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Abstract

This thesisfocuses on fundamental research in the rapidly evolving field of ecology,
particularly molecular and computational ecology, and the coevolution between vectors and
pathogens. Research on the ecologiAydlomma marginatumemainsa neglected topit tick
biology compared to other tick speciégspite its significance as a primary vectoCoimean
Congo Haemorrhagic Fever Viru€CCHFV). Understanding the ecological, genetic, and
environmental factors drivingl. marginatumdistribution and its ability toransmit pathogens is

essential for mitigating emerging health risks.

Throughsix interrelated studies, thikesisinvestigates the distribution, genetic adaptation,
and hostvectorvirus interactions oH. marginatumand CCHFV across the Western Palaearctic.
By integrating molecularserological, ecological, and computational approaches, the thesis
provides insights into how environmental and evolutionary factors shape -pathogen
dynamics. In the context of ongoing climate change and increasing global animal movements,
these findings contribatto a broader understandiof how ecological shifts may influence the

emergence and spreaddyalommaborne diseases

The results emphasize the importance ofiGne Healtlh approach that integrates
environmental, veterinary, and public health perspectives to improve surveillance, predictive
modeling, and vector control strategies. This research enhances our knowleldgeaofinatum
as a vector and the mechanisms driving its role in pathogen transmission, offering critical insights

for the prevention and managementyalommaborne diseases in a changing world.

Keywords: Hyalomma marginatum CrimeanCongo Haemorrhagic Fever Virus

molecularecology, genetic adaptation; ecological niche modeling; One Health
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1. Introduction

CrimeanCongo Hemorrhagic Fever Virus (CCHFV), now taxonomically classified as
Orthonairovirus haemorrhagigebelongs to the genu®rthonairovirus within the family
Nairoviridae (Postler & Kuhn, 2021).CCHFV is responsible forCrimeanCongo
Haemorrhagic Feve(CCHF), a disease characterized by high fatality rates and severe
socioeconomic impacts. Despite extensive research efforts aimed at understanding the virus,
many aspects of its ecology, and evolution remain underexplored. Recent decades have
withesseds ubst ant i al advancements in undehostt andir
interactions, and the ecology of its primary tick veckdyalomma marginatunBente et al.,

2013; Ergonal, 2006).

Nonetheless, the molecular mechanisms underlying the coevolution between CCHFV
and its tick vectors remain underemphasized. This knowledge gap hinders the development of
targeted control strategies and predictive models for the virus's geographic spread.
Understanding these evolutionary processes is crucial for mitigating the risk of emerging
zoonotic outbreaks and for advancing public health preparedness. Factors such as climate
change, migratory bird pathways, and humaediated livestock movements funthe

complicate the dynamics of CCHFV transmission and necessitate a multidisciplinary approach.

This work is centered on the ecological and molecular evolution of CCHFV and its
primary tick vectorH. marginatum It integrates original research findings within the broader
context of current knowledge, aiming to uncover critical insights into viral adaptation,-vector

host interactions, and potential future distribution patterns of the virus and its vector.

1.1.Ticks

Ticks are obligate bloeteeding ectoparasites belonging to the phyAmmhropoda class
Arachnidg and orderAcarina They aregrouped into three families according to evolutionary
history. Ixodidae (hardticks, comprising 22 specie}, Argasidae (soft ticks, comprising08
species), and the monotypic family Nuttalliellidaéhich includes a single speciebluttalliella
namaqua(Nava et al., 2017)These arthropods are widely distributed across diverse climatic

zones, from tropical regions to subarctic af@amlerson & Magnarelli, 2008Y he highest species
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diversity is observed in tropical and subtropical regions, where favorable environmental conditions
support their development and host availability. Ticks parasitize a wide range of hosts, including

mammals, birds, reptiles, and amphibiéBsnenshine & Roe, 2015)

The family Ixodidae lfardticks) is distinguished by the presence of a hard dorsal shield,
known as the scutum, and represents the most ecologically significant and diverse group. It
includes several important genera sucAmblyommabDermacentorHaemaphysalifHyalomma
Ixodes andRhipicephalugHorak et al., 2002a)n contrast, the family Argasidasoft ticks) lacks
a scutum and encompasses four primary geAegas Carios, Ornithodoros andOtobius These
species are often nidicolous, inhabiting sheltered environments such as burrows or nests. Finally,
the family Nuttalliellidae is represented bysingle speciedJuttalliella namaquawhich exhibits
a combination of traits from both Ixodidae and Argasidae, making it a unique and taxonomically

distinct group.

1.2.Life Cycle of Ticks

The tick life cycle is characterized by three primary developmental stages,; nymph,
and adult.The duration of each stage, host preference, and feeding behavior vary significantly
among species. Larvae hatch aslsgged forms from eggs laid by females, and after feeding on
a host's blood, they molt into eigleigged nymphs. Following another btbaneal, nymphs
develop into adult males or females. Female ticks require a final blood meal for reproductive
success, after which they detach and lay eggsitable environments such as soil or vegetation.
The number of eggs laid varies widely depending on the species and blood intake, ranging from
200 to 15,000 eggs. Unlike hard ticksodidae, which die after oviposition, soft tick&(gasidag

can survive and reproduce multiple times, laying7IReggs per blood meal.

The developmental duration of each stage is influenced by syspaesic factors and
environmental conditions, such as temperature and humidity. Larvae typically become active and
seek hosts withinT22 days after hatching. Whikrgasidaespecies feed multiple times during
each life stagelxodidaespecies feed only once per stage, reflecting differences in their feeding

strategies and ecological rol@nderson & Magnarelli, 2008)
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The life cycle duration varies among species and is strongly influenced by climate. Species
in temperate regions may complete their life cycle within a year, while those in colder climates
may require B4 years. Temperature plays a crucial role in regujae developmental process;
larvae and nymphs feed for @ days, while adults may feed for up to two weeks under optimal
conditions(EstradaPefa & de la Fuente, 2014)

Ticks are classified into three categories based on their host relationships:

T Onehost ticks: Complete all developmental stages on a single hosD@rgacentor

nitens, Rhipicephalus annulatus, Rhipicephalus micrgplus

T Two-host ticks: Larvae and nymphs feed on one host, while adults feed on another
(e.g.,Hyalomma dromedarii, Hyalomma marginatum, Hyalomma rufipes, Hyalomma

truncatum, Rhipicephalus evertsi evextsi

1 Threehost ticks: Each stage requires a different host (@mghblyomma americanum,
Amblyomma variegatunbermacentor andersoni, Dermacentor variabilis, Ixodes

ricinus, Ixodes scapulars

Hard ticks can feed on their hosts for up to 10 days, although the feeding duration is shorter for

larvae (2 3 days) and longer for some adult spe¢i&snenshine & Roe, 2015)

Ticks primarily reproduce sexually, although parthenogenesis has been observed in some
Ixodidaespecies. Mating in hard ticks occurs during blood feeding, whereas in soft ticks, it occurs

postfeeding.

1.3.Ecology of Ticks

The ecology of ticks is primarily influenced by two critical factors: the physical
environment and host availability. These factors determine the habitats where ticks can thrive and
sustain their life cycles. During key life stages such as molting andseeking, ticks face
significant mortality risks, including desiccation, starvation, and freezing. Additionally, they are
susceptible to predation by small mammalsd other arthropods, as well as infections from
pathogens such as fungihese environmeat pressures limit the range of habitats suitable for

their survival. Many tick species have developed specialized adaptations to suppress the immune
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responses of their hosts, facilitating prolonged feeding. Consequently, the habitats preferred by
their hosts play a pivotal role in shaping the distribution and abundance of tick populations
(EstradaPefia et al., 2014)

Ticks exhibit two distinct ecological behaviors: nidicolous (ftegiendent) and nen
nidicolous (freeranging). Nidicolous ticks, also referred to as "domestic ticks," reside in sheltered
habitats such as rodent burrows, bird nests, poultry coops, acesenibarn walls. These species
are highly sensitive to environmental fluctuations and depend heavily on the microhabitat
conditions of their hosts' shelters. In contrast-nimicolous ticks, or "pasture ticks," occupy open
environments, including fores shrublands, grasslands, steppes, and deserts, where they actively
seek hosts. Most members of the Ixodidae family fall into this category and have adapted to a wide

range of climatic conditionEstradaPefna & de la Fuente, 2014)

The abundance and seasonal activity of ticks are shaped by factors such as microclimatic
conditions, host availability, and host suitabiliigelozerov, 1982; TalleklinREisen & Lane,
2000) The temperature and humidity gradients between the ground and vegetation layers, where
tick-host interactions occur, are especially critical. In temperate regions, prolonged high
temperatures during summer can increase mortality during molting andele&sig stages.
Similarly, subzero temperatures in winter can elevaortality rates. However, persistent snow
cover during winter provides insulation, protecting ticks from extreme cold and enhancing their

overwintering surviva(EstradaPefia & de la Fuente, 2014)

Hostseeking behavior in ticks typically involves climbing vegetation to either ambush or
actively pursue potential hosts. This process begins with locating a strategic position on vegetation,
often termed an ambush site, to maximize host encoyistrmadaPefia, Ruidons, et al., 2013)

In habitats with high densities of both hosts and ticks, the probability of successful host contact
increases, reducing mortality ratéBarnard, 1991) Numerous experimental studies have
demonstrated that climatic conditions, particularly temperature and humidity, significantly
influence tick hosseeking behavio(Gray, 2008; Ogden et al., 2006; Perret et al., 2000, 2003,
2004)

Additionally, photoperiod serves as a critical ecological cue, regulating a wide range of
biological activities in ticks, including hoseeking, feeding, molting, and reproductive

development EstradaPena, Gray, et al.,, 201L3It governs seasonal rhythms by triggering
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transitions such as diapause onset in autumn and reactivation of questing in spring (Belozerov,
1982; Gray et al., 2016ln species likd. ricinus, decreasing daylight induces behavioral diapause

in immature stages, while increasing daylight in spring stimulatesskeking activity (Lees &

Milne, 1951; Perret et al., 2004). These circadian and seasonal responses ensure synchronization
with favoralle environmental conditions and host availability. Questing behavior also follows a
circadian pattern entra@d by the lighitdark cycle. For instance, adult scapularisdisplay a

bimodal questing rhythm in fall under shaidy conditions, with peaks occurring shortly after
lights-on and lightsoff, whereas winter and early spring individuals exhibit predominantly
nocturnal activity with minimal movement during daylighduns (Madden & Madden, 2005).
Similarly, field studies of. ricinusin Hungary revealed a seasonal shift in daily questing tiéning

from postsunrise activity peaks in spring and early summaepritaarily nocturnal activity in late
summer, and an equal distribution of day and night questing in October (Z6ldi et al., 2013). These
patterns suggest that both seasonal photoperiod and host availability (e.g., nocturnal rodents) help
shape daily actity rhythms Although many tick species retreat from vegetation at night to reduce
desiccation risk, nocturnal hese¢eking remains ecologically significant (Perret et al., 2004). For
example, adult. scapularis have been collected in comparable numbemndunighttime,
potentially explaining infestations on nocturnal or resting hosts such as lizards and rodents (Durden
et al., 1996). Thus, photoperiod provides a reliable environmental signal that coordinates both
seasonal and diel patterns in tick behgwemhancing their survival and host contact opportunities

across varying ecological contexts (Erguler et al., 2025).

Ticks and their hosts share a coevolutionary relationship that spans approximately 400
million years.This prolonged association has driven host adaptation mechanisms, enabling ticks
to exploit specific host characteristics. While some species exhibit strict host specificity, most are
opportunistic feeders with broad host ranges. Host specificity tebéstore pronounced in adult
stages compared to larvae and nymphs. Nidicolous ticks typically remain near the shelters of their
hosts (e.g., nests or buws), while nonnidicolous ticks must actively seek hosts in open

environments to survive.

Hostseeking strategies vary between species. Passivwsdrlahg, employed by genera
such adxodes Dermacentoy andRhipicephalusinvolves a behavior known as quesbnticks

climb vegetation and extend their front legs to detect passing hosts. In contrast, acteekiost
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behavior, notably observed iHyalommaspecies, is more dynamic and involves purposeful

movement toward a potential host over longer distances.

Hyalomma marginatumin particular, is renowned for its robust active ksestking
behavior. This species utilizes a sophisticated integration of thermal, chemical, mechanical, and
possibly visual cues to locate hosts. Ticks detect thermal radiation emitted bybieaded losts
using specialized sensilla located in the Haller's organ on the first pair of legs. This organ contains
infraredsensitive receptors capable of detecting minute temperature gradients, alldwing
marginatumo perceive hosts fromgeral meters away (Leonovich, 2004lcércel et al., 2020
Chemically, ticks respondto hestmi t t ed vol atiles such aand car bo
shortchain carboxylic acids, including lactic acid and various fatty acids (Be3amtos et al.,

2024). These compounds are commonly found in human sweat and skin secretions, where they
may be further modified by skidwelling bacteria into volatilesubstances that enhance host
detectionC O i n part i c udistance atractafibtidele a28243ad maytrgger an
upwind walking response iHyalommaspecies (Valcarcel et al., 2020jechanical cuds such

as ground vibrations generated by host moveéhean also be sensed, possibly via subgenual
organs in the legs, although this has been more clearly demonstrated in(MisactDoberlet et

al., 2023) There is also emerging evidence that some tick species, inclHgagmma may
employ rudimentary visual cues to detect host contrast or movement, particularly in open habitats
with high light levels Leonovich, 1986; Kaltenrieder et al., 1989; &ave, 2022 Regarding
detection distance, while most ticks respond to hosts within a rang8 ofétersH. marginatum

has been observed to initiate pursuit from distances up to 9 meters under optimal field conditions
(Latif & Walker, 2004; Romanenko, 20p5This distance may vary depending on environmental

factors such as vegetation structure, temperature, wind, and hQ&EGR2€)

Habitat fragmentation significantly impacts tick populations, host availability, and
pathogen transmission dynamics. Such fragmentation may result from gradual natural processes
that alter the physical environment or rapid anthropogenicudaedhanges.hese disruptions can
influence the abundance and spatial distribution of ticks and their associated pathogens, ultimately
affecting disease transmission raf@esenzweig, 1995)

1.4.Ticks as Vectors
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Ticks are recognized as one of the most effective vectors for transmitting a wide array of

pathogens, including bacterf@Iminths protozoa, and viruses, making them a significant concern

for public and veterinary health worldwiddongejan & Uilenberg, 20Q04For a tick species to

gualify as a vector, it must meet the following critéfargili et al., 2017)

= =2 =4 =4

Feed on an infected vertebrate host.
Acquire the pathogen during feeding.
Retain the pathogen through molting stages.

Transmit the pathogen to uninfected hosts.

Simply detecting pathogen nucleic acids or serological markers in ticks or hosts does not

confirm vector competence or reservoir status. Labordiasgd studies are necessary to establish

whether a tick species can facilitate pathogen transmission. Hpidgioal metrics, such as

vector capacity (the potential to carry pathogens) and vector competence (the ability to transmit

pathogens), are crucial for assessing the role of ticks in disease g¢aémghi et al., 2017)These

metricsare influenced byemporal and spatial factors, highlighting the complexity of velobmt

interactions.

Ticks serve as vectors for numerous infectious agents, including:

Bacterial Pathogens

O Anaplasma marginaleThe causative agent of bovine anaplasmosis, which results in

severe anemia and significant economic losses in livegkméan et al., 2004)it is
transmitted byDermacentorand Rhipicephalugdicks and through mechanical means

like contaminated instrumenfde la Fuente et al., 2006

Anaplasma phagocytophilumAn obligate intracellular bacterium responsible for
human granulocytic anaplasmosis (HGA), a zoonotic disease that primarily affects
humans. It can also cause anaplasmosis in domestic animals and wildlife species. The
pathogen is mainly transmitted by t&clof thelxodesgenus in North America and
Europe (Dumler et al., 2005; Stuen et al., 2013).
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Anaplasma platysThe agent of canine cyclic thrombocytopenia, causing periodic
decreases in platelet count in dogs. It is transmittedRlnpicephalus sanguineus
(DantasTorres, 201]

Bartonellaspp: Includes pathogens associated with febrile illnesses, endocarditis, and
vasculitis in humans and animé@Breitschwerdt, 2014 Though ticks likdxodesand
Rhipicephalus are suspected vectors, transmission pathways remain under
investigation(Chomel & Kasten, 2010

Borrelia burgdorferi: The primary agent of borreliosis, a multisystemic disease
complex often referred to as Lyme disease. It is transmittéxblgs ricinusn Europe

andIxodes scapulari;n North America (Steere et al., 2004; Stanek et al., 2012).

