission
of Bartonella spp. and Francisella tularensis. Although their public
health impact is less well understood, these pathogens are considered

emerging threats to both humans and livestock [51].

The wide range of diseases and tick-borne pathogens (TBPs) transmitted by /.
ricinus remarks the importance of studying how these ticks evade host
defenses, thus creating a favourable environment for the establishment of
pathogens in the sites of tick bites. This thesis aims to address this challenge by
providing a deeper understanding of the saliva protein components and miRNAs
that may assist ticks in evading host responses, with the goal of developing anti-

tick and anti-TBP strategies.

13
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1.2. Blood feeding in Ixodes ricinus: Biological and

biochemical aspects

1.2.1. Mouthparts and bite mechanism

The mouthparts of ixodid ticks, including /. ricinus, are highly specialized to
facilitate blood feeding and attachment to the host. These external structures
comprise a hypostome, which serves as a conduit for saliva secretion and the
ingestion of blood and inflammatory exudate, and a pair of movable chelicerae
[41]. The biting process begins with the chelicerae’s apical digits creating an
incision in the skin through lateral movements [34]. Once the incision is made,
the hypostome, equipped with recurved denticles on its ventral surface, is
inserted into the tissue in a ratchet-like motion [34]. This mechanism, supported
by the anchoring function of reflexed cheliceral digits, ensures that the

hypostome and chelicerae are fully embedded.

A critical aspect of this process is the exchange of saliva and blood that occurs
at the tick-host interface. Saliva is secreted into the host tissue through the
hypostome, delivering salivary molecules that modulate host immune
responses, prevent coagulation, and facilitate feeding. Simultaneously, the
hypostome serves as a channel for the ingestion of blood and inflammatory
exudate [58]. The attachment is further stabilized by the secretion of a cement-
like structure around the hypostome and the deposition of collagen, which

anchor the tick securely to the host [34,58,59].

The bite of the tick generates a rapid hemostatic reaction on the host,
characterized by blood clotting, platelet clumping, and vessel constriction,
alongside an immune defense reaction involving complement activation,

leukocyte mobilization, and inflammation as the main modules of host

14
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homeostatic response to tick feeding [60,61]. Figure 4 provides a schematic
overview of the [. ricinus bite, highlighting the mouthparts and organs involved in

host attachment, saliva secretion, and blood intake.

midgut

host skin

blood meal T

chelicerae hypostome

Tick-borne
pathogen

feeding cavity

Figure 4. Schematic representation of tick blood feeding, saliva secretion, and tick-
borne pathogen (TBP) injection into the host. The diagram indicates the tick organs
and structures involved in the blood-feeding process. TBPs are highlighted in red. For
presentation purposes, only one-half of the digestive tract and a single salivary gland are
shown. Adapted from [62].

1.2.2. Digestive processes in the midgut

The midgut of /. ricinus plays a central role in the slow and intricate process of
blood digestion, distinct from the rapid digestion in insect blood-feeders [63].

The tick midgut is the central section of the digestive tract where most blood

15
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digestion and nutrient absorption occur, and it is the largest organ in the body of
a tick regardless of its developmental stage [31]. The midgut consists of a
ventriculus, which acts as a stomach in arthropods, and multiple pairs of
branched caeca, which increase the surface area of the midgut and fill much of
the female tick's body [64,65]. This gut architecture includes a lumen encased
by a single epithelial layer of large digestive gut cells (DCs), covered by a
peritrophic matrix that separates luminal contents from digestive cells [41].
Unlike insects, digestion in ticks occurs intracellularly in acidic vesicles within

gut epithelial cells [63].

Upon ingestion, red blood cells are lysed in the lumen, releasing proteins such
as hemoglobin or albumin, which comprise more than 80% of the total protein
content of vertebrate blood, making them the main sources of amino acids for
ticks [66]. Hemoglobin is internalized by DCs via receptor-mediated
endocytosis, while albumin is internalized by non-specific fluid-phase
endocytosis [66]. Hemoglobin is directed to clathrin-coated pits and taken into
large endosomal vesicles, where acidic lysosomal enzymes, such as cysteine
and aspartic peptidases, digest hemoglobin into peptides and amino acids [66].
On the other hand, albumin is directed to small acidic vesicles, where it will be
further digested [66]. These products are utilized in several anabolic processes
in the tick, including in vitellogenin synthesis for reproduction in fertilized

females [65,66].

The digestion process generates heme as a byproduct, a potentially toxic
molecule due to its ability to produce reactive oxygen species [67]. To counter
this, ticks sequester heme in specialized organelles called hemosomes, a

detoxification mechanism critical for tick survival [68].
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1.2.3. The role of salivary glands

The salivary glands (SG) of /. ricinus perform multiple essential functions that are
critical for tick survival and parasitic lifestyle. These glands play a central role
during both on-host feeding periods and off-host fasting, contributing not only to

the tick blood-feeding success, but also to the transmission of TBPs [62].

In ixodid ticks such as I. ricinus, the SGs are composed of numerous acini, which
are alveoli-like rounded secretory units. Acini are categorized into four types:
type I, I, lll, and IV [62]. Types |, I, and Il are common to both sexes, while type
IV is specific to males. These acini connect to the salivary ducts, with type |
primarily associated with the anterior part of the main duct and types Il and Il
linked to more distal secondary and tertiary ducts, respectively [41,62,69]. The
acini contain specialized cells responsible for various physiological and
secretory activities. Agranular type | acini comprise four distinct cell types,
including lamellate and peritubular cells, while granular type Il and lll acini
house additional glandular cells that secrete biologically active molecules
[41,70]. These secretions play a pivotal role in tick feeding and pathogen

transmission [62].

The ixodid SGs exhibit remarkable adaptations to ensure survival and efficient
parasitism. As previously mentioned, a defining feature of ixodid ticks is their
ability to anchor firmly to the host using a cement cone [59]. This structure,
composed of glycine-rich proteins, lipids, and carbohydrates, is secreted by
type Il and Il acini [59]. The cement protects the tick's mouthparts and shields

them from the host's immune response, facilitating prolonged feeding [59].

During feeding, ixodid ticks like /. ricinus can increase their body weight over
100-fold [71]. This is achieved through the uptake of large volumes of blood while
simultaneously excreting excess water and ions back into the host via SGs and

the secretion of saliva [71]. The type lll acini play a key role in this process, with
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their epithelial cells housing sodium-potassium pumps (Na+/K+-ATPase) that

regulate ion and water movement, maintaining homeostasis [72].

During off-host fasting, type | acini facilitate the absorption of atmospheric
moisture. These structures secrete a hygroscopic solution rich in Na+, K+, and
Cl-, which absorbs environmental humidity [72,73]. This absorbed moisture is
subsequently swallowed and utilized, a critical adaptation to prevent

desiccation in dry environments [74].

The activation of SGs in /. ricinus is tightly regulated by the nervous system,
specifically the synganglion [75]. The synganglion, as further discussed in
Section 1.1.1, is the central nervous system of the tick, including the major
peripheral nerves, and it is a highly condensed, fused nerve mass, covered by a
vascular sheath known as the periganglionic sheath [29]. The synganglion
coordinates gland activity via neural and chemical signals [75]. Dopamine is a
key activator, triggering fluid secretion through two pathways: a cAMP-
dependent pathway via the D1 dopamine receptor and a calcium-dependent
pathway via the InvD1L receptor [76]. These receptors are differentially
expressed within the SG, with the D1 receptor promoting fluid uptake and the
InvD1L receptor facilitating fluid expulsion [76]. Additionally, chemical agents,
including octopamine, norepinephrine, and neuropeptides like SIFamide and
myoinhibitory peptide, further modulate SG activity, generating a complex
neural network that controls the SG secretion in response to the tick's

physiological needs during feeding [62].
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1.2.4. The impact of saliva on host responses

Tick saliva is a complex mixture of proteins and other molecules that play a
critical role in the tick's ability to feed on blood and it is produced by tick SGs
[62]. Numerous key components of the saliva of ticks have been discovered and
studied, including various enzymes, inhibitors, and vasodilators that help ticks
overcome hostimmune and haemostatic responses and facilitate blood feeding
[62]. Tick saliva includes molecules that inhibit primary and secondary
haemostasis, such as Kunitz-type inhibitors, which target blood coagulation
factors like thrombin and factor Xa [77,78]. These anticoagulants, along with
other components that disrupt platelet aggregation and fibrinogen binding,

enable the tick to feed without triggering excessive blood clotting [78].

Salivary proteins, such as the serpin IRS-2 and histamine release factors, block
platelet aggregation and modulate vascular permeability, which help prevent
clotting and promote continued blood flow at the tick feeding site [78,79]. Their
salivaincludes molecules thatinhibit primary and secondary haemostasis, such
as Kunitz-type inhibitors, which target blood coagulation factors like thrombin
and factor Xa [77,78]. These anticoagulants, along with other components that
disrupt platelet aggregation and fibrinogen binding, enable the tick to feed

without triggering excessive blood clotting [78].

I. ricinus has the capability to suppress the host’s immune response as well,
using salivary components that modulate both host innate and adaptive
immunity. Irac | and Irac Il, which modulate the complement system, help
prevent immune detection [80]. Ir-LBP, a lipocalin, binds to leukotriene B4, an
inflammatory mediator, reducing neutrophil recruitment and activation [81].
Proteins like IRIS and BIP further modulate the host’s inflammatory response

and wound healing processes [82,83], while Salp15-like proteins from /. ricinus
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assist in evading immune responses by interfering with antigen presentation

[84].

While many proteins from the saliva of I. ricinus and other ticks have been
identified, their full functional roles are still being unraveled. In most cases the
complex host evasion mechanisms cannot be attributed to a single tick salivary

protein.

1.2.4.1. Extracellular vesicles in saliva

Recent studies have identified extracellular vesicles (EVs) as a critical
component of tick saliva, with potential implications for vector-host
interactions, even suggesting a direct effect of tick salivary EVs on host skin
keratinocytes [85,86]. EVs are nanoscale vesicles known for their roles in
intercellular communication, cargo trafficking, and influencing various
biological processes [87]. These vesicles typically carry lipids, nucleic acids as
RNAi or miRNA, and proteins, and their cargo composition varies depending on

the source organism, cell type, and environmental conditions [87].

Recently, researchers identified several tick salivary effectors within EVs that
may impact the host response, indicating their role in modulating host immune
responses and facilitating blood feeding [88]. Specifically, the SNARE proteins
Vamp33 and Synaptobrevin 2 have been identified to enable the blood feeding
of I. scapularis and to support Anaplasma phagocytophilum infection through
the modulation of dendritic and epidermal T cells function [89]. While primarily
studied in mammalian contexts, EVs have garnered attention for their potential
to influence the tripartite interactions between ticks, their microbial symbionts,

and mammalian hosts [90].

One crucial aspect of tick salivary EVs is their potential to transfer miRNAs to the

host. As further discussed in the Section 1.3, miRNAs are small non-coding
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RNAs that regulate gene expression post-transcriptionally and are known to
influence host-pathogen interactions in parasitic systems [91]. Preliminary
evidence from related tick species, such as Haemaphysalis longicornis, has
demonstrated the presence of miRNAs within EV-like structures in tick saliva

[18].

Although this field remains poorly explored, this thesis will focus on
demonstrating the presence of miRNAs in /. ricinus saliva and salivary EVs and
their potential to cooperate with other salivary effectors in mediating the
complex evasion strategies ticks use to counter host defense mechanisms,

thereby facilitating blood feeding and ensuring tick survival.

1.3. Non-coding RNA in tick-host interactions: The key

role of microRNAs and long non-coding RNAs

Traditionally, genetic research has centered on messenger RNAs (mRNAs) for
theirrole in translating genetic information into proteins. However, RNAs thatdo
not code for proteins, also known as non-coding RNAs (ncRNAs), have emerged
as key regulators of gene expression and other cellular processes [92].
Advances in RNA sequencing technologies and bioinformatics have significantly
expanded our understanding of ncRNAs, revealing them as a substantial portion
of the transcriptome, with key roles in transcription, translation, and RNA
modification [93,94]. ncRNAs are broadly categorized into two main groups:

housekeeping ncRNAs and regulatory ncRNAs [92].

Housekeeping ncRNAs are typically constitutively expressed and necessary for
basic cellular processes [95]. This group includes ribosomal RNA (rRNA),

transfer RNA (tRNA), tRNA-derived small RNA (tsRNA), small nuclear RNA
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(snRNA), small nucleolar RNA (snoRNA), and telomerase RNA (TERC), each with

criticalroles in supporting distinct cellular functions [92].

Regulatory ncRNAs, on the other hand, modulate gene expression and are
further divided based on their size into small non-coding RNAs (sncRNAs) and
long non-coding RNAs (IncRNAs). Key types of regulatory sncRNAs include
microRNAs (miRNAs), small interfering RNAs (siRNAs), piwi-interacting RNAs
(piRNAs), and enhancer RNAs (eRNAs), while IncRNAs and circular RNAs
(circRNAs) represent the larger regulatory ncRNAs [92]. Each of these ncRNA
classes plays a pivotal role in cellular homeostasis, by contributing to the

complexity of gene expression control [92].

This thesis willfocus on miRNAs and IncRNAs as key modulators at the tick-host
interface. These two classes of ncRNAs are particularly intriguing due to their
versatile roles in gene regulation and their potentialinvolvement in host-parasite
interactions. MiRNAs are well-known for their ability to fine-tune gene
expression post-transcriptionally and, therefore, may play a crucial role in the
modulation of host immune responses during tick blood feeding [96]. Beyond
modulating chromatin states, transcription, and RNA stability in the host,
IncRNAs are known to act as competing endogenous RNAs (ceRNAs) or
“sponges” by sequestering host miRNAs [96]. The potential inhibition of host
miRNA function by tick IncRNAs is particularly intriguing in the context of the

tick-host interaction.

The decision to focus on miRNAs and IncRNAs in this thesis stems from growing
evidence that these molecules are secreted in tick saliva and may directly
impact host cellular pathways [17,97]. Understanding how miRNAs and
IncRNAs are leveraged by ticks to evade host defenses could reveal novel
insights into tick biology and the molecular mechanisms underlying tick lifecycle

completion and the transmission of diseases.
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1.3.1. MicroRNAs in tick-host interactions

miRNAs are endogenous small regulatory ncRNA molecules, approximately 22
nucleotides in length, which mediate the translational repression and transcript
stability of target mMRNAs through antisense base pairing [98]. They have been
identified in all bilaterian animal species, with many miRNAs being
evolutionarily conserved [99]. Their widespread presence across animal, plant
and virus genomes, along with their high evolutionary conservation, suggests a
significant regulatory role in various physiological processes. A large number of
studies have demonstrated that miRNAs are essential in regulating
development, differentiation, proliferation, apoptosis, and immune response

[100].

The target regions of miRNAs in mRNAs typically involve perfect base pairing
with the miRNA seed region (positions 2 to 7 of the miRNA) [101]. These target
sites are usually located in the 3' untranslated region (3' UTR) of the mRNA [102].
The crucial roles miRNAs play in gene regulation underscore the importance of
these target regions, which are often highly conserved. In humans, more than
60% of mMRNAs contain at least one conserved target site , and on average, each
mMRNA target contains four to five preferentially conserved miRNA binding sites
[102]. Previous research suggest that when a predicted target sequence is
conserved across multiple species, it is more likely to have a functional role,

potentially due to regulation by miRNAs [103].

In this section, we will explore essential aspects of miRNAs regarding their
potential implication in the blood-feeding process of /. ricinus. Specifically, we
will cover their biogenesis, their function in mRNA repression and pathway
modulation, the emerging potential function of miRNAs in tick-host interface

and the recent findings on the cooperative interactions between miRNAs.
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1.3.1.1. Biogenesis and translocation to extracellular vesicles

The biogenesis of miRNAs begins with the processing of RNA polymerase Il or Il
transcripts, occurring either post-transcriptionally or co-transcriptionally [104].
Approximately half of the identified miRNAs are intragenic, primarily derived
from introns, with a smaller proportion originating from exons of protein-coding
genes, while the remaining miRNAs are intergenic, transcribed independently
[105,106]. In some cases, miRNAs are transcribed as a single long transcript,
forming clusters that often share similar seed regions [107]. Each of these
clusters are known as a miRNA family. The process of miRNA biogenesis can be
categorized into two main pathways: canonical and non-canonical [108]. Figure
5 illustrates the canonical and non-canonical miRNA biogenesis pathways,

which will be discussed more extensively in the following sections.

1.3.1.1.1. The canonical pathway of microRNA biogenesis

The canonical pathway is the primary route for miRNA biogenesis, involving
several precise processing steps. Initially, primary miRNAs (pri-miRNAs) are
transcribed from miRNA genes. These pri-miRNAs are then processed into
precursor miRNAs (pre-miRNAs) by the Microprocessor complex, which
includes two copies of the RNA-binding protein DiGeorge Syndrome Critical
Region 8 (DGCR8) and the ribonuclease Ill enzyme Drosha [109]. DGCRS8
recognizes specific motifs within the pri-miRNA, such as N6-methyladenylated
GGAC, while Drosha cleaves the RNA duplex at the base of its characteristic
hairpin structure, generating a pre-miRNA with a two-nucleotide 3' overhang
[110,111]. Additionally, auxiliary proteins like SRSF3 may help the

Microprocessor complexin its task to bind pri-miRNAs [112].
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Figure 5. Canonical and non-canonical pathways involved in the biogenesis and
maturation of microRNAs. Adapted from [108].
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The pre-miRNAs are subsequently transported to the cytoplasm by the exportin
5 (XPO5)/RanGTP complex, where they are further processed by the RNase Il
enzyme Dicer [109,113]. This step removes the terminal loop of the hairpin,
which generates a double stranded RNA structure known as the mature miRNA
duplex[114]. The strands of this duplex are denoted as 5p and 3p, corresponding
to their origin from the 5' and 3' ends of the hairpin, respectively. Both strands

can be loaded into Argonaute (AGO) proteins (AGO1-4 in humans) in an ATP-
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dependent process [115]. When the strands are loaded in Argonaute, a strand
selection process occurs. Here, a strand is selected as the functional strand
(guide strand), while the remaining strand, known as the passenger strand, is
ejected to allow the recruitment of the rest of the RNA-induced silencing
complex (RISC) [116]. This complex will be responsible for recognition and

inhibition of miRNA targets [116].

1.3.1.1.2. Non-canonical microRNA biogenesis pathways

Several non-canonical miRNA biogenesis pathways have been identified, which
utilize different combinations of proteins typically involved in the canonical
pathway, such as Drosha, Dicer, XPO5, and AGO2 [108]. These non-canonical
pathways can be broadly classified into two categories: Drosha/DGCR8-

independent and Dicer-independent pathways [108].

In the Drosha/DGCRS8-independent pathway, pre-miRNAs resemble Dicer
substrates but bypass Drosha processing. This is the case of mirtrons, which are
derived from introns during mRNA splicing [117,118]. Another example involves
7-methylguanosine (m7G)-capped pre-miRNAs, which are exported directly to
the cytoplasm via XPO1, without Drosha cleavage [119]. These m7G-capped
pre-miRNAs exhibit a strong bias towards the 3p strand, likely because the m7G

cap prevents the loading of the 5p strand into Argonaute proteins [119].

On the other hand, Dicer-independent pathways are characterized by the
processing of mMiRNAs by Drosha from endogenous short hairpin RNA (shRNA)
transcripts [120]. These pre-miRNAs are too short to be substrates for Dicer and
require AGO2 to complete their maturation in the cytoplasm [120]. The entire
pre-miRNA is loaded into AGO2, which slices the 3p strand. The maturation is
finalized by the trimming of the 5p strand, completing the miRNA biogenesis in a

Dicer-independent manner [121].
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1.3.1.1.3. MicroRNA sorting into extracellular vesicles

The process of miRNA trafficking and sorting into EVs is complex and not yet fully
understood by the scientific community. Current research highlights the
involvement of various binding proteins and mechanisms, suggesting multiple
pathways rather than a single, uniform sorting process [122]. In this section, we

will explore the various methods of miRNA sorting and trafficking.

Once exported from the nucleus to the cytosol, miRNAs can bind to various
RNA-binding proteins (RBPs). When this occurs, both the RBPs and miRNAs are
incorporated in the EV to be secreted. Several RBPs have been described to be
involved in this miRNA sorting process. The knock-out of the major vault protein
(MVP) resulted in the accumulation of miR-193a in the cytoplasm of donor cells,
instead of being released in exosomes, suggesting a potential role of this RBP in
the trafficking of miRNAs [123]. AGO2, the already mentioned crucial
component of the RISC complex, has been found to mediate the sorting of
miRNAs into EVs in a KRAS-dependent manner [124]. Human ELAV protein HuR
has been reported to have a role modulating extracellular export of miR-122,
potentially controlling stress response in starved human hepatic cells [125].
Recent studies have shown that sequence-specific interactions between
miRNAs and fragile X mental retardation protein (FMRP), play a significant role
in exosome cargo loading and enhance secretion during cellular inflammatory
responses, leading to the activation of the inflammasome [126]. It is remarkable
that post-translational modifications of RBPs such as SUMOylation, uridylation,
and ubiquitination have a significant impact on the selection of miRNA cargo for

secretion in EVs [127,128].

The presence of specific sequences within miRNAs, known as EXOmotifs, has
been reported to be critical for their sorting into EVs. Specifically, studies have

shown that EXOmotifs such as the GGAG motif, interact with SUMOylated
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heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1) to facilitate
miRNA packaging into exosomes [129]. Synaptotagmin-binding cytoplasmic
RNA-interaction protein (SYNCRIP), another hnRNP family member, similarly
targets miRNAs with the EXOmotif GGCU for selective EV-sorting [130,131].
Interestingly, SYNCRIP is highly conserved between humans and arthropods,
such as D. melanogaster, with domains important for RNA binding showing a
high degree of similarity in these homologs [131]. Thus, SYNCRIP and its
conservation may serve as a valuable starting point for research into how

miRNAs are selectively sorted into EVs in ticks.

Biomolecular condensates, formed through liquid-liquid phase separation,
provide an alternative mechanism for miRNA loading into EVs [132]. These
condensates, which include stress granules and processing bodies, can
preferentially concentrate specific proteins and RNAs, aiding in their targeting
and incorporation for exosomal release [132]. Studies on miR-223 sorting into
exosomes by YBX1 suggest that the local enrichment of cytosolic RBPs and their
corresponding RNAs through phase separation facilitates their targeting and

packaging into EVs.

In general, the processes mentioned above are largely unknown and represent
an interesting research field that should be explored to clarify how miRNAs are
selectively sorted into EVs. A schematic overview of the specific processes is

provided in Figure 6.
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Figure 6. Mechanisms involved in the selective sorting of microRNAs into
extracellular vesicles.

1.3.1.2. Target binding and gene silencing

The main function of miRNAs is to repress a target mRNA through antisense base
pairing. However, most miRNAs exhibit only partial complementarity to their
target sequences, as full or extensive complementarity is not typically required
for effective binding[99,130]. The recognition of targets is predominantly dictated
by the 'seed' region, which includes nucleotides 2-7 or 8 of the mature miRNA
[133]. Thus, because miRNAs with identical seed sequences tend to regulate
overlapping targets and have a similar effect in the cell, they are grouped into

families by their seed sequence [134].

The binding between miRNA and their target mRNA is known to happen most

frequently in the 3’ UTR of the mRNA. This causes repression of the target mRNA
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that can occur through destabilization of target transcripts or inhibition of gene
translation [135-137]. Nevertheless, evidence also indicates non-canonical
binding outside the 3'-UTR and beyond the seed region, adding complexity to the
rules of target recognition [138-142]. Figure 7 illustrates the pathway of miRNA-

mediated target mRNA repression.

Target gene
transcription
Target mMRNA
) Repression of target mRNA
miRNA 71T YrTT ® by miRNA-RISC complex
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Translational
repression and mRNA

degradation

Cytoplasm

Figure 7. Pathway of microRNA-mediated target mRNA repression: pairing and gene
silencing.

An important point to consider when discussing miRNA function is that the
repression they exert on target mRNAs is partial, often referred to as a knock-
down, and is influenced by the stoichiometry between the miRNA and its target

mRNA [143]. Therefore, a highly expressed mRNA will require a greater
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concentration of mMIRNA to achieve the desired level of repression
[133,144,145]. This is particularly relevant to this thesis, as the concentration of
miRNA that a tick can deliver to host cells is currently unknown. Consequently,
it is more likely that ticks regulate mRNAs with lower abundance in host cells,

where miRNA-mediated repression would be more effective.