Borrelia miyamotai A relapsing fever spirochete transmittedlkgdesticks, causing
recurrent fever due to immune evas{Btatonov et al., 2011pymptoms include fever,
headache, fatigue, and potential neurological involverfiaiuse et al., 2013Dther
Borrelia species, such a@. hermsiiandB. turicatag also cause relapsing fever and
pose a health risk in tiekndemic regiongDworkin et al., 2002)

Coxiella burnetii: The causative agent of Q fever, which can infect humans and
livestock. It is transmitted by ticks such Bermacentorand Rhipicephalusor via

aerosolized environmental expos(@lina & Cerny, 2022)

Ehrlichia chaffeensisCauses human monocytic ehrlichiosis (HME) and is primarily

transmitted byAmblyomma americanu(Ewing et al., 1995)

Ehrlichia ewingit Infects humans and dogs, causing febrile iliness, and is also spread

by Amblyomma americanu(Bullock et al., 1999)

Ehrlichia canis Causes canine monocytic ehrlichiosis, transmitte@Rbipicephalus
sanguineugDantasTorres, 2008

Francisella tularensisThe pathogen behind tularemia, a zoonotic disease affecting
both humans and animdEillis et al., 2002)It is transmitted by ticks likBermacentor
andAmblyommapecies, as well as through direct contact with infected an{®wes

et al., 2021)
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Rickettsia aeschlimanniA spotted fever group pathogen primarily associated with
Hyalommaticks, known to cause febrile illnesses in hum@@esati et al., 1997;
Parola et al. 2013)

Rickettsia conorii The causative agent of Mediterranean spotted fever,
predominantly transmitted hipicephalus sanguineusthe Mediterranean Basin
(Raoult & Roux, 1997)

Rickettsia sibiricasubsp mongolitimonaeA subspecies dR. sibirica known to

cause lymphangitiassociated rickettsiosis, often transmittedd@ymacentoticks
(Fournier et al., 2006; FacciMartinez et al., 2014)

Rickettsia raoultii A spotted fever group pathogen linked to thxkne
lymphadenopathy and transmitted DgrmacentoispeciegMediannikov et al., 2004;
Mediannikov et al., 2008)

Rickettsia rickettsiiThe etiological agent of Rocky Mountain spotted fever, primarily
transmitted byDermacentor variabili@ndRhipicephalus sanguinegBemma et al.,
2007; Harris et el., 2017)

Protozoan Pathogens:

Babesia bigeminaCauses bovine babesigsidso known as Texas cattle fever, and is
transmitted byRhipicephalus annulatdRhipicephalus microplugle Castro, 1997
Bock et al., 2004)

Babesia bovisAnother causative agent of bovine babesiosis, it induces severe anemia
and high mortality in cattle. Transmission occursRimpicephalusnicroplus(Delano
et al., 2002; Bock et al., 2004)

Babesia divergensAffects humans in Europe, causing severe hemolytic anemia. It is
transmitted byl. ricinus and is particularly dangerous for splenectomized individuals
(Gray et al., 2013)

Babesia microtiThe agent of human babesiosis, a malkkmillness presenting with
fever, hemolytic anemia, and fatigue. It is transmitted.lscapularisin the United
StategHomer et al., 2000Vannier& Krause 20129.

26



Cytauxzoon felisA protozoan pathogen causing cytauxzoonosis in domestic cats. It is
a rapidly fatal disease characterized by fever, anorexia, and jaundice. The vectors
include Amblyomma americanurand Dermacentor variabilisin the United States
(Meinkoth & Kocan,2005;Reichardet al., 200%.

Theileria annulata: Causes tropical theileriosis in cattle, leading to anemia and
lymphoid hyperplasia. It is transmitted Blyalomma anatolicunand is prevalent in
North Africa, the Middle East, and parts of Afizarghouthet al., 1996; Gharbi et al.,
2006.

Theileria equi: A protozoan pathogen responsible for equine piroplasmosis, which
causes fever, anemia, and jaundice in horses. It is transmittBeérbyacentorand

RhipicephaluspeciegWise et al., 2013Secorun Borgest al., 2014

Theileria parva:The causative agent of East Coast fever, a highly fatal disease in cattle,
transmitted byRhipicephalus appendiculatuis subSaharan AfricdMorrison et al.,
2020)

Viral Pathogens

Alkhurma Haemorrhagic Fever Virus (AHFVA member of thé-lavivirus genus, this
virus causesdemorrhagic fever in humans, with symptoms ranging from mild fever to
severe bleeding and organ failure. It is transmittedHyglommaspecies and is
primarily found in the Arabian Peninsul@rivastavaet al., 2024)

CrimeanCongo Haemorrhagic Fever Virus(CCHFV): Belonging to the
Orthorairovirus genus, this virus causes a sevesenmorrhagic fever with high
mortality rates. It is transmitted bjlyalomma marginatunand otherHyalomma
species across Africa, Asia, and Eur¢Pelina et al., 2025)

Colorado Tick Fever Virus (CTFVA member of theColtivirus genus, CTFV causes

a selflimiting febrile illness in humans, characterized by fever, headache, and myalgia.
It is transmitted byDermacentor andersorin the western United States and Canada
(Meagher & Decker2012)

Jingmen Tick Virus (JMTV)A novel segmented RNA virus genetically related to

flaviviruses, identified in various tick genera, includiAghblyommaDermacentoy
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HaemaphysalisHyalomma Ixodes and Rhipicephalus Strains such as JMTV and
Alongshan virus have been linked to human febrile illnesses, indicating potential
zoonotic riskYWang et al., 2019; Wu et al., 2023)

O Kyasanur Forest Disease Virus (KFDVA Flavivirus causing high fever, severe
headache, d&morrhages, and neurological symptoms. It is transmitted by
Haemaphysalis spinigetia South Asia, primarily in Indig¢O0d e n d 183a |

O Louping Ill Virus (LIV): A Flavivirus affecting sheep and occasionally humans, LIV
causes neurological symptoms, ataxia, and encephalitis. It is transmittexdcbyus
in Europe, particularly the British Isl¢3effrieset al., 2014).

O Omsk Hhemorrhagic Fever Virus (OHFV)A Flavivirus closely related to tickorne
encephalitis virus (TBEV), causing admorrhagic fever with neurological
complications. It is transmitted Hyermacentorand Ixodesticks in Siberia(Diani et
al., 2025)

O Powassan Virus (POWVAnother member of th€lavivirus genus, POWV causes
encephalitis with symptoms such as fever, headache, and neurological deficits. It is
transmitted byl. scapularisandixodes cookein North America(Hicar et al., 2011)

O Tick-Borne Encephalitis Virus (TBEV)A Flavivirus that causes tickorne
encephalitis (TBE), a severe neurological disease presenting with fever, meningitis, or
encephalitis. It is transmitted Byricinus in Europe andxodes persulcatus Asia
(Michelitschet al., 2019)

O Thogoto Virus (THOV)A member of theDrthomyxoviridaefamily, THOV causes
febrile illnesses in humans and animals. It is transmittedRhipicephalusand

Amblyommadicks in Africa and parts of Europe.

Pathogen transmission within ticks occurs through several internal mechanisms:

1 Transstadial transmissiqetageto-stage) Pathogens persist across developmental stages
(larva, nymph, and adult) within the tick, ensuring their continuity and eventual
transmission to a new host during subsequent feedings.

1 Transovarial transmissigffiemaleto-egg, also called verticalinfected female ticks pass
the pathogen to their offspring through eggs, ensuring its persistence within tick
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populations across generationghis vertical transmission facilitates the survival and
spread of pathogens even in the absence of infected vertebrate hosts.

1 Venereal transmission (tidlo-tick): Transmission can occur between mating ticks,
allowing the spread of pathogens without the involvement of a vertebrate host.

1 Cofeeding transmission: Infected and uninfected ticks feeding simultaneously on a host
(even without systemic infection in the host) can exchange pathogens through local skin

interactions.

The predominance of transmission routes amonghticke pathogens varies considerably
by tick species, pathogen clade, and geographic region. Transstadial transmission is the primary
mode for many pathogens, particularly amdxapesspecies. For instancBprrelia burgdorferi
and B. miyamotoiare maintained via transstadial transmissioh mcinus andl. scapularisin
Europe and North America, respectively (Humair & Gern, 2000; Han et al., 2019). Likewise,
Coxiella burnetiishows transstadial persistenin Hyalomma lusitanicunm Spain (Gonzalez et
al., 2020).

In contrast, transovarial transmission dominates in dehigicephalusand Dermacentor
species. NotablyBabesiaspp. of the sensu stricto clade (clade VI), includiBigbovis B.
bigemina andB. caballi are vertically transmitted ghipicephalus micropluandR. annulatus
in Asia, Africa, and South America (Battsetseg et al., 2002; Hembram et al., 2022). Similarly,
Babesia caniss maintained transovarially . reticulatus with reports from central and eastern
Europe. However, both the transovariafection rate (TOIR) and filial infection rate (FIR) can
vary significantly, even within the same tiplathogen system across regioSsveral examples
highlight regional variation in transmission dynamics for the same vpatbpgen pair. For
instance, Theileria orientalisis transmitted by different tick species in different coundries
Haemaphysalis longicornis Asia and Oceani&hipicephalus microplus Vietham and India,
andHa. punctatan Francé with transovarial transmission reported onl\Rinmcroplusin India
(Kakati et al., 2015). SimilarlyTheileria equiis typically transmitted transstadially but has been
shown to undergo transovarial transmissioR imicroplusn Brazil andHa. longicornisin Japan
(Battsetseg et al., 2002; Ikadai et al., 2007), indicating regional differences in vertical competence.
Anaplasma marginaleanother widespread pathogen, is predominantly transmitted transstadially

and intrastadially byrhipicephalusandDermacentorspecies but vertical transmission has been
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confirmed only irR. microplusandR. annulatupopulations in India and Mexico, and not in other
regions where these ticks are prevalent (Kumar et al.,; 20t8ro Estrada et al., 2020; Hembram

et al., 2022 In the case oH. marginatum transstadial transmission is the dominant mechanism

for maintaining CCHFV (Bente et al., 2013; Celina et al., 2025). Although experimental studies
have demonstrated transovarial transmissiomHyalommaspp., its efficiency appears lower
compared to transstadial persistence (Gargili et al., 2017). Such transmission mode may vary with

ecological and host density conditions, but comparative field data on regional variation are limited.

Lastly, cofeeding transmissi@nthe exchange of pathogens among ticks feeding
simultaneously on the same host without systemic infettioas been observed in various tick
borne viruses and bacteria, especially in nymphs and larvae, and is more likelighdiéck

densities, suggesting ecological modulation of this mechanism.

1.5.Hyalomma marginatunioch, 1844
15.1. Taxonomy ofHyalomma marginatum

The taxonomy oHyalomma marginaturKoch, 1844, has undergone significant revisions
and presents challenges due to the complexity of identifying species within the subgenus
EuhyalommaFilippova, 1944. This subgenus comprises approximately 20 species, which are
grouped based on their phylogenetic relationships. Among thesdy#ti@emma (Euhyalomma)

marginatumcomplex is considered the most taxonomically problematic.

Initially, H. marginatumwas classified as a complex of four subspeciglomma
marginatum marginatupHyalomma marginatum rufipeyalomma marginatum turanicyrand
Hyalomma marginatum isagcbased on morphological and geographic distinctions within the
group. In 2008, Apanaskevich and Horaleraluated this classification and elevaltedufipes
H. turanicum andH. isaacito full species statu®\panaskevich & Horak, 2008Jhese revisions
redefined thédyalomma marginatureensu latgs.l.) complexwhich now comprises five species:
Hyalomma marginatungsensu stricto)Hyalomma rufipesHyalomma turanicumHyalomma

isaaci andHyalomma glabrum

Among these specield, marginatumexhibits significant polymorphism and the broadest

distribution, encompassing much of the genus's geographic range. Its presence spans Southern
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Europe, Anatolia, the Arabian Peninsula, Central and Southeast Asia, and(Ap#&saskevich

& Horak, 2008) The initial description dfl. marginatumwvas based on a male specimen collected

in Italy (Koch, 1844) however, this type specimen was not referenced again unti{i@dinann,

1896) Subsequent studies by Schulze and Schiottke (1930) described numerous subspecies
(Schulze & Schlottke, 1930)many of which were later synonymized with marginatum
including HyalommatranscaucasicurgrHyalommasteinei codinai, andHyalommamarginatum
balconicum(Apanaskevich & Horak, 2008)

1.5.2. Ecology and Distribution of Hyalomma marginatum

Hyalomma marginatumis ecologically versatile, thriving in warm, arid climates
characterized by prolonged dry periods and moderate humidity. It predominantly inhabits
Mediterranean climates but has expanded into Central and Northern Europe. Climate change and
migratory birdstransporting immature ticks have facilitated this expansion, witurrence
recordsreported in Hungary and Germarand occasional sightings in the United Kingdom and
ScandinavigChitimia-Dobler et al., 2019; Foéldvari et al., 2022a@di et al., 2020; McGinley et
al., 2021)

In the Northern Hemispheré]. marginatumtypically becomes active in spring (April
May) as temperatures rise, with f@éult stages active between May and September. Adults
over winter in an unfed state and become acti
nymphs generally activate atiilé AC ( Petney et al ., 2011). Stu
supported within a temperature range of 27 . BaBoratory observations have demonstrated
that larvae can tolerate moderate to high humidity levels, with 75% relative humidity frequently
cited as optimal for developmenhterestingly, even at 90% humidity, one study reported that
77.8% of larvae developed normally, indicating a broader humidity tolei@wzek, 2000)
Despite this adaptabilitys. marginatumis notably adapted to drier environments compared to
other ixodid species (Estradkeia et al., 2004; Randolph and Rogers, 2000).

Unfed adults seeking hosts remain active on the ground at temperatures below 27°C. At
higher temperatures (air >30°C, soil >45°C), they retreat to shade or burrow into the soil. Females

that detach after feeding cannot oviposit if the daily temperaturagevés below 16°C. Nymphs
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exhibit resilience, molting under extreme conditions ranging froA27C and 0100% relative
humidity (Ouhelli, 1994; Petney et al., 2011)

Among ticks,Hyalommaspecies are particularly drougfaierant, thriving in steppes and
desertgfAnderson & Magnarelli, 2008)

1.5.3. Life Cycle of Hyalomma marginatum

Hyalomma marginatunfollows a twehost life cycle(Figure 1). Adults preferentially
parasitize wild and domestic ungulates, while larvae and nymphs gangeddwelling birds and

small mammals

Unlike most tick species that rely on passive fsgstking strategiesjyalommaspecies
actively track their hosts over distances of several hundred ni@edashov, 1972)This behavior
is thought to have evolved in arid environments, where passive strategies are less effective
(Hoogstraal, 1979Active movement significantly increases the likelihood of unfed ticks locating

a host.

Records of immaturdéd. marginatumin regions such asvesternAfrica (Nigeria) and
northern Europeg(g., Ffnland, Norway, Swedenare associated with migratory birds transporting
ticks across large distanc@panaskevich & Horak, 2008; Jaenson et al., 1994)
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Figure 1. Life cycle ofHyalommaspp. ticks as twanost ticks.
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1.5.4. Pathogen Transmission bydyalomma marginatum

Hyalomma marginatuns widely distributed across the Mediterranean (southern Europe
and North Africa), the Balkans, and continues eastward into West and Centi@lirdisading
southern Russia, Ukraine, Turkey, Pakistan, and Turkmedistad serves as the primary vector
of CCHFV within its distribution rangeAdditionally, it transmits a variety of pathogens
responsible for diseases suchRiskettsia aeschlimann{spotted feverYDemoncheauwset al.,
2012; Pereira et al., 2018; Rumer et al., 201Ragkettsia sibiricasubsp.mongolitimonae
(mongolicosis)(Ferndndez de Mera et al., 2013; Keskin et al., 2(R&&kettsia raoultii(tick-
borne lymphadenopathypereira et al., 2018)Coxiella burnetii(Q fever)(Mancini et al., 2019;
Psaroulaki et al., 2008k hrlichia spp.(ehrlichiosis)Cicculli et al., 2020; Cicculli, Masse, Capali,
de Lamballerie, et al., 2019; Mancini et al., 20 )aplasma marginaléovine anaplasmosis)
(De La Fuente et al., 20Q4Babesiaspp. (babesiosis)lonita et al., 2013; lori et al., 2010)
Theilaia annulataandTheileria equitropical theileriosis and equine piroplasmosis, respectively)
(Georges et al., 2001; lori et al., 20,18hdBorrelia spp.(relapsing fever{Baptista et al., 2004;
Rollins et al., 2021; Toma et al., 2014)

1.5.5. Crimean-Congo Haemorrhagic FeveOrthonairov irus (CCHFV)

The CCHFV has spherical shape wi Fidqured). di ame"
It is an enveloped, negatisense, singlstranded RNA virus belongingo the genus
Orthonairoviruswithin the familyNairoviridae It is one of the most geographically widespread
tick-borne viruses, with a range extending from China and South Asia through the Middle East,
southeastern Europe, and Afri¢Bente et al., 20)3 CCHFV has thresegmented genome
denoted by their size with different functions: S (small) segrarobdes nuclgootein (N), M
(medium) segment the glycoproteins (Gn and Gc), and L (large) segmemntd&deAdent
polymerases (RARp)
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Figure 2. CCHFV virion structure Diagrammatic representation of CCHFV virion in
crosssection. The surface spikes comprise two glycoproteins termed Gn and Gc. CCHFV
genome is composed of three RNA segments (L, large; M, medium; S, small) encapsidated
by N protein and associated with RMi&pendent polymerases (left) (Bente et al. 2013).
Transmission electron micrograph (TEM) of CCHFV patrticles is shown (right). Scale bar

represents 100 niinternational Committee on Taxonomy of Viruses 2011).

Phylogenetic studies identified eight distinct clades of CCHFV: Africa Europe 13,
and Asia 12. These clades are characterized by their geographic distribution, genetic sequence
variations, and differences in pathogenic poterdfalagnostou & Papa, 20Q9Furthermore,
genome segment reassortment and the migration of viral lineages across vast distances
demonstrate the dynamic and complex evolutionary processes driving CCHFV's genetic diversity
(Hewson et al., 2004a)

1.5.6. Geographical Distribution and Epidemiology of CCHF

CCHFV causeLrimeanCongo Haemorrhagic Fev¢€CHF), a zoonotic disease with
high fatality rates (10%#10%)(Mertens et al., 2013While the virus circulates asymptomatically
in ticks and various vertebrate hosts, human infections often lead to sewn®rihagic

symptoms.
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CCHF has a predominantly Old World distribution, spanning Africa, Asia, and Europe
(Figure 3). The virus has been reported across a wide range of regions, including Africa (e.g.,
Burkina Faso, Democratic Republic of the Congo, Kenya, Mauritania, Republic of the Congo,
Senegal, South Africa, Sudan, Tanzania, and Uganda), Asia (e.g., Afghanistemiad China,
Georgia, India, Iran, Iragq, Kazakhstan, Kuwait, Kyrgyzstan, Oman, Pakistan, Russia, Saudi
Arabia, Tajikistan,Turkiye, Turkmenistan, United Arab Enaites, and Uzbekistan), and Europe
(e.g., Albania, Bulgaria, Greece, Hungary, Kosovo, North MacedBoidugal,Russia, Serbia,
Spain,Turkiye, and UkraineJAl-Abri et al., 2017; Ergonil, 2006; Hoogstraal, 1979; Pigott et al.,
2017 Zé-Zé et al., 2021

Despite its extensive geographical presence, the exact annual incidence and frequency of
CCHF cases remain uncertain due to the absence of efficient surveillance systems and the limited
availability of reliable diagnostic assays in many regions. As atydgblel virus may circulate
undetected within animal reservoirs and tick vectors, while sporadic human infections may go
unreported or misdiagnosed, particularly in areas with limited clinical awareness or overlapping

symptoms with other febrile illnesses.

The actual number of CCHF cases is likalyderestimated, as outbreaks often occur in
remote areas with limited healthcare acc&sijo et al., 2010)In the Northern Hemisphere,
infections peak during spring and early summer, aligning with heightened tick activity and viral

amplification in animal reservoirs
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Figure 3. Geographic distribution of CCHF and annual number of reported cases of CCHF
by country. Countries in red report more than 50 human cases annually to the WHO.
Countries in orange report fewer than 50 cases. Countries in yellow have not reported
human casebut there is serological or virological evidence of CCHFV with its vector
presence (Bente et a22013).

Outbreak intensity in CCHEndemic regions is influenced by host community
composition, particularly the relative abundance of large mamralalomma marginatum
exhibits a marked preference for lafdgedied hosts, especially in its adult stage, with domestic
livestock such as cattle, sheep, and goats serving as primary blood sources (Hoogstraal, 1979
EstradaPefia et al., 20)3When large hosts are abundant, ticks preferentially feed on them,
thereby reducing human exposure. However, in scenarios whestolk populations decliée

as historically observed during the 1944 Crimea outlird¢adks may increasingly target
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alternative hosts, including humans, particularly in landscapes with elevated densities of small
mammals (e.ghares,rabbits,hedgehogs) that support immature tick stages (Hoogstraal, 1979;

Bente et al., 2013). This hestvitching dynamic results in higher hurtick contact rates.

The increased risk to humans in such contexts is closely linked to the actieabkisig
behavior ofH. marginatum Unlike nidicolous or passive questing tickls,marginatunadults are
nortnidicolous and exhibit a highly mobile, targwiented strategy. This includes the ability to
detect and pursue waribooded hosts using a combination of thermal, chemical, mechanical, and
possibly visual cues over distances up to 9 métexsnovich, 2004; Valcarcel et al., 2020; Latif
& Walker, 2004). Thermalgragint s sensed via Hallerbds organ,
compounds from host secretions, guide loagge orientation (Carr & Salgado; 2019; Bezerra
Santos et al., 2024), while visual and mechanical cues enhance precision tracking, particularly
open habitats. In the absence of preferred large hosts, this tracking flexibility enables ticks to locate

and feed on suboptimal hodténcluding humand thereby amplifying transmission risk (ECDC).

1.5.7. Transmission of CCHF

Transmission of CCHFV occurs through the bite of ticks belonging tdHglsomma
genus. These ticks fe@m a variety of domestic ruminants, including sheep, goats, and cattle, as
well as wild animals such as hareshbits,hedgehogs, certain rodents, and ostriches. Unlike other
tick speciesHyalommaticks are natural reservoirs of CCHRYid can remain infected for several
years, enabling the sustained transmission of the virus. In contrast, mammals serve as transient
hosts, developing sherérm viremiathat does not contribute significantly to letegm viral

maintenance.

In humans, who are considered desd hosts, infection primarily occurs through tick
bites or direct contact with blood or tissues of infected livestock or individuals. Addpiossible
transmission routes include mottierchild transfer, sexual contact, blood transfusion, and
exposure to body fluids from infected patients or anir{Bdste et al., 2013; Pshenichnaya et al.,
2017)

1.5.8. Clinical Manifestations, Diagnosis and Prevention
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Infection with CCHFV progresses through four distinct phases: the incubation phase (non
symptomatic), followed by the pi#wemorrhagic, Bemorrhagic, and convalescent phases
(symptomatic) Figure 4). The incubation period typically spans73days postnfection and
remains asymptomatiErgonul, 2006) Subsequently, the disease enters thehpeenorrhagic
phase, which usually last$ 3l days and is marked by an acute onset of symptoms. Common
manifestations during this phase include high fever, severe heslabdominal pain, myalgia,
hypotension, and facial flushif{grgonul, 2006)

-==- Platelets

White blood cells
Aspartate aminotransferase
Alanine aminotransferase

PCR: first 9 days
IgG (7 days—4 months) and IgM (7 days—5 years)

Fever sites (hematemesis,
Nausea, vomiting melena, etc.)

Myalgia Bleeding from various
I Diarrhea somnolence |

-
~
~< | .-
~—- i_.

|
Delath
7 days 10 days "
Incubation | Prehemorrhagic period ' Hemorrhagic period | Convalescence

3-7 days | 1-7 days 2-3 days

Figure 4. The clinical course of CCHF. The starting point is the entrance of the CCHFV

to the human through tick bite or a contact with infected material such as body fluids (Endy
2020).

As the disease advances to therhorrhagic phase, more severe clinical symptoms emerge,
such as petechiae (small red spots on the skin caused by bleeding), ecchymosis (bruising due to

blood extravasation), epistaxis (nosebleeds), gum bleeding, and €Rrggintl, 2006) Other
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potential complications include gastrointestinal disturbances, such as nausea and diarrhea, as well
as neuropsychiatric and cardiovascular abnormalities. In the absence of effective medical

intervention, the disease can lead to multiorgan failure, ofteidtireg in fatal outcomes.

The classification of CCHFV as a World Health Organization (WHO) Risk Group 4
pathogen significantly complicates laboratory diagnostics due to the stringent biosafety
requirements involved. Current diagnostic approaches include ediniad immunosorbent
assay (ELISA), redalime polymerase chain reaction (gPCR), antigen detection, serum
neutralization assays, and viral isolation through cell cu{Ma@homwegen et al., 20123mong
these, gPCR has emerged as a sensitive and specific method for CCHRMdtexvever, its
application is limited in many rural and resoummnstrained regions where the virus is endemic,

creating diagnostic bottlenecks in such areas.

Preventing CCHFV infection relies on avoiding tick habitats, using repellents, wearing
protective clothing, and adopting safety measures in workplaces like hospitals and
slaughterhouses. Public awareness campaigns are crucial for educaishkgpatpulatons on

transmission modes and effective prevention strategies.

1.6. Coevolution betweerHyalomma marginatunmand CCHFV

Viruses are obligate intracellular parasites that depend entirely on the host's translational
machinery, including ribosomes and transfer RNAs (tRNAs), for replication and protein synthesis.
This dependency imposes strong evolutionary pressures on vicuadept codon preferences
aligned with those of their hosts, ensuring efficient interaction with host cellular machinery. These

hostvirus interactions plagn importantole in shaping viral evolution and adaptation.

The CCHFV genome consists of three negaserse, singlstranded RNA segments
categorized by length as small (S), medium (M), and large (L). These segments encode essential
viral proteins: the nucleocapsid protein (N), glycoproteins (Gn and Gc), anddepéndent RNA
polymerase, respectivelyPrimarily transmitted byHyalomma ticks, other genera like
Dermacentorand Rhipicephalusalso play a role. Understanding CCHFV's coevolution with its

vectors is essential to uncovering its genetic adaptations favaand transmission.
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Due to the degeneracy of the genetic code, most amino acids are encoded by multiple
codons, known as synonymous codons. Each species exhibits unique preferences for specific
synonymous codons, leading to variation in codon frequencies acrosqBleries et al., 2006;

Plotkin & Kudla, 2011) This phenomenon, termed codon usage bias, reflects the differential usage
of synonymous codons and is influenced by natural selection and mutational pressures. Key factors
associated with codon usage bias include gsipeession levels, guaniogtosine (GC) content,

GC skew, amino acid conservation, protein hydropathy, and transcriptional se(€ftem &

Chen, 2014; Ermolaeva, 2001; Knight et al., 2001; Quax et al., 2015)

Codon usage bias provides valuable insights into the evolutionary processes driving viral
adaptation to host environments. The extent of this bias reveals patterns of selection and mutational
pressures, shedding light on how whalst coevolution influeres replication efficiency,
virulence, protein synthesis, and viral survival. For CCHFV, codon usage analysis unravels the
complex interplay between the virus and its arthropod vectors, highlighting the evolutionary

strategies employed by the virus to maintfitness in diverse hosts.

2. The Aims of the Thesis

The geographic expansion df marginatumand its role in transmitting CCHFV
present significant challenges to pulalid veterinaryealth. This thesis addresses critical
knowledge gaps by focusing on the ecological, genetic, and epidemiological dynamics of
H. marginatumand CCHFV and &ns to support improved monitoring, control measures,

and public awarenes§o achieve this aim, the following objectivegreincluded:

1. To review the geographical distribution and pathogen diversit) afiarginatumn
Europe to identify regions at risk felyalommaborne diseases and associated public

health risks.

2. To develop a precise habitat suitability model using current climatic data to identify
regions in Transalpine Europe capable of supporting stable populatioHs of

marginatum
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3. To extend the habitat suitability model to incorporate future climatic data, predicting
potential regions foH. marginatumestablishment under various future climate

scenarios.

4. To evaluate the prevalence of CCHFV kh marginatumticks collected from

livestockand to assessattle exposura Kosovqg a CCHF\fendemic country.

5. To investigate the genetic drivers of coevolution betwéemarginatumand

CCHFYV to gain insights into their evolutionary interactions.

6. To compile and analyze data on CCHFV tick vectors and vertebrate hosts to clarify
their roles in virus transmission and provide insights into CCHFV ecology and its

impact on animal health.

3. Chapter Overview

This thesis includesisresearch studiesf which four have been published, one is
under review, and one is currently in preparatibime research outputs are interconnected
and aim to enhance our understanding of CCHFV ecology, its transmission dynamics, and
the role ofH. marginatumn facilitating its spread, as presented in Chaptéés 2

1 Chapter 2 provides a comprehensive review of the geographical distributidth of
marginatumand its associated pathogen diversity in Europe. This chapter consolidates
current knowledge on the tick's prevalence, identifies regions at rigkyldlomma

borne diseases, and highlights the public health risks associated with this species.

1 Chapter 3 develops a habitat suitability model fét. marginatumin Transalpine
Europe, using current and future climatic data to assess its distribution and predict
shifts under climate change. The findings highlight environmental factors driving its

spread and the implications for CCHFV transmission.

1 Chapter 4 presents molecular and serological surveillance of CCHFV in Kosovo, a
known CCHF\fendemic regionbased on tick testing and cattle serologhe
detection of viral RNA in ticks and antibodies in cattle highlights ongoing virus

exposure and reinforces the need for integrated surveillance strategies that encompass
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both animal and vector populations within a One Health framework.

Chapter 5 explores the coevolutiobetweenH. marginatumand CCHFVthrough
codon usage analysis, hi ghl i g httkivettors t h e
By analyzingcodon usage bias, this chapter reveals the molecular procksseg
CCHEFV evolution and its ability to optimize replication and protein synthesis within
tick host environments. These findingsntribute to our understanding lobstvirus

interactions.

Chapter 6 compiles and analyzes data on CCHFV tick vectors and vertebrate hosts,
clarifying their roles in virus transmission. It provides insights into the ecological
dynamics of CCHFV and its impact on animal health, supporting improved

surveillance and public hith strategies.

Finally, Chapters 7and8 present the overall discussion and conclusions, synthesizing
the research findings, highlighting their implications for CCHFV surveillance, vector
control, and public health strategies in the Western Palearctic, and providing
recommendations for futuresearch to address the evolving risks posed by climate

change, vector expansion, and zoonotic disease emergence.
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i A Systematic Review
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1 Center for Infectious Animal Diseases, Faculty of Tropical AgriSciences, Czech

University of Life Sciences, Prague, Czech Republic

Abstract

Hyalomma marginatunis a prominent tick vector responsible for transmitting various
pathogens, including thérimeanCongo Haemorrhagic Fever Vird€CHFV), across Europe.
This systematic review consolidates findings from 144 publications regarding the geographical
distribution ofH. marginatumand its associated pathogens. Significant populations have been
identified primarily in southern Europe and Balkan peninsula, indicating a concerning trend.
Additionally, climate change and migratory bird movements may facilitate its further dispersal,
patentially leading to the establishmenttkéf marginatumin transalpineegions. Consequently,
robust monitoring and surveillance strategies are essential to mitigate the public health and
livestock threats posed bhyalommaborne diseases. Raising awareness and implementing

preventive measures will be crucial in addressing the challenges associated with this tick vector.

4. Introduction

Ticks (Acari: Ixodidae) are the most significant vectors of arthrdpmde diseases in
Europe, transmitting numerous pathogens to humans, livestock, and w(libifgejan &

Uilenberg, 2004; Magnarelli, 2009Yhe genusHyalommaare twehost species, where both
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subadult developmental stages feed on the same host, typically small mammals such as rodents,
hares, or grounfkeding birds. In contrast, adult ticks prefer to feed on larger mammals including
humangSonenshine & Roe, 2013)jowever, some species, suchHhsaegyptiumexhibit three

host cycles, with larvae, nymphs, and adults utilizing different hosts at each_stagedomestic
mammals play a crucial role in maintaining high tick loads and increase the risk of exposure to
Hyalommaborne pathogens duoe their proximity to agricultural workers by crushing of engorged

ticks through or via contact with infected blood during slaugi@bmikar et al., 2010; Mustafa et

al., 2011; Sargianou et al., 2018J)igratory brds serve both as a blood meal source for unadult

Hyalommaticks and plus the introduce these ticks into new geographic reglongstraal, 1979)

Hyalomma marginatum c ommonl vy known a $slyalamme 0 "f Madi t €
historically been referred to d$yalomma plumbeurin some Russian and Eastern European
literature. Howevertyalomma plumbeums not an exclusive synonym fBi. marginatunbut has
also been used for other species, includih@lomma marginatum turanicuifHoogstraal &

Kaiser, 1960)Hyalomma rufipegEnigk & Grittner, 1953)Hyalomma plumbeum turanicum
(Pomerantsev, 1959Hyalomma rufipes glabruniDelpy, 1949), andHyalomma marginatum

turanicum(Pomerantzev, 1946).

Historically, Hyalomma(Euhyalomma)marginatumKoch, 1844 was recognized as a
taxonomic complex comprising four subspecldgalomma(E.) marginatum marginaturikoch,
1844;Hyalomma(E.) marginatum rufipeoch, 1844;Hyalomma(E.) marginatum turanicum
Pomerantzev, 1946; aityalommaE.) marginatum isaacSharif, 1928 (Horak et al., 2002). Over
time, the taxonomy of thid. marginatuncomplex has undergone major revisions, leading to the
reclassification of some of these taxa as distinct species. In 20@Ragyevich and Horak
redefinedH. rufipes H. turanicum andH. isaacias distinct species (Apanaskevich & Horak,
2008). Currently, theHyalomma marginatunsensu lato (s.l.) complex includes five distinct
speciesHyalomma marginaturfsensu stricto}lyalomma rufipesHyalomma isaaci, Hyalomma
turanicumandHyalomma glabrunmwhich are distributed across the Afrotropical, Palearctic, and

Oriental regions (Guglielmone et al., 2016).

Hyalomma marginatunticks primarily inhabit steppe, savannah, and scrubland hill and
valley biotypes in regions with a Mediterranean climate characterized by low to moderate levels

of humidity and long, hot, dry summers (ECDC (Available at:
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https://www.ecdc.europa.eu/en/diseasetors/facts/ticKactsheets/hyalomraarginatum),
n.d.) They are notably absent from European deciduous and mixed forests, which are more

commonly inhabited by. ricinus (Hoogstraal, 1979)

Hyalomma marginaturis primarily found in North Africa, Southern Europe, and parts of
Asia, whereasi. rufipesis mostly present in suBaharan Africa and the region around the Red

Sea and has recently expanded its range into the Eastern Pa{@gamiaskevich & Horak, 2008)

The distinction betweeHl. rufipesandH. marginatumremains challenging due to their
morphological similarities and overlapping ecological niches, as noted by the European Centre for
Disease Prevention and Control (ECDC) (ECDC (Available at:
https://www.ecdc.europa.eu/en/diseasetors/facts/ticKactsheets/hyalomraaarginatum))

This ambiguity can introduce bias in literatdrased research, including this review, and we
address this issue by noting potential outdated or inaccurate taxonomic classifications when

relevant.

Hyalomma marginaturs of significant veterinary and public health importance due to its
role in transmitting various tickorne pathogens. This review specifically focusesHn
marginatum which is the primary vector @rimeanrCongo Haemorrhagic Fever Vir(SCHFV)
in Europe, an emerging arbovirus with a human mortality rate of up to 40% (Bente et al., 2013;
Ergonal, 2006; Yilmaz et al., 200 yalommaticks acquire the virus when feeding on the blood
of infected mammals, although viremia in the mamamahost is transient. Unlike mammals, ticks
act as natural reservoirs for CCHFV, remaining infected for several years. Humans, however, serve
as deaebnd hosts, with infections occurring through tick bites or direct contact with the blood or
tissues of infcted livestock or patients. The disease initially presents wittspecific symptoms
such as headaches, muscle pain, and fever, which can progress to severe hemorrhagic

manifestations, including skin hemorrhages.