1.3.1.3. The synergistic roles of microRNAs in gene regulation: The

cooperative effect

In recent years, increasing attention has been given to the cooperative effects of
multiple miRNAs targeting the same mRNA, a regulatory layer that adds
complexity beyond the extensively studied individual miRNA-target
interactions. Analyses of the global impact of miRNAs on mRNA levels suggest
that when an mRNA contains multiple binding sites for the same miRNA, the
resulting repression is greater than expected, indicating that miRNAs can
function synergistically [138]. This cooperative interaction is a crucial aspect of
the regulatory complexity that governs cellular processes, including those
taking place at the tick-host interface. The mechanisms by which microRNAs

can cooperate in target mRNA silencing are shown in Figure 8.

The cooperative action of miRNAs is governed by several factors, including the
distance between their target sites on the mRNA [146]. When miRNAs bind close
to each other on the same mRNA, they can mutually enhance each other's
binding stability and silencing efficiency. This spatial arrangement facilitates a

more robust repression of the target gene [146].

Recent analyses have provided further insights into the biochemical
mechanisms underlying miRNA cooperativity [147]. The trinucleotide repeat
containing 6 protein family (TNRCB6), consists of a family of proteins that feature

an N-terminal AGO-binding domain, containing Glycine/Tryptophan-repeats
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with the capacity to recognize up to three AGO proteins simultaneously [148].
This ability of TNRC6 proteins to interact with multiple AGO proteins facilitate
cooperative miRNA binding to adjacent sequences. As a result of the
AGO:TNRCE6 interaction, a single miRNA may bind weakly, but when two or more
miRNAs bind to adjacent sites, multi-valent interactions can form and the

affinity is increased, with TNRCG6 bridging the connections [143,149] (Figure 8C).

Despite the above-presented explanation, and contrary to the traditional view
that miRNAs must bind in close proximity to exhibit cooperative effects,
researchers have recently explored scenarios where effective miRNA
cooperation occurred despite greater distances between their target sites [150].
Their findings challenge the notion of strict spatial constraints, suggesting that
miRNA cooperativity can also depend on other factors such as RNA secondary
structure and the dynamic interactions between the RNA-binding proteins and
the miRNA machinery [150]. This gives the cooperative effect of miRNAs another

layer of complexity and remarks on the need for further research in this field.
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Figure 8. Mechanisms of microRNA cooperation in target mRNA silencing. This figure
shows how multiple miRNAs, either (A) from the same family or (B) from different miRNA
families, are cooperating to silence a shared mRNA target. C) Cooperative effect
mediated by trinucleotide repeat containing 6 protein. Adapted from [143].
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The role of the cooperation of miRNAs in modulating processes taking place at
the tick-host interface is particularly intriguing. An in silico target network
analysis of tick saliva-specific miRNAs revealed that miRNAs can exert
significant combinatorial effects on the host's physiological pathways [17]. The
specific study highlighted how multiple miRNAs in tick saliva can cooperatively
target host genes involved in immune response, wound healing, and other
critical processes [17]. This cooperative action likely enhances tick's ability to
evade host defenses and to sustain prolonged blood feeding, underlining the

importance of miRNA synergy in parasitic interactions.

The cooperative effects of tick miRNAs enhance the complexity of how they
regulate host gene expression. Understanding these interactions, from the
biochemical mechanisms behind miRNA cooperation to their strategic use at
the tick-host interface, is crucial for fully understanding the complexity

underlying miRNA function.

1.3.1.4. Role of microRNAs as modulators of cellular processes

involved in tick-host interactions

In recent years, miRNAs have emerged as key regulatory players at the tick-host
interface, with growing research uncovering their influence on host
physiological processes which play an essential tole in host homeostatic
response against blood feeding [151]. In ticks, miRNAs are sorted into
extracellular vesicles (EVs), such as exosomes, and are secreted into the host
during feeding [151]. An important question that requires further investigation is
whether miRNAs, despite being protected within EVs, retain their functionality
once they reach their new location in the host cell. It has been reported that the
internalization of EV-derived miRNAs, such as miR-125b and bantam, by host

monocytes led to increased monocyte proliferation and TNF-a production by
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downregulating Pros1, Fam212b, and Clmp [152]. These findings suggest that
miRNAs transferred by EVs remain functionalin the host cell. Thus, this delivery
system allows tick-derived miRNAs to interact directly with host immune cells,
potentially modulating immune responses, wound healing, angiogenesis and
other host defence mechanisms to facilitate prolonged tick feeding and to

enhance pathogen transmission, as a side effect [17-19].

Delving deeperinto the molecular components involved in the modulation of the
host homeostatic response against blood feeding, recent studies identified key
miRNAs in tick saliva that regulate host physiological pathways. For example,
four miRNAs found to be overexpressed in I. ricinus saliva, miR-8-3p, miR-279a-
3p, miR-bantam-3, and miR-317-3p, were predicted to regulate mitogen-
activated protein kinases (MAPKs), such as MAPK10, which is involved in the JNK
pathway and known to influence wound healing in mice [17,153]. Additionally,

these miRNAs may also target components of the mTOR signhaling pathway [17].

Similar regulatory effects have been proposed in other hematophagous
arthropods. For example, miRNAs in the saliva of Anopheles coluzzi are believed
to mimic human endogenous miRNAs to manipulate host physiology, potentially
targeting key proteins involved in the mTOR pathway, T cell regulation, and
inflammation. In A. coluzzi, the most abundant salivary miRNAs are predicted to
target mammalian genes, including mTOR, PIK3CD, and FCGR3B, along with
transcriptional factors like NF-kB, NFAT1, and IRF4, and immune-related genes
such as CCL2, CCL8, and MyD88 [154]. Interestingly, several miRNAs identified
in mosquito saliva, such as miR-276-3p and miR-100-5p, are also presentin the
saliva of I. ricinus [154]. This suggests that while different arthropod species
differ in their blood-feeding behaviour, they may target similar pathways in their
hosts, with specific miRNAs employed to alter host homeostatic response to be

the same or varying between arthropod species [154].
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The specific research field is still under development, and much more effort is
needed to fully understand the role of miRNAs in tick-host interaction. In this
thesis, we will continue to explore and analyze the potential functions of miRNAs
in the saliva and EVs of /. ricinus, aiming to gain a deeper understanding of how
the tick evades the host homeostatic response and defense mechanisms to
secure successful blood feeding. This knowledge will facilitate the design of

effective anti-tick strategies, which will be discussed in this thesis as well.

1.3.1.5. Applications of microRNAs and anti-microRNAs in clinic and

pest management: Potential and challenges

The primary goal of miRNA therapeutics is to adjust and, ideally, reverse
pathological changes in miRNA expression. This involves enhancing or restoring
the expression of endogenous miRNAs that function as disease suppressors, as
well as reducing or inhibiting the activity of miRNAs that drive pathological

processes [155].

An approach to restore the miRNA activity involves the use of synthetic RNA
duplexes, known as mimic miRNAs, which are usually chemically modified to
enhance stability and cellular uptake [156-158]. In these double-stranded
miRNA mimics, the guide strand, which is identical to the miRNA of interest, is
the active (antisense) strand, while the complementary (passenger or sense)
strand is designed to be less stable. The passenger strand can also be
conjugated to molecules such as cholesterol to further improve cellular uptake

efficiency [159].

Repression of the function of pathological miRNAs, can be achieved through
antisense oligonucleotides, known as antimiRs [159]. For effective silencing of
dysregulated miRNAs in vivo, antimiR oligonucleotides must undergo chemical

modifications to enhance their binding affinity, stability, and pharmacokinetic
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properties [160]. As was mentioned before in this thesis, the repression exerted
by a miRNA on its target mRNA, and consequently its pathological effect, is
driven by the stoichiometry between them. Given this, and the fact that miRNAs
abundance can vary significantly across different cell types, tissues, and
disease states, extensive preclinical studies in animal models are essential to

determine the optimal level of inhibition for a specific miRNA target.

One of the main challenges for this therapeutic application is how to deliver
mimics miRNAs and antimiRs to the individual so they can exert their functions
[161]. Various strategies have been explored to enhance the efficacy of miRNAs
and to direct them to specific cells of interest. These methods include both
molecular vectors and non-vector approaches, ranging from lipid-based
nanoparticles, polymeric vectors, dendrimer-based vectors, cell-derived
membrane vesicles as EVs, 3D scaffold-based delivery systems, to various
biodegradable and biocompatible nanoparticles derived from polymers and

metals [155].

In the context of this thesis, tick miRNAs, tick-derived mimic miRNAs and tick
salivary compounds are emerging as potential therapeutic agents. As described
in the Section 1.2.4, tick saliva includes a variety of compounds that modulate
the host’s response to blood feeding. These same compounds may also have
applications in treating host illnesses [162]. miRNAs, due to their conservation
in blood-feeding arthropods [154] and their ability to modulate host immune,
inflammatory, and wound healing responses [17-19], present significant
potential for the development of novel therapeutics for tick-borne and other
human diseases. Remarkably, the delivery of miRNAs via EVs has already been
explored to accelerate wound healing [153], to enhance the sensitivity of cancer
cells to treatment [163], and to reduce aortic inflammation to improve survival
during aneurysms [164]. Therefore, understanding tick miRNAs and their

potential to influence the host processes mentioned above is essential for
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developing new therapeutic strategies. This thesis will explore recent insights
into the role of miRNAs in this context, along with their newly discovered
cooperative effects, offering the research community fresh perspectives on how
tick miRNAs could potentially be our friends instead of enemies as regulators of

host homeostasis.

Another field that may see significant advancements through the application of
miRNAs is pest management. Here, the use of miRNAs presents a fascinating
opportunity to improve tick control strategies. This has been broadly studied in
insects, where it has been reported that their feeding and development can be
disrupted by delivering miRNAs that interfere with critical biological processes,
a strategy known as trans-kingdom RNA interference [165]. This can be achieved
through various delivery methods, such as viral vectors, nanoparticles, or
exosomes [166,167]. Additionally, studies in insects have described that target
pests can receive miRNAs by consuming bacteria that have been genetically

modified to express miRNAs or antimiRs [167].

During feeding, ticks ingest bacteria from the skin microbiome of animals, such
as livestock [168]. As in the case of insects, these bacteria could be genetically
engineered to express precursors of tick miRNAs or antimiRs that disrupt
essential biological processes in ticks, like oviposition or molting. These
genetically modified bacteria could be introduced into the skin of these animals,
thereby reducing tick populations by decreasing egg production or hindering the
tick's ability to molt to its next life stage when the bacteria will be consumed with

tick bloodmeal [151].

While the potential therapeutic or pest management application of tick miRNAs
is highly promising, significant practical challenges must still be addressed.
These include gaining a deeper knowledge of the roles played by tick miRNAs,

determining the optimal routes of administration to individuals, ensuring in vivo
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stability, targeting specific tissues and cell types, and achieving the desired

intracellular effects [161].

1.3.2. Long non-coding RNA in tick-host interactions

Long non-coding RNAs are RNA molecules longer than 200 nucleotides and,
structurally, similar to mRNAs but not translated into proteins. They play a
critical role in gene regulation by influencing gene expression through various
mechanisms, including activation or repression of transcription factors,
chromatin remodeling, imprinting, and enhancer regulation [169]. IncRNAs are
involved in multiple regulatory processes such as post-transcriptional
modulation, mRNA processing, and protein trafficking [169]. For instance,
chromatin remodeling is mediated by IncRNA-induced histone methylation,
which alters chromatin structure to regulate DNA accessibility for transcription
machinery. Acting as scaffolds with multiple binding domains, lncRNAs
facilitate methylation and demethylation of histones, thereby modulating gene

expression [170,171].

1.3.2.1. Role of long-non-coding RNAs as modulators of microRNA

functions

In addition to the known roles in transcriptional regulation, IncRNAs may also
function as ceRNAs or "miRNA sponges", sequestering miRNAs and preventing
them from binding to their target mRNAs, effectively silencing miRNA activity
[96]. These MiRNA sponges are widespread regulators of miRNA function in
eukaryotic cells and play a crucial role in ectoparasite-host interactions, such
as the vector-host crosstalk [97]. A schematic representation of the role of

IncRNAs as miRNA sponges is provided in Figure 9.
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Figure 9. Disruption of microRNA-mediated target silencing by long non-coding
RNAs acting as microRNA sponges.

While IncRNAs have been extensively studied in humans and model animals

used in medical research [172], there is limited research on their role in host-

parasite interactions in arthropods. In vector-host-pathogen interactions, small
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ncRNAs have been identified as important mediators of trans-kingdom and
inter-species communication [173,174]. However, the functions of IncRNAs in
arthropods remain largely unexplored. It has been hypothesized that vectors
express IncRNAs to counter host defenses, potentially transporting them in
salivary exosomes to the host, where they may act as miRNA sponges to disrupt
host immune responses. This intriguing possibility, however, still awaits
empiricalvalidation [175]. In this thesis, we will further analyze the potential role
IncRNAs as miRNA sponges and their potential implications in the tick-host

interaction.
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Objectives

This thesis aims to characterize the regulatory role of Ixodes ricinus miRNAs and
their synergistic interactions with non-coding RNAs in the tick-host interface.
The ultimate goal is to establish a foundation for novel clinical and pest control

strategies that leverage miRNA-based mechanisms.
The specific objectives are:

1. Enhance the I. ricinus miRNA reference catalog using the latest genome
assembly.

2. Develop a bioinformatics workflow for I. ricinus miRNA target identification
in Homo sapiens, including per-position conservation profiles and
cooperative effects mediated by TNRC6.

3. Characterize the potential role of tick miRNAs and their synergistic
interactions in the modulation of host pathways.

4. Determine the abundance of non-coding RNA molecules, including miRNAs
and long non-coding RNAs, in tick saliva and extracellular vesicles.

5. Generate a high-confidence /. ricinus transcriptome from RNA-seq data
covering coding and long non-coding RNAs.

6. Analyze transcriptional dynamics in I. ricinus salivary glands and midgut
across feeding conditions, comparing unfed ticks to those that have fed on

naive or previously exposed hosts with an activated anti-tick response.
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7. Assess the capacity of tick-derived long non-coding RNAs to regulate

immune responses via host miRNA inhibition.
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Materials and methods

In this section, we discuss the data, experimental procedures, computational
methodologies, and data analysis techniques used to investigate the
mechanisms by which /. ricinus evades host defenses to successfully feed and
complete its lifecycle. This includes an exploration of tick miRNAs and their
cooperative effects, transcriptomic dynamics of vital tick organs such as the
midgut and salivary glands, and the potential role of IncRNAs in inhibiting host
miRNAs and disrupting critical pathways of host homeostatic response to tick

feeding.

First, a detailed description of the datasets used in this thesis is provided,
covering the reference genomic and transcriptomic data, miRNA catalogs, and
sequencing data. A summary of the datasets employed in this thesis can be

found in Table 1.

Next, we offer an overview of the experimental procedures employed to obtain
samples from /. ricinus and their corresponding sequenced RNA. This includes
the methods used for tick rearing, blood feeding, tissue collection, and RNA

extraction and sequencing.

Finally, we outline the computational methodologies and data analysis
techniques used to process and interpret the biological data collected in this

study. This includes data preprocessing, quality control, alignment, target
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prediction, differential expression analysis, and functional enrichment
assessments, all of which are crucial for understanding the biological
implications of the results. The bioinformatics strategies and tools applied in

this research are also discussed in this section.

3.1. Overview of datasets used in this thesis

3.1.1. Reference genomic data

3.1.1.1. The novel reference genome of Ixodes ricinus

To identify and annotate the non-coding RNAs in I. ricinus, including miRNAs and
IncRNAs, a recently published reference genome was used [176]. This genome
was assembled using Hi-C and 10X linked-read libraries, which greatly improved
the assembly's quality. Hi-C data allowed for better chromosome-level
organization, while 10X linked-reads helped resolve repetitive regions and
connect distant genomic fragments. The final genome was well-structured, with
14 major scaffolds representing the autosomes and the X chromosome,
covering 95.2% of the total genome size. This high-quality genome provided a

solid basis for ncRNA annotation and analysis.

3.1.1.2. Reference genome of hosts

To ensure the accuracy of our contig set in transcript analysis and eliminate any
potential host contamination, contigs from RNA-seq data were aligned to the
reference genomes of Oryctolagus cuniculus, version 2.0 (OryCun2.0;
accession AAGWO02000000) and Cavia porcellus, version 3.0 (CavPor3.0;
accession AAKN00000000.2) [177].
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3.1.1.3. The Vertebrate Multiz Alignment & Conservation dataset

To assess the conservation of miRNA target sequences in H. sapiens mRNAs,
we utilized the Vertebrate Multiz Alignment & Conservation dataset, provided by
UCSC [178], which includes a multi-species multiple alignment of 100
vertebrate species. This alignment was generated using high-quality genome
sequences from diverse vertebrate species to provide a comprehensive
framework for studying evolutionary conservation across vertebrates. The data
includes conserved genomic regions across species, enabling the identification
of functionally important sequences that are likely under selective pressure. The
dataset also provides a rich resource for comparative genomics and can be
utilized to study conserved non-coding regions, regulatory elements, and other

genomic features across vertebrates.

3.1.2. Reference transcriptomic data

3.1.2.1. Reference transcriptome of Ixodes ricinus

In this thesis, a comprehensive and high-quality reference transcriptome
consisting of abundant and well-annotated transcripts was assembled and
curated. This transcriptome was generated de novo from poly(A)-enriched RNA
samples extracted from the midgut and salivary glands of /. ricinus, utilizing
sequencing data from the corresponding datasets. This reference transcriptome
was used as the foundation for various analyses conducted throughout this

thesis.
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3.1.2.2. 3’ Untranslated regions of canonical mRNAs from Homo

sapiens

As mentioned earlier, we selected H. sapiens as the model host to analyze.
Therefore, to obtain the 3' UTR regions for canonical transcripts of Homo
sapiens, we used the reference transcriptomic annotation (version 112) of the
H. sapiens genome (GRCh38.p14) from Ensembl, with data retrieval carried out

through Biomart [179,180].

3.1.3. MicroRNA datasets

3.1.3.1. MicroRNAs from Ixodes ricinus

To investigate the potential role of /. ricinus miRNAs in modulating the tick-host
interface, a comprehensive and reliable reference miRNA catalog was essential.
In this thesis, the previously available /. ricinus miRNA catalog (GenBank
accession numbers MF061606-MF061678), constructed using the earlier /.
ricinus reference genome [181], the [. scapularis genome [14], and
transcriptomic data from previous studies [17], was expanded and refined. This
expansion, along with the assessment of completeness and reliability of this
updated dataset, was performed by identifying miRNAs in the newly sequenced
1. ricinus genome [176], ensuring a more accurate and robust resource for this

thesis and future research.

3.1.3.2. MicroRNAs from Homo sapiens

To sustain clinical relevance and support therapeutic applications, we selected
H. sapiens as the model hostto conductin silico studies on how I. ricinus evades

the host's homeostatic response against feeding. Thus, to explore the inhibitory
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potential of /. ricinus IncRNAs on host miRNAs, we utilized the H. sapiens miRNA

dataset from MirGeneDB 2.1. [182].

3.1.4. Sequencing datasets

3.1.4.1. Small RNA dataset: Saliva, midgut and salivary glands

A small RNA-seq dataset was obtained from previous research that analyzed the
potential combinatorial effects of /. ricinus miRNAs [17]. The dataset consists of
10 small RNA samples derived from pooled tissue dissected from female adult
ticks and nymphal ticks during various feeding periods. The samples include
four samples from nymphal SG and MG at 0-12 h and 12-24 h and six samples
from adult SG and MG at 0-12 h, 12-24 h, and 24-36 h. Additionally, a sample
from tick saliva was collected as described in previous studies [183], with ticks

fed on rabbits for a 6-day period.

3.1.4.2. Small RNA and RNA dataset: Extracellular vesicles

This dataset consisted of samples derived from the saliva of I. ricinus.
Differential centrifugation was employed to isolate samples containing EVs of
varying sizes and free molecules from the saliva, as discussed in Section 3.2.3.
The dataset comprised a total of 16 samples, with 8 samples from each of two /.
ricinus populations: one parasitizing a rabbit during its first exposure to ticks,
and the other during the rabbit’s second exposure. Each of these 8 samples
included two biological replicates for the four different EV size categories. Both

small RNA and poly(A)-enriched RNA were extracted and sequenced.
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3.1.4.3. RNA dataset: Midgut and salivary glands

The dataset includes RNA samples from ticks exposed to rabbits for two
separate feeding periods. Two rabbits were exposed to 25 female and 25 male
ticks each. Ticks were collected at multiple time points (12, 24, 48, 72, and 96

hours post-exposure), and the following samples were retrieved:

¢ Five salivary gland (SG) biological-replicate samples from ticks feeding
at five different time points (12, 24, 48, 72, 96 hours) per prior host
exposure status. This sums a total of fifty samples. Additionally, five SG

biological-replicate samples of ticks unfed were collected.

e The same sample collection was done for midgut (MG) tissue although
obtaining three biological-replicate samples instead of five. Thus, three
MG biological-replicate samples were retrieved from unfed ticks and

ticks fed at each corresponding time point and host exposure status.

In total, 55 SG samples and 33 MG samples were collected for RNA extraction

and subsequent sequencing analysis.

3.1.4.4. RNA dataset: Salivary glands only

To strengthen the reliability of the /. ricinus IncRNA set for identifying miRNA
sponge candidates, we incorporated an additional /. ricinus RNA dataset
previously published (BioProject accession PRINA312361) [184]. The dataset
includes RNA samples from tick salivary glands, collected at three different time
points (24 h, 48 h, and 72 h) following either natural feeding on a rabbit or
artificial feeding on reconstituted rabbit blood. At each time point and feeding
mode, SGs were dissected from three individual ticks, each representing a
separate library and biological-replicate sample. In total, the dataset is

comprised of 18 single-tick salivary gland libraries.
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3.1.4.5. RNA dataset: Whole body

An additional /. ricinus RNA-seq dataset, previously published (BioProject
accession PRJNA395009) [185], was included to further increase the reliability
of the I. ricinus IncRNA set. The dataset consists of RNA samples from ticks in

five different biological states:
1. Unfed nymphs (n = 60)
2. Partially fed nymphs (n=12)
3. Unfed adult females (n=8)
4. Partially fed adult females (n =4)
5. Unfed adult males (n=12)

The sample sizes for cDNA sequencing varied among biological states due to
differences in the mRNA yield per individual, which were influenced by
developmental stage (nymphs vs. adults) and feeding condition (unfed vs.
partially fed). Nymphs were fed on mice (Mus musculus) for 24 hours, while
adult females were fed on O. cuniculus for 48 hours. These feeding durations
correspond to phase 1 (the slow phase of engorgement) of tick feeding. Each
biological condition had three replicates, resulting in a total of 15 samples for

sequencing.
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Table 1. Summary of the datasets employed in this thesis.

Dataset Source Type of data Species Purpose in this thesis
Referenc.e genome of . Publication [176] Genomic I. ricinus Annotation of RNA elements
ricinus
Reference genome of GenBank [177] Genomic O. cuniculus and Removing host contamination
hosts C. porcellus
The Vertebrate Multiz Genomic alignment of 100 Vertebrate Conservation assessment of
Alignment & UCSC [178] . .
. 100 species species target sequences
Conservation dataset
Reference transcriptome Assembled in this . . - Obtention of coding RNA and
.. . Transcriptomic I. ricinus
of I. ricinus thesis IncRNA
3 UTR regions of Target prediction of /. ricinus
canonical mRNAs from H. Ensembl [179] Transcriptomic H. sapiens getp miRNAs ’
sapiens
MicroRNAs from I. ricinus  Produced in this thesis MicroRNA I. ricinus MiRNA andat;zti;?;atlve effect
MicroRNAs from H. MirGeneDB [182] MicroRNA H. sapiens IncRNA as miRNA sponge
sapiens analysis
Dataset f;':?ssgllva, MG, Publication [17] SmallRNA-seq I. ricinus miRNA abundance in saliva
Dataset from EVs Produced in this thesis SmallRNA-seq and I. ricinus EV dynamics of miRNAs and
RNA-seq IncRNAs
Dataset from MG and SG Produced in this thesis RNA-seq I. ricinus Transcriptome a§sembly and
dynamics
Dataset from SG only Publication [184] RNA-seq I. ricinus Generation of the consensus
set of IncRNA
Dataset from whole body Publication [185] RNA-seq I. ricinus Generation of the consensus

set of IncRNA
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3.2. Experimental procedures: animal manipulation,

sample collection and sequencing

3.2.1. Tickrearing, mating and repeated exposure to hosts

To investigate differentially expressed transcripts in /. ricinus ticks fed on either
naive or previously exposed to ticks rabbits, we established a generation of
specific pathogen-free sibling ticks. Eggs were hatched, and the ticks were
allowed to develop into adult females. These females were fed on an SPF guinea

pig until fully engorged and then left to lay eggs.