The endemic range of CCHFV closely matches the geographical distributibh of
marginatum In addition to CCHFVH. marginatumalso transmits a range of other pathogens,
including bacterial and protozoal agents suci\aaplasmaRickettsia Babesia and Theileria
species, which can cause diseases in both humans and animals (Bakheit et al., 2012; EFSA, 2010;
TiroshLevy et al., 2021).
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AmongRickettsiaspp.Hyalommaticks are very capable vectors of the spotted fever group
(SFG). The SFRickettsiaare responsible for spotted fever, a condition marked by papular
exanthems, eschars, and skin lesions, accompanied by high fever, muscle and joint pain,
headaches, and photophobia. Several pathogens within this group, inclRaikettsia
aeschlimanniiR. africag R. raoultii, andR. sibirica mongolotimonaare associated with human
diseases such as Spotted Fever Rickettsiosis, African Tiek Fever (ATBF), tickborne
lymphadenopathy (TIBOLA), and lymphang#ssociated rickettsiosis (LAR), all of them were
detected irH. marginatum

This review provides a comprehensive assessment of the distributibnnodrginatum
and its associated pathogens across various regions of Europe. By integrating information from
multiple sources, this study aims to inform vector surveillance programs and public health
interventions in regions at risk fa€rimeanCongo Haemorrhagic FevéCCHF) and other

Hyalommaborne diseases

5. Materials and Methods
5.1. Study Design and Search Strategy

This systematic review was conducted in accordance with the Preferred Reporting Items
for Systematic Reviews and Mefmalyses (PRISMA) guidelineg¢Page et al., 2021)We
reviewed published studies reporting occurrence records. aharginatumand H. rufipesin
Europe.The systematic searches were conducted on 16 June 2023 in two major databases: Scopus,
a multidisciplinary database, and PubMed, a primary biomedical sciences database. The search
was limited to Englishanguage publications with no restraris on the year of publication. We
used the following Bo ol e a nHyalmmnear natgoatugn ORa n d s e
(Hyalomma rufipes 0 ] . Titles and abstr ac ttext aicles werescr e er

retrieved via library resources and online platforms.
5.2. Selection Criteria and Outcome Measures

The inclusion criteria for articles involved the documented occurrendgsroérginatum
across the European continent. Eligible studies described the collectbmuarginatumfrom

vegetation, animals, or humans. Studies reporting the occurremtenoérginatumin Europe,
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even if they lacked detailed information on host, location within the country, or tick counts, were
also included. Additionally, studies that detected pathogeht marginatunticks collected in
Europe were considered. Given the complexitidgdlommaspecies taxonomy and the challenges
distinguishingH. marginatumfrom H. rufipes studies that reported on either species orHhe
marginatums.l. complex in Europe were included to minimize potential bias; these results are
presented separately. We exclddgudies focused on laboratenaintained tick populations,
experimental investigations, tick behavior, systematics, insecticide resistance, or those on
occurrences ofl. marginatunmor H. rufipesoutside Europe. Publications in languages other than

English, and those for which the full original article could not be obtained, were also excluded.
5.3. Data Extraction and Analysis
The extracted data were organized into the following categ@igsplementary Table)l

1 Main Characteristics of Studies This included information such as article ID, publication

year, authors, and journal of publication.

1 Tick-Related Information: Details about the ticks, including species, sex, developmental
stage, collection date, identification methods (morphological or molecular), total number
of ticks collected, the number subjected to pathogen detection, the number of positive ticks,

and pahogen prevalence.

1 PathogenRelated Information: This covered the pathogens under investigation,
diagnostic tests used, and species detected. Information about the number of pathogen
species was also recorded.

1 Host-Related Information: Data on host species, including both common and scientific

names, the number of hosts screened, and the number of hosts carrying ticks.

1 Geographical Context This included study location details, such as country, province,
and, where available, GPS coordinates of the study sites.

The extracted data were used to generate maps illustrating the distribution and prevalence
of H. marginatumand its associated pathogens across Europe. These maps were created using
ArcGIS Pro 3.1.2.
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6. General Aspects oHyalomma marginatumBiology in Europe
6.1. Bibliometric Data

This systematic review analyzed a total of 144 publicatiéimgufe 5). Of these, 128
articles specifically focused on the presenceHofmarginatumin Europe. Among these, 15
publications also reported the-oocurrence oH. marginatumwith other members of thel.
marginatums.l. complex, includingH. rufipes H. marginatum turanicumand references to
broader taxonomic labels such askhenarginatuncomplex,H. marginatuns.l., andHyalomma
spp. In some cases, the teHmmarginatumsensu stricto was used to differentiate it from other
species in the complex. Additionally, 11 articles focused exclusively.aufipes 2 on theH.
marginatumcomplex, 2 onH. marginatums.l., and 1 article reported onktyalommaspp.
Throughout this manuscript, unless otherwise indicatedanarginatunrefers toH. marginatum

sensu stricto as a distinct species.
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Figure 5. Systematic literature review methodologyRISMA flow diagram.

6.2. Geographic Distribution

The continent was divided into six regions: the Balkan Peninsula, Central, Eastern,
Northern, Southern, and Western Europe. Southern Europe recorded the highest nuthber of
marginatumoccurrences, with Italy (n=36), Malta (n=1), Portugal (n=8), and Spain (n=17)
contributing a total of 62 articles, representing 48.4% of the total publications reporting exclusively
on H. marginatumoccurrencegSupplementary Table)1 The results also indicated the presence
of H. marginatumin the Balkans, with varying numise of publications from each country:
Albania (n=1), Bosnia (n=3), Bulgaria (n=4), Croatia (n=2), Greece (n=6), Kosovo (n=3), and
Romania (n=8). In Western Europe, most reports came from France (n=14), particularly from its
Mediterranean regions, with th#K (n=3) and the Netherlands (n=1) being the other countries in

this region to reportlyalommatick occurrences.
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Central and Northern Europe had fewer publicationls.amarginatumwith records from
Austria (n=1), Czechia (n=1), Germany (n=4), Hungary (n=3), Poland (n=2), Denmark (n=1),
Finland (n=1), Norway (n=1), and Sweden (n=2), being the only countries reporting its occurrence.
Similarly, Eastern Europe had limited publicasanH. marginatumwith reports from Moldova
(n=1), Russia (n=3), and Ukraine (n=2); however, additional records from Russia were excluded

from this analysis due to their availability ontyRussian.

In contrast, 31 articles reported the presencélydlommaticks without specietevel
identification, referring to them &$yalomma spptheH. marginatuncomplex,or H. marginatum
s.l. Additionally, some studies specifically identifiétl rufipesandH. marginatum turanicum
These studies covered Czechia (n=4), France (n=1), Germany (n=2), Greece (n=7), Hungary (n=4),
ltaly (n=12), Malta (n=2), the Netherlands (n=1), Norway (n=1), Slovakia (n=1), Spain (n=3),
Sweden (n=1), and the UK (n=1).

The findings of this review, based on the content of the analyzed studies rather than just
the number of publications, indicate thet marginatumis primarily established in the
Mediterranean region of Europe. In contrast, sporadic occurrences have been documented in
transalpine areas. Countries such as Austria (Duscher et al., 2018), Czechia (Lesiczka et al., 2022),
Finland (Sormunen et al., 2022&ermany (ChitimigDobler et al., 2019; Oehme et al., 2017,
Rumer et al., 2011), Hungary (Foldvari et al022; Hornok et al., 2013a), the Netherlands
(Uiterwijk et al., 2021a), Poland (Cuber, 2016; Nov@kmura, 2014), Sweden (Grandi et al.,
2020), and the UK (Jameson, Morgan, et al., 2012a; Jameson & Medlock, 2011) have reported
isolated cases, often linkeal imported animals, humans, or migratory birds. However, there is no

evidence of established populations in these regions.

It is important to note that the number of publications repokingharginatumpresence
does not necessarily reflect its true distribution but rather the intensity of research and surveillance
efforts in each country. Some regions with few or no reports may still harbor populatidns of
marginatumthat remain undocumented due to limited surveillance or reporting biases. Therefore,

caution is necessary when interpreting these numbers as direct indicators of species prevalence.
6.3. Preferred Hosts

The study also examined the primary sourcdd.aharginatuncollection across Europe,

identifying cattle and birds as the predominant hosts in all regigaré 6). In the BalkansH.
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marginatumwas additionally collected from vegetation (in Bulgaria, Croatia, Kosovo, and
Romania) , horses (in Greece and Romania), dogs (in Greece, Kosovo, and Romania), and, to a
lesser extent, humans (in Bosnia, Croatia, Kosovo, and Romania). The tick speatovi@asnd

on lizards and hedgehogs in Romania.

In Western Europe, horses were the primary hostkl fenarginatum with cattle serving
as secondary hosts. In the Netherlands, all reported occurrences of this tick species were limited
to horses, with a singld. rufipescollected from a bird. In Franckl, marginatumwas found on
a wider variety of hosts, including cattle, horses, birds, dogs, wild boars, humans, and vegetation.

In the UK H. marginatunwere collected from birds, horses, and humans.

In Central and Northern Europd, marginatumwas predominantly collected from birds,
with other sources including horses (in Austria, Czechia, Germany, and Sweden), livestock (in
Hungary, Germany, and Sweden), humans (in Germany and Sweden), and dogs and hedgehogs (in
Hungary). In Eastern Europél. marginatumwas primarily collected from birds (in Russia,
Moldova, and Ukraine), but was also found on other hosts, including hares (in Russia), livestock
(in Russia and Ukraine), humans (in Russia), and h@irsBaissia), as well as from vegetation (in
Russia and Ukraine).

In Southern Europd;l. marginatumwas primarily collected from cattle and birds. Other
hosts included vegetation (in Italy, Portugal, and Spain), deer (in Italy and Spain), wild boar (in
Italy, Portugal, and Spain), humans (in Italy, Malta, and Spain), hares (in Italy and Portugal),
rabbis (in Portugal), donkeys, mouflons, and horses (in It&igufe 6).
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6.4.Vector Capacity

Of the 128 publications reviewed, 36.7% focused on the detection of bacterial pathogens
in H. marginatum(Figure 7), 10.9% reported viral pathogefSigure 8), and 7% protozoan
pathogensKigure 9). In total, 24 pathogens were identifiedHnmarginatunspecimens collected
across Europe. These pathogens were classified into seven bacterial genera, four viral genera, and

two protozoan generd éble J).
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Figure 7. Distribution of bacteria detection iHyalomma marginaturticks across Europe, and
closeups of Southern Europe (lItaly, Portugal and Spain), to provide additional details to bacteria

species detected Hyalomma marginaturticks in the region.
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Figure 9. Distribution of protozoa detection iRlyalomma marginatunticks across

Europe.
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Table 1.Pathogens detectedlityalomma marginaturm Europe and its associated diseases

Etiological Agent Disease
Bacteria
Anaplasmaspp. Anaplasmosis
Human granulocytic anaplasmosis,
Anaplasma. phagocytophilum
Anaplasma Ovine anaplasmosis
Anaplasma platys Thrombocytic anaplasmosis
Anaplasma marginale Bovine anaplasmosis
Bartonella Bartonellaspp. Bartonellosis
Borrelia burgdorferisensu lato Lyme borreliosis
Borrelia
Borrelia lusitaniae Lyme borreliosis
Coxiella burnetii Q fever
Coxiella
Ehrlichia spp. Ehrlichiosis
Ehrlichia Ehrlichia minasensis Ehrlichiosis
Francisella Francisellalike Francisellosis
Rickettsiaspp. Tick-borne rickettsiosis
Rickettsia sibirica mongolitimonae Lymphagitisassociated rickettsiosis (LAR)
Rickettsia Rickettsia aeschlimannii Tick-borne lymphadenpathy (TIBOLA)
Rickettsia africae African tick-bite fever
Rickettsia raoultii Tick-borne lymphadenpathy (TIBOLA)
Protozoa
Babesia Babesia bigemina Bovine babesiosis (Texas cattle fever)




Babesia bovis
Babesia caballi
Babesia occultans
Theileriaspp.

Theileria annulata

Bovine babesiosis
Equine piroplasmosis
Bovine piroplasmosis
Theileriosis

Tropical theileriosis (Mediterranean bovine theileriosi

Theileria equi Equine piroplasmosis
Theileria
Bovine theileriosis
Theileria buffeli/sergentii/orientalis
(Theileriaassociated bovine anaemia)
Viruses

CrimeanrCongo Haemorrhagic Fever Virus
West Nile Virus

Dhori virus

Parapoxvirus

CrimeanCongo Haemorrhagic Fever
West Nile encephalitis

Dhori virus infection

Orf (Contagious ecthyma)

Bovine papular stomatitis

Pseudocowpox

Hyalomma marginatunis a recognized vector of multiple pathogens, including several

viruses such as Thogoto, Dhori, and CCHFV, as well as a range of bacterial and protozoal agents

from the gener&Rickettsia AnaplasmaBabesia and Theileria Although RNA from various

arbovirused including West Nile virus (WN\W has been detected th marginatumits role in

WNYV transmission remains uncertain, as there is currently no evidence supporting its competence

as a biological vector for this virus.

In Europe, CCHFV andRickettsiaspecies are the most frequently reported pathogens.

CCHF is a zoonotic disease transmitted by ticks, with outbreaks reported in regions of Africa,

Asia, southeastern Europe, and the Middle East. The causative agent, CCHFV, belongs to the

Orthonairovirusgenus within theNairoviridae family and is one of the most widespread tick

borne viruses affecting humans (Leblebicioglu,

57

2010). WHyalommaticks are the primary



vectors of CCHFV, other tick species, such Risipicephalusand Dermacentoy may also
contribute to the virus's life cycle (Gargili et al., 2011; Papa et al., 2011; O. Papadopoulos &
Koptopoulos, 1978; Yesilbag et al., 2013).

Rickettsiaspecies, particularlR. aeschlimannjiare frequently detected lh marginatum
populations. Spotted fever group (SFG) rickettsiae, transmittétyapmmeaticks, cause a range
of febrile illnesses in humans, often characterized by rash, eschars, and systemic symptoms. The
presence oR. aeschlimannii, R. africae, R. raoultand R. sibirica mongolotimonaé H.

marginatumacross Europe underscores its importance as a vector of emerging zoonotic diseases.

As further discussed in this review, several studies across Europe have highlighited that
marginatumfrequently harbors a variety of tiddorne pathogens at significant prevalence rates,
posing serious risks to both human and animal health. To offer a comprehensive overview of the
prevalence of CCHFV anRickettsiaspecies irH. marginatumacross Europelables 2and 3
summarize key data, including collection dates, locations, sources of tick collection, pathogen

prevalence, and the detection methods egwgal, as reported in the literature.
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Table 2.Summary of the key findings gublished studies on the prevalenc&€aimeanCongo Haemorrhagic Fever VirgSCHFV)

in Hyalomma marginaturticks across Europe.

59

Number of Stage of
Country Province Collection Date tested/ cpllected Prevalence of CCHFV Source Method of detection Reference
H. marginatum CCHFV e
, positive tick
ticks
Albania  Kukes 20072014 4.7% (16/341) A Livestock Nested RTPCR (Z%‘i‘;)et al.,
Bosnia 20192021 122/122 o A . (Goletic et al.,
2.5% (3/122) Livestock gRT-PCR 2022)
Region of Stara Zagora, IFHA, RT-PCR, (Gergova et
Central Bulgaria May-Jun, 20062010 3.7% (6/161) A Livestock RT-NestedPCR al., 2012)
Region of Haskovo, IFHA, RT-PCR,
Southeastern Bulgaria May-Jun, 20062010 13.9% (5/36) A Livestock RT-NestedPCR
Bulgaria Region of Kardzhali, IFHA, RT-PCR,
Southeastern Bulgaria May-Jun, 20062010 3.4% (3/87) A Livestock RT-NestedPCR
(Panayotova et
al., 2016)
Kardzhali JunJul, 2014 233/389 8.6% (20/233) A Livestock gRT-PCR
Burgas JunJul, 2014 217/388 8.8% (19/217) A Livestock gRT-PCR




Kosovo

Russia

Spain

Prizren

Malishevé

Kliné

Gijilan

Stavropol, Volgograd,
Astrakhan and Rostov

Stavropol, Rostov,
Krasnodar,
Dagestan,Karachay
Cherkess Repubilic,

Céaceres

Crimea

Apr-Jun, SegOct, 20142018

May-Jun, 2012

May-Jun, 2012
May-Jun, 2012

2000

20122019

2015

148/244

119/167
30/156

478714787

2045/10,257A;
285/15,536EN

11% (1/9) A (M)
14.2% (21/148) A
5.9% (7/119) A
3.3% (1/30) A
10. 2 %
(46 of 449 pools) na

7.2% (148/2045A);
219%(60/285L:N) L/N/A

20% (1/5) A (F)

Livestock
Cattle, Goat

Cattle, Goat
Cattle

na

Cattle, Sheep,
Horse,
Human,
European
hare,
Hedgehog,
Rook, Crested
lark

Cattle

gRT-PCR
gRT-PCR

gRT-PCR
gRT-PCR

ELISA

NestedPCR

RT-PCR

(Sherifi et al.,
2018)

(Sherifi et al.,
2014)

(Yashina et al.,
2003)

(Tsapko et al.,
2022a)

(Negredo et
al., 2019)

*A = adult tick; M = adult male tick; F = female adult tick.
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Table 3.Summary of the key findings of published studies on the prevaleiekdttsiaspecies irHyalomma marginaturticks across

Europe.
. Stage of
. : Species of Prevalence of ! . Method of
Country Province Collection Date Rickettsia Rickettsiaspecies Rl'c'kettgla Source detection Reference
positive ticks
Austria Melk, Lower Austria 2 Oct, 2018 R. aeschlimannii %2100 (1/1) A (M) Horse qPCR (Duscher et al., 2018)
; i (PundaPolic et al.,
Croatia éiﬁﬁ; Bay, Split, Dalmatia Oct, 2000 R. aeschlimannii  64.7% (11/17) na Cattle PCR 2002)
. May-May, 2014 . . 100% (89 pools/89 (Grech Ange
Corsica 2015 R. aeschlimannii pools- 362 ticks) A PCR, gPCR 2020)
PonteLeccia . . . 59% (16 pools/27
_ slaughterhouse, Corsica May-Sep, 2016 Rickettsiaspp. pools) A Cattle PCR, gPCR (Ciceulli, Capai,
rance o
PonteLeccia May-Aug, 2017; R. aeschlimannii 83.5% (81 pools/97 na Cattle PCR gPCR Qu'“‘fh'n" Masse,
slaughterhouse, Corsica  JukDec, 2018 ' pools- 216 ticks) -4 Ffrg%qgiﬂlvarezv et
al.,
Corsica Aug-Jan, 20182019 R. aeschlimannii  100% (1/1) A (F) Wildboar PCR, gPCR
Corsica 20182020 R. aeschlimannii  50% (1/2) A Wildboar ~ FCR,APCR, - (Defaye et al., 2021)
Nested PCR
Corsica 20192021 R. aeschlimannii  100% (23/23) na Cattle PCR, gPCR (Maitre et al., 203)
Waéchtersbach, Hesse 26 Jun, 2018 R. aeschlimannii %100 (1/1) A (F) Sheep Pc?I'ETgI(DZ%R
Wachtersbach, Hesse 5 Aug, 2018 R. aeschlimannii %100 (1/1) A (M) Horse P((]:RR_IL_gE%R’
. . PCR, gPCR, (Chitimia-Dobler et al.,
0,
Hannover, Hesse 24 Aug, 2018 R. aeschlimannii %100 (1/1) A (M) Car gRT-PCR 2019)
Germany Neuenhaus, Lower Saxony 22 Aug, 2018 R. aeschlimannii %100 (1/1) A (F) Horse Pc?I'ETgI(DZ%R
Fechenheimer Aue, Hesse 4 Sep, 2018 R. aeschlimannii %100 (1/1) A(F) House Pé:RR.IL_gE%R’
Eurasian (Rumer et al., 2011b)
SaxonyAnhalt May, 2007 R. aeschlimannii %2100 (3/3) A reed PCR
warbler
Eastern (Diakou et al., 2016)
Greece Northern Greece ‘;lérllé‘]u" Sep, Dec, Rickettsiaspp. 100% (1/1) N olivaceous NestedPCR
warbler
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Hungary

Italy

Italy - Greece

Ocsa Ringing Station,
Dunalpoly National Park

Ogliastra and Sassari,
Sardinia

Corleone, Palermo

Corleone, Palermo

Sicily

Pianosa

Urzulei, Ogliastra

Castel di Guido and Rome
Ponzian Islands and Rome
Livorno, Pianosa Island
Messina, Sicily

Gairo, Sardinia

Sardinia

Uta, Sardinia
Monte Romano, Viterbo
Ventotene island

Capri (Italy),
Antikythira (Greece)

Capri (Italy),
Antikythira (Greece)

2011

JunJul, 2007

20042007

10 Jun, 2010

JulSept, 2012011

Apr-May, 2010
2011

20122013
20122013

May-Sept, 2014

20102015

Mar-Nov, 2017
20122013

Apr-May, 2013

20092010

20092010

Rickettsiaspp.

R. aeschlimannii

R. aeschlimannii

R. africae
Rickettsiaspp.

R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii

R. aeschlimannii

Rickettsiaspp.

R. aeschlimannii
R. aeschlimannii

R. aeschlimannii

Rickettsiaspp.

R. aeschlimannii

66.6% (2/3)

100% (11/11)

4.2% (2/48)

2.1% (1/48)
4.5% (3/67)
18.2 (2/11)
8.3% (1/12)
21.1% (8/38)
50.7% (36/71)
10% (1/10)
100% (2/2)

50% (1/2)

339 (15/45)

28.6 (2/7)
66% (8/12)

50% (5/10)

2.4% (16/658)

45.7% (301/658)
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L/N

na

na

na

na

na

na

na

10F/3M/2N

N/A

na

N

7L/9N

73L/228N

Eur.opean PCR

robin

Horse PCR

Livestock PCR

Livestock PCR
PCR, Reverse

Cattle lineblot

Ground PCR

Horse PCR

Migratory

birds PCR, gPCR

Migratory

birds PCR, gPCR

Ground Nested PCR

Human PCR

Mouflon PCR

Bird, Goat,

Hedhehog,

Horse, PCR

Human,

Sheep

Cattle

Ground PCR, gPCR

Migratory

birds gPCR

Migratory

birds gPCR

Migratory

birds gPCR

(Hornok et al., 2013)

(Mura et al., 2008)

(Beninati et al., 2005)

(Torina et al., 2010)

(Tomassone et al.,
2013)
(Chisu et al., 2014)

(Toma et al., 2014)

(Scarpulla et al., 2016)
(Blanda et al., 2017)
(Chisu et al., 2017)

(Chisu, Foxi, Mannu, et
al., 2018)

(Mancini et al., 2019)

(Pascucci et al., 2019)

(Wallménius et al.,
2014)




Netherlands

Portugal

Russia

Spain

Capri (Italy),
Antikythira (Greece)

Odoorn, Drenthe

Bird Rehabilitation Centers
of Monsanto Forest Park;
Quercus Santo Andre

Bird Rehabilitation Centers
of Monsanto Forest Park;
Quercus Santo Andre

Bird Rehabilitation Centers
of Monsanto Forest Park;
Quercus Santo Andre

Beja
Beja
Faro and Beja

Stavropol

Kaliningrad

La Rioja
La Rioja

Central Spain,
Madrid and Toledo

La Rioja

La Rioja

La Rioja

20092010

17 Jul, 2019

20022004

20022004

20022004

DecSep, 2013
2015
DecSep, 2013
2015
DecSep, 2013
2015

2004

2009

2001-2005
2001-2005

Mar-Dec, 1999
2002

20122015

20092015

20092015

. africae

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. raoultii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

. aeschlimannii

2.3% (15/658) 11L/4N
100% (1/1) A (F)
6.7% (1/15) N
33% (1/3) N
25% (4/3) N
12.1% (13/107) 10M/3F
5.6% (6/107) 1M/5F
5.3% (1/19) N
20%(8/40) 20F/20M
20% (1/5) 1L/4N
40% (2/5) na
0.9% (1/110) na
61.5% (8/13) na
16.7% (2/12) A
100% (7/7) N
40% (4/10) N
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Migratory
birds

Horse

Common
kingfisher

Little owl

Eurasian
eagleowl

Cattle
Cattle

Little owl

Cattle,
Vegetation
Tree pipit,
Common
redstart,
Common
blackbird

Human
Cattle

Livestock,
Birds

Human

Great reed
warbler
Eurasian
reed
warbler

gPCR

PCR, gPCR (Viterwijk et al., 2021)

PCR

(SantosSilva et al.,

PCR 2006)

PCR

PCR, Nested
PCR
PCR, Nested
PCR
PCR, Nested
PCR

PCR (Shpynov et al., 2009)

(Pereira et al., 2018)

(Movila et al., 2013)

PCR

PCR, semi
nested PCR
PCR, semi
nested PCR

(Oteo et al., 2006)

(Toledo et al., 2009)
PCR

PCR, gPCR

PCR, gPCR (Palomar et al., 2016)

PCR, gPCR




Sweden

UK

La Rioja
La Rioja
La Rioja
La Rioja
La Rioja

La Rioja

La Rioja
La Rioja
La Rioja
La Rioja
Palencia
Castillay Le6n
Castillay Le6n

Castillay Le6n

Nykoping, Sédermanland
Upplands Vasby, Stockholrr

Funnarp, Hastveda,
Hassleholm, Skane

Katthammarsvik, Gotland
Ovanéker, Halsingland

East Anglia, England

20092015
20092015

20092015

20092015

20092015

20092015

20092015

20092015
20092015
20092015
2013

na

19972003
20042007

21 Aug, 2018

5 Sep, 2018

25 Sep, 2018

11 Oct, 2018
18 Sep, 2018

21 Jun, 2018

R. aeschlimannii
R. aeschlimannii
R. aeschlimannii

R. sibirica
mongolitimonae

R. aeschlimannii

R. aeschlimannii

R. sibirica
mongolitimonae

R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii
R. aeschlimannii

R. aeschlimannii
R. aeschlimannii

Rickettsiaspp.
R. aeschlimannii

R. aeschlimannii

16.7% (1/6)
33.3% (6/18)
75% (6/8)
10% (1/10)

30% (3/10)

50% (1/2)

12.5% (1/8)
25% (2/8)

50% (1/2)
6.5% (2/31)
549% (13/24)
5.9% (19/324)
6.1% (26/426)
14.2% (73/515)
%100 (1/1)

%100 (1/1)
%100 (1/1)

%100 (1/1)
%100 (1/1)

%100 (1/1)
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2L/4AN

A (F)

3N

A (M)

1L/1M

1L/IN
N
na

na

46M/26F/1N

A (F)
A (F)
A (M)
A (F)
A (M)

A

Eurasian
blue tit
Ortolan
bunting

Woodlark

Common
nightingale

Common
nightingale
Eurasian
golden
oriole

Great tit

Great tit

Rock
sparrow
Common
blackbird
Common
buzzard

Human
Human
Human
Horse

Horse
Cattle

Horse
Horse

Human

PCR, gPCR
PCR, gPCR

PCR, gPCR
PCR, gPCR
PCR, gPCR

PCR, gPCR

PCR, gPCR

PCR, gPCR
PCR, gPCR
PCR, gPCR
PCR, gPCR
PCR
PCR
PCR
gRT-PCR

gRT-PCR
gRT-PCR

gRT-PCR
gRT-PCR

gPCR

(Fernandesoto et al.,
2003)

(Fernandesoto et al.,
2009)

(Grandi et al., 2020)

(McGinley et al., 2021)




Italy,
Greece

Italy

Italy

Germany

Sweden

UK

*)
(***)
Q]

)

)

@)

Q]

Prevalence of Rickettsia species in nbltyalomma marginatum ticks across Europe

Capri and Antikythira 20092010

Ponzian Islands and Rome 20102011

Ponza Island March- May, 2019

Hannover, Lower Saxony

Saulheim, Rhineland Aug, 2018

Palatinate
Neuenkirchen, Lower
Saxony

Morsdorf, Rhineland
Palatinate

Oct, 2018

Klintehamn

Orebro

Alvnas, Véalberg

Sdlvesborg 2018
Vreta kloster

Orserum, Granna

Bjurbacken

Dorset, England Sep, 2018

50.3% (331/658)
R. aeschlimannii

%100 (1/1)

R. aeschlimannii  50.7%(36/71)

R. aeschlimannii 7100 (1/1)

R. aeschlimannii %100 (1/1)

R. aeschlimannii %100 (1/1)

R. aeschlimannii %2100 (1/1)

L/N

N

A (M)

A (F)

A (M)

A (F)

A (M)

A

(Wallménius et al.,

Ik\)/ilirgrsatory GPCR 2014)
Migratory PCR. gPCR (Toma et al., 2014)
birds -4
Common (Rollins et al., 2021)
whitethroat
Northern
wheatear gPCR
Whinchat
(Chitimia-Dobler et al.,
2019)
PCR, gPCR,
Horse gRT-PCR
gRT-PCR (Grandi et al., 2020)
Horse
Horse PCR, gPCR (Hansford et al., 2019)

*A = adult tick; M = adult male tick; F = female adult tick; N = nymph; L = larva;

(*) = Hyalomma rufipes(**) = Hyalomma marginatureensu lato; (***) =Hyalomma marginatureensu stricto.
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7. Overview of Hyalomma marginatundistribution and its role as a vector for pathogens

in main European regions

The following subsections present a structured overvieW.aharginatumdistribution

across various European regions, organized as follows:

1 Regionsare presented in order of the number of publications and their significance

regardingH. marginatundistribution.
1 Within each regiongountries are listed alphabeticallp enhance readability.
1 For some countries (France, Italy, and Spain), information is organizedirggions

1 Information in all countries and subgions arg@resented chronologically.

7.1. Hyalomma marginaturmDistribution in Southern Europe

Italy: Italy lies along a major migratory route for birds carrylithgnarginaturmarvae and
nymphs. The tick was first recorded in Italy near Naples in 1973, discovered on a racehorse
transported from northern Italy (Converse et al., 1974). Since then, the tick has been increasingly
reported across various habitats and hosts, highigits ecological plasticity and expanding role

as a vector.

Sicily, with its Mediterranean climadedry summers and mild wintésis one of the
primary hotspots foH. marginatumin Europe. The island consistently reports high burdens of
tick-borne diseases in livestock. A survey conducted 19®® foundH. marginatumto be the
most common tick species on cattle, accounting for 27.1% of the total ticks, with some specimens
testing positive fol heileria annulataandT. buffeli/sergentii/orientali$§Georges et al., 2001). In
a 20012002 surveyRickettsia aeschlimanmiwas detected in 2 out of 48. marginatumticks,
andR. africaewas identified in one specimen (Beninati et al., 2005). A further survey conducted
between 2002 and 2003 found that 207 out of 6,208 ticks (3.3%) collected from cattle, sheep, and
vegetationwere H. marginatum Among these, 9.9% tested positive for pathogens, including
Babesia/Theileria(16.4%), Rickettsiaspp. (4.5%),Ehrlichia spp (3%), andAnaplasmaspp
(1.5%) (Torina et al., 2006).
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In southern Italy, a retrospective study conducted on samples collected in 2000 found 24
H. marginatum(out of 744 ticks tested) to be positive #®abesia Theileria, and Anaplasma
although no positive results were detected for certain pathogens (Ceci Luigi et al., 2014).
Hyalomma marginaturhas been identified on both wild and domesticated species, including dogs,
livestock, and wildlife. In 2009. marginatumwas found on vegetation and hares in a wildlife
reserve, with 51 adults and 165 nymphs coflddfDantasTorres et al., 2011), as well as one
additional adult female from a ro#illed hare (Lorusso et al., 2011). A separate survey recorded
109 H. marginatumspecimens among 10,795 ticks collected from vegetation (Daotass &
Otranto, 2013). Another investigation in the Basilicata region identifiedd1%narginatum
specimens (Ramos et al., 2015). In a study testing 123 ticks from mammals and vegetation for
Rickettsia five ticks (4.1%) were identified &$. marginatumincluding three from Corsan red
deer and two from mouflon, with one mouflon tick testing positivaRfaaeschlimannifChisu et
al., 2017). A broader survey of 50,325 birds across 13 ringing sites in southern and central Italy
(2013 2014) found that 0.22% were infested wilgalommaticks, suggesting the potential for
dissemination of this tick via migratory birds (de Liberato et al., 2018). Additionally, a study in
Italy and Spain documentédl marginatumwith dual symbiosis involvindrrancisellalike and
Midichloria endosymbiots, marking the first such finding in tickBuysse et al., 2021pn Capri
Island, located off the southwestern coast of Italy, a separate study conductediig02614
collected 575 ticks from migrating birds during migration, identifyshgufipes(77.7%) andH.
marginatum(4.2%) (Hoffman et al., 2021 Hyalomma marginaturwas detected on a variety of
bird species, witlh. rufipesbeing prevalent across multiple species. Pathogen screening revealed
Francisellaspp. in 76.7% (343/447) &f. rufipesand 786 (18/24) ofH. marginatumand spotted
fever group rickettsiae (SFGR) in 61.5% (275/447)Hof rufipes and 50% (12/24) oH.
marginatum Further analysis confirmed the presencé&rmaincisellg Rickettsia andMidichloria
in two H. rufipesticks, reinforcing the health risks associated vidgralommaticks in Southern
Europe(Hoffman et al., 2022).

Sardinia has also emerged as a key focusHomarginatunmsurveillance. In 2007, 88.
marginatum marginatumticks were collected from horses, with 11 testing positive Ror
aeschlimanni{Mura et al., 2008). A separate study conducted during the same period reported 15
(1%) H. marginatumticks on cattle, although no pathogens were detected (Satta et al., 2011).

Subsequent surveys have identiflddmarginatumon cattle, dogs, and wild animals, with 8.3%
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testing positive foR. aeschlimanniin one instance (Chisu et al., 201Hyalomma marginatum
was also found on wild donkeys in Sardinia, with 12 (1.9%) of 256 ticks identified on this host
(Zanzani et al., 2019Chisu et al. (2018) reported HI marginatumout of 115 ticks collected
from domestic and wild animals, with all ticks collected from common whitethr&atisig
communi} testing positive forAnaplasma phagocytophiluand A. platys (100%), while one
specimen from a wild boar was positive farplatys(Chisu, Zobba, et al., 2018). Between 2010
and 2015, a largscale survey on 1,619 animal ticks in Sardinia identified 4®arginatumwith
33.3% testing positive fdRickettsiaspp and 4.4% foiCoxiella burnetii(Chisu, Foxi, Mannu, et
al., 2018) Among humans, a survey of 42 ticks collected from 2012 to 2013 foundHtwo
marginatumspecimens, both testing positive r aeschlimanni{100%) (Blanda et al., 2017).
Another survey identified 16l. marginatumticks among 185 ixodid ticks, witlwb specimens
(12.5%) testing positive fdR. aeschlimann{iChisu, Foxi, & Masala, 2018). Additional pathogens
detected irH. marginatumincludedFrancisellaspp. DNA, T. buffeli/sergentii/orientalisandC.
burnetii, emphasizing the zoonotic potential l8f marginatumticks in the region as potential

vectors of zoonotic pathogens (Chisu, Alberti, et al., 2019; Chisu, Foxi, et al., 2019).

In western Italy, on Ventotene Island, a stopover site for migratory birds, the presence of
exotic tick species and tidkorne pathogens was investigated by trapping birds (Pascucci et al.,
2019).Hyalomma marginatunwvas confirmed as the second most abundant tick species (2.3%,
10/433), followingH. rufipes(82.6%, 366/443). Fivel. marginatunticks tested positive foRr.
aeschlimannii one nymph collected from a European night@agrimulgus europaejisand
another from a western yellow wagtdilldtacilla flava) were positive for Flavivirus, with West
Nile Virus (WNV) RNA identified in the latter (Pascucci et al., 2019). Between 2017 and 2019,
studies of migratory birds and vegetation repoHedarginatunin 4.3% of 2,681 collected ticks
(Toma et al., 2021). Further, a survey of wild ungulates and their ectoparasites found H.single
marginatumon a wild boar, though nAnaplasmaDNA was detected (Grassi et al., 2021). In a
separate study conducted between 2017 and 2019, 2,344 ticks were collectedT@oirtls.