The resulting larvae were fed on SPF guinea pigs (approximately 100 larvae per
host). Once molted into adult females, these ticks, originating from the same
maternal lineage, were pre-mated with sibling males and subsequently used for
feeding experiments and tissue isolation. Using ticks from a single female
helped minimize genetic variability between samples, ensuring more consistent

results in downstream analyses.

Then, two rabbits were each exposed to female and male ticks. Females were
collected at time points 12, 24, 48, 72, and 96 hours post-exposure. Ticks were
dissected, and their salivary glands and midguts were stored in 200 yL of RNA
later at 4°C overnight before long-term storage at -80°C. Two weeks after the end
of the first rabbit exposure to ticks; a second exposure was carried out following
the same protocol. SG samples from unfed ticks and from ticks fed till each
feeding time point and samples of MG from unfed ticks and from ticks fed till

each time point were collected.
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3.2.2. Saliva collection from fully fed ticks

Fully fed ticks were washed with 15% ethanol, dried, and secured onto a glass
slide using sticky tape. A small amount of plasticine was placed in the center of
the slide to support a microcapillary tube. The hypostome, along with one palp,

was carefully inserted into the microcapillary tube, ensuring a proper fit.

To stimulate saliva production, 2 pl of pilocarpine was applied to the tick’s body,
taking care to avoid contact with the microcapillary tube. The prepared slides
with fixed ticks were then placed on a wet filter paper and incubated at 37°C in
a CO,-enriched environment. The correct positioning of the hypostome inside

the microcapillary tube was monitored every 30 minutes.

After a 2.5-hour incubation period, saliva was collected from the microcapillary

tubes and stored at -70°C until further use.

3.2.3. Isolation of extracellular vesicle fractions from

Ixodes ricinus saliva

The different EV fractions were isolated from 7 mL or 2.5 mL of freshly frozen (<2
months) /. ricinus saliva for the first and second tick exposures, respectively,
using differential ultracentrifugation following established protocols [186]. The
isolation process is represented in Figure 10, and involved sequential

centrifugation steps:

1. Removal of larger particles and cell debris by centrifugation at 300 g for

5 minutes.
2. Pelleting of large EVs (LEVs) at 2,000 g for 10 minutes at 4°C.

3. lIsolation of medium EVs (mEVs) by centrifugation at 10,000 g for 40

minutes at 4°C.
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4. Collection of small EVs (sEVs) by ultracentrifugation at 150,000 g for 90

CeHdebns
3009
5 min

150,000 g
90 min

minutes at 4°C.

Saliva
collection

small EVs

Figure 10. Schematic representation of the differential ultracentrifugation protocol
to isolate specific fractions of extracellular vesicles from Ixodes ricinus saliva.

The 10,000 g and 150,000 g centrifugations were performed using polycarbonate

tubes (355645, Beckman-Coulter) in an MLA-50 rotor (Beckman-Coulter). Each

EV pellet was resuspended in 400 pL of PBS. Additionally, the remaining saliva
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supernatant (SN) after the final 150,000 g centrifugation was collected and

analyzed as a separate fraction.

3.2.4. Sample preparation and RNA extraction

RNA extraction from [I. ricinus samples was performed using the Qiagen
TissuelLyser and the Qiagen RNA Micro Plus Kit (#74034). Library preparation
was carried out using the New England Biolabs (NEB) Poly(A) mRNA Magnetic
Isolation Module (#E7490L) and the NEBNext Ultra Directional RNA Library Prep
Kit (#E7420L).

Total RNA samples were submitted to the North Carolina State Genomic
Sciences Laboratory (Raleigh, NC, USA) for Illumina RNA library construction
and sequencing. Prior to library preparation, RNA integrity, purity, and
concentration were assessed using an Agilent 2100 Bioanalyzer with an RNA
6000 Nano Chip (Agilent Technologies, USA). mRNA was purified using oligo-dT
beads from the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England
Biolabs, USA).

cDNA libraries for Illumina sequencing were generated using the NEBNext Ultra
Directional RNA Library Prep Kit and NEBNext Multiplex Oligos for Illumina,
following the manufacturer’s protocol. Briefly, mRNA was chemically
fragmented and primed with random oligos for first-strand cDNA synthesis.
Second-strand synthesis was performed using dUTPs to preserve strand
orientation. The resulting double-stranded cDNA was purified, end-repaired,
and A-tailed for adapter ligation. Size selection was carried out using AMPure XP
beads (Beckman Coulter, USA) to obtain a final library size (including adapters)

of 300-450 bp.

Library enrichment and indexing were performed through PCR amplification,

followed by purification. The final library size and concentration were assessed
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using an Agilent 2200 TapeStation (Agilent Technologies, USA) before

sequencing.

3.2.5. RNA sequencing

The libraries derived from small RNA extracted from extracellular vesicles were
prepared and sequenced using the QlAseqg miRNA Library Kit (QIAGEN) following
the manufacturer’s protocol. This protocol includes adapter ligation, reverse
transcription, and amplification steps optimized for small RNA sequencing.
Unique molecular identifiers were incorporated to enhance quantification
accuracy and minimize PCR bias. The final libraries were quality-checked for
size distribution and concentration before sequencing on the QIAGEN NGS

platform, ensuring high-fidelity small RNA profiling.

The final quantified poly(A)-enriched RNA libraries were pooled in equimolar
amounts and loaded onto a NovaSeq 6000 DNA sequencer (Illumina, USA) using
an S4 150x2 paired-end sequencing reagent kit. Raw base call files were
generated using the Real-Time Analysis software package and subsequently de-

multiplexed by sample into FASTQ files for data delivery.
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3.3. Computational methodology and data analysis

3.3.1. ldentification and annotation of regulatory and

coding RNAs in Ixodes ricinus

3.3.1.1. Annotation of non-coding RNA and cis-regulatory elements in

the novel genome of Ixodes ricinus

To ensure the reliable and accurate annotation of structural and regulatory non-
coding elements in the novel reference genome of /. ricinus [176], we employed
multiple approaches, software tools, and databases. Initially, we used Infernal
and the latest version of the Rfam database to identify ncRNAs and cis-
regulatory elementsinthe /. ricinus genome [187,188]. We then used tRNAscan-

SE to annotate transfer RNAs [189].

For the annotation of IncRNAs, we relied on the dataset compiled and analyzed
by the analysis of the transcriptome detailed in the next section. This dataset
provided a consensus set of high-confidence IncRNAs. First, we verified the
absence of coding properties in these IncRNAs using CPC2 [190]. Next, we
aligned the IncRNAs to the I. ricinus genome using BLAT and retained only
alignments with a score above 90 [191]. Finally, to eliminate potential assembly
artifacts and prevent interference with the coding RNA set, we used gffcompare

to remove any IncRNAs that overlapped with coding RNAs [192].

3.3.1.1.1. Annotation and assessment of the taxonomic conservation of

Ixodes ricinus microRNAs

The software sRNAbench was used to identify the most accurate set of miRNAs
along with their genomic positions [193]. Thus, based on our analysis of this

novel high-quality /. ricinus genome, we enlarged the actual catalog of I. ricinus
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miRNAs, compared to the one based on short-read sequencing data from
midgut and salivary gland tissues [17] and on the information provided by the
previously available genomes of I. ricinus and [. scapularis [181,194]. Novel
miRNAs were annotated with two "X"s in their IDs. This catalog, containing 162

uniqgue mature miRNAs, is used for the analyses presented in this thesis.

In our phylogenetic analysis, in order to determine the origin node of the mature
1. ricinus microRNA sequences we analyzed comparatively their seed sequence
to classify miRNA families. We used MirGeneDB 3.0, which includes data from
114 species representing all major metazoan groups, serving as our reference
set [195]. First, we identified the seed sequences for all guide and passenger
strand sequences. These seed sequences were then clustered, recording all
species that contain a microRNA with the same seed. Using information from
the NCBItaxonomy file [196], we were able to determine the origin node, i.e., the
taxonomic level that includes all species possessing that particular seed
sequence. For example, if a seed sequence is found in Homo sapiens, Pan
troglodytes, and Gorilla gorilla, the node of origin would be classified as
Hominidae. Thus, we determined the node of origin for all /. ricinus microRNA
seed sequences, allowing us to classify their taxonomic level of conservation as
"Bilateria", "Protostomia", or "Arthropoda". If a seed sequence was not present
in the database, it was designated as "I. ricinus-specific", indicating its

uniqueness to this species.

3.3.1.2. Assembly of a reference transcriptome for Ixodes ricinus and

annotation of coding and long non-coding RNAs

3.3.1.2.1. Reference transcriptome assembly

Reads obtained from salivary glands and midgut from /. ricinus were

preprocessed, as discussed in Section 3.3.3.1, and used to generate de novo
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assemblies for SG and MG separately by means of Trinity version 2.8.6 [197],
using default parameters. To generate a consensus transcriptome, the SG and
MG contigs were clustered together by applying CD-HIT version 4.8.1 [198]. We
considered two contigs as belonging to the same cluster if they share sequence
similarity above 98% and a sequence coverage higher than 80%. Only the
longest sequence within each cluster is used for further analysis. Please note
that in this way, not only MG and SG assemblies become merged together, but

also highly similar contigs within the individual assemblies are removed.

We analyzed several metrics of the transcriptome to ensure its good quality and
completeness. The script TrinityStats.pl was used to calculate the N50 statistic
and the median contig length [197]. The completeness of the final transcriptome
was assessed using BUSCO version 4.0.6 [199], using the Arachnida lineage

dataset as reference (arachnida_odb10).

To quantify and remove the presence of contigs that presumably belong to the
host, we aligned the final set of contigs to the reference genomes of O.
cuniculus, version 2.0 (OryCun2.0; accession AAGWO02000000) and C.
porcellus, version 3.0 (CavPor3.0; accession GCA_000151735.1). To do so, we
used STAR and STARlong, version 2.7.6a, for sequences shorter than 650 pb and
for sequences equal or longer than 650 pb, respectively [200]. For the alignment
to be successful, the ratio of mismatches to contig length must be 5% or lower.
Additionally, sporadic and low-expressed transcripts were removed.
Specifically, we discarded transcripts that did not meet a minimum expression
threshold of 5 fragments per kilobase of transcript per million mapped reads

(FPKM) in all samples of at least one feeding condition.

Thus, we obtained the final set of reliable and abundant transcripts constituting

the reference transcriptome of I. ricinus.
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3.3.1.2.2. Annotation of RNA

To annotate the transcriptome, we first classified the transcripts into coding and
non-coding categories. Candidate coding regions were identified using

TransDecoder, version 5.5.0 [201], through a four-step process:

1. Open reading frames (ORFs) longer than 50 amino acids were identified

using TransDecoder.LongOrfs.

2. The identified ORFs were then aligned against a custom local database
consisting of proteomes from six Arachnida species: . scapularis,
Dinothrombium  tinctorium, Tetranychus urticae, Tropilaelaps
mercedesae, Leptotrombidium deliense, and Stegodyphus mimosarum.
These proteomes were retrieved from the UniProt database [202]. The
alignmentwas performed using BLASTp (version 2.10.1+) with an E-value

cutoff of 107°[203].
3. Candidate coding regions were refined using TransDecoder.Predict.

4. Finally, CD-HIT (version 4.8.1) was used to eliminate redundancy and

generate a final set of unique coding regions [198].

To gain a deeper understanding of the proteins encoded by these contigs, we
performed an extensive annotation of those that contained a coding region. We
used BLASTp (version 2.10.1+) to map the unique coding regions to four
databases: the local Arachnida database, Swiss-Prot, UniRef90, and
TickSialoFam [203-206]. Following Ribeiro et al. criteria, we applied an E-value
threshold of 107 for the alignments [206]. The Bit-score, a similarity score

independent of database size, was used to select the best alighment.

Once the best alighment was determined, we used UniProtKB to retrieve Gene
Ontology (GO) annotations based on the protein ID of the best match [204]. For

coding regions that did not receive an annotation through UniProtkKB, we
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followed the Gene Ontology Annotation workflow of Blast2GO (version 5.2.5)
[207].

To identify conserved protein domains within the unique coding regions, we
used InterProScan (version 5.48-83.0) [208]. Signal peptides were predicted
using Phobius and SignalP (version 4.1) with sensitive parameters (-U 0.34 -u
0.34) to identify putative mature peptides [209,210]. Additionally, TMHMM
(version 2.0c) was employed to predict transmembrane helices in both the

unique coding regions and the mature peptides [211].

Thus, the transcriptome was partitioned into distinct sets of coding and non-

coding RNAs.

3.3.1.2.3. Generation of aconsensus and reliable set of long hon-coding

RNAs

To minimize potential assembly artifacts and ensure the reliability of the
predicted IncRNAs, we isolated hcRNAs ranging from 200 bp to 1800 bp and
generated a consensus set of IncRNAs. Using CD-HIT, we clustered distinct sets
of lIncRNAs [198]. First, IncRNAs from the reference transcriptome assembled
using midgut and salivary gland samples (MG-SG IncRNAs). Second, lncRNAs
from the additional datasets described in Section 3.1.4, which were classified
as coming from salivary glands only (SG IncRNAs) or from whole tick bodies (WB

IncRNAs) [184,185].

To accomplish this, transcriptomes were generated for the two additional
datasets following the same criteria outlined above, with the exception of the
final clustering step, since it was done before due to the inclusion of two
different tissues, which is not the case for SG and WB transcriptomes.
Additionally, the transcriptomes were annotated and partitioned into distinct

sets of coding and non-coding RNAs, using the same criteria described above.
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Then, a clustering step was made for the three set of IncRNAs obtained from the
three transcriptomes as described above. Only clusters with at least one IncRNA
belonging to MG-SG IncRNA remained for the rest of the analyses. This was done
because MG-SG IncRNAs were the most reliable IncRNAs, because of the high
number of samples used for the assembly of their sequences and the additional
expression filter applied to it, as described in Section 3.3.1.2.1. Next, we
selected the longest IncRNA from a cluster as its best representative. Through

this approach, we obtained the final consensus set of IncRNAs.

For comparison purposes, we also generated a consensus set of coding RNAs
by following the same methodology described above. All identified IncRNAs and
coding RNAs from this study are available for download in the Downloads

section of IxoriDB (Section 3.3.5).

3.3.2. Target prediction in microRNAs and microRNA

sponges

Two distinct target prediction processes were carried out in this thesis. First, to
investigate the role of miRNAs from /. ricinus in the tick-host interface, we
performed target prediction on the 3’ UTR regions of canonical mRNAs from H.
sapiens. Secondly, we assessed the role of /. ricinus IncRNAs as miRNA sponges
by predicting the targets of H. sapiens miRNAs, obtained from MirGeneDB 2.1

[182], within the tick IncRNA sequences.

Target prediction was performed by means of sRNAtoolbox [193]. The algorithms
PITA, Seed, Miranda, and TargetSpy were applied [212-214]. A target was
considered consensual if at least three of the four algorithms predicted it. Only

consensual target regions were retained for further analysis.
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3.3.2.1. Improving the target prediction: Conservation and

cooperative effect

3.3.2.1.1. Prediction of conserved target regions

When analyzing the targets of /. ricinus miRNAs in the 3’ UTR regions of canonical
H. sapiens mRNAs, we assessed the conservation of consensual target regions.
This step was motivated by two key factors: First, it has been shown that
considering the conservation of target sequences enhances the reliability of the
predicted targets [215]. Second, the targeted sequences must be conserved for
1. ricinus miRNAs to effectively function across the broad range of host species

it can parasitize.

Thus, a conservation analysis was conducted for consensual target regions
using the Vertebrate Multiz Alighment & Conservation (100 Species) provided by
UCSC [178]. The set of species was curated to include only evidenced and
potential hosts for I. ricinus, resulting in the following 29 species: H. sapiens,
Pan troglodytes, Gorilla gorilla gorilla, Nomascus leucogenys, Macaca mulatta,
Macaca fascicularis, Chlorocebus sabaeus, Callithrix jacchus, Spermophilus
tridecemlineatus, Mus musculus, Rattus norvegicus, C. porcellus, O. cuniculus,
Bos taurus, Ovis aries, Capra hircus, Equus caballus, Felis catus, Canis lupus
familiaris, Mustela putorius furo, Myotis lucifugus, Erinaceus europaeus, Sorex
araneus, Monodelphis domestica, Falco cherrug, Falco peregrinus, Ficedula

albicollis, Columba livia and Anolis carolinensis.

A conservation score was calculated for each position of the pairings between
each miRNA and each target region. The conservation score for a position was
calculated as the number of coincident bases divided by the number of species
with sequence available in the multiple alighment for the analyzed region.
Additionally, for each position, the phylogenetically furthest species with

available sequence in the multiple alignment for the analyzed region was
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identified to assess the level of conservation across different taxonomic groups.
Only target regions with a conservation score greater than 0.9 for all positions of
the seed, and whose phylogenetically furthest species was not a member of the
Hominidae family, were considered conserved and remained for further

analysis.

3.3.2.1.2. Prediction of cooperative target regions

To identify potential cluster regions indicating cooperation between consensual
and conserved target sites, we selected target regions based on their nucleotide
spacing, considering the role of NTRC6 in facilitating this cooperation [147].
Specifically, we focused on regions where target sites were spaced between 12

and 40 nucleotides apart.

Target regions meeting these criteria were categorized as cooperative and were

analyzed in detail in this thesis.

3.3.2.1.3. Statistical significance of the number of conserved and

cooperative target regions associated with a microRNA

In order to obtain miRNAs with a higher number of conserved or cooperative
target regions than what is expected by chance, we compared miRNAs from /.
ricinus with a negative control set of miRNAs. To obtain negative control
miRNAs, we used shuffleseq to randomize the sequence of the miRNAs from /.
ricinus [216], making sure that the new sequence’s seed didn’t exist in

MirGeneDB database [182].

Then, a ranked comparison was made between [. ricinus miRNAs and
randomized miRNAs. First, we ranked both sets of miRNAs based on the total
number of target regions and created a contingency table per comparison using
total number of target regions and conserved target regions. We applied the

Fisher’s test and corrected the p-values for multiple comparisons. Thus, we
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obtained the False Discovery Rate (FDR) and Odds Ratio for the conserved

number of target regions of each /. ricinus miRNA.

In the case of the cooperative target regions, we ranked both sets by the number
of conserved target regions and made the contingency tables using conserved
and cooperative target regions. As before, Fisher’s test and correction for
multiple comparisons were applied to obtain miRNAs with a higher number of

cooperative target regions than expected by chance.

3.3.3. Analysis of the sequencing data

3.3.3.1. Trimming and quality controls

We employed sRNAbench, a specialized tool designed for small RNA datasets,
to perform adapter trimming, filter out low-quality reads, and evaluate data

quality [193].

In the case of raw RNA-seq reads, to ensure high-quality sequencing data, the
raw sequences underwent adapter trimming and quality filtering using Trim
Galore [217]. This process removes sequencing adapters, trims low-quality
bases via Cutadapt[218]. It also discards very short reads, which can otherwise
introduce errors in downstream analyses. The quality of both raw and trimmed
reads was evaluated using FastQC, and results were compiled using MultiQC

[219,220].

3.3.3.2. Expression abundance analysis

To determine the abundance of /. ricinus miRNAs in saliva and extracellular
vesicles, we used sRNAbench [193]. The tool first aligned and assigned reads to

known [ ricinus miRNAs. Then, miRNA abundance was calculated by
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normalizing read counts to the total number of reads assigned to miRNAs within

the library, expressed as reads per million (RPM).

We obtained the expression profile of poly(A) enriched RNA sequences from the
final reference transcriptome of /. ricinus in salivary glands, midgut, saliva and
extracellular vesicles, by means of RSEM version 1.3.3 [221]. This tool applies
Bowtie2 to align the preprocessed to the consensus transcriptome generating,
among other statistics, the fragments per kilobase of transcript per million

mapped reads (FPKM) expression values for each transcript [222].

3.3.3.3. Exploration of abundance data and its variability

A crucial step in ensuring the accuracy of sequencing data analysis is to explore
the expression patterns across samples, which helps to identify outliers.
Additionally, a global overview of expression variation enables a clearer
understanding of how samples group together, revealing patterns of similarity

and difference within the dataset.

This exploration was performed by realizing a principal component analysis
(PCA), a hierarchical clustering analysis (HCA) and a correlation analysis of the
expression profiles. These analyses were made using the libraries Scikit-learn
and SciPy from Python, and stats and pheatmap from R [223-226]. The Ward
method was employed for hierarchical clustering, a technique that minimizes
the total within-cluster variance by iteratively merging the two clusters that
result in the smallest increase in the sum of squared differences within all

clusters [227].

At the individual transcript level, analyzing variation in transcript expression
across biological or technical replicates is essential for assessing the
consistency, reliability, and reproducibility of downstream analyses. The study

conducted on the salivary glands and midgut of /. ricinus had a high number of
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biological replicates and uniquely used genetic material from individual sibling
ticks, rather than pooled samples, allowing for the detection of individual tick

responses to feeding events.

To identify genes with significant individual variability, which may suggest either
less reliable data or a strong individual response, we calculated the coefficient
of variation (CV) for each unique coding transcript across different conditions
and tissues. The CV normalizes variance by the mean expression value, making
it independent of overall expression levels. To minimize potential artifacts from
low-expression transcripts, only those with a minimum expression of 5 FPKM in
at least one sample within a given condition were included. Additionally, we

computed the mean CV and ranked the transcripts based on their variation.

3.3.3.4. Identification of differentially expressed transcripts

Two types of differential expression analyses were performed in this thesis: (1)
pairwise differential expression analysis, which directly compares gene
expression between two experimental conditions, and (2) global time-course
analysis, which identifies genes exhibiting significant expression changes over

time between two experimental conditions.

To perform pairwise differential expression analysis, we used EBSeq, which is
integrated into RSEM version 1.3.3 [221]. Differential expression was
determined using the “expected counts” calculated by RSEM, following these

steps:

1. Expression levels for each sample were estimated using rsem-calculate-
expression with the parameters —-bowtie2 and —paired-end.

2. Adata matrix was generated for each comparison using rsem-generate-
data-matrix.

3. Differential expression analysis was performed using rsem-run-ebseq.
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4. Transcripts were filtered using rsem-control-fdr with an FDR threshold of
0.05, retaining only those with an FDR < 0.05.

5. To ensure robust results, only transcripts with a mean coverage of at
least 200 expected counts across the conditions compared were

considered for further analyses.

For time-course analysis, we employed maSigPro version 1.68.0 [228]. An
expression matrix was generated using the expected counts from RSEM. Since
maSigPro lacks an internal normalization method, we applied TMM
normalization by means of EdgeR prior to analysis [229]. The design matrix was
constructed to assess expression differences between first and second host
exposures over time. Amaximum FDR of 0.05 was set as the threshold for a gene
to be considered differentially expressed. The polynomial regression degree for
the second step of the maSigPro pipeline was set to 4. Stepwise regression was
performed using the forward elimination algorithm, with a minimum R-squared
value of 0.6. Finally, hierarchical clustering with correlation distance and Ward’s
agglomeration method was used to classify transcripts into nine clusters per

tissue [227].

To further investigate differences between ticks feeding on naive versus
previously exposed to tick hosts, we identified the most differentially expressed
gene products between these two experimental conditions using a pipeline
based on cumulative effect calculation [230]. Specifically, we calculated the
cumulative absolute log-fold change between first and second host exposures
to ticks as a metric to select the most differentially expressed transcripts over
time. This analysis was conducted separately for midgut and salivary glands. The
top 50 differentially expressed genes (DEGs) with the highest cumulative
absolute log-fold change in each tissue were then subjected to functional in

silico analysis.
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Due to the large number of conditions and comparisons made in this study, we
obtained numerous groups of interesting transcripts. To further analyze these
groups, their intersections and their complex relationships, we applied
SuperExactTest [231]. This tool allows the user to calculate and represent

intersections among multiple sets.

3.3.4. Functional in silico analysis of Ixodes ricinus RNA
elements: enrichment and network-based

approaches

3.3.4.1. Functional role analysis of Ixodes ricinus microRNAs and

their cooperative effect

To investigate the role of microRNAs in the tick-host interface, we identified sets
of H. sapiens genes that were consistently targeted by /. ricinus miRNAs.

Specifically, this thesis focuses on two gene sets for analysis:

1. Asetof526 genesthat contained more than three conserved target sites
in their 3' UTRs for the complete set of /. ricinus miRNAs.

2. Asecond set of the top 526 genes with the highest number of conserved
targets for a subset of key /. ricinus miRNAs. To ensure consistency and
allow for meaningful comparisons, if multiple genes shared the same
number of conserved targets at the cutoff point, they were randomly

selected to complete the set.

Key /. ricinus miRNAs were defined as the 12 miRNAs that exhibited the most
promising characteristics based on: a) theirabundance in tick saliva[17], b) their
high ratio and statistical significance regarding the number of conserved target
regions, c) targeting neighboring sites of the same target mRNA in the vertebrate

host.
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Using the previously defined gene sets, functional enrichment analysis was
performed using ClusterProfiler [232], leveraging pathway and ontology
annotations from MSigDB [233]. The analysis incorporated pathway databases,
including KEGG, Reactome, and WikiPathways [234-236], while ontology terms
were considered for the Biological Process, Molecular Function, and Cellular

Component categories [237].

To further analyze the role of /. ricinus miRNAs and their potential cooperative
effects, we identified genes with cooperative targets for the 12 key I. ricinus
miRNAs. A crucial factor for the functionality of this gene silencing is the
presence of these genes in skin cell types, enabling localized miRNA-gene
interactions. Therefore, the abundance of genes across single-cell types from
skin tissue and the ratio of single cells expressing these genes were calculated
using the single-cell dataset from GTEx [238]. We calculated the proportion of
cells with expression of a given gene, defined as the median fraction of single
cells within each cell type that showed detectable expression for each of the
genes in the set. The median expression was computed as the median

expression level of all genes in the analyzed gene set for each cell type.

To assess the statistical significance of gene expression patterns, Z-scores and
p-values were computed by randomly sampling 1,000 gene sets, with the same
size as the set analyzed, from a background of genes that contained at least one
conserved target for the full set of I. ricinus miRNAs (negative control). The
observed expression metrics were then compared to the distribution of metrics
expected by chance. P-values and Z-scores were estimated using a Monte Carlo
approach, where random sampling was used to generate an empirical null
distribution, and the probability of obtaining the observed values under this null

model was calculated.
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3.3.4.2. Functional enrichment analysis of coding RNA

Once the sets of differentially expressed transcripts, from both pairwise
comparisons and time-course analyses, were defined, we proceeded with their
functional enrichment analysis. This was performed using StringDB, version
11.0b [239], by mapping the identified transcripts to the model organism
Drosophila melanogaster, as proper annotation and protein interactions for /.
ricinus are not yet well-defined. This approach enabled us to gain a deeper
understanding of the relationships between the proteins encoded by the
transcripts. Additionally, it allowed us to determine whether these relationships
were associated with significantly enriched Gene Ontology (GO) terms,

providing insights into their potential biological roles and pathways [237].

3.3.4.3. Functional analysis of Ixodes long non-coding RNAs as
microRNA sponges: Identification of candidates and their roles in

the tick-host interface

The main objective of the analysis of /. ricinus IncRNAs was to predict which
IncRNAs from the consensus set had the highest potential to function as miRNA
sponges. We employed three distinct approaches to identify the best sponge
candidates. The first approach focused on determining which IncRNAs had the
greatest number of miRNA targets. The second approach aimed to normalize the
number of targets by considering the length of the IncRNA, identifying those with
the highest number of targets per kilobase. Finally, instead of concentrating on
IncRNAs with a high number of targets for a single miRNA, we explored IncRNAs
consistently targeted by multiple miRNAs. To do so, we applied the Apriori
algorithm, which identifies statistically significant combinations of miRNAs that
jointly target a specific set of IncRNAs [240]. This allowed us to identify groups

of miRNAs that consistently targeted lncRNAs together. In the end, we
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considered the best sponge candidates to be the consensus IncRNAs that met
the following criteria: 1) the greatest number of targets for a specific miRNA, 2)
the highest number of targets per kilobase for a given miRNA, and 3) three
distinct groups of consensus IncRNAs with no overlap, each significantly and

consistently targeted by a group of miRNAs.

The functional analysis of /. ricinus IncRNA candidates to serve as miRNA
sponges is based on the miRNAs that target them. We assigned functions to the
combinations of miRNAs and sponge candidates using miTALOS v2.0 and
DIANA-miRPath v3.0 [241,242]. Through these web tools, we obtained
information about the pathways in which the miRNAs are involved and the

locations of the genes they target within those pathways.

3.3.4.4. Protein-protein interaction network

Protein-protein interaction (PPl) networks in this thesis were made using
StringDB directly or StringDB module in Cytoscape [243,244]. To gain a broader
understanding of the functions of the proteins of interest, interactors were
included with a high-confidence threshold of 0.7. Eigenvector centrality of the

network was calculated using CentiScaPe [245].

3.3.5. Webtools: IxoriDB

IxoriDB was developed using the high-level Python web framework Django,
version 3.1.5 [246]. This framework facilitated the integration of Python, HTML,
CSS, and JavaScript to create a fully functional web application. The database-
driven webpage provides users with an intuitive interface for exploring the
transcriptome and the features of its unique coding regions. Additionally, users
can retrieve information on other sequences through the use of Blast, version

2.10.1+ [203]. A customized version of Blaster)S was employed to display the

71



Chapter 3. Materials and methods

Blast results [247]. The webpage is publicly accessible at

https://arn.ugr.es/IxoriDB.

3.3.6. Custom scripts and tools for data processing

Throughout this thesis, various custom scripts were written using Python, R,
HTML, JavaScript, and CSS. These scripts helped carry out the data analysis,
generate visualizations, and create interactive tools for exploring the results. All
the scripts used in this thesis are available for access and download in the

GitHub repository: https://github.com/Chemamm.
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Annotation of non-coding RNA in the

novel genome of Ixodes ricinus

The primary requirement for conducting a thorough analysis in this thesis is to
have a well-annotated and reliable set of /. ricinus miRNAs to work with. Thus, in
this chapter we will set the basis for the analyses shown in this thesis regarding
the miRNAs, their cooperative effect and their potential key role as modulator of

the tick-host interaction.

Historically, researchers on the specific field of I. ricinus miRNAs relied on a
sequence-based predicted miRNA catalog generated using sRNAbench and
miRanalyzer [193], based on short-read sequencing data from midgut and
salivary gland tissues [17] and on the information provided by the available
genomes of I. ricinus and . scapularis [14,181]. This catalog included 67 unique
guide strand miRNAs, of which 35 were reported as novel since they were not

found in miRBase at that time and notated with an “X” in their ID [17].

However, the available genome for [. ricinus was highly fragmented due to the
limitations of previous assembly techniques. It contained 204,516 scaffolds,
meaning that many genes and miRNAs were likely either split across multiple
contigs or entirely absent from the assembly [181]. This fact highlights the need

for a more continuous and comprehensive genome assembly.
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New efforts to assemble the /. ricinus genome with higher quality emerged [176].
A novel genome was assembled using reads generated from Hi-C and 10X
linked-read libraries, which provided significant advantages in terms of
assembly quality. The Hi-C data enabled chromosome-scale scaffolding by
leveraging long-range chromatin contact information, ensuring proper ordering
and orientation of the genomic fragments. Complementarily, the 10X linked-
read libraries facilitated the resolution of repetitive regions and improved the
contiguity of the assembly by bridging gaps between distant contigs. Together,
these technologies resulted in a highly continuous and well-scaffolded genome,
with 14 major scaffolds corresponding to 13 autosomes and the X sex
chromosome, and accounting for the 95.2% of the assembly size. This provided

a robust foundation for downstream annotation and analysis of ncRNA.

4.1. Non-coding RNA and cis-regulatory elements

We made extensive analysis to identify and annotate putative structural and
regulatory non-coding elements in the aforementioned new /. ricinus genome
[176]. This analysis revealed a total of 21,792 ncRNAs and cis-regulatory
elements. These included small nuclear RNAs, small nucleolar RNAs, ribosomal
RNAs, IncRNAs, transfer RNAs, microRNAs, ribozymes, and riboswitches,

among others. Table 2.

The annotation and characterization of ncRNAs and cis-regulatory elements in
the I. ricinus genome provide a foundation not only for this thesis, which focuses
on miRNAs and IncRNAs, but also for future studies investigating the often-
overlooked non-coding RNAs in this tick species. Specifically, for the purposes
of this thesis, the annotation of the genome has yielded an improved catalog of
miRNAs and IncRNAs while also provided confidence about their existence due

to their presence within the genome.
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Table 2. Regions containing non-coding RNA and cis-regulatory elements identified
in the genome of Ixodes ricinus.

Non-coding element Class Number
Transfer RNA Non-coding RNA 9815
Ribosomal RNA Non-coding RNA 267
Small nuclear RNA Non-coding RNA 192
Small nucleolar RNA Non-coding RNA 21
Binding small RNA Non-coding RNA 1
microRNA Non-coding RNA 226
Long non-coding RNA Non-coding RNA 10696
Signal recognition particle Non-coding RNA 16
Ribozyme Non-coding RNA 3
Riboswitch Cis-regulatory element 35
UTR stem-loop Cis-regulatory element 662
Iron response element Cis-regulatory element 5

Potassium channel RNA editing
Cis-regulatory element 5
signal
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4.1.1. MicroRNAs

Using this new high-quality genome, we enlarged the catalog of I. ricinus
miRNAs. Specifically, 14 new unique guide miRNAs were added, of which 8 were
catalogued as novel, since their seed sequence was not found in miRGeneDB or
miRBase [134,195]. They were noted with two “X” in their IDs to differentiate
them from the miRNAs with only one “X” in their IDs, whose seed sequence was
not presentin miRBase at the time of the production of the old catalog. Thus, the
final miRNA catalog included 162 mature miRNAs, including guide and
passenger strands. Based on sequence similarity, we categorized these miRNAs

into 69 families.

From the complete catalog, 111 mature miRNAs (68.5%) belonging to 56
different families were found in the genome and were noted as high confidence
for the rest of the analyses in this thesis. Some of these miRNAs were identified
severaltimes inthe genome, having multiple copies that may serve as areservoir
for the development of new miRNAs in this species or to regulate and augment
the expression of these miRNAs [248]. Specifically, hairpin sequences of the
family iri-miR-X1 were found 121 times in the genome, while sequences for iri-
miR-X5 were identified 20 times, iri-miR-X7 19 times and iri-miR-XX5 5 times.
Other families were detected a couple of times in the genome: iri-miR-X17, iri-

miR-3931, iri-miR-9a and iri-miR-X18.

Regarding the location of the miRNAs in the genome, as expected, most miRNAs
are identified in the 14 larger scaffolds of the genome, which correspond to the
majority of the 14 chromosomes of /. ricinus. Scaffolds 1 and 2 were the ones
with the highest number of miRNAs annotated, with 40 and 31 identified miRNA
hairpin sequences, respectively. A total of 8 hairpin sequences were found in

other smaller scaffolds (Figure 11).
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Figure 11. Distribution of microRNA hairpin sequences in the scaffolds of the Ixodes
ricinus genome. The X-axis represents the 14 largest scaffolds from the I. ricinus
genome, corresponding to the 14 chromosomes, along with 7 complementary scaffolds.
The Y-axis represents the number of times a hairpin miRNA sequence is found in a
specific scaffold.

Our analysis revealed that miRNA genes in /. ricinus do not tend to form close-
distance clusters, unlike in many other organisms [249,250]. Applying the well-
established criterion that sequences within 10 kb of each other form a cluster
[249,250], only four clusters of miRNA hairpin sequences were identified. One
of these clusters contained three miRNAs, while the remaining clusters were
composed of miRNA pairs. The scaffold, genomic location, and composition of

these clusters can be found in Table 3.

77



Chapter 4. Annotation of non-coding RNA in the novel genome of Ixodes ricinus

Table 3. Scaffold, genomic location, and composition of microRNA clusters
identified in the genome of Ixodes ricinus.

miRNAs Scaffold Genomic start Genomic end
iri-mir-XX7;
1 80442251 80446982
iri-let-7
iri-mir-12;
9 79371221 79371858
iri-mir-5307
iri-mir-750;
10 33460377 33461655
iri-mir-1175
iri-mir-2b;
iri-mir-2b2; 12 104673137 104673737
iri-mir-71

4.1.1.1. Assessment of the taxonomic level of conservation of

microRNAs

Conservation provides a framework for understanding the functional relevance
of miRNAs across different species, particularly in evolutionary contexts. It will
also help in exploring key concepts such as the potential for /. ricinus to employ
novel miRNAs that may contribute to its evolutionary adaptation and successful

blood-feeding behavior.

For the classification of miRNAs, we analyzed the sequence similarity of mature
miRNA sequences against all other species in miRGeneDB [182], using their
comprehensive database of miRNA sequences and annotations from different
species. This analysis allowed us to determine the taxonomic level of
conservation for each mature miRNA in our catalog, from highly conserved
miRNAs present across all bilaterian animals to those unique to /. ricinus. This

conservation analysis not only helps in validating the predicted miRNAs but also
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provides insights into their evolutionary significance and roles. Accordingly, we
report that 52 mature /. ricinus miRNAs are conserved at the taxon level of
bilaterian species (32.1%), 18 belong to Protostomia (11.1%), 4 are only

conserved in Arthropods (2.5%), and 88 are specific of /. ricinus (54.3%).

The percentage of mature miRNAs identified in the genome, categorized by
conservation, is shown in Figure 12. It can be observed that all miRNAs
conserved at the Arthropoda taxonomic level, along with the majority of those
conserved at the Bilateria and Protostomia levels, have been identified in the
genome. However, approximately half of the I. ricinus-specific miRNAs have not

been identified in the reference genome.

Conservation level
. Arthropoda

. Bilateria

. 1. ricinus specific
. Protostomia

Genomic presence
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Figure 12. Pie chart illustrating the proportion of mature microRNAs conserved at
various taxonomic levels and their presence in the reference genome. Different
colors represent different taxonomic levels. Opaque colors denote mature miRNAs that
are present in the reference genome, while translucent shades indicate mature miRNAs
not identified in the reference genome.
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Thus, as expected, miRNAs with a certain level of sequence conservation are
more reliably supported by the reference genome, while a significant number of
miRNAs annotated as /. ricinus-specific will be considered low-confidence for
the subsequent analyses. Additionally, this highlights the need for continued
efforts to refine the miRNA catalog in order to determine whether miRNAs not
found in this genome were missed by the assembly process, or whether they
originate from modifications not detectable at the genomic level, or to test the
hypothesis that sequence changes due to poor conservation results in
differences between tick populations. Of course, it is still possible that the
sequences not identified in the reference genome correspond to artifacts
resulting from RNA-seq and older methods employed for bioinformatics

analysis.

4.1.2. Long non-coding RNAs

Annotating the IncRNAs was challenging due to the limited information available
aboutthemin /. ricinus and the absence of a previously complete annotation for
this tick species. To address this, we utilized a IncRNA dataset containing both
putative and consensus IncRNAs for /. ricinus which will be further described in
Chapter 7. Consensus IncRNAs from this dataset were considered high-
confidence annotations. Prior to aligning the putative IncRNAs to the /. ricinus
genome, their non-coding properties were verified. This analysis identified
13,287 IncRNAs with alignment scores above 90, indicating significant matches
to the genome. To ensure result reliability, 2,591 IncRNAs overlapping with
coding RNAs were removed. Ultimately, we annotated a total of 10,696 IncRNAs,

of which 2,433 were classified as high-confidence lncRNAs.

This provides a foundation for the analysis in Chapter 7, where these IncRNAs

will be tested for their potential to inhibit the function of endogenous host
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miRNAs. By doing so, they may alter critical pathways in the host's response to

blood feeding, ultimately facilitating the successful blood feeding of /. ricinus.
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Chapter 5.

Evaluation of the functional and
synergistic roles of Ixodes ricinus
microRNAs in host response

modulation

The main focus of this thesis is to explore one of the most novel mechanisms by
which I. ricinus can modulate the host response to blood feeding: the mediation
of tick miRNAs in host homeostasis modulation. This was accomplished by
combining recent progress in miRNA target prediction [193,251], discoveries
regarding miRNA cooperative interactions [143,147], and knowledge of key host
defense pathways against blood-feeding parasites, which appear to be targeted
and modified in this scenario [62]. These insights, along with the results
presented in the following chapters, will help us understand how ticks evade
host defenses and provide a holistic view of the intricate network of interactions

between tick-derived molecules and host cells.

In this chapter, we analyze the potential of miRNAs to target and cooperatively
regulate host genes involved in key processes, including wound healing,
angiogenesis, immune response, and sensory functions such as

mechanosensation and nociception.

83



Chapter 5. Evaluation of the functional and synergistic roles of Ixodes ricinus
microRNAs in host response modulation

5.1. Prediction of conserved target regions

In this study, we conducted an in silico target prediction analysis to investigate
the potential interactions between miRNAs from /. ricinus and their predicted
mMRNA target regions in H. sapiens. A total of 380,696 regions in the UTRs of H.

sapiens were predicted to be targeted by 162 unique /. ricinus mature miRNAs.

As a negative control, we generated a set of miRNAs with randomized sequences
and non-existent seed regions, following criteria from mirGeneDB [182]. These
randomized miRNAs targeted a total of 353,239 regions in the UTRs of H.

sapiens.

Torefine the analysis, we examined the conservation of predicted target regions.
I. ricinus has a wide range of evolutionarily diverse potential hosts, including
humans, large and small mammals, birds, and reptiles [46] and thus, for I
ricinus miRNAs to mediate tick lifecycle and feeding success, they would likely
need to target conserved mRNA regions across these different hosts. Moreover,
it is known that target prediction tools are prone to generating false positives
[252], and conservation of target regions has been previously validated as an

effective filter to reduce these false positives [215].

Of the 380,696 predicted target regions, 11,746 (3.08%) were identified as
conserved. In contrast, only 7,454 conserved target regions (2.11%) were
identified from the 353,239 predicted target regions for the randomized miRNAs.
The proportion of conserved target regions for /. ricinus miRNAs was significantly

higher than that for the randomized set (p < 10®).

This significant difference, along with the substantial reduction in the total
number of predicted target regions after conservation filtering, remarks the

critical importance of conservation analysis in this study.
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The difference between the predicted target regions of /. ricinus miRNAs and the
randomized set of miRNAs is illustrated more clearly in Figure 13. Overall, /.
ricinus miRNAs tend to have a higher number of predicted target regions
compared to the randomized miRNAs, especially in the middle range of the
distribution. However, it is remarkable that randomized miRNAs can
occasionally achieve an exceptionally high number of predicted target regions

purely by chance, even exceeding those observed in /. ricinus miRNAs.
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Figure 13. Comparison of predicted target regions between Ixodes ricinus
microRNAs and randomized microRNAs. The X-axis represents pairs of miRNAs, each
consisting of one |. ricinus miRNA and one randomized miRNA, ordered by their number
of predicted target regions. The Y-axis shows the difference in predicted target counts,
with positive values (blue bars) indicating more targets for |. ricinus miRNAs and negative
values (red bars) indicating more targets for randomized miRNAs.

85



Chapter 5. Evaluation of the functional and synergistic roles of Ixodes ricinus
microRNAs in host response modulation

Figure 14 illustrates that miRNAs with the highest number of target regions do
not necessarily exhibit the highest number of conserved target regions. This
indicates that a biologically meaningful bias influences this correlation, which
might otherwise be expected in a random distribution of target regions. This
observationis supported by the randomized set shown in the same figure, where
miRNAs with more target regions tend to have a proportional increase in
conserved target regions. These findings highlight the biological significance of

target region conservation in the /. ricinus tick-host relationship.
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Figure 14. Relationship between predicted and conserved microRNA target regions
in Ixodes ricinus and randomized microRNAs. The X-axis represents pairs of miRNAs,
each consisting of one . ricinus miRNA and one randomized miRNA, ordered by their
number of predicted target regions. The Y-axis shows the count of predicted and
conserved target regions. The blue line represents |. ricinus miRNAs, while the red line
corresponds to the randomized miRNAs.
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Ratios of conserved target regions to predicted target regions were calculated,
and their distribution is shown in Figure 15. These results support the findings
from Figure 14 and collectively reinforce the idea that the hypothesis about
conservation of I. ricinus miRNAs concerning their targets in host genes has not
only biological relevance, but also bioinformatics support. Notably, high ratio
values were observed in /. ricinus miRNAs that cannot be achieved by chance,

as they do not appear in the distribution of the randomized set of miRNAs.
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0.10

Ratio of Conserved Target Regions

0.00

Randomized miRNAs miRNAs (I. ricinus)

Figure 15. Distribution of conserved-to-predicted target ratios in Ixodes ricinus and
randomized miRNAs. The violin plot highlights a broader and more variable distribution
of conserved-to-predicted target ratios (Y-axis) for |. ricinus miRNAs, with higher ratio
values that are absent in the randomized set.
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5.2. In silico functional annotation of host genes
‘conservedly’ targeted by Ixodes ricinus microRNAs

across different hosts

Based on the analyzed target regions, we made a computational analysis to
identify which host genes and functions are targeted by the /. ricinus miRNAs in
a conserved way among different hosts. A total of 20061 genes had a target
region identified for at least one of the 162 /. ricinus miRNAs. From this number,
a great reduction was achieved using the analysis of conservation of the target
regions, since only 4938 had at least one of these target regions identified as
conserved. Additionally, to focus on those genes with the highest potential to be
modulated by the specific miRNA we analyzed a set of 526 genes which had 5
identified conserved target regions or more. These genes were functionally
characterized, and their pathway and ontology enrichment were analyzed by
pathway enrichment analysis using the KEGG, Reactome, and WikiPathways
databases [234-236]. The analysis revealed that this set of genes was
significantly enriched in 16 KEGG pathways, 45 Reactome pathways, and 35
WikiPathways pathways. The high number of pathways with statistically
significant enrichment underscores the biological significance of the host genes
that /. ricinus miRNAs potentially modulate as presented in Figure 16, Figure 17

and Figure 18.

Notably, the pathway enrichment analysis showed that genes consistently
targeted in conserved regions by I. ricinus miRNAs play important roles in
several signaling pathways and biological processes, whose modulation could

enhance the efficiency of the tick's blood feeding. Pathways such as the Wnt
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5.2. In silico functional annotation of host genes ‘conservedly’ targeted by
Ixodes ricinus microRNAs across different hosts

signaling pathway and those involved in mesodermal differentiation stood out
due to their significant enrichment, indicating a potential role for I. ricinus in
modulating host wound healing processes [253,254]. Additionally, enrichment
in pathways like TGF-beta signaling, T-cell receptor signaling, SUMOylation, and
heme signaling highlights mechanisms by which ticks might suppress the host’s
innate immune defenses [255-258], reducing the likelihood of rejection.
Furthermore, pathways related to neural and nerve signaling, including axon
guidance, MECP2-associated pathways, and calcium channel-associated
pathways [259-261], suggest that /. ricinus may interfere with the host’s ability

to detect pain or their presence, further aiding in the success of their parasitism.
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Figure 16. Pathway enrichment analysis, using KEGG database, of genes with more
than five conserved target regions for Ixodes ricinus microRNAs. The X-axis
represents the statistical significance (-log10(qvalue)). The dots in the plot represent
individual pathways, and their size is proportional to the Gene Ratio, which is the
proportion of genes in the given pathway that have more than five conserved target
regions for |. ricinus miRNAs, relative to the total number of genes in the pathway. The
intensity of color of each dot corresponds to the fold enrichment value, which reflects
the percentage of genes with more than five conserved target regions belonging to a
pathway, divided by the corresponding percentage of genes with conserved target
regions (background) for the specific pathway.
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Figure 17. Pathway enrichment analysis, using Reactome database, of genes with
more than five conserved target regions for Ixodes ricinus microRNAs. For a detailed

explanation of the statistics shown in this figure, please refer to Figure 16.
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Figure 18. Pathway enrichment analysis, using Wikipathways database, of genes
with more than five conserved target regions for Ixodes ricinus microRNAs. For a
detailed explanation of the statistics shown in this figure, please refer to Figure 16.
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In consonance with the results obtained in the pathway enrichment analysis, the
finding of several ontology terms as significantly enriched in the genes analyzed
remarks the biological relevance of the genes potentially targeted by /. ricinus
miRNAs. Specifically, 351 GO terms from the category Biological Process were
enriched, 41 from the category Molecular Function and 112 from the category
Cellular Component. The most significant ontology terms are depicted in Figure
19, Figure 20 and Figure 21. The modulation of signaling pathways such as nerve
growth factor signaling pathway, neuron axon guidance, insulin receptor binding
and steroid hormone receptor signaling can delay local repair processes in the
tick infestation site, alter the immune response or the ability to detect the tick
[262-267], allowing prolonged access to the blood meal. Additionally, we
observed enrichmentin pathways such as stress granule dynamics, which could

potentially be mediating a reduced host innate immune response [268].
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Figure 19. Ontology enrichment analysis of genes with more than five conserved
target regions for Ixodes ricinus microRNAs in the Biological Process category. For
a detailed explanation of the statistics shown in this figure, please refer to Figure 16.
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Figure 20. Ontology enrichment analysis of genes with more than five conserved
target regions for Ixodes ricinus microRNAs in the Molecular Function category. For
a detailed explanation of the statistics shown in this figure, please refer to Figure 16.
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Figure 21. Ontology enrichment analysis of genes with more than five conserved
targetregions for Ixodes ricinus microRNAs in the Cellular Component category. For
a detailed explanation of the statistics shown in this figure, please refer to Figure 16.
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5.3. Assessing the evolutionary conservation of Ixodes ricinus microRNAs and
their mRNA targets: Potential implications for molecular mimicry

5.3. Assessing the evolutionary conservation of Ixodes
ricinus microRNAs and their mRNA targets: Potential

implications for molecular mimicry

To understand the evolutionary origins and potential functional roles of /. ricinus
miRNAs, their seed sequences were classified based on their presence in
Metazoan Taxa. The results revealed that the miRNAs with the highest number
of conserved target regions were predominantly conserved up to the Bilateria
taxon (Figure 22). This indicates that many of these miRNAs originated early in
animal evolution and have been maintained across diverse species, including

vertebrate hosts.