Two ticks identified asH. marginatumand Hyalommaspp. tested positive for WNV, while
CCHFV RNA was detected in two immatute rufipesticks from Ventotene Island. Althoudth
marginatumhas tested positive for WNV RNA, there is no evidence that it acts as a biological

vector. WNV transmission primarily occurs Wallexmosquitoes, and the presence of WNV in
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Hyalommaicks is likely due to ingestion from infected hosts rather than active replication. Further

studies are needed to confirm any potential vector competence.

Hyalommaticks were prevalent on various migratory birds, with notable counts of 28 from
golden orioles Qriolus oriolug, 83 from wood warblersPhylloscopusspp.), and 63. rufipes
from common redstartsPhoenicurus phoenicurysand whinchats Saxicola rubetryqy among
others from species like the icterine warbldippolais ictering and woodchat shrikd_é&nius
senato}. These findings emphasize the role of migratory birds in introducing African ticks and
zoonotic pathogens into EurogElancuso et al., @22). h Pianosa Island, 1#. marginatum
were collected from vegetation in 208607, with 2 (18.2%) testing positive flar aeschlimannii

(Tomassone et al., 2013).

In central and northern Italy, H. marginatumhas frequently been found on livestock. A
2005 survey reported infection rates of 4.5%Babesia boviand 2.7% foB. bigeminain H.
marginatunmticks from cattle, while 1.8% of ticks collected from horses tested positivie &aqui
(lori et al., 2010). Further studies revealed that 22.8%.aharginatumticks from cattle were
infected with Babesia with 27.6% exhibiting dual infections witB. bigeminaand B. bovis
(Cassini et al., 2012)n the spring of 2009, 386 ticks were collected from migratons on Capri
and Antikythera islands, 369 of which were identifiedHgslomma with nine identified asd.
rufipesand one asl. marginatum(Molin et al., 2011)Ornithological surveys in central Italy in
20102011 collected 137 ticks from 41 birds across 17 species, all identified as nymphs within the
Hyalommagenus (Mancini et al., 2013). Surveys conducted in Lazio iniZid foundH.
marginatumnymphs on migratory birds, with pathogens suchRasaeschlimannii(21.6%),
Ehrlichia spp. (16.2%), Cburretii (27.0%), andBorrelia burgdorferisensu lato (s.l.) (73.0%)
detected (Toma et al., 2014). In the Maremma region of Lazio, central Italy, B22QP1study
collected 154 ticks, identifying four as adtlt marginatum(Toma et al., 2015). Between 2012
and 2013, additional surveys in Lazio and Tuscany founH.lfarginatumticks (8.8%), with
one testing positive fdR. aeschlimanni{10%) (Scarpulla et al., 2016). Another survey in Lazio
collected 96 ticks from vegetation, 49 of which were identifield.asarginatumwith one testing
positive forBabesia caball(2%) (Toma et al., 2017). Molecular screening of 255 tick samples,
including 12H. marginatum(5%), revealed positivity foR. aeschlimanni{66.7%),Francisella
like endosymbionts (66.7%B. burgdorferis.l. (50%),Bartonellaspp. (25%)C. burnetii(33%),
andEhrlichia spp. (16%) (Mancini et al., 2019). In 2019, a study on Ponza Island collectéd 14
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rufipesticks from various birds, detecting. aeschlimanniin six specimenskrancisellalike
endosymbionts in all, andB. burgdorferi s.I. in four ticks (Rollins et al., 2021).

In summary, ltaly represents a critical zone for the establishment and spkeasafginatumn

Europe, due to its favorable Mediterranean climate, high livestock density, and role as a major
migratory bird corridor. The species is we#itablished in southern regions and islands like Sicily
and Sardinia, with consistent remorof pathogen detectiodsncluding Rickettsia spp.C.
burnetii, Babesia Theileria, andAnaplasmé from both domestic and wild hosts. These findings
highlight Italy's importance in regional tick ecology and the need for sustained surveillance to

monitor Hyalommaborne disease risks.

Malta: Reports confirm the presencetbfmarginatumn Malta. A recent study identified
this tick species among 113 ixodid ticks collected from various bird species. Notably, one was
found on a common kingfisheAlcedo atthiy, another on a common kestrEh{co tinnunculu}
and one on a common whitethroat. Additionally, tkamarginatunticks were identified on sedge
warblers Acrocephalus schoenobaehwnd two on willow warblersRhylloscopus trochilys
(Hornok et al., 2022FurthermoreH. rufipeswas identified on a broader range of birds, including
14 ticks from great reed warblerAdrocephalus arundinaceusnd three from Eurasian reed
warblers Acrocephalus scirpaceusOther species, such as barn swallowgundo rustica,
woodchat shrikes, and yellow wagtails, were also found to ddrryufipes A total of four
Hyalomma spp. ticks were collected from sedge warblers, wood warblers, and common
whitethroats. A 2021 study also reported the presengt nffipeson a migrant human, though
no evidence of CCHFV or other pathogens were detected in the patient (MedLadesa et al.,
2021).Fi ndi ngs from Malta highlight the islandos
birds carryingH. marginatumandH. rufipes Although the number of ticks detected remains low
and no pathogens have been found in humans, the wide range of avian hosts suggests ongoing
passive introduction. These observations support the need for continued surveillance to monitor

the potential esblishment and spread Hiyalommeaticks in the region.

Portugal: Hyalomma marginatuns widely distributed across the westernmost country of
continental Europe. It was first recorded in cattle in Vidigueira in 1971, with 177 adult male ticks
collected; one pool of ticks tested positive for Dhori virus, with a 20% infection rate (Filipe &
Casals, 1979). In 1985, two human cases of CCHFV seropositivity were reported in southern

Portugal (Filipe et al., 1985). A 1998 study recordedH2arginatumticks among 82 ticks
70



collected from vegetation, with two (7.4%) testing positiveBotusitaniae(De Michelis et al.,
2000) A nationwide survey in 2001 identified fide marginaturticks (6.6%) out of 76 total ticks
collected, while in the Mafra and Grandola regionsH62Znarginatunticks (1.1%) were found
among a total of 5,459 ticks, with two testing positive Borburgdorferis.l. and two forB.

lusitaniae(Baptista et al., 2004)

Between 2002 and 2004, 118 marginatumticks (77.6%) were collected from various
bird species in Santo Andre Natural Reserve and Monsanto Forestal Park, with three testing
positive forR. aeschlimanni{SantosSilva et al., 2006). From 2006 to 2009, a study conducted in
a Safari Park in Alentejo collected 677 ticks, identifying eightlamarginatum(Milhano et al.,
2010). In an updated study by Silva et al. (20HL)narginatumwas found to be the fourth most
common tick in Portugal, with 6.1% of the total ticks collected, primarily frometatipn and
ungulates. Immature stages were predominantly found on birds and hares-Gilaates al.,
2011). Between 2010 and 2011, fédir marginatumticks were identified from a sample of 848
ticks collected in Tapada de Mafra National Park, and.2Barginatumwere found among 1,122
ticks sampled from birds during the same period (Norte et al., 2012). Pereira et al. (2018) reported
176 H. marginatumticks (29.7%) collected from various hosts, with positive results for
AnaplasmaRickettsiaspp.,R. a&schlimannii R. raoultii, Ehrlichia spp., and mixed infections

involving Ehrlichia andRickettsiaspp. (Pereira et al., 2018).

In Portugal,H. marginatumappears to be weéistablished across diverse habitats, with
records spanning livestock, birds, wildlife, and vegetation. Pathogen detections over several
decaded ranging fromBorrelia spp. andRickettsiaspp. toAnaplasmaand Ehrlichiad reflect
both historical and ongoing public and veterinary health relevance. The presence of immature ticks
on birds suggests continued passive dispersal, while detections in ungulates and vegetation confirm

local maintenance.

Spain: Hyalomma marginatuns widely distributed across various regions in the country.
In Northern Spain, a survey conducted in 1998, marginatum marginaturwas scarcely found
among 12,832 ticks collected from sheep (Estfa€eaa et al., 2004). In Castilla 'y Leon, a survey
conducted between 1996 and 2002 identifiedB2¢harginatunticks (10.6%) out of 3,059 ticks,
with 5.9% testing positive foR. aeschlimanniimarking the first detection of this pathogen in

Spain (Fernande8oto et al., 2003). A stydn Iberian red deer in the same region found that 558
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of 582 ticks (96%) were aduit. marginatumwith 39% testing positive fok. marginale(De La
Fuente et al., 2004from 2001 to 2005, in La Rioja, 34.3% of 496 ticks collected were identified
asH. marginatumwith a low prevalence (1.8%) of SFGR (Oteo et al., 2006). Later, Fernrdndez
Soto et al. (2006) identified. marginatum marginatunm 426 out of 4,049 ticks collected from
humans in Castillay Ledn between 1997 and 2003, with 6.1% testing positR.egf@schlimannii
(FernandefSoto et al., 2006)FernandezSoto et al. (2008) continued their work, identifyiRg
aeschlimanniin H. marginatum marginaturticks from humans in northwestern Spain, collecting
a total of 3,853 ticks from 2004 to 2007. Of these, 515 (13.4%) were identifitchaasrginatum
marginatum with 73 testing positive fdR. aeschlimanniiAdditionally, two male ticks were €0
infected withA. phagocytophilupmarking the first report of such dual infection in this tick species
(FernandesSoto et al., 2009). Further studies showednarginatunfrequently parasitizing both
wildlife and domestic animals. Rukzons ¢ al. (2006) foundH. marginatumto be the most
abundant tick on red deer (63.7%) and wild boar (68.7%) {Rai® et al., 2006). In La Rioja, a
study conducted from 2009 to 2011 collected 336 ticks from 19 bird species, with 34 (10%)
identified adH. marginatun{Palomar et al., 2015). Palomar et al. (2016) analyzedommaticks

from humans and birds in northern Spain between 2009 and 2015, identifying all 161 ticks as
marginatum Although no ticks tested positive for CCHRY,, aeschlimanniivas foundn 53 ticks
(24.9%), andR. sibiricasubspmongolitimonaeavas found in 2 ticks (0.9%) (Palomar et al., 2016).
Tick surveillance conducted in Castilla y Leén from 2014 to 2019 collectedH78%arginatum
ticks from humans, including 2 nymphs, 233 females, and 499 males (Vieira Lista et al., 2022).

In central Spain a survey on tickborne bacteria foun. aeschlimannibNA in 8 of 13
H. marginatunticks (61.86) out of a total of 1,480 adult ticks (Toledo et al., 2009).

In eastern Spain on Minorca Island, a survey conducted between 1999 and 2000 found
that 26.8% (972 out of 3,624) of ticks collected from dairy cattle were &lutbarginatum
(Castella et al., 2001). In 2010, a study on Minorca Island testétl fdarginatumticks from
cattle farms, with one positive f&. occultang14.3%) and two positives far. buffeli(28.6%)
(RosGarcia et al., 2012). Between 2013 and 2015, 2,053 ticks were collected from livestock and
vegetation, with 1,333 (64.9%) identified Bis marginatum though none tested positive for
CCHFV (Palomar et al., 2017). In 2017, Matétesrnandez et al. reported H1 marginatunticks
from Minorca and Castillkha Mancha, 10 from cattle and one from a human (Mattareandez
et al., 2017).

72



In western Spain the first detection of CCHFV occurred in 2010, whénlusitanicum
ticks from red deer in Caceres tested positive for the virus (Edheitla, Palomar, et al., 2012).
A survey conducted from 2011 to 2015 detected CCHFV in onlyHomearginatuntick (0.4%)
collected from cattle in Caceres (Negredo et al., 2019). This positive finding was among a total of
238 H. marginatunticks, which comprised 15.1% of the total sample, including 206 ticks from
vegetation, 27 from red deer, and 5 from cattle. Data frpainSeveal a broad and lostanding
presence of. marginatumwith detections across northern, central, eastern, and western regions.
The species has been recorded on a wide range of hosts and frequently carries pathogens. The
involvement of both immature and adult ticks in pathogen transmission, along with evifenc
coinfections and regional differences in prevalence, highlights the complepetmiology of
H. marginatumin Spain and highlights the importance of continued, regionally tailored

survellance efforts.

Overall, Southern Europe remains the most important ecological and epidemiological
hotspot forH. marginatumin Europe, with established populations, high host diversity, and
frequent pathogen circulation highlighting its central role in-bokne disease dynamics.
Together, records from ltaly, Malta, Portugal, and Spain confirmHhamarginatumis firmly
established in the region, where warm Mediterranean climates support its full life cycle and
reproduction. The species is consistently found on a vadge of hosts including livestock,
wildlife, and bird® and across varied habitats, demonstrating its strong adaptability. Importantly,
migratory birds play a dual role: not only do they support local tick populations by hosting
immature stages, butthey o f aci |l itate the specimediated nor t h
spread introducdd. marginatuninto new areas, potentially expanding its geographic range under

changing environmental conditions.
7.2.Hyalomma marginatunmDistribution in the Balkan Peninsula

The Balkan Peninsula ranks as the second most extensively studied region, after Southern
Europe, in research dth. marginatumwith 28 studies documenting its presence, accounting for
23% of all publications reviewed. In addition, four studies have reported broader findings,
including the presence &f. marginatums.l., H. marginatumsensu stricto, thél. marginatum

complex, andHyalommaspecies across the region.
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The Balkan Peninsula is particularly vulnerable to extensive colonizatiorH.by
marginatum Since 1952, the region has experienced both ongoing outbreaks and sporadic cases
of CrimeanCongo Hemorrhagic Fever (CCHF), with. marginatumas the primary vector.
However, the tick specieRhipicephalus bursas also recognized as a significant vector for
CCHFV after H. marginatum Alongside CCHFV, various species Bfickettsiahave been
identified in H. marginatumticks in this region, suggesting a potential foultiple pathogen

transmission.

Albania: The presence dfi. marginatumhas been confirmed through recent surveillance
efforts. In a study by (Papa et al., 2017), B#Imarginatumicks were collected from livestock,
of which 4. 7% tested positive for CGCdaRdihg Thi s
status as a CCHeéndemic country. The first human case was recorded in 1986, and the
northeastern region bordering Kosogontinues to be considered a higtk area for virus
circulation (Papa et al., 2002). These data, thoughdd, point to active enzootic transmission
cycles involvingH. marginatumand its involvement in CCHFV transmission in highdemic

areas.

Bosnia Hyalomma marginaturwas first documented in 2008, representing 5.7% of the
10,050 ticks sampled nationwide, with specimens primarily collected from sheep (54.4%), cattle
(22.2%), dogs (21.5%), and goats (1.9%) (Omeragic, 2011). In a fafposurvey, CCHFV RNA
was detectedni one pool of three mald. marginatunticks. Another survey later reported that
2.2% of the 6,067 ticks collected were identifiedHagnarginatum primarily found on cattle and
sheep (Omeragil et alveyinBbghia dejected TBHFV RNAsntoner e c e n
pool of three maléd. marginatumticks among a sample of 760 ticks (Goletic et al., 2022).
Although limited in scope, studies in Bosnia consistently report the preseHcenairginatunin
livestock, with occasional detection of CCHFV RNA. These findings suggest an established
population capable of pathogen transmission, warranting expanded surveillance in both livestock

and environmental reservoirs.

Bulgaria: The first recorded presencelgf marginatumwas reported in Carevo in 2006
(Cuber, 2016). Although the exact distributiontbfmarginatunremains uncertain, Bulgaria has
reported multiple cases of CCHF since its initial identification in 1952, with 1,105 cases

documented between 1953 and 1974 and a fatality rate of approximately 17% (Gergova et al.,
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2012). Between 1975 and 2010, 450 additional cases were reported, with a reduced fatality rate of
5.48%, likely due to the introduction of a Bulgari@eveloped CCHFV vaccine in 1974 (Gergova

et al., 2012). Bulgaria is now considered endemic for CCHFMnga ongoing public health

risk. From 2006 to 201@{. marginatumwas the most prevalent tick species in endemic regions,
accounting for 31.2% of 911 adult ticks collected from livestock, and 14 oH284arginatum
specimens tested positive for CCHFV RNGergova et al., 2012). In 2014, a survey across five
districts found that 60.5% of 1,03d. marginatumticks tested positive for CCHFV RNA
(Panayotova et al., 2016). Recent research has also ideHtifradrginatumon Eurasian eagle

owls Bubo bubd in southeastern Bulgaria, with 15 ticks collected from this host, further
confirming the species' widespread presence in the country (Sandor et al., 2021). Bulgaria is one
of the most extensively studied Balkan countries for Béttmarginatumand CCHFV, wih
sustained surveillance confirming the tickos

control efforts highlight its critical role in the country's endemic transmission cycle.

Croatia: The presence ¢i. marginatums well-established along the Mediterranean coast
of Europe and is documented in Croatia. In a tick survey conducted in 2000 in Split, Dalmatia
County, 17 out of 197 collected ticks (8.6%) were identifietHasnarginatum with 64.7% of
these specimens (11 individuals) testing positiveRfoaeschlimanni{fPundaPolic et al., 2002).
Despite limited understanding of the epidemiology of rickettsial diseases in Croatia, tlvortiek
rickettsial illnesses have been reggd in the southern part of the country: Mediterranean spotted
fever, caused bR. conorij in coastal regions, and rickettsial pox, cause® bgkari in northern
areas (Pund®olic et al., 2002). A separate study investigating rickettsiae in Croatian ticks found
R. conorii present in 12.6% oR. bursaticks, 10.6% ofR. sanguineudicks, and 7.3% of
Dermacentor marginatugicks; however,H. marginatumwas not included in that survey

(CrocquetValdes et al., 1994). The most recent data, covering tick collections from 2017 to 2020,

documented threld. marginatuns peci mens col |l ected from vegetat

from Croatia indicate a scattered presencélomarginatum mainly in coastal areas. Despite
sparse records, the detectionRof aeschlimanniin local specimens signals a possititggugh
underreported, cont-+barne pathogendandsaapet he r egi onds

Greece:Hyalomma marginaturand various other ixodid tick species have been identified
in domestic animals and humans, with numerous studies investigatmgrginatundistribution

and associated pathogens. The first and largest tick survey on domestic animals was conducted in
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Macedonia between 1983 and 1986, with 11,620 ticks collected from cattle, sheep, goats, and dogs.
H. marginatum marginaturaomprised 3.5% of the total ticks collected, whiebursawas the

most abundant species, comprising 36.3% of the collection. Additionally, ldatarginatum
rufipesandH. marginatum turanicunwvere observed on catt(8. Papadopoulos et al., 1996). A
survey conducted in 1988999 on Cephalonia Island found 180 marginatumspecimens (7%

of the 1,848 ticks collected), with two spm&ns testing positive fa€. burnetij though no ticks

tested positive for rickettsia (Psaroulaki et al., 2006).