The high level of conservation suggests that these miRNAs play fundamental
biological roles, likely involved in core cellular processes such as immune
regulation and tissue homeostasis. Their evolutionary persistence implies
strong selective pressure to retain their functions, which could be advantageous
for I. ricinus in its interactions with the host. Notably, several tick miRNAs share
seed sequences with vertebrate miRNAs, raising the possibility that they mimic

host miRNAs to manipulate gene expression.

This finding aligns with the hypothesis that miRNA mimicry plays a criticalrole in
enabling the tick to modulate the host's biological processes, as previously
demonstrated in other blood-feeding arthropods [154]. miRNA mimicry refers to
the ability of a miRNA to resemble or functionally substitute for another miRNA,
often by sharing similar target sites within target genes. The concept of miRNA
mimicry is well known in clinical research [156-158] and is further discussed in
Section 1.3.1.5. Thus, our findings support the idea that /. ricinus employs
miRNA mimicry as a molecular strategy to influence host biology, potentially

modulating immune responses, inflammatory pathways, or other processes
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crucial for successful parasitism. The presence of highly conserved miRNAs in
the tick further reinforces their relevance in host-pathogen interactions and

highlights their potential as targets for future studies on tick-host molecular
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Figure 22. Evolutionary conservation of Ixodes ricinus microRNAs and their
conserved-to-predicted target ratios. The Y-axis represents the ratio of conserved
mRNA target regions to the total predicted target regions. The X-axis represents the
taxonomic level of seed sequence conservation, with higher-level taxa, and
consequently greater sequence conservation, positioned on the left.

Interestingly, a ranked comparison to determine which miRNAs had more
conserved target regions than expected by chance identified two statistically
significant groups, as shown in Figure 23. The first group comprises of miRNAs
whose sequences are conserved to the bilaterian taxonomic level, as discussed

earlier. The second group consists of specific miRNAs unique to /. ricinus. These
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their mRNA targets: Potential implications for molecular mimicry

miRNAs appear to have emerged more recently in /. ricinus, which suggests that
they may have emerged as a rapid adaptation mechanism to meet the tick’s

needs for host homeostasis modulation.
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Figure 23. Top 20 microRNAs showing greater target conservation than randomized
expectation. The Y-axis represents the odds ratio obtained from Fisher's exact test,
comparing Ixodes ricinus miRNAs with randomized miRNAs after ranking both by the
number of predicted target regions. The taxonomic level of miRNA conservation is
indicated by different colors.
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5.4. Relationship between microRNA abundance in

Ixodes ricinus saliva and target region conservation

To further investigate how /. ricinus miRNAs modulate host homeostasis, we
analyzed the relationship between the ratio of conserved target regions and
miRNA abundance in /. ricinus saliva. A comparison between the 50 most
abundant miRNAs in saliva and the 50 least abundant miRNAs, as shown in
Figure 24, revealed that several miRNAs highly present in tick saliva exhibit a
significantly higher ratio of conserved target regions compared to lesser
abundant in tick saliva. Additionally, those miRNAs with the highest ratio of
conserved target regions were found to be conserved up to the bilaterian taxon,
which suggests evolutionary pressure to maintain their sequence and function,
potentially due to their involvement in fundamental biological pathways. This
finding further supports the hypothesis that /. ricinus miRNAs would mimic host

endogenous miRNAs that are crucial for the host’s homeostasis.
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Figure 24. Ratio of conserved target regions between the least and most abundant
microRNAEs in Ixodes ricinus saliva. The top 50 most abundant and the bottom 50 least
abundant miRNAs in tick saliva are represented in this plot. The Y-axis shows the ratio of
conserved mRNA target regions to the total predicted target regions. Different taxonomic
levels of conservation are indicated by different colors.

5.5. Cooperative effect analysis

It has been demonstrated that miRNAs may act synergistically in gene
expression regulation leading to a cooperative effect. This synergy enables even
a limited number of miRNAs to exert significant influence over their target
mRNAs. We next examined the potential cooperative effects of the complete set
of I. ricinus miRNAs, focusing on their ability to target neighboring conserved (to
different hosts) regions within the same mRNA. Such a close arrangement of

conserved targets facilitates the simultaneous attachment of AGO-miRNA
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complexes to the TNRC6 protein. Atotal of 11746 conserved target regions were
tested for their ability to cooperate with each other. As a result, 755 target
regions (6.43%) were identified as capable of forming 451 distinct synergistic
interactions. In comparison, a randomized set of miRNAs revealed that 394 out
of 7,454 conserved target regions (5.29%) could cooperate, forming 218 unique

interactions.

We examined the distribution of cooperative target regions relative to conserved
target regions across /. ricinus miRNAs and the randomized miRNAs, as
presented in Figure 25. Unlike the patterns observed between conserved and
total target regions, the distribution of cooperative target regions appeared more
stochastic. Specifically, miRNAs with more conserved target regions tended to
also have more cooperative target regions. This pattern held true for the
randomized miRNA set as well. Regarding the ratio of cooperative to conserved
target regions per miRNA, no significant differences were observed between the
1. ricinus and randomized miRNA sets. Notably, miRNAs with the highest ratios
of cooperative target regions were [. ricinus-specific, with only one miRNA, iri-

miR-2b2-3p, showing more cooperative target regions than expected by chance.

These findings indicate that if miRNA cooperations are biologically relevant in
this context, their potential may be masked by their low number and high level
of noise in the data. Furthermore, the analysis was limited by small sample sizes
in some ratios and statistical tests, which may have impacted on the robustness

of the results.
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Figure 25. Analysis of cooperation between microRNAs of Ixodes ricinus. A)
Relationship between conserved and cooperative miRNA target regions in |. ricinus and
randomized miRNAs. The X-axis represents pairs of miRNAs, each consisting of one |.
ricinus miRNA and one randomized miRNA, ordered by their number of conserved target
regions. The Y-axis shows the count of conserved and cooperative target regions. The
blue line represents |. ricinus miRNAs, while the red line corresponds to the randomized
miRNAs. B) Distribution of cooperative-to-conserved target ratios in |. ricinus and
randomized miRNAs. C) Evolutionary conservation of |. ricinus miRNAs and their
cooperative-to-conserved target ratios. The Y-axis represents the ratio of cooperative
mRNA target regions to the conserved target regions. The X-axis represents the
taxonomic level of seed sequence conservation, with higher-level taxa, and
consequently greater sequence conservation, positioned on the left.
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5.6. Identification of key microRNAs: Saliva abundance

and ratio of conserved target regions.

Due to the limitations found analyzing the cooperative effect of I. ricinus miRNAs
globally, we focused on revealing the most potential and biologically relevant
cooperative effects in regulating conserved host gene target regions. Thus, we
selected 12 I. ricinus miRNAs that excelled a) in their abundance in tick saliva
[17], b) in their high ratio and statistical significance regarding the number of
conserved target regions, c) in targeting neighboring sites of the same target
mRNA in the vertebrate host as presented in Figure 24. These miRNAs, iri-miR-
8-3p, iri-miR-9a-5p, iri-miR-92-3p, iri-miR-2b-3p, iri-let-7-5p, iri-miR-1-3p, iri-
miR-34-5p, iri-miR-10a-5p, iri-miR-263a-5p, iri-miR-125b-5p, iri-miR-100-5p,
and iri-miR-133-P1-3p, were all conserved at the bilaterian taxonomic level and
thus able to mimic host miRNAs. They were also confirmed to be present in the
most recent /. ricinus genome assembly [176]. The genomic coordinates of the

specific miRNAs in the [. ricinus reference genome are shown in Table 4.

In total, these twelve miRNAs had 38952 predicted target regions, from whom a
total of 3830 were identified as conserved (9.8%). These conserved target
regions were distributed among 2662 different host genes. Of these genes, 233
had at least 3 conserved target regions, and 771 had at least 2 conserved target
regions. To maintain consistency and to obtain comparable results with the prior
functional analysis of target genes shown in Figure 16 and Figure 19, we
functionally characterized the 233 genes with at least 3 conserved targets and
293 genes (out of 771) randomly selected from those with 2 conserved target
regions, resulting in the desired total of 526 genes for functional characterization

so that the results are comparable with our previous analysis.
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5.6. Identification of key microRNAs: Saliva abundance and ratio of conserved
target regions.

Table 4. Location of key microRNAs in the novel genome of Ixodes ricinus. Please
note that if a miRNA is found multiple times in the genome, it will appear in the table that
same number of times.

miRNA Scaffold Strand Start End
iri-mir-8 2 - 75491833 75491901
iri-mir-9a 11 - 50558401 50558469
iri-mir-9a 11 - 50585880 50585948
iri-mir-92 1 - 101747924 101747992
iri-mir-2b 12 - 104673137 104673206
iri-let-7 1 - 80446901 80446982
iri-mir-1 8 - 50544961 50545034
iri-mir-34 1 - 51076146 51076214
iri-mir-10a 1 + 54376231 54376300
iri-mir-263a 8 + 38398838 38398908
iri-mir-125b 1 - 80428613 80428685
iri-mir-100 1 - 80461353 80461424
iri-mir-133-P1 8 + 50800705 50800806

Pathway enrichment analysis revealed that these genes were associated with 10
KEGG pathways, 17 Reactome pathways, and 16 pathways from the
WikiPathways database. Several pathways that were functionally enriched for
the set of genes with more than 5 conserved targets for the full set of miRNAs are
observed as functionally enriched in this analysis too. Key pathways regarding
signaling like Wnt, neurotrophin, TGF- B, heme, activin, growth-factor and Mapk
signaling pathways, as well as MECP2-related pathways can be potentially
modulated by the specific miRNAs. The most relevant functionally enriched

pathways are shown in Figure 26, Figure 27 and Figure 28.

101



Chapter 5. Evaluation of the functional and synergistic roles of Ixodes ricinus
microRNAs in host response modulation

KEGG Pathways

WNT SIGNALING PATHWAY . ,
Fold Enrichment
PROSTATE CANCER @ I 4
3
PATHWAYS IN CANCER O
y
2
NEUROTROPHIN SIGNALING PATHWAY O L
OOCYTE MEIOSIS o 0
MELANOGENESIS @ Gene Ratio
TGF BETA SIGNALING PATHWAY [ ) ® 0060
@ oo
ADHERENS JUNCTION ® . 0125
MAPK SIGNALING PATHWAY | ()
o 0.158

CELLCYCLE | @

S b
2 oY

Q!
-log1l0(qvalue)

Figure 26. Pathway enrichment analysis, using KEGG database, of the 526 genes
with more conserved target regions for Ixodes ricinus key microRNAs. The X-axis
represents the -log10(p-value), which reflects the statistical significance of the pathway
enrichment. The dots in the plot represent individual pathways, and their size is
proportional to the Gene Ratio, which is the proportion of genes in the given pathway
targeted by |. ricinus key miRNAs, relative to the total number of genes in the pathway.
The intensity of color of each dot corresponds to the fold enrichment value, which
reflects the percentage of genes with conserved target regions for the key miRNAs
belonging to a pathway, divided by the corresponding percentage of genes with
conserved target regions for all l. ricinus miRNAs (background) for the specific pathway.
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target regions.
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Figure 27. Pathway enrichment analysis, using Reactome database, of the 526
genes with more conserved target regions for Ixodes ricinus key microRNAs. For a
detailed explanation of the statistics shown in this figure, please refer to Figure 26.
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Figure 28. Pathway enrichment analysis, using Wikipathways database, of the 526
genes with more conserved target regions for Ixodes ricinus key microRNAs. For a
detailed explanation of the statistics shown in this figure, please refer to Figure 26.
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Ontology enrichment analysis identified 307 enriched GO terms in the Biological
Process category, 32 in the Molecular Function category, and 8 in the Cellular
Component category. Most significant functionally enriched ontology terms are

shown in Figure 29, Figure 30 and Figure 31.
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Figure 29. Ontology enrichment analysis of the 526 genes with more conserved
target regions for Ixodes ricinus key microRNAs in the Biological Process category.
For a detailed explanation of the statistics shown in this figure, please refer to Figure 26.
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5.6. Identification of key microRNAs: Saliva abundance and ratio of conserved
target regions.
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Figure 30. Ontology enrichment analysis of the 526 genes with more conserved
target regions for Ixodes ricinus key microRNAs in the Molecular Function category.
For a detailed explanation of the statistics shown in this figure, please refer to Figure 26.
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Figure 31. Ontology enrichment analysis of the 526 genes with more conserved
target regions for Ixodes ricinus key microRNAs in the Cellular Component
category. For a detailed explanation of the statistics shown in this figure, please refer to
Figure 26.
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We compared the results of the pathway and ontology enrichment analyses of
genes with conserved target regions for the 12 miRNAs to those obtained using
the full set of I. ricinus miRNAs. For pathway enrichment, the mean Jaccard
index and overlap index were 0.35 and 0.73, respectively. For ontology
enrichment, the mean Jaccard index was 0.38, and the mean overlap index was

0.68 (Figure 32).

Although some differences were observed between the results, the functional
enrichment analysis of genes with conserved target regions for these 12 miRNAs
produced conclusions largely consistent with those derived from the full set of
miRNAs. A clear pattern emerged, indicating modulation of the host response
and identifying several signaling pathways with the potential to be affected.
These findings indicate that these 12 miRNAs can independently account for a
substantial portion of the functional effects observed in the full /. ricinus miRNA
set and may also possess additional functional roles. Notably, pathways and
ontologies related to Natural Killer (NK) cells have emerged, highlighting their
significance. NK cells are pivotal components of the innate immune system,
known for their rapid response, signaling functions, and cytotoxic properties,

acting even faster than T cells [269].
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Figure 32. Overlap of enriched pathways and ontologies between the full set and key
Ixodes ricinus microRNAs. A) Comparison of pathway enrichment analysis for genes
with conserved target regions between the full set and key |. ricinus miRNAs. The analysis
was performed for the three different pathway databases: A) KEGG pathways, Reactome
pathways and Wikipathways. B) Comparison of ontology enrichment analysis for genes
with conserved target regions between the full set and key |. ricinus miRNAs. The analysis
was performed for the three ontology categories: Biological Process, Molecular
Function, and Cellular Component.

5.7. Cooperative effect analysis of key microRNAs

We made a refined cooperative effect analysis using the key miRNAs depicted
before. This analysis identified 45 cooperative target regions forming 23 distinct
interactions among the 12 miRNAs. These cooperative target regions were
associated with 22 genes, which were functionally characterized and further

analyzed.
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This gene set was broadly expressed in skin tissue cells, as depicted in Figure
33. Specifically, genes such as SRSF10, CELF1, RIC1, GPC6, and NFIA were
abundant across all skin cell types, except mast cells. Certain cell types, such
as fibroblasts, key players in wound healing and pro-inflammatory response
[270,271], expressed nearly all these genes, with only one gene absent. Analysis
of GTEx single-cell dataset [238] revealed that 12 out of 16 skin cell types,
including adipocytes, lymphatic and vascular endothelial cells, basal and
suprabasal keratinocytes, fibroblasts, dendritic cells, macrophages,
Langerhans cells, melanocytes, pericytes, and sebaceous and sweat gland
cells, exhibited a significantly higher proportion of single cells expressing these
genes. Additionally, lymphatic endothelial cells and sebaceous and sweat gland
cells showed significantly high expression levels of these genes. These findings
highlight the potentialimportance of genes with cooperative target regions in the

host's skin homeostasis, the primary interface upon the encounter with a tick.

A PPl network analysis revealed connections between half of the genes in this
set (Figure 34). PDGFRA, NRG1, and PIKFYVE exhibited the highest eigenvector
centrality, remarking on their central roles in the network and their potential

significance in modulating the host's response.
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Figure 33. Abundance patterns and statistical significance in single cell types from
skin tissue of the ‘conservedly’ and cooperatively targeted mRNAs by key Ixodes
ricinus microRNAs. The analysis was performed using the GTEx single-cell dataset. The
top part of the figure shows the abundance of genes (rows) across single-cell types
(columns), where bubble size represents the proportion of single cells within each cell
type expressing a given gene, and color intensity indicates median expression (counts
per 10K). The bottom partillustrates the statistical significance of the median expression
and the median proportion of cells expressing the genes, with red circles indicating
statistically significant enrichment. Z-scores are represented by bubble size.

We further investigated the roles of these 22 genes in processes that may benefit
the host in response to /. ricinus parasitism. Several genes, including GPC6,
NRG1, ZFPM2, PDGFRA, and CEP41, were implicated in wound healing or
angiogenesis processes, potentially aiding in wound closure and limiting tick
feeding [272-276]. Additionally, genes such as CELF1, NFIA, STK38L, also known
as NDR2, PHF8, PIKFYVE, and ACOT7 were associated with innate immunity,

109



Chapter 5. Evaluation of the functional and synergistic roles of Ixodes ricinus
microRNAs in host response modulation

promoting either inflammation or immune cell activity (e.g., macrophages, T
cells, and NK cells) [277-283]. USP42 regulates inflammatory response through
the deubiquitylation of histone H2B [284,285]. Pain and mechanosensation,
critical for host responses to prolonged tick bites, involved genes such as REST,
MDGA1, and SNAP25 [286-289]. Although, to our current knowledge SRSF10,
RIC1, SOBP, SLC8A2, and TTC39A have not been directly linked to the
mentioned functions, their expression characteristics suggest potential roles in
host defense mechanisms, but additional experimental analysis is essential for
such a statement to be supported. Moreover, the functions of this set of genes

will be further discussed in Chapter 8.

In summary, while the interaction network did not encompass all genes,
functional analyses and abundance in cells from the skin tissue indicate that
most genes with cooperative target regions for the most relevant and abundant
miRNAs in /. ricinus saliva could benefit the host and impede tick parasitism.
Simultaneous targeting of these genes may significantly impact the
effectiveness of tick feeding and parasitism, granting I. ricinus the ability to

successfully feed on the host's blood.
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Figure 34. Protein-protein interaction network of gene products ‘conservedly’ and
cooperatively targeted by key Ixodes ricinus microRNAs. The set of genes
‘conservedly’ and cooperatively targeted by key |. ricinus miRNAs are represented by
color orange. Fifty interacting proteins were added using StringDB with a high-
confidence threshold of 0.7 and are shown in blue.
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5.8. microRNA abundance in extracellular vesicles

Building on our findings regarding the role of miRNAs in modulating the tick-host
interface and their potential cooperative effects on host responses, a key
question remains: Do these miRNAs associate with EVs, and is their

incorporation into these vesicles a selective process?

To investigate this, we isolated and analyzed EV samples from I. ricinus saliva,

assessing the abundance of miRNAs within these extracellular compartments.

5.8.1. Sequencing data: Read preprocessing and analysis

We obtained saliva samples from /. ricinus parasitizing a naive host and samples
from I. ricinus feeding on the same host for a second time and thus the host was
sensitized to ticks. It is known that ticks feeding for the second time in the same
host meet resistance from the host and this resistance has negative impact on
tick’s feeing ability. Next, a process of differential centrifugation and EV
isolation allowed us to classify and separate four phases of EVs, sorted by size
and the centrifugation speed required for sedimentation. These phases, ordered
from larger EVs to smaller ones, were as follows: 1) large EVs that sedimented
at 2,000 g, 2) medium EVs in the pellet after centrifugation at 10,000 g, 3) small
EVs obtained after centrifugation at 150,000 g, and 4) the supernatant after this
last centrifugation, containing the saliva content outside the EVs and the

smallest EVs.

Next, we isolated and sequenced small RNAs from these samples, obtaining a
total of 256,812,923 single-end reads. After trimming and quality filtering,
99.82% of the reads were of high quality, resulting in 256,364,683 reads
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available for further analysis. The distribution of reads per sample is shown in

Figure 35.
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Figure 35. Distribution of total and high-quality trimmed reads in small RNA-seq
data from Ixodes ricinus extracellular-vesicle samples. Total and high-quality
trimmed reads are represented by different colors. The Y-axis shows the number of reads
and X-axis the different samples analyzed in this study. The sample IDs are displayed in
the figure. The first number in these IDs indicates whether the host is being exposed to
ticks for the first or second time during blood feeding. The subsequent letter represents
the biological replicate, followed by the EV fraction.

Next, we aimed to further assess the quality of the data and gain an initial

overview of small RNA expression patterns across the different samples. To
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achieve this, we performed PCA, correlation analysis, and HCA using Ward’s

method.
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Figure 36. Principal component analysis of small RNA expression variance in
sequencing data from extracellular vesicles of Ixodes ricinus. Colors represent
different EV fractions, while shapes distinguish between samples from ticks parasitizing
a naive host and those from ticks parasitizing a host previously exposed to ticks.

PCA results indicated that the first principal component did not effectively
separate samples based on fraction type or prior exposure status. However, the

second principal component distinctly segregated supernatant samples from
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the sedimented fraction, with the most pronounced separation observed in
supernatant samples from ticks feeding on previously exposed hosts.
Furthermore, the combined effect of both components delineated large EVs
from medium and small EVs, which exhibited a higher degree of similarity in their

miRNA expression profiles. Figure 36 illustrates PCA results.
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Figure 37. Correlation and hierarchical clustering of transcript expression patterns
in small RNA-seq data from extracellular vesicles of Ixodes ricinus. Different
fractions are represented by distinct colors in the margins of the correlation matrix. The
gradient of the color (red) in the inside the matrix indicates the correlation level between
the expression pattern of a pair of samples. The sample IDs are displayed in the figure.
The first number in these IDs indicates whether the host is being exposed to ticks for the
first or second time during blood feeding. The subsequent letter represents the biological
replicate, followed by the EV fraction.
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Consistently, hierarchical clustering and the correlation matrix reinforced the
emergence of three distinct sample clusters: 1) supernatant samples, 2) large
EVs, 3) and small and medium EVs (Figure 37). Notably, despite forming
separate clusters, the supernatantand large EV samples exhibited a high degree

of correlation, suggesting similarities in their molecular composition. This
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observation can be attributed to the presence of biological material within the
large EV fraction which is released into the supernatant. As these vesicles break
down over time, their contents may disperse into the surrounding supernatant,
contributing to the observed correlation between these two fractions. This
distinction further sets them apart from medium and small EVs, which primarily

originate from active cellular processes such as exocytosis.

5.8.2. Abundance in extracellular vesicles of key

microRNAs

In the previous sections, we identified a set of 12 miRNAs with the highest
potential to facilitate tick parasitism. This selection was based on a) their
abundance in tick saliva [16], b) their high conservation and statistically
significant enrichment in target regions across vertebrate hosts, c) their ability
to co-target adjacent sites within the same mRNA in the vertebrate host,
suggesting cooperative regulation. Furthermore, these miRNAs appear to
disrupt host homeostasis and synergistically target essential skin-related
genes, potentially enhancing tick feeding success. In this section, we analyze
their presence and dynamics within EVsin /. ricinus saliva, further exploring their

potential role in host modulation (Figure 38).

Here, no global patterns were observed in terms of a specific fraction containing
the majority of miRNAs or showing large expression differences between ticks
parasitizing hosts with different prior exposure statuses. Overall, miRNA
expression remained relatively stable across large, medium, and small EVs.
However, in the supernatant fraction, which consists of the smallest EVs and
non-packaged small RNAs from saliva, certain miRNAs exhibited expression

divergence depending on the host’s prior exposure to ticks.
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Nevertheless, the most significant conclusion from this analysis is that these 12
key miRNAs are consistently presentin tick saliva and are actively packaged and
protected within EVs, enhancing their potential to interact with and modulate
host cells. All the information presented in this thesis regarding this set of key /.
ricinus miRNAs positions them as promising candidates for future clinical

applications and pest control strategies.
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Figure 38. Expression dynamics of key microRNAs in the extracellular vesicles of
Ixodes ricinus. The Y-axis represents expression levels in RPM, while the X-axis
corresponds to the EV fraction to which a sample belongs. Each dot represents a sample
from an EV fraction, with different colors indicating whether the host is being exposed to
ticks for the first or second time during blood feeding.
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Chapter 6.

Transcriptomic analysis of Ixodes
ricinus midgut and salivary gland
responses to repeated blood feeding

on a vertebrate host

Till this point, this thesis has focused on how /. ricinus miRNAs from saliva can
modulate the host's response. To fully comprehend the intricate interplay
between the tick and its host, we will shift the focus to the dynamics of gene
expression in the salivary glands and midgut of /. ricinus at the transcription
level, aiming to better understand molecules expressed during blood feeding.
An schematic representation of the analysisis provided in Figure 39. Both coding
RNA, in this chapter, and long non-coding RNA, discussed in Chapter 7, will be
analyzed and tested to determine their roles in /. ricinus blood feeding. By
exploring these elements and interconnecting them, we aim to present a
broader and more integrated view of the molecular interactions at the tick-host

interface.

Building on our integrated view of /. ricinus lifecycle and its ability to bypass host
immune defenses, we analyzed the transcriptomic dynamics of 1) unfed /.

ricinus ticks, 2) ticks parasitizing hosts for the first time, and 3) ticks blood

119



Chapter 6. Transcriptomic analysis of Ixodes ricinus midgut and salivary gland
responses to repeated blood feeding on a vertebrate host

feeding on sensitized hosts to tick feeding (the host is exposed to ticks for a
second time and raises resistance to tick feeding). Blood-feeding ticks were
detached at different time points to allow for the analysis of temporal dynamics.
The hypothesis is that blood-feeding I. ricinus ticks will over-express molecules
that facilitate feeding and help them evade host defense mechanisms. This
effect is expected to be more pronounced in ticks feeding on hosts that have
already been parasitized by ticks for one time, as these hosts have a more active
immune response [290]. Single salivary glands and midguts from individual,
pathogen-free female . ricinus ticks, all derived from the same “mother”, have
been used to minimize genetic variability between tick individuals. This study

was the first to analyze expression dynamics of ticks at the individual tick level.

Thus, RNA was extracted and sequenced from a total of 88 individual /. ricinus
tick samples with the objective of assembling a reference transcriptome
containing both coding and non-coding transcripts. This transcriptome will
serve as the foundation for identifying proteins and IncRNAs that may help the

tick evade host defenses.
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Figure 39. Schematic illustration of the experimental design for the analysis of
salivary glands and midgut from pathogen-free Ixodes ricinus. 7) Pathogen-free
sibling ticks were hatched, fed on SPF (specific pathogen-free) guinea pigs, and allowed
to develop into adult ticks. 2) Fully engorged female ticks, having fed on an SPF guinea
pig, were allowed to lay eggs. 3) Molted larvae were fed on SPF guinea pigs to produce
adult female ticks, which were pre-mated with sibling male ticks. These adult females
were used for feeding and tissue isolation. 4) Two rabbits were each exposed to 25
female and 25 male sibling ticks. Female ticks were collected at 12, 24, 48, 72, and 96
hours post-exposure. Two weeks after the initial rabbit exposure to ticks, a second
exposure was performed following the same protocol. 5) Ticks were dissected, and their
salivary glands (SGs) and midguts (MGs) were stored in 200 uL of RNA later at 4°C
overnight, then transferred to -80°C. 6) RNA was extracted from five SG and three MG
samples at each time point and sequenced using lllumina technology.
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6.1. Assembly of a de novo transcriptome

Using high-throughput sequencing, we generated a total of 3.64 billion paired-
end reads from the 88 aforementioned /. ricinus samples. Following adapter
trimming and removal of low-quality reads, 3.51 billion clean reads remained.
As mentioned in Chapter 1, although an . ricinus genome assembly existed at
the time this study was made [181], its 204,516 contigs presented challenges,
such as genes being split across multiple contigs of this genome or being
completely missed. To address this, we opted to construct a de novo

transcriptome assembly.

Two approaches were considered: individual sample assemblies followed by
clustering to create a consensus transcriptome or merging all samples first for
a single de novo assembly. Preliminary analyses indicated that the first method
yielded significantly more contigs (1,770,231 compared to 981,846 with the
second method) and poorer quality metrics. Consequently, we adopted the
second approach, generating separate transcriptomes for salivary glands and
midgut tissues, which initially produced 816,408 and 495,556 contigs,

respectively.

Clustering highly similar sequences reduced the total contigs to 981,846. By
applying a minimum expression threshold of 5 FPKM across all samples for at
least one condition, we further refined this into a final consensus transcriptome
comprising 25,010 contigs with an average length of 1,489 and an N50 value of
2,763. In comparison, the unfiltered transcriptome (981,846 contigs) exhibited
a median length of 329 and an N50 of 542, demonstrating significant
improvements in assembly quality after filtering. Remarkably, 87.6% of paired-
end reads could be mapped back to the assembly, more than generally

expected.
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Next, we partitioned the transcriptome into coding and non-coding transcripts
in a two-step process. This identified 13,458 coding transcripts, which were
further clustered to remove redundancy, resulting in 12,158 unique coding
transcripts and 11,552 putatively non-coding transcripts. A workflow summary

and primary results are depicted in Figure 40.
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Figure 40. Step-by-step process and results of transcriptome assembly, including
the identification of coding regions and their subsequent functional annotation.
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To assess the completeness of the transcriptome, BUSCO [199] analysis with
the Arachnida lineage dataset revealed that 83.1% of Benchmarked Universal
Single-Copy Orthologs (BUSCOs) were complete, with 24.3% duplicated due to

isoforms, 0.4% fragmented, and 16.5% missing (Figure 41).

. Complete (C) and single-copy (S) . Complete (C) and duplicated (D)
Fragmented (F) . Missing (M)

BUSCO

%BUSCOs

Figure 41. Results of the Benchmarked Universal Single-Copy Orthologs (BUSCO)
analysis assessing the completeness of the transcriptome. The analysis utilized the
Arachnida lineage gene dataset. Different colors represent the percentages of complete
single-copy, complete duplicated, fragmented, and missing BUSCOs. Exact numerical
values are also displayed in the plot.

A PCA was performed to identify potential outlier samples and to identify
potential patterns in the RNA abundance of the samples from SG and MG (Figure
42). This analysis revealed no clear outliers. Instead, distinct clusters emerged,
such as those formed by midgut samples from ticks fed for 48, 72, and 96 hours,
as well as the grouping of unfed samples with early feeding time points. Notably,
tissue was confirmed as the dominant factor in expression variation (component
1). Thus, no outlier samples were identified, validating their inclusion in

downstream analyses.

124



6.1. Assembly of a de novo transcriptome

100 A

A
A A
. ‘a
*
A
A
50
)
v
c
c
=
©
>
X
(o]
< A
=)
N A
a * 4
*
0 *
0+ ..
-'—F' o A
m®h
i p
¢, ¢
-50 g
9)0 Q (,}D
PC1 (20.2% variance)
A 12hours @ 48 hours + 96 hours Tissue & @ MG First exposure SG First exposure MG Unfed
Time of feeding

feeding
% 24hours M 72hours @ Unfed condition @ MG Second exposure @  SG Second exposure SG Unfed

Figure 42. Principal component analysis of RNA expression patterns in midgut and
salivary glands samples of Ixodes ricinus. This plot shows the two principal
components that explain the largest proportion of variance in the expression data. RNA
abundances were used for this analysis. Colors represent different tissues and
distinguish between samples from ticks parasitizing a naive host from those from ticks
parasitizing a host previously exposed to ticks and from those coming from unfed ticks.
Different shapes indicate the time-points in which the tick blood feeding has been
stopped.

125



Chapter 6. Transcriptomic analysis of Ixodes ricinus midgut and salivary gland
responses to repeated blood feeding on a vertebrate host

6.2. Functional annotation of the transcriptome

Following assembly and quality evaluation, we proceeded to annotate the
coding transcripts in detail. The 12,158 unique coding regions were mapped
against four databases: the Arachnidae database, Swiss-Prot, UniRef90, and
TickSialoFam [205,206,291] . Out of these, 7,225 coding regions were matched
to at least one reference sequence in these databases. The optimal alignment
for each coding region was determined using the Bit-score provided by Blastp.
Where applicable, GO terms and keywords were assigned using the UniProtkB

database [291], resulting in the annotation of 4,312 coding regions.

To further annotate regions not aligning with these databases or lacking GO
annotations, we utilized Blast2GO [207], which contributed an additional 1,138
annotations. This brought the total number of annotated unique coding regions
to 5,450, leaving 6,708 coding transcripts unannotated. We then employed
identified conserved protein domains and associated GO terms, yielding a final
set of 5,887 annotated unique coding regions with at least one functional

annotation.

In summary, of the 12,158 unique coding regions, 5,456 were linked to at least
one GO term under one or more categories: 3,190 (58.47%) under "Biological
Process," 4,362 (79.95%) under "Molecular Function," and 3,335 (61.13%) under
"Cellular Component." Within the "Biological Process" category, the most
prominent subcategories included "organic substance metabolic process"
(2,019, 63.29%), "nitrogen compound metabolic process" (1,692, 53.04%), and
"cellular component metabolic process" (1,730, 54.23%). Under "Molecular
Function," key subcategories were "binding" (2,648, 61.53%) and "catalytic
activity" (2,349, 53.85%), with "hydrolase activity" being the most represented

terminalnode (880, 20.17%). For "Cellular Component," notable nodes included
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“intracellular membrane-bound organelle" (1,328, 39.82%), ‘integral

component of membrane" (1,277, 38.29%), and "cytoplasm" (1,378, 41.32%).

We also analyzed the presence of signal peptides and cleavage sites in unique
coding regions starting with methionine, generating putative mature peptides for
those with signal peptides. Additionally, we predicted transmembrane helices

in the unique coding regions, enabling their classification into four categories:

1. Putatively secreted and annotated: Regions with both functional
annotations and a predicted signal peptide, but no transmembrane

domains, as per Ribeiro et al. [206].

2. Putatively secreted but not annotated: Secreted coding regions

without GO or InterPro annotations.

3. Non-secreted and annotated: Regions with functional annotations that
lack signal peptides or contain both signal peptides and transmembrane

domains in the mature peptide.

4. Non-secreted and non-annotated: Regions without GO or InterPro

annotations that are non-secreted.

Finally, coding regions were deemed tissue-specific if they exhibited a fold-
change of 2 or higher between midgut and salivary gland samples. Thus, we
achieved a comprehensive annotation of the transcriptome, providing a solid
foundation for investigating the dynamics of transcripts in the salivary glands
and midgut, as well as studying key processes such as immune modulation,
nutrient acquisition, and the secretion of proteins essential for successful

parasitism.
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6.3. Analysis of the variance in expression data

Analyzing the variation in transcript expression across biological or technical
replicates is crucial for assessing the consistency, reliability, and reproducibility
of downstream analyses. This study uniquely utilized genetic material from
individual ticks rather than pooled samples, allowing the detection of individual
tick responses to feeding threads. These responses may manifest as significant
fluctuations in the expression of certain genes, such as up- or downregulation
within individuals under the same condition. To identify genes with a strong
individual component, we calculated the CV for each unique coding transcript

across conditions and tissues.

Figure 43 illustrates the CV distribution for each condition. A comparison with a
randomized dataset (bottom of Figure 43), generated by calculating CVs from
five randomly selected samples for each transcript, revealed that the observed
variation was consistently lower than random expectations. This suggests that
feeding time points and/or exposure influence gene expression patterns.
Notably, later feeding time points exhibited lower variation in both tissues,
indicating that gene expression variability decreases as feeding progresses. This
trend suggests that individual variability in gene expression is more pronounced
at the onset of feeding and diminishes as feeding progresses. Furthermore, the
second exposure to the host resulted in reduced variation compared to the first
exposure, particularly in salivary glands, corroborating observations from the
PCA analysis, where early feeding time points showed some separation from the
main clusters. Figure 44 plots CV as a function of expression, showing a general
decrease in variation with higher expression levels. However, a subset of highly
expressed transcripts exhibited substantial variability (peak on the right side of

the plot).
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Figure 43. Analysis of expression variability in biological replicates of midgut and
salivary glands across different feeding conditions. Sample labels are coded as
follows: tissue (MG (A) for midgut or SG (B) for salivary glands), exposure number (unfed,
first, or second), and feeding time point in hours (12h, 24h, 48h, 72h, and 96h). Each plot
also includes a negative control showing the distribution of coefficients of variation
derived from random values for both tissues independently.
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Figure 44. Distribution of coefficients of variation relative to the logarithm of the
mean expression of unique coding regions for each condition in both midgut and
salivary glands. Distributions of CV for (A) midgut and (B) are shown in this figure.
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To test whether high CV transcripts consistently reflected individual variability
and potential responses to feeding threads, we identified sets of 1,000
transcripts with the highest CV for each condition in salivary glands and
analyzed their intersections across conditions. A total of 3,358 transcripts were
identified as highly variable in at least 8 of 11 conditions. The overlap between
conditions was greater than expected by chance, suggesting that certain
transcripts consistently display high variability. Similarly, we identified 4,182
transcripts with low variance across conditions. These consistently low-
variance transcripts also showed greater overlap between conditions than
expected by chance, suggesting significance in both high- and low-variance

transcript sets.

Functional characterization revealed insights into transcripts with high and low
individual components. GO enrichment analysis showed that transcripts with
high variability were associated with essential functions, including "translation,"
"structural constituent of ribosome," "protein folding," and "gene expression."
Enrichment was also observed in biosynthetic processes such as
"organonitrogen compound biosynthetic process" and "cellular macromolecule
biosynthetic process" (Figure 45A). In contrast, transcripts with low variability
were associated with metabolic processes, though overlaps with high-variance
transcripts were noted for terms like "translation" and "gene expression" (Figure

45B).
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Figure 45. Functional enrichment of unique coding regions with high and low
expression variability in biological replicates in midgut and salivary glands of Ixodes
ricinus. This figure shows the most relevant significantly enriched GO terms in the set of
unique coding regions with the highest or (B) lowest coefficients of variation across at
least eight conditions. The significance and strength of enrichment, represented by the
log10(observed/expected) ratio, are provided for each GO term.
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PPl networks gave more information about these findings. Transcripts with high
variation formed networks with significant interactions, i098ncluding ribosomal
proteins and factors involved in translation (Figure 46A). In contrast, networks
for low-variance transcripts displayed fewer ribosomal proteins and elongation

factors (Figure 46B).
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Figure 46. Interaction network of the unique coding regions exhibiting extreme
coefficients of variation across at least eight conditions. PP/ networks are shown for
unique coding regions with the highest (A) or lowest (B), highlighting key functional
connections.
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A similar analysis was conducted for the midgut, but significant results were not
observed. To determine whether this was due to lower statistical power, we
simulated the analysis using three random salivary gland samples. While high-
variance transcripts maintained their significance, low-variance transcripts did
not, indicating both statistical power limitations and inherent differences

between salivary glands and midgut tissues.

6.4. Differential expression analysis: Sialome switch

and time-course dynamics

To elucidate the impact of tick feeding duration and the potential effect of
previous host exposure to ticks on gene expression, we performed two types of
analysis: (1) pairwise comparisons, which involve direct comparisons between
two conditions (e.g., unfed ticks versus a specific feeding time point), and (2)
global time-course analysis, which identifies genes with significant expression
changes over feeding time in tick tissues coming from ticks either fed for the first

time or for a second time to the same animal.

6.4.1. Pairwise analysis

The pairwise analysis provides detailed insights into the differences between
specific conditions, offering a global perspective on the dynamics of gene
expression. This approach allows us to examine differences between ticks
feeding at various time points, ticks feeding from naive versus immunized hosts,
and overall trends during the feeding time course by analyzing intersections of
DEGs. The experimental design enabled numerous comparisons, summarized

in Figure 47.
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Figure 47. Overview of pairwise differential expression comparisons in midgut and
salivary gland transcriptomes. Comparisons include: (1) ticks feeding for the first
versus second host exposure to ticks at five time points; (2) ticks feeding for the first
versus second exposure at consecutive time points; (3) first versus second exposure at
preceding time points; (4) unfed versus first exposure across five time points; (5) unfed
versus second exposure across five time points; (6) first exposure at initial versus
subsequent time points; and (7) second exposure at initial versus subsequent time
points.
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The number of DEGs obtained for every comparison depicted in Figure 47 is
shown in Figure 48. When comparing the first versus second exposures to ticks,
one major problem is that tick feeding lasts lesser upon second exposure [292].
Therefore, we tested the comparisons between first and second feeding on the
same animal either at identical time points (e.g., 12h first exposure versus 12h
second exposure), delayed time points (e.g., 12h first exposure versus 24h
second exposure), or advanced time points (e.g., 24h first exposure versus 12h
second exposure). In these comparisons, the number of DEGs was generally
lower than those observed in comparison to unfed ticks. An exception to this
general trend was observed when testing the hypothesis that feeding is delayed
in the second exposure. Nearly 3,000 DEGs were identified when comparing 24h
first exposure to 12h second exposure, and approximately 1,900 DEGs were
found between 48h first exposure and 24h second exposure. These findings
suggest significant differences in gene regulation between the first and second

exposures.

However, comparisons between adjacent feeding time points (Differential
analysis 6 and 7) revealed significantly fewer DEGs. Interestingly, the largest
number of DEGs was consistently identified in comparisons between 24h and
48h feeding time points, a critical period for gene expression changes, while
differences between adjacent time points diminished at later feeding stages.

This trend was consistent across midgut and salivary glands for both exposures.
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Figure 48. Comparative analysis of differentially expressed genes (DEGs) in Ixodes
ricinus midgut and salivary glands during the first and second host exposures to
ticks across feeding time points. The histograms display the number of DEGs for each
comparison, with coding corresponding to Figure 47.
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To explore similarities and differences between feeding times, we calculated the
intersection of DEG sets across feeding time points by tissue. Figure 49 and
Figure 50 illustrate that as feeding progresses, the overlap between DEGs
increases, indicating less regulation of gene expression toward the end of the
feeding process in both the midgut and salivary glands. Additionally, changes in
differential expression between feeding time points were quantified. Figure 51
depicts the normalized overlap between adjacent time points, with 100%
indicating identical DEG sets. Differences between the first and second
exposures were most pronounced at early feeding stages but diminished toward
the end of the feeding process. In salivary glands, gene expression dynamics
were generally less pronounced during the second exposure, with higher overlap
between adjacent time points compared to the first exposure. This is opposite
of what we initially expected, since we hypothesized that ticks feeding on a
previously exposed host should have significantly more changes in the salivary
glands when compared to ticks feeding on a naive host. Nevertheless, this may
explain the lower feeding success that has been observed for ticks feeding for
the second time on the same host; the lack of different response in their SGs (to

counteract the changed host response) lead to their feeding failure.
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Figure 49. Intersection analysis of differentially expressed genes compared to the
unfed condition across first and second host exposure scenarios in tick midgut. The
snail plot illustrates the intersecting numbers of DEGs for all possible pairwise
comparisons among the analyzed sets of |. ricinus MG. The ten blocks in the middle part
of the snail represent the ten DEG sets, with the corresponding code provided in the
bottom-right corner of the figure. Individual blocks show “presence” (green) or
“absence” (grey) of the DEG sets in each intersection. For each intersection, the
statistical significance of having more DEGs than expected by chance is represented by
the intensity of red shading, with higher significance indicated by deeper red.
Additionally, the exact number of intersecting DEGs is displayed directly within the plot
for clarity.
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Figure 50. Intersection analysis of differentially expressed genes compared to the
unfed condition across first and second host exposure scenarios in tick salivary
glands. The snail plot illustrates the intersecting numbers of DEGs for all possible
pairwise comparisons among the analyzed sets of |. ricinus SGs. The ten blocks in the
middle part of the snail represent the ten DEG sets, with the corresponding code
provided in the bottom-right corner of the figure. Individual blocks show “presence”
(green) or “absence” (grey) of the DEG sets in each intersection. For each intersection,
the statistical significance of having more DEGs than expected by chance is represented
by the intensity of red shading, with higher significance indicated by deeper red.
Additionally, the exact number of intersecting DEGs is displayed directly within the plot

for clarity.

The gene expression dynamics observed in this study and the acute changes
that tick suffers in salivary glands between 24 and 48 hours of feeding, all
together supportthe idea of the sialome switch. The sialome switch was recently

introduced by the research community, and it is a modulation of the
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biochemical behavior of tick salivary glands that enables ticks to evade host
hemostasis and the immune system, and to complete their life cycles [293].
During the sialome switch, the tick transcriptome changes either in preparation
or due to tick feeding. These changes likely occur through epigenetic
modifications [294] or signal transduction pathways that alter the activity of
specific transcription factors [293]. Thus, molecules such as proteases and
protease inhibitors are expressed during this process, disrupting host
hemostasis and immunosuppressing the host [293]. Our findings captured
these changes in gene expression, particularly during the transition from the

attachment phase to the slow feeding phase.
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Figure 51. Differences in the sets of differentially expressed genes against unfed
Across the timeline for first and second host exposure scenarios in Ixodes ricinus
midgut and salivary glands. The Y-axis represents percentages relative to the maximum
possible overlap of shared genes in |. ricinus A) midgut and B) salivary glands. The
maximum possible overlap corresponds to the size of the smallest set of DEGs against
unfed in each comparison.

In the midgut, the most significant expression changes in ticks feeding on a host
during the first exposure occurred between 12 and 24 hours. In contrast, in ticks
feeding on a host during the second exposure, we observed that on the 12 hours’
time point the tick has experienced a high response to blood feeding, having the

highest number of DEGs against the unfed ticks (Differential analysis 5).
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Nevertheless, the midgut of these ticks then changes with the highest

pronunciation between 24 and 48 hours, as depicted in Figure 51.

6.4.2. Time-course analysis

A key objective of this study was to assess the molecular response of /. ricinus
salivary glands and midgut during the second exposure to an immunized host. A
global time-course analysis identified 1,402 DEGs in the midgut and 647 DEGs
in the salivary glands between the first and second exposures. Of these, 123
DEGs were shared between the two tissues. The DEGs from the time-course
analysis were subjected to hierarchical clustering based on their expression
profiles during the first and second exposures, resulting in nine clusters for both

tissues.

In the midgut, clusters 1, 3, and 4 contained 808 DEGs with higher expression
during early feeding stages of the second exposure. Cluster 2 included 106 DEGs
with higher expression at later feeding stages of the second exposure, while
cluster 5 comprised 126 DEGs with increased expression in late feeding stages
of the first exposure. Cluster 8 represented 49 DEGs exclusively expressed

during the first exposure. These clusters are shown in Figure 52.
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Figure 52. Hierarchical clustering of differentially expressed gene expression
patterns in Ixodes ricinus midgut across the time course. Abundance values are
presented in FPKM, with distinct colored lines representing the first and second host
exposures to ticks.

In the salivary glands, cluster 1 included 38 DEGs with higher expression during
the first exposure, peaking at 72 hours of feeding. Clusters 2 and 3 contained
153 and 78 DEGs, respectively, with increased expression at late and early
feeding stages of the second exposure. Cluster 4 comprised 47 DEGs with higher
expression at 48 hours during the first exposure, while cluster 6, like midgut

cluster 8, represented 64 DEGs uniquely expressed during the first exposure.
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Figure 53 provides the expression patterns over time and distribution of these

clusters.
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Figure 53. Hierarchical clustering of differentially expressed gene expression
patterns in Ixodes ricinus salivary glands across the time course. Abundance values
are presented in FPKM, with distinct colored lines representing the first and second host
exposures to ticks.

This analysis showed that a greater number of DEGs in the time course with
similar expression patterns can be found in the midgut rather than in salivary

glands. This agrees with the dynamics observed in the pairwise analysis, in
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which midgut showed a delay in the response to feeding in ticks parasitizing a
previously exposed to ticks host. Relatively few DEGs were shared between both
tissues, suggesting that the response to the second exposure of the host is

tissue specific.

To gain further insight into these changes, the clusters were functionally
characterized. In the midgut, 57.6% of the time-course DEGs were
overexpressed in early feeding stages of the second exposure, with clusters 1,
3, and 4 formed by DEG enriched in processes such as gene expression,
translation, and metabolism (Figure 54A). The PPl network highlighted ribosomal
proteins, elongation factors, and metabolic enzymes as key components, as
depicted in Figure 55A. For other clusters, no significant interaction networks or
enriched GO terms were identified. This suggests that, during the early stages of
feeding, the midgut of ticks parasitizing previously exposed hosts experiences
stress that activates a generalresponse not observed to the same extent in ticks
feeding on naive hosts. This stress likely engages the expression machinery in
ticks feeding onimmunized hosts to overcome the challenge and metabolize the

ingested blood.