In a survey conducted from 2003 to 2006 in Northern Greece, a total of 3,249 adult ticks
were collected from goats and sheep, with 12.4% identifidd. asarginatum(Pavlidou et al.,
2008). This species was also commonly found in migratory birds, as shown by surveys from 2009
to 2010 at bird observatories in Capri, Italy, and Antikythira, Greece, where 88.2% (659 of 747)
of ticks collected weréd. marginatum(Hagman et al., 2014). In subsequent testing of 13,332
migratory birdsH. marginatuns.l. accountedor 90% of the ticks collected. Pathogen screening
of H. marginatuns.l. ticks revealed positive results Rr aeschlimannif45.6%),Rickettsiaspp.
(2.4%), andR. africae(2.3%) (Wallménius et al., 2014). Additionally, oHe marginatunmsensu
stricto specimen was identified that tested positivdRfcaeschlimannii

Recent surveys indicate a declineHn marginatumpresence, with only 0.2% of ticks
collected from livestock identified & marginatunbetween 2012 and 201@haligiannis et al.,
2016) Although CCHFV assessments in Greece reported no human cases until 2008, 2.8% of tick
pools collected between 2012 and 2014 tested positive, predominaflysanguineusndR.
bursa samples, while alH. marginatumsamples tested negative (Papa Anna et al., 2017).
Hyalomma marginatunis widely distributed across Gree and has been detected on domestic
hosts, migratory birds, and humans. Although recent studies show a decline in prevalence, the
tick's frequent association witRickettsiaspecies and past CCHFV surveillance affirm its

continued epidemiological relevance.

Kosova Tick collections conducted in between 2001 and 2014 confikiedarginatum
presence across Kosovo (Fournier et al., 2003; Sherifi et al., 2014, 2018). The country experiences
periodic CCHF outbreaks, with the first major outbreak documented in 1970 among shepherds
near the border with North Macedonia (Ergonul, 2006). Howeverednliest known case dates

back to 1954. Since 1989, Kosovo has experienced regular CCHF outbreaks approximately every

76



4-5 years (Ahmeti et al., 2019; Vesenjdkjan et al., 1991). Following the initial 1970 outbreak,
another significant outbreak occurred between 1991 and 1992, with subsequent outbreaks in 1995
(65 patients, 7 fatalities) and during the period of 19980 (33 sporadic cases, 7 fatalities). In
2001, shortly after the Kosovo war, the largest epidemic was reported with 155 suspected and 30
confirmed cases (Erg°ng¢l , 2006). According to
municipalities are consated at risk for CCHF, with highly endemic areas identified in Skénderaj,
Kling, Malishevé, Rahovec, and Suhareké (Jameson, Ramadani, et al., 2012). There are two
distinct genetic lineages of CCHFV in Kosovo and Albania. The Europe 1 (clade V) lineage,
primarily vectored byH. marginatum s highly pathogenic to humans. In contrast, the Europe 2
(clade VI) lineage, vectored IR. bursaexhibits mild or nofpathogenic characteristics in humans
(Papa et al., 2017). The frequent circulation of CCHFV in tickspbined with repeated human
outbreaks in southwestern Kosovo and northern AlldamibereH. marginatumis prevalend

strongly suggests the presence of the highly pathogenic Europe 1 strain in these regions (Sherifi et
al., 2018).

Kosovo remains a highsk area for CCHFV, wittH. marginatumplaying a central role in the
transmission of the Europe 1 strain. Recurring outbreaks and consistent tick positivity indicate the

t i c k Gestablisleed presence and epidemiological importance in endemic zones.

Romania: The first report oH. marginatum dates back over 55 years, as documented in
Feiderds review of tick distributl mcimus OMi hal c
marginatus and Haemaphysalis punctatare more prevalent nationwidél. marginatumis
primarily found in southern Romania. Between 1998 and 2004, a livestock surveillance study
identified only 6.9% of 2,706 ticks & marginatum(Popa E & Teodorescu |, 2006). Subsequent
studies have confirmed this species’ presence on vegetatgmnmals, and birds. For example, a
survey reported just 0.02% (2 out of 13,771) of ticks collected from vegetatibmaasrginatum
and 2.4% (20 out of 840) from animals (Dumitrache et al., 2012; Mihalca, Dumitrache, et al.,
2012). In 2010, 35.3% of 382 ticks collected in a study onldaokie pathogens were identified as
H. marginatum with Babesiaspp. andTheileriaspp. DNA detected in 12 (8.9%) of these ticks,
showing sequences similarToequj T. orientalis/sergenti/buffeljroup, and. occultars (lonita
et al.,, 2013)In 2013, three adulH. marginatumticks were reported from dogs in southern
Romania (Dumitrache et al., 2014). Additional findings in the Danube Delta Biosphere Reserve

between 2012 and 2013 detected 32 ticks on birds, 31 of whichHwverarginatum marginatum
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with one specimen collected from a juvenile song thrush testing positive for WNV (Kolodziejek
et al.,, 2014). A study on urban crows in 2013 also identifiedHhnearginatum marginatum
nymph from a Eurasian jackdavCdgrvus monedula(Séandor et al., 2017). In Romanid,
marginatumappears to be locally established, particularly in southern regions. Although less
abundant than other tick species, it has been found to harbor several pathogens, iBahebigy

Theileria, and WNV, highlighting its medical drveterinary relevance.

Other Balkan countries: Reports also confirm the presenceHbfmarginatumin North
Macedonia, Montenegro, and Serbia, although specific data on its distribution and pathogen

prevalence in these countries remain limited (EFSA, 2010).

The Balkan Peninsula is a critical region for understanHingharginatumand its role in
transmitting zoonotic pathogens like CCHFV didkettsiaspp While significant progress has
been made in mapping its distribution and pathogen associations, some countries in the region
remain underrepresented in the data, leaving critical gaps in knowledge. Targeted studies and
improved diagnostics are essent@ldeveloping effective control strategies to mitigate the impact

of Hyalommaborne diseases in the region.
7.3. Hyalomma marginatumDistribution in Western Europe

A total of 18 publications were included from Western Europe, accounting for 14.1% of

all the studies analyzed.

France: Hyalomma marginatums widely distributed in the southern regions of the
country, where the climate, high density of migratory birds, and the presence of ungulates,

especially horses, create favorable conditions for its establishment.

In southern France between 2007 and 2010, a survey identified lvenarginatunticks
(1.2%) out of 406 collected, with one tick infected withphagocytophilunfChastagner et al.,
2013). While historical records have sometimes been inconsistent, recent studies have confirmed
the established presence lf marginatumin southern France. Comprehensive tick collections
conducted from 2007 to 2016 on horses and birds identifiétl 8arginatunticks (7.1%) out of
a total of 1,179 specimens (Vial et al. 18).

In the Camargue region, a study conducted between 2015 and 2016 identitied 47

marginatumout of 585 horse ticks, with 43% positive farequj a significant pathogen in equine
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piroplasmosigRocafortFerrer et al., 2022Hyalomma marginaturwvas less common in  wet
habitats of Camargue, aligning with its xerophilic nature, which favors drier environments like
Corsica. These findings reinforce the expanding range ofarginatumn France and its critical

role in transmitting pathogens suchRiskettsia Theileria, andEhrlichia across diverse hosts.

From 2016 to 2019, a survey of ticks collected from horses across 14 French departments in the
Mediterranean corridor of southern France foundlthaharginatuncomprised 36% of the 2,588

ticks collected (Bah et al., 2022).

In Corsica, a favorable climate and extensive livestock farming have allowed
marginatumto thrive. Initial records date back to 1959, with additional reports in 2004 and 2007
(GrechAngelini et al., 2016). This survey collected 3,134 ticks, of which 571 (18.2%) kere
marginatum predominantly on cattle (73.2%) and horses (24.5%). Pathogen analysis detected
aeschlimannii Francisellalike endosymbiontsA. marginale andA. phagocytophilunin these
ticks (Grech Angelini getscalea tick survegsOi2 Cgrsica Haven c e
significantly enhanced understanding léf marginatumdistribution and its role in pathogen
transmission. In 2015, Dahmani et al. identifigd.3narginatunm(4.1%) out of 123 ticks collected
(Dahmani et al., 2017). In 2016, Bil marginatunticks (13.8%) were found among 660 collected
from cattle, making it the second most abundant speciesRaftenrsa(Cicculli, Masse, et al.,

2019) Molecular analysis detect&ickettsiaspp.,B. burgdorferi(s.l.), Anaplasmaspp.,andE.
minasensiONA, marking the first identification oE. minasensign H. marginatumin Corsica
(Cicculli, Capai, et al., 2019; Cicculli, Masse, et al., 2019). From 2017 to 2019, surveys collected
216 H. marginatumticks (19.3%) from cattle and wild boar out of 1,117 total ticks, all of which
tested positive foR. aeschlimanni{Cicculli, Oscar, et al., 2019). Concurrently, in Palasca and
Nessa, 2161. marginatunticks (9.8%) out of 820 samples tested positivedgshagocytophilum

and E. minasensi®NA, highlighting the species' widespread presence and its involvement in
pathogen transmission (Cicculli et al., 2020). Recent studies across Corsica and France highlight
the abundance dfl. marginatumin livestock and wild animals. Between 2018 and 2019, 3,555
ticks were collected from sheep, cattle, wild boars, and horses in Corsica, with 1,454 identified as
H. marginatum(Cicculli et al., 2022)Parapoxvirus DNA was detected in 8.2%bimarginatum

pools. In a separate study (202820), 113 ticks wereollected from wild boars, with two

identified asH. marginatum and one (50%) positive f&®. aeschlimanni{Defaye et al., 2021).
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From 2019 to 2021, 70H. marginatumticks from Corsican cattle tested positive far

aeschlimanniiwith 4.3% also positive foFheileriaspp andE. minasensigMaitre et al., 2023).

Francé especially its southern regions and CoBiteas seen a marked increaseHin
marginatumd et ecti ons across multiple ecosystems.
presence on livestock and equids, and consistent detection of multiple pathogens in both mainland
and island contexts suggest an expanding ecological niche and aigkinfjtick-borne disease

transmission in Mediterranean France.

Netherlands: The first documented exotidyalommaspecies wabl. aegyptiumreported
by Bronswijk et al. in 1979 (Nijhof et al., 2007). Between 2012 and 2014, tick collections on birds
in the Netherlands confirmed the presence of impdttymlommaspecies in the country (Heylen
et al., 2017). While immature stages have been sporadically found on migratory birds, adult stages
have been reported less frequently in the Netherlands. According to Uiterwijk et al. (2021), three
adult Hyalommaticks were identifid on horses between 2005 and 2009, one of which was
identifiedas H. marginatum rufipe@Jiterwijk et al., 2021) No pathogens were detected in these
specimens (Nijhof et al., 2007Exotic tick species, such adyalomma are occasionally
introduced into the Netherlands via imported reptiles, pets, migratory birds, or companion animals
returning from endemic areas (Uiterwijk et al., 2021). From 2019 to 2020, repétimmimma
ticks were documented through a citizen science prdjditerwijk et al., 2021) One adult
Hyalommaspecies was found in 2018 and reported in 2020, with 17 additional specimens
identified as adulHyalommaspecies ticks (one in 2018, eleven in 2019, and five in 2020). Based
on morphological and molecular species identification, along with cluster analysis, 12 of these
ticks were confirmed as aduit. marginatum Nearly all of the specimens (11 out of 12) were
discovered on horses, with one adult tick collected from a human. Pathogen detection analysis
revealed that one adult femate marginatum reported from a horse in 2019, tested positive for
R. aeschlimannii
Hyalomma marginatunis not considered established in the Netherlands but is occasionally
detected, predominantly through introductions via migratory birds and horses. Although these
records are rare and mostly involve adult ticks, the occasional detection of pathogersRsuch a
aeschlimanniwarrants ongoing surveillance. The role of citizen science has proven valuable in
documenting these sporadic occurrences, reinforcagnportance of public engagement in early

warning systems, particularly as climate change and animal movement patterns evolve.
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United Kingdom: SporadicH. marginatunrecords date back to historical data compiled
by the Biological Records Centre (18@001) (Jameson & Medlock, 2011). Between 2005 and
2009, oneH. marginatumspecimen was found among 4,172 ticks, marking the first adult record
in the UK, likely transported from Portugal (Jameson & Medlock, 2011). In 2010 and 2011, 14
nymphalH. marginatumticks (21%) were collected from bird species such as sedge warbler,
northern wheateaitQenanthe oenanthecommon redstart, and whitethroat, though none tested
positive for CCHFV (Grech Angel i nH madnatam . , 20
has been intermittently introduced to the UK through passive transport on migratory birds flying
northward, yet no permanent populations of this species have been established. This is likely due
to the unsuitable climatic conditions in the UK, where tinarmers are typically too wet or too
cold for the ticko®endetadll201d;eCrvay @, 2p0A)ecArecen{ 28Xt r ad a
report documented the first human exposure to an Bduttarginatumn England, identified as
H. marginatumand positive folR. aeschlimanni{McGinley et al., 2021). Additionally, a 2018
finding in England involved a maké. rufipeson a horse with no travel history, also testing positive
for R. aeschlimannjipotentially indicating a successful molt within the UK (Hansford et al., 2019).
Despite repeated introductionstéf marginatuminto the UK, primarily through migratoryirols
and occasional detections on horses and humans, environmental conditions currently remain
unsuitable for stable establishment. The findings of pathpgsitive specimens emphasize
potential health risks, reinforcing the importance of continuous #lanee amid changing climate

conditions and animal movement patterns.

Western Europe reflects a gradi@rftom established foci in the south to passive
introduction zones in the nodhhighlighting the need for regiespecific monitoring strategies.
In this region,H. marginatumis well-established in southern France and Corsica but remains
sporadically introduced into the UK and the Netherlands. Its repeated detection alongside
pathogens highlights potential health risks, necessitating continued surveillance under changing

climate conditions.
7.4.Hyalomma marginatunmDistribution in Central Europe

A total of 13 studies in Central Europe (10.7% of all publications) report the presence of
H. marginatumacross various countries in this region; however, no permanent populations have

been established.
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Austria: The first recorded occurrence ldf marginatumwas in 2018, when a male tick
was found on a horse in Lower Austria (Duscher et al., 2018). Likely introduced by migratory
birds, the tick tested negative for CCHFV but positive f&. aeschlimannii
The detection ofl. marginatunon domestic animals highlights the potential for tick introductions
linked to migratory birds and animal transport. Ongoing surveillance and pathogen monitoring are

therefore essential to detect potential establishment and associated disease risks.

Czechia: According to Capek et al. (2014), immature stageld.aiharginatumcomplex
ticks were detected on migratory birds in the former Czechoslovakia over 60 years ago. Three
nymphs were collected from tree pipitdnthus trivialig, and one nymph from a bluethroat
(Luscinia svecicpin 1953 (Hubalek et al., 2020). Surveys from 2010 to 2012 also identified larval
and nymphal stages of tii& marginatumcomplex on migratory birds in central Moravia and
eastern Bohemia. Specifically, 12 ticks were colleate@010 from great reed warblers and
common nightingalesL(scinia megarhynchdsin 2011, one adult female was found on an
Eurasian reedv warbler; and in 2012, two ticks were collected from marsh waflaeysgphalus
palustrig and common nightingales (Capek et al., 2014). These host species adéstange
migratory birds that winter in suBaharan Africa and are likely responsible for introdudihg
marginatuminto Central Europe during their spring migration from North Africa or the

Mediterranean &sin.

Hyalomma rufipedas also been documented in Czechia. In 2019, alhalgfipestick
was collected from a horse in South Moravia (Hubalek et al., 2020), followed by another adult
male specimen in April 2020 from the same location (Rudolf et al., 2021). Testing of these
specimens for flaviviruses, bunyaviruses, phleboviruses,Rickettsiaspp. yielded negative
results. Recent studies also documented four &tuttarginatunticks on horses and one from a
household, totaling nindyalommaticks, includingone nymph on a ringed common nightingale
(Lesiczka et al., 2022). decular analysis confirmed bath marginatumandH. rufipes marking
the first molecular identification of these species in CzecRiacent detections of immatuke
marginatumandH. rufipesticks on migratory birds in Czechia highlight the country's role as an
important transit area for these species into Central Europe. Although consistent findings indicate
repeated seasonal introductions, there remains no evidence to support flehesabof stable

local populations.
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Germany: AlthoughH. marginatumis not part of the indigenous tick fauna in Germany,
its presence has been sporadically reported in recent years. The first documented case occurred in
2006, when a questing female marginatum marginatuwas f ound on a per sonc¢
spending time in rural areas. Molecular testing for CCHFVRwakeschlimannyielded negative
results (Kampen et al., 2007). Migratory birds regularly transport immature stagds of
marginatuminto Germany during spring migratiom & study by Rumer et al. (2011), 294 ticks
were collected from birds in the BedBrandenburg region; molecular analysis identified three as
H. marginatumcomplex, all positive forR. aeschlimannii(Rumer et al., 2011). Another
occurrence was reported in 2016 when a ferHalmarginatumwas found on a man's trousers in
Tubingen, marking the first confirmed morphological and genetic identification of the species in
Germany (Oehme et al., 2017). In a 2018 survey by Chiiboialer et al., 10 out of 18 ticks
collected across various districts were identifieéHamarginatum with 50% testing positive for
R. aeschlimanni{Chitimia-Dobler et al., 2019). The remaining eight ticks wdreufipes three
collected from horses and one fR aeschlimanifior s e 0
Additionally, in December 2018%]. rufipeswas first reported in Germany on a horse in Rhineland
Palatinate, with negative tests for rickettsiae and CCHEMitimia-Dobler et al., 2016).
Germany's repeated detection l8f marginatum particularly linked to migratory birds and
sporadic human encounters, highlights its ongoing but transient presence. The country's climatic
conditions currently limit permanent establishment, yet the potential for pathogen introductions
necessitates sashed surveillance efforts.