Regarding tick SGs, clusters 1, 2, and 3 showed significant GO term enrichment
and PPl networks with a significant number of interactions, as illustrated in

Figure 54B and Figure 55B, respectively.
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Figure 54. Ontology enrichment analysis for selected clusters of DEGs in midgut and
salivary glands. Significance (-log10(FDR)) and strength (log10(observed/expected)) for
each GO term are displayed. A) Analysis for the merged cluster combining clusters 1, 3,
and 4 in the midgut. B) Analysis for clusters 1, 2, and 3 in tick SGs.

146



6.4. Differential expression analysis: Sialome switch and time-course dynamics

Cluster 1 included proteins involved in metabolic processes that were
overexpressed in SGs during the first exposure. In this cluster, we found proteins
involved in fatty acids oxidation and energy production. This suggests that, for
reasons that need to be further analyzed, ticks which parasite naive hosts obtain
energy from fat to feed, which may explain the slower weight gain that we

observed in these ticks.

Cluster 2, which contained the highest number of DEGs, comprised
overexpressed genes in SGs of ticks parasitizing a host on its second exposure
to ticks at late feeding time points. Notably, ticks in the second exposure began
to overexpress proteins associated with neuronal activity, circadian rhythm and
responses to starvation during feeding. While the exact mechanisms underlying
this overexpression remain to be uncovered, starvation responses have been
linked to more aggressive behaviors toward infection and feeding on hosts [295].
Other notable proteins were associated with redox homeostasis, ATP synthesis,
and N-linked glycosylation, further highlighting the complex molecular
adaptations occurring during the second exposure of ticks on the same host.
Cluster 3 exhibited expression patterns similar to midgut clusters 1, 3, and 4,

involving proteins in translation and metabolism.
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Figure 55. Protein-protein interaction networks for selected DEG clusters in Ixodes ricinus midgut and salivary glands. (E) Network
for the merged cluster of 1, 3, and 4 in the midgut. (F) Network for clusters 1, 2, and 3 in the salivary glands. Nodes represent proteins, and
edges indicate predicted interactions based on functional and physical association.

148



6.4. Differential expression analysis: Sialome switch and time-course dynamics

Finally, the top 50 DEGs with the largest cumulative differences between the first
and second exposures were functionally characterized (Figure 56). Enrichment
analysis revealed differences in hydrolase activity and translation processes in
the midgut, while ribosomal proteins and N-linked glycosylation pathways were
enriched in the salivary glands. Key proteins identified in the interaction network
included dolichyldiphosphooligosaccharide-protein glycotransferase and
protein disulfide isomerase, which play critical roles in the tick-host interface
and protein folding. Since ribosomal components are essential for synthesizing
all proteins and glycosylation ensures their proper function and activity
[296,297], the results from the time course analysis suggest that ticks do notrely
exclusively on genes specifically tailored to counter immune hosts. Instead,
ticks may respond to sensitized hosts by global and more rapidly increasing

transcription.

Rather than developing a highly host-specific strategy to counter the diverse
repertoire of host countermeasures, ticks appear to employ an accelerated,
amplified, but somewhat imperfect transcriptional program as a generalized
strategy to feed on sensitized hosts. Consequently, this suggests that the coding
portion of the transcriptome is only partially responsible for host-specific

evasion.
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Figure 56. Functional in silico analysis of differentially expressed genes exhibiting
the most cumulative expression differences between the first and second exposure
to the host during feeding. A) Significantly enriched GO terms for genes with the most
pronounced differential expression over the time course between the first and second
exposures in both the midgut and salivary glands. Significance and strength, represented
by the log10(observed/expected), for each GO term are shown. B) PPl network for the
differentially expressed genes with the greatest cumulative effect in |. ricinus for both

midgut and salivary glands.
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6.5. Database-associated webpage: IxoriDB

To provide comprehensive access to the data on the unique coding transcripts,
we developed a ‘queryable’ and browsable database

(https://arn.ugr.es/IxoriDB). Users can easily access and download key features

such as sequence, CDS, expression values, homologous proteins, functional
annotations (including family, GO terms, and InterPro domains), putative
secretion (SignalP), transmembrane domains, classification based on
annotations, and tissue specificity (Figure 57). The database allows browsing by
transcript name, protein name, or by selecting various options based on the
available features. Additionally, the platform enables users to BLAST their own
sequences against the transcriptome to identify the best matches and
associated features (Figure 58). Finally, the complete transcriptome, CDS
sequences, and an Excel file containing all the features of each unique coding

region are available for download in the “Downloads” section of the website.

Thus, IxoriDB database provides a user-friendly platform for accessing detailed
data on unique coding transcripts of . ricinus. It offers searchable features,
including sequence information, functional annotations, expression values, and
tissue specificity. BLAST functionality, the downloadable resources, such as the
complete transcriptome and associated features, further enhance its utility.
Together with the transcriptomic analysis of midgut and salivary glands in /.
ricinus discussed in this chapter, IxoriDB serves as a valuable tool for advancing
the understanding of tick biology and molecular interactions during blood

feeding.
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Figure 57. Overview of results from IxoriDB when browsing a protein or unique
coding region. Key features displayed include sequence, CDS, best-matching known
protein, functional annotations (family, GO terms, InterPro domains), putative secretion
(SignalP), transmembrane domains, classification, and tissue specificity. Expression
data across feeding time points for both midgut and salivary glands can be visualized,
with an adjustable logarithmic scale
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Chapter 7.

Bioinformatic insights into the role of
Ixodes ricinus long non-coding RNAs

in host microRNA regulation

In this chapter, we will explore another intriguing mechanism by which . ricinus
may modulate the host’s response to tick infestation. While this thesis has
primarily focused on how /. ricinus miRNAs assist the tick in evading host
defense mechanisms, this chapter will shift attention to how I. ricinus may
inhibit host miRNAs using long non-coding RNAs (IncRNAs). These IncRNAs can
compete with the host’s miRNA targets, potentially diminishing the efficacy of

the host’s miRNAs and defense response.

Even though the molecular mechanisms and physiological impacts of IncRNAs
are an intense focus of applied human and animal research [172], there is
currently very limited literature on the identification and functional analysis of
IncRNAs in tick-host interactions. This gap in knowledge significantly hinders
our understanding of the role of IncRNAs in ectoparasite—host dynamics. To
address this, we in silico investigated the potential regulatory roles of IncRNAs
in I. ricinus—host interactions by analyzing their differential expression in the

midguts and salivary glands of unfed and fed /. ricinus ticks.
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RNAs in host microRNA regulation

7.1. Summary of transcriptome assembly and long

non-coding RNA isolation

One of the main problems when working with IncRNAs is the poor capability to
bioinformatically validate assembled IncRNA in species with rather unknown or
with poor reference genome, which was the case for /. ricinus until high quality
genomes for this tick were became public available during the last year [176].
With coding RNA, someone can gather evidence by analyzing the existence of
coding regions, their domains, other similar proteins from other organisms
found in the database, etc. This is not possible with IncRNAs which also tend to
have less overall base conservation than coding RNAs. For this reason, for the
analysis of IncRNA, we resorted on three sources to isolate IncRNAs and to
generate a consensus set of IncRNAs for the specific tick species. Thus, using
transcriptome assembly and IncRNA isolation, we identified a total of 14,079
IncRNAs from the midgut and salivary gland transcriptome (MG-SG lncRNAs,
Chapter 1), 677,278 from a salivary gland-only transcriptome (SG IncRNASs)
[298], and 358,278 from whole-body samples (WB IncRNAs) [185]. The relatively
lower number of IncRNAs identified in the MG-SG dataset reflects the additional

and more stringent steps applied during its transcriptome assembly.

To create the consensus set, we clustered the three IncRNA datasets. A
consensus IncRNA was defined as the longest transcript from a given cluster
that could be detected in the MG-SG dataset (the most reliable set due to its
stringent selection process) and at least one of the other two transcriptomes.

This approach yielded a final set of 3,118 consensus IncRNAs.

Similarly, for comparison purposes, we identified 12,158 coding RNA sequences
from the MG-SG transcriptome (MG-SG coding RNAs), 55,825 from the SG
transcriptome (SG coding RNAs), and 47,472 from the WB transcriptome (WB
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7.2. Expression patterns of long non-coding RNAs in the midgut and salivary
glands under different tick feeding conditions

coding RNAs). Applying the same clustering protocol used for IncRNAs, we

generated a final consensus set of 5,659 coding RNAs.

7.2. Expression patterns of long non-coding RNAs in
the midgut and salivary glands under different tick

feeding conditions

Initially, four I. ricinus IncRNA datasets were analyzed: consensus IncRNAs, MG-
SG IncRNAs, SG IncRNAs, and WB IncRNAs. To evaluate the quality of these
datasets, we assessed and visualized their length distributions, which are
shown in Figure 59. LncRNAs obtained from the individual projects displayed a
strikingly different distribution compared to the consensus sequences. In the
individual sets, short IncRNAs were clearly overrepresented, with a peak around
250 nucleotides, while the consensus dataset exhibited a more homogeneous
distribution. This suggests that the consensus approach successfully recovered
longer sequences, particularly those that were adequately represented in only
one of the individual datasets. Based on these findings, this study was focused

on the consensus set of IncRNAs.
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Figure 59. Length distribution of differentially expressed long non-coding RNAs in
the midgut and salivary glands of unfed and fed Ixodes ricinus. A) Length distribution
of significantly differentially expressed consensus IncRNAs, (B) MG-SG IncRNAs, (C) SG
(ncRNAs, and (D) WB IncRNAs, upregulated in the midgut and salivary glands of unfed
and fed ticks. Different lines represent IncRNAs that are either upregulated or
downregulated upon feeding in the midgut (MG fed, MG unfed) and salivary glands (SG
fed, SG unfed).

As a preliminary step, we characterized the overall expression levels of IncRNAs
relative to coding sequences. Figure 60 displays the mean normalized
expression values for IncRNAs and coding sequences across different tissues
and feeding states. The mean expression value of consensus IncRNAs was
consistent across conditions, representing approximately 30% of total
expression. Interestingly, some samples, particularly those from unfed or early

feeding ticks, exhibited significantly increased IncRNA expression levels.
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Figure 60. Expression analysis of long non-coding RNAs and coding RNAs across
different sets and conditions. The expression levels of IncRNAs and coding RNAs were
analyzed under various feeding treatments: MG unfed and MG fed correspond to
samples from the midgut of ticks that were either unfed or in the slow feeding phase,
respectively; SG unfed and SG fed represent samples from the salivary glands of ticks in
these same conditions. WB unfed and WB fed denote whole-body samples from unfed
ticks or those in the slow feeding phase, respectively. Lastly, SG Membrane and SG
Rabbits indicate salivary gland samples from ticks fed on an artificial membrane or
rabbits, respectively. Mean expression values for each condition are highlighted with a
black line.

To further investigate the role of IncRNAs in ticks during feeding and non-feeding
states, we analyzed the differential expression of IncRNAs and coding RNAs
between unfed and fed ticks in both midgut and salivary glands, using the
samples depicted in Chapter 1. In the midgut, we identified 1,110 DE lncRNAs
(35.6% of the total consensus IncRNAs) and 2,727 DE coding RNAs (48.2% of the

total consensus coding RNAs). In the salivary glands, 1,311 IncRNAs (42% of the
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consensus IncRNAs) and 2,965 coding RNAs (52.4% of the consensus coding

RNAs) were differentially expressed between feeding states (Figure 61).

The DE IncRNAs and coding RNAs were categorized into two groups: (1)
overexpressed when /. ricinus was not feeding and (2) overexpressed when /.
ricinus was actively feeding. In both tissues, the majority of DE IncRNAs and DE
coding RNAs were overexpressed during active feeding (Figure 61B-C).
Specifically, in the midgut, 74.6% of IncRNAs and 63% of coding RNAs were
overexpressed in fed ticks. Similarly, in the salivary glands, 59.9% of IncRNAs

and 68.4% of coding RNAs were overexpressed during feeding.
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Figure 61. Statistics on differentially expressed long non-coding RNAs and coding
RNAs in the midgut and salivary glands of Ixodes ricinus. (A) Percentage of
differentially expressed [ncRNAs and coding RNAs in the midgut and salivary glands. (B)
Distribution of differentially expressed (DE) IncRNAs and coding RNAs across feeding
treatments in the midgut. (C) Distribution of DE IncRNAs and coding RNAs across feeding
treatments in the salivary glands.
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7.3. Analysis of the reproducibility of the differential expression of long non-
coding RNAs

The results showed that although the percentage of consensus lncRNAs
identified as differentially expressed (DE) was lower than that of coding RNAs in
both the midgut and salivary glands, most DE IncRNAs were upregulated in fed
ticks, particularly in the midgut. This finding suggests that the predicted
consensus IncRNAs play a role in the feeding process of I. ricinus in both the

midgut and salivary glands.

7.3. Analysis of the reproducibility of the differential

expression of long non-coding RNAs

Reproducibility is a key concept for increasing the reliability of scientific results.
To evaluate this, we utilized two independent studies with salivary gland
samples from ticks fed on rabbits for 24 and 72 hours, identifying differentially

expressed IncRNAs and coding sequences in both datasets.

Our analysis revealed that the percentage of differentially expressed sequences
shared between the two studies was comparable for IncRNAs and coding RNAs,
at 23.97% and 21.16%, respectively (Figure 62A-B). A detailed breakdown of
these results into upregulated and downregulated sequences at 72 hours
compared to 24 hours is shown in Figure 62C-F. Interestingly, the overlap
between the two studies was notably higher for upregulated sequences
(approximately 27%, depicted in Figure 62E, F) than for downregulated
sequences (8% for IncRNAs) (Figure 62C-D).
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Figure 62. Reproducibility analysis of differential expression of consensus long non-
coding RNAs and coding RNAs between MGSG and SG only studies in salivary
glands. Venn diagrams illustrate the overlap between: (A) Differentially expressed (DE)
IncRNAs in MGSG samples and DE IncRNAs in SG-only samples, (B) DE coding RNAs in
MGSG samples and DE coding RNAs in SG-only samples, (C) DE I[ncRNAs
downregulated at 72 hours of feeding in MGSG and SG-only samples, (D) DE coding
RNAs downregulated at 72 hours of feeding in MGSG and SG-only samples, (E) IncRNAs
upregulated at 72 hours of feeding in MGSG and SG-only samples, and (F) coding RNAs
upregulated at 72 hours of feeding in MGSG and SG-only samples.
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7.4. Prediction of Sponge candidates and functional

analysis

The main focus of this chapter is to analyze if tick IncRNAs found in the host
cytoplasm (for example when transported in the tick-host interface enclosed in
exosomes and then endocytosed and released in the host cytoplasm) can actas
“miRNA sponges”, competing with host mMRNA molecules for miRNA binding,
which may result in the loss of miRNA function. To investigate whether tick
IncRNAs play a role in the feeding process, we explored three sponge models: (i)
high-frequency of target sequences, (ii) high-density of target sequences and (iii)
recurrent host miRNA combinations. The first two models are based on the
probability of a IncRNA being targeted by miRNAs. If a IncRNA has a high number
or high density of target sequences, it is more likely that a miRNA will bind to it.
The third approach is based on the hypothesis that tick IncRNAs may act
cooperatively by binding the same miRNAs. If the specific miRNAs play
importantroles inthe host's homeostatic response, their binding to tick IncRNAs

would result in augmenting the probability of successful blood feeding.

First, we performed target prediction analysis for all consensus IncRNAs. As a
negative control, we conducted target prediction for a sequence-randomized
set of consensus IncRNAs. Most consensus IncRNAs in this set contain more
targets than their randomized counterparts for a specific miRNA. Notably, we
observed a median of 2.48 targets per kilobase for a specific miRNA in the
consensus set of IncRNAs, with a standard deviation of 1.36 targets per kilobase
and the maximum number of targets per kilobase for a specific miRNA being
10.34. In contrast, the randomized set of IncRNAs had a median of 1.93 targets

per kilobase for a specific miRNA, a standard deviation of 0.63 targets per
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kilobase and 5.22 as the maximum number of targets per kilobase for a specific

miRNA.

Next, we identified the subset of IncRNAs with the highest likelihood of acting as
sponge candidates by applying three different approaches: (i) identifying the
IncRNAs with the highest number of targets for a given miRNA, (ii) identifying
IncRNAs with the highest density of targets per kilobase, and (iii) analyzing
combinations of miRNA target sites. For all approaches, negative controls were
generated using shuffled sequences. Significant miRNA combinations were
identified using the Apriori algorithm, resulting in sets of miRNAs that

consistently target specific IncRNAs.

To explore the function of sponge candidates, we selected the top IncRNAs from
each analysis: the consensus IncRNA with the greatest number of targets for a
given miRNA, the IncRNA with the highest target density per kilobase, and three
groups of consensus IncRNAs (with no overlap) significantly targeted by specific
host miRNA combinations. A heatmap was constructed to analyze the
expression variability of potential sponge candidates in unfed and fed midguts
and salivary glands. Notably, the expression of many DE IncRNAs was
significantly higher in the salivary glands of fed ticks compared to the midgut

(Figure 63).
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Figure 63. Differential expression of microRNA sponge candidates in the midgut and
salivary glands of unfed and fed Ixodes ricinus. The heatmap illustrates the log2 fold
change in expression between unfed and fed |. ricinus for each sponge candidate in the
midgut and salivary glands. A log2 fold change greater than 0 indicates that the sponge
candidate is upregulated in fed ticks, while a log2 fold change less than 0 indicates
upregulation in unfed ticks.

To further understand the potential function of these sponge candidates, we
characterized human miRNAs or human miRNA combinations that may be
targeted by tick IncRNAs. These host miRNAs or host miRNA combinations were
found to regulate critical pathways mediating defense mechanisms of the host
against tick feeding. Additionally, miRNAs or miRNA combinations targeted a
variable number of genes within these pathways, suggesting that tick IncRNAs

may play a role in tick feeding and ectoparasite-host interactions.

We observed that the targeted host miRNAs significantly impacted the
hemostasis-associated pathway named as glycosaminoglycan biosynthesis—

heparan sulfate/heparin. Heparin is essential for catalyzing antithrombin lll, a
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plasma enzyme that enhances its activity in vertebrates. Antithrombin Il
inactivates several activated serine proteases of the coagulation cascade, most
notably thrombin and activated factor X, which gives it an important role in

wound healing [299].

Additionally, several immune pathways were influenced by these miRNAs. For
example, the TGF-B signaling pathway, a potent cytokine regulator, exerts
diverse effects on hematopoietic cells. TGF-B plays a critical role in maintaining
immune tolerance by regulating lymphocyte proliferation, differentiation, and
survival [300,301]. Another immune signhaling pathway potentially regulated by
tick sponge candidates is the WNT signaling pathway. WNT ligands bind to
Frizzled and lipoprotein receptor-related proteins, triggering the canonical WNT
signaling cascade. This process inactivates the destruction complex, stabilizes
B-catenin, promotes its nuclear translocation, and subsequently activates T-

cell factor/lymphoid enhancer factor-dependent transcription [302,303].

Thus, ticks are likely to deliver IncRNAs into the host body (via saliva or salivary
EVs), which, in turn, may act as sponges for host miRNAs or host miRNA
combinations critical to host hemostasis and innate and adaptive immune

responses, thereby facilitating tick feeding on the host.

7.5. Target prediction and KEGG analysis of the
consensus differentially expressed long non-coding

RNAs

To investigate the potential roles of IncRNAs in tick feeding, we analyzed the
putative functions of host miRNAs that tick IncRNAs target. We performed a
target prediction analysis with human microRNAs from MirGeneDB [182] and DE

IncRNA sequences serving as their sponges. We selected and functionally
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analyzed miRNAs with the highest overall target ratio. The results revealed that
hsa-miR-5683, hsa-miR-29b-3p, and hsa-miR-154-3p exhibited the highest
targetratios in feeding-regulated IncRNAs. According to MirPath [242], the target
genes of these three miRNAs are involved in focal adhesion and the PI3K-Akt
signaling pathway. This is really interesting since focal adhesion has been
related to epithelial motility and mucosal healing of gut due to its involvementin
cell motility, proliferation, and survival [304]. Additionally, PI3K-Akt signaling
pathway has been reported to control the proliferation of gut cells [305].
Furthermore, specific human miRNAs target genes with roles in ECM-receptor

interaction, fatty acid metabolism, and biosynthesis, among other processes.

When looking specifically at the SGs, the miRNAs with the highest target ratios
for IncRNAs upregulated in SGs from fed ticks were hsa-miR-4664-3p, hsa-miR-
431-5p, and hsa-miR-28-3p. KEGG pathway enrichment analysis for the genes
targeted by these miRNAs revealed pathways that their deregulation may be
beneficial for the tick. We identified interesting KEGG pathways as Hippo
signaling pathway, which has been reported to maintain the immune
homeostasis in immune cells [306]; adherens junction, which is involved in the
innate immune response to endotoxins [307]; and biosynthesis of mucin type O-
Glycans, which are involved in the inflammatory response [308]. Here, we found
that these miRNAs are involved in the immune response of the host, so
disrupting their function may be beneficial for the tick interaction with the
vertebrate host and facilitate pathogen transmission. Thus, our results may
establish future lines of research in the field of tick—-host interactions aiming to

address the detrimental effect of ticks in veterinary and human health.
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7.6. Analysis of the presence of microRNA sponge
candidates in the novel Ixodes ricinus reference

genome

A crucial step in assessing the role of I. ricinus IncRNAs as miRNA sponges was
their presence verification in the newly assembled reference genome of this tick.
Our results strongly support their authenticity, as all sponge candidates were
detected with an identity score, representing the ratio of matching bases, above
0.9 and alignment coverage exceeding 90% of their sequence. The specific

results of the alignment with the reference genome are provided in Table 5.

These findings confirm the existence of these IncRNAs in the tick genome,
reinforcing the reliability of their annotation and providing a solid foundation for
further analyses of their role in the tick-host interface. The high sequence
identity and coverage suggest that these IncRNAs are bona fide genomic
elements, increasing confidence in their functional relevance as miRNA

sponges in /. ricinus biology.
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Table 5. Alignment of microRNA sponge candidates with the novel genome of Ixodes ricinus. The table includes the miRNA sponge
candidate ID, the corresponding genome scaffold, the identity and percentage of miRNA sponge sequence covered by the alignment, the
number of exons and the start and end positions of the alignment within both the sponge and the genome.

miRNA sponge candidate Scaffold Identity Coverage Exons QStart QEnd GStart GEnd
GEGO_TRINITY_DN125_c0_g1_i2 3 0.93 100.00 3 0 1206 115845458 115991768
GEGO_TRINITY_DN245_c0_g1_i4 6 0.93 99.26 3 1 1757 92550934 167247118
GEGO_TRINITY_DN245_c0_g1_i6 6 0.94 99.26 3 1 1757 92550934 167247118
GEGO_TRINITY_DN2760_c0_g3_i2 13 0.97 99.66 1 0 289 49325864 49326152
GEGO_TRINITY_DN7790_c0_g1_i10 4 0.92 97.34 1 1 1027 73435841 73497494
GFVZ_TRINITY_DN439_c0_g1_i3 8 1.00 99.93 1 1 1477 2994973 2996449
MGSG_TRINITY_DN15333_c0_g1_i3 4 0.98 99.78 1 3 1390 74663672 74665038
MGSG_TRINITY_DN34447_c0_g1_i3 3 0.96 89.81 2 0 596 115845458 115964063
MGSG_TRINITY_DN34447_c0_g1_i4 3 0.92 91.10 2 0 693 115845458 115964063
MGSG_TRINITY_DN5659_c0_g1_i1 6 0.99 95.04 1 0 1285 91508892 91516537
MGSG_TRINITY_DN5659_c0_g1_i9 6 0.96 95.62 1 0 1461 91508689 91516537
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7.7. Analysis of long non-coding RNAs from

extracellular vesicles in the saliva of Ixodes ricinus

Up to this point, our investigation about IncRNAs focused on the salivary glands
and midgut of /. ricinus and bioinformatic predictions regarding how these may
actas miRNA sponges to disrupt key pathways involved in host response against
tick feeding. Nevertheless, based on the promising aforementioned results, we
decided to furtherinvestigate the existence and function of IncRNAs in the saliva
of I. ricinus. To achieve this, we obtained and analyzed RNA samples from

extracellular vesicles (EVs) and saliva of /. ricinus.

7.7.1. Sequencing data: Read preprocessing and analysis

A process of differential centrifugation and EV isolation allowed us to classify
and separate from pure tick saliva the four phases of EVs, containing large EVs,
medium EVs, small EVs and saliva with the smallest EVs, as detailed in the
Section 5.8.1. Additionally, in parallelto Chapter 6, saliva samples from /. ricinus
parasitizing a naive host and samples from /. ricinus feeding on the same host

for a second time were obtained.

We sequenced RNAs from these samples and obtained a total of 1,437,353,460
paired-end reads. After trimming and quality filtering, 98,26% of the reads were
of good quality. Thus, 1,412,365,266 reads remained for further analyses. The

distribution of reads by sample is shown in Figure 64.
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Figure 64. Distribution of total and high-quality trimmed reads in RNA-seq data from
Ixodes ricinus extracellular-vesicle samples. Total and high-quality trimmed reads
are represented by different colors. The Y-axis shows the number of reads and X-axis the
different samples analyzed in this study. The sample IDs are displayed in the figure. The
first number in these IDs indicates whether the host is being exposed to ticks for the first
or second time during blood feeding. The subsequent letter represents the biological
replicate, followed by the EV fraction.

Next, the objective was to keep assessing the quality of the data and to get a first
glance at the expression patterns of coding RNAs and non-coding RNAs in the
different samples. Thus, we obtained the abundance of the different transcripts,

either coding RNAs or non-coding RNAs, of the transcriptome assembled in
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Chapter 6. To keep consistent with the analyses made before, and in order to
eliminate spurious and non-reliable RNA in EVs, an abundance filter was
applied. Only transcripts with a minimum of 1 FPKM in all the replicates of one
condition remained for the rest of the analyses. This filter left us with 5738
transcripts out of 25011. Then, a PCA analysis, a correlation analysis and a

hierarchical clustering using ward method were made.

The PCA shows that both depicted components indicate that the small EVs have
the most diversified expression patterns, as they are clearly separated from the
other samples. Additionally, samples coming from EVs of the same size either
from ticks feeding on a host for the first time or from ticks feeding on a host for a
second time tend to match (Figure 65). In the correlation matrix, provided in
Figure 66, it can be observed that the level of correlation between samples of
different EVs fractions tend to be quite high (>0.9). Nevertheless, as pointed out
inthe PCA, the small EVs and large EVs produced in ticks parasitizing an already
exposed host, are those with more differences to other samples. Even so, no
clear clustering between samples coming from ticks parasitizing a naive host
and ticks parasitizing a host in its second exposure to ticks could be observed in

hierarchical clustering analysis.
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Figure 65. Principal component analysis of transcript expression variance in RNA-
seq data from extracellular vesicles of Ixodes ricinus. Both coding and non-coding
RNA abundances were used for this analysis. Colors represent different EV fractions,
while shapes distinguish between samples from ticks parasitizing a naive host and those
from ticks parasitizing a host previously exposed to ticks.
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Figure 66. Correlation and hierarchical clustering of transcript expression patterns
in extracellular vesicles of Ixodes ricinus. Different fractions are represented by
distinct colors in the margins of the correlation matrix. The gradient of the color (red) in
the inside the matrix indicates the correlation level between the expression pattern of a
pair of samples. The sample IDs are displayed in the figure. The first number in these IDs
indicates whether the host is being exposed to ticks for the first or second time during
blood feeding. The subsequent letter represents the biological replicate, followed by the
EV fraction.
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7.7.2. The long non-coding RNA content in saliva and

extracellular vesicles

One of the most straightforward comparisons with this dataset is the proportion
of ncRNAs and coding RNAs in EVs and saliva compared to what is typically
expected in internal tick cells. Leveraging the extensive salivary gland data
analyzed in Chapter 6, we calculated the percentage of hcRNAs in these

samples and compared it to the proportions obtained in this study.
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Figure 67. Ratio of non-coding RNAs to coding RNAs in extracellular-vesicle
fractions and salivary glands of Ixodes ricinus.

The proportion of ncRNA and coding RNA is displayed in Figure 67. Notably, we
observed a crucial feature of the EVs: they contain an exceptionally high
proportion of ncRNA compared to salivary glands, with the fraction of EVs
precipitated at 2,000 g and the supernatant having more than 85% of reads
assigned to ncRNA. This finding suggests the existence of a directed mechanism
or regulatory process that selectively delivers ncRNA into EVs. Furthermore, it
implies that this ncRNA may serve a specific purpose for the tick, potentially

facilitating blood feeding.

Previously, we demonstrated that IncRNAs have the potential to act as sponges
to modulate host miRNAs, thereby altering critical pathways involved in host

defense, such as wound healing and immune responses. The directed delivery
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of IncRNAs into EVs to transfer them to the host could be advantageous for the
tick, aligning with what we may be observing in this study. Additionally, and even
though we previously selected certain candidates based on their potential to
inhibit host miRNAs, this data and analysis will offer us, and the research
community, the opportunity to identify novel IncRNAs that may act as miRNA
sponges and modulate the tick-host interface, providing a valuable new starting

point for further exploration in this field.

7.7.3. Extracellularvesicle dynamics of potential long non-

coding RNA sponges

In this thesis, we identified several IncRNAs from salivary glands with the
potential to act as sponges, targeting crucial regions of host miRNAs. To further
investigate their role, we conducted an expression dynamics analysis to

determine the abundance of these IncRNAs in the saliva of /. ricinus (Figure 68).

Contrary to expectations, most of the miRNA sponge candidates exhibited a
sporadic or null presence inthe EVs of I. ricinus. However, despite their sporadic
occurrence, 6 out of the 11 candidates were detected in the saliva of /. ricinus,
encapsulated within EVs. Notably, the candidate
GFVZ_TRINITY_DN439_c0_g1_i3 stands out, as it was consistently presentin all
samples of small EVs precipitated at 150,000 g. This fraction, enriched in small
EVs such as exosomes, is particularly intriguing regarding the potential
functionality of this miRNA sponge candidate. A total of 16 mature miRNAs from
H. sapiens have targets in this miRNA sponge candidate: hsa-miR-203b-3p, hsa-
miR-10b-5p, hsa-miR-101-3p, hsa-miR-103a-3p, hsa-miR-134-5p, hsa-miR-
154-3p, hsa-miR-194-5p, hsa-miR-224-5p, hsa-miR-30a-5p, hsa-miR-3136-5p,
hsa-miR-320c, hsa-miR-302b-5p, hsa-miR-302b-3p, hsa-miR-506-3p, hsa-miR-
675-3p, hsa-miR-95-3p.
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Figure 68. Expression dynamics of potential microRNA sponges in the extracellular
vesicles of Ixodes ricinus. This figure presents the expression dynamics of 11 miRNA
sponge candidates. The Y-axis represents expression levels in FPKM, while the X-axis
corresponds to the EV fraction to which a sample belongs. Each dot represents a sample
from an EV fraction, with different colors indicating whether the host is being exposed to
ticks for the first or second time during blood feeding.
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An analysis to identify pathways significantly associated with genes targeted by
these miRNAs revealed that GFVZ_TRINITY_DN439_c0_g1_i3 may disrupt
pathways such as Mucin type O-Glycan biosynthesis, N-Glycan biosynthesis,
ECM-receptor interaction and Phosphatidylinositol signaling system. Protein
glycosylation pathways have been identified as critical components of
homeostatic mechanisms, serving as key regulators of immune responses and
offering potential molecular targets for modulating immune tolerance and
activation [309,310]. The ability to disrupt the functionality of ECM-receptors
would be a great advantage for ticks, since they are implicated in key roles for
the defense againstits blood feeding such as the immune system and the wound
healing [311]. Lastly, the inhibition of the phosphatidylinositol signaling pathway
has been reported to cause alterations and deficiencies in the immune system
[312]. Therefore, this miRNA sponge may have the potential to simultaneously
modulate immune responses and wound repair processes, facilitating

successful blood feeding by the tick.

Thus, we demonstrated that IncRNAs predicted through bioinformatic analysis
to modulate critical host pathways can be present in the saliva of /. ricinus but
are also protected within the tick's EVs. This finding strengthens the evidence for
the potential role of non-coding RNAs as modulators of the host response. It
adds another layer to the intricate network by which female [. ricinus
successfully evades host defenses, completes its blood meal, and ultimately
sacrifices herself to produce offspring and ensure the perpetuation of the

species.
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General discussion

This thesis presents a comprehensive analysis of how /. ricinus may utilize its
molecular arsenal to modulate host homeostatic response to tick feeding,
enabling successful blood feeding and, ultimately, ensuring its own fitness.
Specifically, this study explores the role of miRNAs, gene products expressed in
the salivary glands and midgut, and IncRNAs, in this context. Through
bioinformatics approaches, these molecular components have been tested in
silico for their potential contributions to host homeostasis modulation for the
benefit of the tick. Thus, this thesis enhances our knowledge of tick-host
molecular interactions, paving the way for potential clinical applications and
pest management strategies to control /. ricinus populations and minimize their

impact on public and veterinary health.

The first objective of this thesis was to establish reliable reference datasets as a
foundation for further analyses. This was particularly crucial given the significant
gapsinthefield of . ricinus research, especially regarding IncRNAs and miRNAs.
Without well-annotated reference data, meaningful investigations into tick-host

interactions would have been severely limited.

Beyond the need for solid reference data, this thesis confronted a significant
challenge related to its main focus, the analysis of miRNAs and their cooperative
effects. One of the well-known limitations in miRNA research is the reliability of

target prediction algorithms [313]. The available computational tools tend to
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generate a high number of false positives, making it difficult to distinguish true
biological interactions from background noise [252,313]. This issue became
particularly evident when analyzing I. ricinus miRNAs in this thesis and
comparing the achieved results with randomized miRNAs mapped to H. sapiens

3' UTRs, both of which yielded a high volume of predicted target regions.

Sequence conservation indicates function at a sequence level, i.e., the precise
sequence is needed to fulfill the function. Therefore, when looking at predicted
endogenous miRNA/mRNA interactions it is generally accepted that predictions
improve if conservation is considered [103]. In the case of cross-species target
site prediction, the usefulness of a conservation-based target site filter is less
obvious. Our reasoning is that if miRNAs contribute to the tick’s ability to
successfully blood-feed on a broad range of hosts, this could be achieved by

targeting conserved sites in the 3’ UTR regions of the host species.

With this in mind, we analyzed the conservation of predicted target sequences
across 30 potential hosts of /. ricinus. This approach significantly reduced the
number of predicted targets while also revealing distinct patterns in the
distribution of miRNA targets, particularly when compared to randomized
sequences. These patterns, which were previously obscured by the noise of
false positives, provided new insights into miRNA target selection and helped us
to select the most interesting miRNAs in the context of tick-host interaction.
Thus, this thesis reinforces the idea that sequence conservation serves as an
effective filtering criterion in mMiRNA target prediction and should be
systematically considered in future studies to enhance the biological relevance

of predicted interactions.

Anotherimportant contribution of this thesis was the development of a workflow
capable of identifying conserved target regions for miRNA binding and assessing
their potential for cooperative interactions, based on the latest findings on

miRNA cooperativity [149]. The cooperative action of miRNAs in this context is
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particularly intriguing for several reasons. One key aspect of this interaction is
that it enhances the silencing potential of miRNAs [149]. It is well established
that miRNA-mediated silencing is a stochastic process, largely dependent on
the stoichiometric balance between the miRNAs and their target mRNA [143].
Given that the exact quantity of /. ricinus miRNAs that can invade host cells
remains unknown, but it is reasonable to assume that their concentration may
be low, the cooperative effect among miRNAs might be crucial. In such a
scenario, the cooperative effect can enable gene silencing in the host even at
low concentrations of individual miRNAs, as it amplifies their inhibition

potential.

Although no global cooperative properties were observed when analyzing the full
set of I. ricinus miRNAs, a clearer pattern emerged when data noise was
reduced. By selecting the top 12 miRNA candidates most likely to modulate host
responses, we identified a compelling set of genes that were cooperatively
affected by these miRNAs. Notably, the majority of these genes were expressed
in H. sapiens skin cells and played key roles in the host’s response to tick
infestation. These findings suggest that cooperative miRNA interactions may
facilitate the success of ticks in their parasitic lifestyle by modulating host gene
expression. This opens new avenues for further investigation, including
experimental validation of these effects and their potential implications for tick-

host interactions.

Afuture perspective of this thesis is to extend the analysis of miRNA cooperative
effects to a broader range of biological contexts and to develop a web tool
capable of efficiently assessing these interactions. Additionally, our future
research should focus on refining target prediction methodologies by
incorporating key determinants of miRNA binding that have not yet been fully
implemented. These include RNA modifications in both the miRNA and target

regions, as well as the influence of RNA-binding proteins in modulating target

181



Chapter 8. General discussion

site accessibility, among others [315]. Other factors, such as target site
accessibility and the binding energy between miRNAs and their mRNA targets,
have already been integrated into various prediction tools, such as TargetScan
[251]. However, these tools often support only a limited number of organisms
[251], leaving room for significant improvement. In this regard, deep learning
holds great potential [315]. Advances in deep learning could improve the
reliability of miRNA target prediction by identifying complex patterns in large-
scale datasets, accounting for multiple determinants simultaneously, allowing
for the integration of experimentally validated data, and thus reducing false

positives.

As previously discussed in this thesis, there is still significant work to be done in
establishing a reliable reference for the genomic and transcriptomic data of /.
ricinus. The recent publication of the /. ricinus genome represents a crucial step
forward [176], and the exhaustive annotation of miRNAs and IncRNAs provided
in this thesis further contributes to enhancing the accuracy and reliability of
future analyses. However, despite these advancements, additional efforts are
needed to refine genome assembly, improve transcript annotation, and

integrate functional data.

The immune system presents one of the most significant challenges for ticks
during parasitism, as host defenses can detect tick-derived molecules and
mount innate immune responses, such as inflammation, which can disrupt
successful blood feeding. Numerous salivary proteins, such as lipocalins,
protease inhibitors, Salp15-like proteins and complement system modulators
(Iraclandll), have already been identified as key players in suppressing immune
activation, as previously discussed in Section 1.2.4. However, these proteins

alone cannot fully explain the compleximmune evasion exerted by /. ricinus.

Notably, we identified tick-derived miRNAs predicted to target critical immune

signaling pathways, including TGF-beta signaling, T-cell receptor signaling,
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SUMOylation, pathways related to NK cells and heme metabolism, which could
suppress both innate and adaptive immune responses [255-258]. Furthermore,
our analysis of miRNA cooperativity, focusing on the most promising /. ricinus
miRNAs in terms of host modulation, highlighted several key genes as potential
targets for cooperative silencing by tick miRNAs. These include CELF1, NFIA,
STK38L (NDR2), PHF8, PIKFYVE, USP42, and ACOT7. All these genes were
expressed in H. sapiens skin cell types, and they are associated with innate
immunity, either by promoting inflammation or by regulating immune cell
activity (e.g., macrophages, T cells, and NK cells) [277-285]. Additionally,
IncRNAs from . ricinus were found to act as miRNA sponges, binding to and
neutralizing host miRNAs that regulate immune-related genes. These IncRNAs
could disrupt Hippo signaling pathway, adherens junction, ECM-receptors and
phosphatidylinositol signaling pathway, all involved in immune responses of the

host [306,307,311,312].

Along with immune evasion, to successfully feed on its host, /. ricinus must
overcome a series of physiological barriers, including wound healing, blood
coagulation, and angiogenesis. A rapid and effective hemostatic response is
triggered at the bite site, involving platelet aggregation, vasoconstriction, and
clot formation, which could impair the tick’s ability to maintain a steady blood
meal. This thesis contributes to the understanding of how /. ricinus counteracts
these processes using a combination of salivary proteins, and ncRNAs,
including miRNAs and IncRNAs. Furthermore, this thesis explores how ncRNAs,
particularly miRNAs and IncRNAs, complement salivary proteins in evading host
immunity while also inhibiting wound healing, angiogenesis, and blood
coagulation, processes that could otherwise hinder prolonged tick feeding.
Additionally, it examines the role of hcRNAs in avoiding tick detection by
interfering with host mechanosensation and pain receptors, preventing the host
from recognizing and removing the tick. For successful blood feeding, /. ricinus

must remain undetected by the host to avoid defensive behaviors such as
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grooming or scratching, which could lead to premature detachment or even
death. This necessitates the suppression of pain perception and
mechanosensation at the tick bite site. In this context, tick saliva contains a
variety of bioactive molecules that interfere with the host's nervous system and
sensory signaling pathways [62]. In a parallel way, genes targeted cooperatively
by I. ricinus miRNAs, such as REST, MDGA1, and SNAP25 have been found to be

involved in these processes [286-289].

In this thesis, we have demonstrated that extracellular vesicles present in the
saliva of I. ricinus are enriched in ncRNAs, including miRNAs and IncRNAs with
the potential to modulate the host physiology upon tick feeding. Importantly,
these ncRNAs are not only present but also protected within these vesicles,
enhancing their probability to interact with the cells of the host during
parasitism. This finding reinforces the hypothesis that both miRNAs and
IncRNAs are missing parts of the puzzling regulatory network that together with
the activity of other already known salivary molecules in I. ricinus synergistically
or cooperatively suppress host homeostatic responses to secure prolonged
feeding. Beyond the proteins discussed in Section 1.2.4, miRNAs secreted in tick
saliva and EVs play a crucial role in modulating wound healing in /. ricinus.
Specifically, these miRNAs have the potential to disrupt key pathways such as
the Wnt signaling pathway and mesodermal differentiation pathways, both of
which are closely associated with wound healing and angiogenesis [253,254].
Several specific genes have been identified as potential cooperative targets of /.
ricinus miRNAs. Among them, GPC6, NRG1, ZFPM2, PDGFRA, and CEP41 have
been linked to wound healing and angiogenesis, processes that may contribute
to wound closure and restrict tick feeding [272-276]. Additionally, /. ricinus
miRNA sponges have the capability to disrupt ECM-receptor interactions, which

are also known to play a critical role in wound healing [311].

184



Thus, this thesis has provided key insights into the molecular strategies that /.
ricinus employs for prolonged blood feeding, identifying specific miRNAs,
miRNA sponges, and gene targets involved in the strategies that a feeding tick
employs to achieve immune evasion, coagulation suppression, wound healing
modification, and sensory modulation. This offers a strong foundation for future
research, paving the way for in-depth functional studies and potential

applications in tick control strategies.

An intriguing finding of this thesis is that glycosylation-related pathways in both
1. ricinus and its host may be modulated during parasitism, suggesting a critical
role for glycosylation in tick-host interactions. Specifically, during active
feeding, genes differentially expressed in ticks feeding on naive hosts compared
to ticks feeding on previously exposed hosts were significantly enriched in N-
linked glycosylation pathways. Among these,
dolichyldiphosphooligosaccharide—protein glycotransferase, a key enzyme in
protein glycosylation, emerged as one of the most differentially expressed genes
over time, based on cumulative differences in expression levels. Additionally, /.
ricinus appears to influence host glycosylation pathways through the action of
IncRNAs. Tick-derived IncRNAs were found to have the potential to inhibit host
miRNAs involved in the regulation of glycosaminoglycan biosynthesis, mucin-

type O-glycan biosynthesis, and N-linked glycosylation.

Glycosylation generates a diverse and abundant repertoire of glycans,
collectively known as the glycome [316]. Glycans play a crucial role in both
adaptive and innate immune responses, influencing key processes such as
immune cell development and differentiation, production of immunoglobulins
or attachment of N-glycans to T-cell and B-cell receptors, which modulates their

signaling pathways [316,317].

In recent years, glycosylation has gained increasing relevance in the context of

parasite-hostinteractions [297]. Growing evidence underscores the importance

185



Chapter 8. General discussion

of carbohydrate-based interactions in the complex relationship between ticks
and their hosts, as well as in the transmission of tick-borne pathogens [297].
Given that glycoconjugates, are major structural components of the outer
surface of animal cells, including EVs [318,319], they likely play a significant role
in tick-host interactions. The findings presented in this thesis support this idea,
highlighting glycosylation as a key factor in tick parasitism. Our results reinforce
the notion that glycosylation-related mechanisms warrant further investigation
in both /. ricinus and their hosts, positioning it as an important area for future

research on tick-host interactions and potential control strategies.

By both establishing a foundational reference for future analyses of miRNAs and
IncRNAs and providing new insights into molecules that may act as cornerstone
mediators of tick-host molecular interactions, this thesis opens new research
avenues and contributes to the development of potential clinical and pest
management strategies. <Ticks gaining resistances. One promising approach
involves the targeting of /. ricinus miRNAs using antimiRs, a technique that has
been gaining relevance in recent years and has demonstrated effectiveness in
various biological contexts [159,320,321]. By inhibiting key tick miRNAs involved
in host immune suppression and coagulation, antimiR-based strategies could
impair the tick’s ability to feed successfully, offering a novel method for tick
control. Additionally, further research into the glycosylation of /. ricinus and the
surface composition of EVs could pave the way for the development of anti-tick

vaccines, something that has been previously proposed [322].

Beyond pest control, /. ricinus miRNAs and IncRNAs may also have therapeutic
potential in human medicine. Given their ability to inhibit innate immune
responses and modulate inflammatory pathways, these molecules could be
explored for their application in autoimmune and chronic inflammatory

diseases, where excessive immune activation plays a detrimental role.
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Even though miRNA therapies hold great potential, significant work is still
needed to bring them to market, including improving delivery methods and
minimizing unintended off-target effects [323]. Despite these challenges,
exploiting tick-derived regulatory RNAs and antimiRs (including tick miRNA
sponges) as immunomodulatory agents, represents an exciting avenue for

future biomedical research.

Overall, this thesis aims to provide the foundation for multiple new research
directions and potential clinical applications. Further efforts, including
biological validation and a more in-depth investigation of the host’s response to
tick bites, could significantly enhance our understanding of tick-host
interactions and build upon the analyses conducted in this thesis. Such
knowledge and advancements could help prevent the spread of tick-borne
diseases, protect livestock and agricultural industries from economic losses,

and ultimately improve public health and well-being.
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Conclusions

1. By means of the novel genome of /. ricinus, we expanded and assessed
the reliability of its miRNA catalog. Additionally, we annotated several
non-coding RNA molecules, including IncRNAs. Thus, we provided a
robust foundation for the study of non-coding RNA in this thesis and for

future research.

2. We assembled a de novo transcriptome using an extensive set of
samples from salivary glands and midgut of /. ricinus sibling ticks. The
fact that they were siblings reduced genetic variance and allowed us to
perform the assembly with greater accuracy. This reference also laid the
foundation for transcriptomic (and proteomic by collaborative groups)

studies in this tick species.

3. Target prediction tools are prone to many false positives, and
phylogenetic footprinting (target site conservation) can be applied to
mitigate this issue. In this context, the use of target sequence
conservation can be justified given the capacity of I. ricinus to modulate
a broad range of hosts. We implemented a workflow which generates
conservation profiles for each target site at a base pair level. By applying
a conservation filter, we were able to reveal clear differences between

target sites of tick miRNAs and the negative control. Without this filter,
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tick target sites are much closer to a randomized negative control,

showing clearly the noisy nature of primary target site predictions.

4. Based on saliva abundance, ratio of conserved targets, and comparison
with the negative control, we selected 12 candidate miRNAs that are all
conserved across species within the Bilateria clade. Furthermore, all 12
are detectable in extracellular vesicles extracted from tick saliva, thus
enhancing the probability that they indeed interact with host cells. The
H. sapiens target genes of these 12 candidates are involved in crucial
processes such as wound healing, immune response, and tick

detection.

5. We implemented a workflow to analyze the potential synergistic
cooperation between /. ricinus miRNAs based on recent advances in the
understanding of the mechanistic action of negative regulation by
miRNAs. Our results suggest that a subset of tick miRNAs cooperate in
the repression of certain host genes. Interestingly, these target genes are
abundant in human skin cells with known functions in key pathways of
the tick-host interaction. The fact that this synergistic action increases
the efficiency of gene silencing by miRNAs could reduce the need for
high concentrations of /. ricinus miRNAs in host cells. This enhances
their effectiveness and makes this effect an interesting area for further

exploration, especially in the topic of therapeutics development.

6. The analysis of transcriptomic dynamics revealed that ticks parasitizing
sensitized hosts (previously exposed to tick infestations) exhibit distinct
gene expression patterns over time compared to those ticks feeding on
naive hosts, to counteract this host sensitization. Differentially

expressed genes are associated with key biological processes, including
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glycosylation and protein folding, which play crucial roles in tick
adaptation to parasitism and immune evasion. Further investigation into
these gene expression changes could provide valuable insights into host
sensitization and tick response to this adversity, an essential first step to

develop novel tick control strategies such as anti-tick vaccines.

We reported here that IncRNAs have the potential to act as miRNA
sponges, potentially inhibiting important host miRNAs. Specifically, one
IncRNA present in small extracellular vesicles and capable of impairing
glycosylation and cell-to-cell signaling processes, appears as a

promising candidate for further studies.

This thesis presents numerous tick candidate molecules for biological
validation and further research to clarify their precise role in
manipulating host responses. These candidates could contribute to
clinical advancements and may be utilized as therapeutic tick-derived

molecules.
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