Hungary: Sporadic records dfl. marginatumhave been noted from imported animals,
humans, and migratory birds. In 2009, Foldvari et al. (2011) identified a nytdphadrginatum
feeding on a hedgehog in a Budapest park (Féldvari et al., 2011). A 2011 survey on cattle and wild
ruminants found two adul. marginatum rufipesales on cattle, marking the first record of this
species on cattle in Central Europe (Hornok & Horvath, 2012). This area was previously identified
by Estrada et al. (2011) and Celinakt(2023) as high risk fddyalommaestablishmen{Celina
et al., 2023; EstradBefia et al., 2011 he first molecular evidence Bt marginatumn Hungary
came from Hornok et al. (2013), who identified three immature ticks on a rEbithacus
rubeculd, with two testing positive foR. aeschlimanni{66.6%) (Hornok et al., 2013). These
findings, combined with seropositivity rates among animals, suggest Hungary could be a new
region for CCHFV distribution (Magyar et al., 2021). Magyar et al. (2021) doQ€HFV
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exposure in 12 out of 2,700 human serum samples, although the limited presénoaafinatum

does not indicate stable populations in the country.

In 2021, a citizerscience project recorded twdyalommaspecimens: a maldd.
marginatumfound in a dog and a maké rufipesfeeding on a cow (Fdldvari et al., 2022). These
findings highlight the sporadic nature ldffalommaticks in Hungary and the need for ongoing
surveillance. Between 2012 and 2014, a total of 3,339 ixodid ticks were collected from 1,167
passerine birds in Hungary, including thieerufipesnymphs on a common whitethroat in May
2014, marking the first molecular evidence of avian trartisgfommatureH. rufipesin Central
Europe (Hornok et al., 2016). In 2022, 956 ixodid ticks were collected from birds in Hungary,
including 12H. rufipes were found on various species: one nymph on a common whitethroat, one
on a European pied flycatch&ig¢edula hypoleucathree on sedge warblers, and eight on bearded
reedlings Panurus biarmicus comprising five nymphs and one larva (Keve et al., 2023).
Hungaryds i nt eHyaonmeieksacross diverdei hosgspeciasfalongside evidence
of pathogen presence and human CCHFV exposure, reflect periodic introductions and underline

the need for proactive tick and pathogen surveillance.

Poland: Historical records indicate the presencélomarginatumn the 1930s and 1940s,
with four unfed male specimens found in Bytom, Upper Silesia, preserved in the Bytom Museum
(Cuber, 2016). More recent records are limited, with only two findings on migratory birds: one on
a western yellow wagtail and another oseglge warbler (Nowakhmura Magdalena & Solarz
Wojciech, 2010). A recent epidemiological study of CCHFV in cattle in southeastern Poland did
not detecH. marginatum identifying onlyD. reficulatusandl. ricinusinsteadl Ba Uan - w et
2017) Current evidence dfl. marginatumin Poland is scarce, limited to occasional detections,
suggesting transient occurrences rather than established populations. Continued monitoring
remains necessary to clarify its status.

Slovakia: Hyalomma marginaturhas also been recorded on migratory birds. Historical
records show a nymph &f. marginatumcomplex collected from a robin in 1953 and two larvae
and four nymphs from a marsh warbler in 1987 (Hubalek et al., 2020). Additionally, in 1981, a
unigue instance documented a fentdlenarginatunon a man's clothing (Hubalek et al., 2020).
More recently, between 2008 and 2009, immature stages &i.thearginatumcomplex were

found on migratory birds in southwestern Slovakia, including species similar to those in Czechia,
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such as the great reed warbler, Eurasian reed warbler, sedge warbler, and Savi'd weunstetla
luscinioided (Capek et al., 2014).
ImmatureHyalommaticks have been sporadically detected on passerines in Slovakia; however,
speciedevel confirmation is limited. Further research is needed to determine whdther

marginatumspecifically occurs and whether conditions could support its establishment.

Overall, In Central Europé{. marginatumis not yet established. Its presence is sporadic
and primarily linked to passive introduction of immature stages via migratory birds during spring.
These ticks rarely develop into adults, and there is no evidence of local reproduction or sustained
life cycle completion. Most records involve larvae and nymphs on birds, while occasional adult
ticks on livestock or humans likely reflect recent importation or local molting events, rather than
true colonizationlmportantly, despite repeated introductions, eliilmconditions in the region are
likely insufficient to support full tick development and overwinteriri@espite this, some
introduced ticks carry pathogens liRe aeschlimannjiposing a risk of pathogen introduction. As
climate change alters environmental suitability, Central Europe may become increasingly
vulnerable to colonizationThe patterns observed emphasize the region's role as a sentinel front
for tracking early signals of northward tick expansion under changing climatic and ecological

pressurs.
7.5. Hyalomma marginaturmDistribution in Eastern Europe

Eastern Europe, with the fewest recorded publicationts. enarginatun{only 4.7% of the
total), likely harbors a significant population, especially in southern Ukraine and Russia. However,
ongoing conflict in these areas has severely limited research capabilities, making it nearly
impossible to study the actual abundanag distribution ofH. marginatum Wardriven changes
in land use, such as abandoned farms, displaced livestock, and altered human activities, may also
increase the risk of CCHF outbredaig creating favorable conditions for tick proliferation and

pathogen transmission.

Moldova: Since the 1980s, the presencdHoimarginatunticks had not been recorded in
the Republic of Moldova. However, during systematic surveillance of migratory birds in the spring
seasons of 2012 and 2015, féurmarginatumwere identified Morozov et al., 2022)

Russia: Hyalommamarginatumis extensively distributed in southern Russia, where it

poses a major public health concefinis tick species is prevalent in several Russian regions,
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including Stavropol, Rostov, Krasnodar, Dagestan, and the Kar&imakess Republic, all
recognized as CCHEndemic areas whei¢. marginatumplays a dominant role in the virus's
transmission (Tsapko et al., 2022). The tick was associated with periodic CCHF outbreaks in
Russia, notably resurging in 1999, when 40 CCHF cases were reported (Yashina et al., 2003). In
European Russiaperadic cases of the CCHF are registered each year. During 2000 and 2001,
133 primary cases of CCHF were identified in EuropBaissia, with a fatality rate of 9.0%
(Onishchenko, 2001). In southern Rusdth, marginatumaccounts for nearly 50% of ticks
collected from domestic animals, with studies confirming the presence of pathogens in this species.
For instance, ¥shina et al. (2003) examined 4,M7marginatunticks from European Russia,
detecting CCHFV in 10.2% of 449 pools (Yashina et al., 2003). Similarly, Tsapko et al. (2022)
foundH. marginatunto be the dominant species among over 38,000 ticks, comprising 66% of the
specmens, with 81% of the CCHFyositive pools from this speci€Bsapko et al., 2022). In May

2004, Shpynov et al. collected forty addltmarginatunticks (20 females, 20 males) from cattle

and vegetation in Stavropol, with 20% testing positive Rar aeschlimannii Hyalomma
marginatumhas also been documented outside southern Russia. Movila et al. (2012) recorded five
H. marginatumon migratory birds in Kaliningrad Oblast, marking the first detection in Russia's
Baltic region (Movila et al., 2013). In ongmph collected frona tree pipitR. aeschlimannivas
detected. The Stavropol and Rostov regions remain notable hotspots for CCHFV, largely due to

the high density 0. marginatunpopulations.

Hyalomma marginatuns firmly established in southern Russia and remains a dominant
vector of CCHFV in endemic regions. Its high abundance, coupled with consistent pathogen
detection, highlight s i-ltome dseasetecolagy. Spomdicfindings t h e

beyond its core range point to a potential for further expansion.

Ukraine: The distribution ofH. marginatumin Ukraine extends along northern Odesa,
Mykolayiv, Kirovograd, Dnipropetrovsk, Zaporizhia, Donetsk, Luhansk Oblaststhe Crimean
peninsulawith widespread presence in the southern regions. Further, regular findings in atypical
locations suggest potential for spreading zoonotic diseases to new areas, increasing epidemic risks
(Akimov & Nebogatkin, 2011)The first reports oH. marginatumin former Soviet union date

back to the 1940s, in the context of CCHFV outbreaks in the Crimean region.
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From 1977 to 2009, researchers conducted comprehensive surveys across Crimea, 22 other
Oblasts, and major cities, including Kyiv, Mariupol, and Sevastopol, to determine the rahge of
marginatumin Ukraine (Akimov & Nebogatkin, 2011) Approximately 12,000 ticks were
collected using flagiragging and host examination methods, with 78% of adlutharginatum
collected from vegetation and 22% from animal hosts.

In Ukraine,H. marginatumis well-established across southern parts of the country. Historical
as®ciations with CCHFV highlight the country's relevance in the regional ecology dbaitie
diseases. Recent military conflicts and lasgale population displacements may disrupt local
ecosystems, alter host movements, and reduce surveillance capegitéssively increasing the

risk of tick expansion and zoonotic pathogen transmission.

Eastern Europe, particularly southern Russia and Ukraine, harborsedtaigished
populations oH. marginatum playing a central role in CCHFV transmission. Historical outbreak
data and high tick abundance confirm its vector importance in these endemic zones. Despite low
publication numbers, surveillance shows the species is well adapted to dry steppe aridragricul
habitats. However, ongoing conflicts and limited research capacity have hampered recent
monitoring efforts. This region combines a strowglegical foundation for tickorne diseases

with an urgent need for renewed surveillance and control programs.
7.6. Hyalomma marginaturmDistribution in Northern Europe

The recorded publications ¢th marginatumin Northern Europe are limited, accounting
for only 3.9% of the total analyzed studies. All reported occurrences ofarginatumin this
region have involved immature stages, which were likely transported via migratory birds during

their spring migration northward.

Denmark: The first recorded instance Bf marginatum marginatunm Northern Europe
dates back to June 1938hen it was found on the island of Bornholm, Denmark, likely carried as
a nymph by a migratory bird from the Mediterranean or Afiidahnsen, 1943). Similar evidence
of bird-mediated tick dispersal was noted by Jaenson et al. (1994), who documented a nymph on
a common kestrel in 1991 on the Danish island of Christiansg (Jaenson et al. Hi&®#)ma
marginatumhas been rarely detected in Denmavkh records limited to migratory birds. While
establishment is wunlikely under current <cl i ma

it relevant for monitoring future range shifts.
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Finland: Research on ticks parasitizing birds remains limited, with only a few studies
documenting tick species detected on avian hosts (Laakkonen et al., 2009; Nuorteva P &
Hoogstraal H., 1963; Saikku et al., 1971; Ulmanen et al., 1977). These studies haweel riygort
presence of four tick specidsricinus, I. arboricola, I. lividus, andH. marginatum A historical
record notedH. marginatunon a migratory bird (Nuorteva P & Hoogstraal H., 1963), and a recent
survey (2018020) foundH. marginatumin 0.7% of 434 ticks collected from 32 bird species
(Sormunen et al., 2022). Specifically, two specimens were found on a barred watbleicé
nisoria), and one was collected on a tree warllié@ur{a caligatg. Although research is limited,
both historical and recent studies confirm {requency introductions ofl. marginatumvia
migratory birds. The detection of the species in recent bird surveillance highlights the need for

continued aviafbased monitoring.

Norway: Similarly, H. marginatumhas occasionally been detected on migratory birds in
Norway. The first records off. marginatumnymphs were reported from common redstart,
Eurasian reed warbler, willow warbler, and dsatked shrikel@nius collurig (Jaenson et al.,
1994).Since these early reports, no further scientific studies have confirmed the preskince of
marginatumn Norway, though occasional media reports have mentioned sightings. In addition to
these records, a study conducted between 2003 and 2005 identified seven fully engorged nymphs
of H. rufipeson six bird species, including tlgarden warbler§ylvia borir), common redstart,
reed warbler, wheatear, whitethroat, and two individuals of the thrush nightingsdeinja
luscinig)d all of which are bird species that winter in Africa (Hasle et al., 20089.absence of
confirmed adult specimens and follay detetions suggests minimal risk of establishment in

Norway, though occasional monitoring remains warranted.

Sweden:The initial reports oH. marginaturmymphs on birds date back to the early 1990s
(Jaenson et al., 1994). However, a more recent survey between 2018 and 2019 recorded over forty
adultHyalommaticks found on horses, cattle, and humans across various provinces (Grandi et al.,
2020). Among these, 11 specimens were morphologically identifietd asarginatum marking
the first documented presence of addiltmarginatumin Sweden. Although testing for CCHFV
and piroplasms was negative, four specimessete positive forR. aeschlimannijiindicating

potential zoonotic risks (Grandi et al., 2020).
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In Northern EuropeH. marginatumoccurrences remain sporadic and largely limited to
immature stages introduced by migratory birds. The climatic conditions currently inhibit molting,
development, and overwintering, thereby preventing local establishment. However, rare reports of
molted adilt ticks, particularly in Sweden, suggest that under increasingly favorable microclimatic
conditions, individual ticks may complete development after arrival. While the risk of
establishment remains low, ongoing climatarge and repeated introductions across multiple
countries highlight the need for continued ornithological and passive surveillance to detect early
ecological shifts and emerging titlorne disease risks.

8. Overview of Regional Findings and Study Limitations

The findings from this review reveal that marginatumdistribution is concentrated
mainly in the Mediterranean and Balkan regions of Europe, with sporadic occurrences in Western,
Central, Eastern, and Northern Europe. This distribution is consistent with studies showkihg that
marginatumis well-suited to warm, arid climates characteristic of Mediterranean and sub
Mediterranean areas, where the tick has traditionally established stable pop(#qiareskevich
& Horak, 2008; Estrad®eia et al., 2011dditionally, evidence off. marginatundispersal into
more temperate regions through migratory birds supports the notion that these birds contribute to
the seasonal transport of tick species, facilitating their introduction inteemd@mic areas
(Hillyard, 1996; Hoogstraal et al., 1961). However, the environmental consirgaatticularly
cooler temperatures and higher humidityf Central and Northern Europe have so far hindered
the establishment of stablé. marginatumpopulations in these regions. This pattern is also
observed in studies other tick species, which tend to expand their ranges in response to climate
change, indicating that projected warming could make northern habitats more favordtle for
marginatumcolonization in the future (Medlock et al., 2013; Pfaffle et al., 2013).

Beyond climatic constraints, geopolitical instability further complicates tick surveillance
efforts, particularly in regions experiencing military conflicts. Armed conflicts disrupt health
infrastructure, impede vector surveillance programs, and credtmymeabd conditions that favor
tick population growth and disease emergence. Despite the significant role thialatea
environmental disturbances play in the epidemiology oflhiafne diseases, this factor remains

largely overlooked in existing litenate. Historical records indicate that conflintiuced
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ecological changes have directly contributedHtanarginatumpopulation surges and increased
human exposure to CCHFV. For instance, during World War 1l in Crimea, the widespread
destruction of farmland and the sharp decline in livestock led to an overpopulation of wifil hares
key hosts for immaturd. marginatund which in turn resulted in heightened tick exposure among
soldiers and agricultural workers, triggering an outbreak of C(E#$kadaPefa & de la Fuente,

2014; Hoogstraal, 1979A similar situationoccurred in Bulgaria in the 1950s, when enforced
collectivization of agriculture converted natural landscapes into farmland, increasing human
exposure tdHyalommaticks and their small vertebrate hosts, contributing to a surge in CCHF
cases (Bente et al., 2013). In Turkey, a comparable pattern emerged when residents returned to
farmlands that had been abandoned during civil strife, leading to increased humamestqiésu
marginatumpopulations sustained by small vertebrate hosts (Bente et al., 2013)rédently,
conflict-related surveillance gaps have been observed in Iraq, where war and civil unrest halted
tick surveillance for nearly a decade, allowing CCHF cases to emerge undetected until recently
(Majeed et al., 2012). Similarly, in Ukraine, a caynturrently experiencing military conflict,
surveillance efforts have been deprioritized due to instability, potentially creating unmonitored
transmission hotspots (FAO Animal Health Report, 2022). Environmental disruptions caused by
war, including land Bandonment and altered land use, can create new habitats favorable for tick
proliferation (Estrad#efia & de la Fuente, 2014). In regions where small mammals such as hares
and hedgehogs thrive while large mammal populations decline, humans become theljhoioca
source for adulH. marginatum exacerbating disease transmission risks, as observed in historical
CCHF outbreaks (Bente et al., 2013).

A significant limitation of our review is the inconsistency in data collection methods and
reporting standards across different studies. Variations in sampling techniques, host selection, and
pathogen screening protocols creates difficulties in forminigeatty comparable dataset, and this
inconsistency limits the generalizability of findings. Further complicating the issue is the challenge
of accurate taxonomic classification, especially in distinguishing betieanarginatumand
morphologically similaispecies likeH. rufipes While this review includes studies &h rufipes
and other species within thé. marginatumcomplex to account for classification variability,
studies that did not provide molecular confirmation of species may have led to potential
underrepresent at i on Aoothertiniitaiongaaresto tkegdograbhicsfacusi b ut

of surveillance effortsMuch of the available data focuses on certain ‘nigk regions (e.g.,
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Southern Europe), which may overlook sporadic occurrences isdegsled areas. Additionally,

tick collection is often concentrated on certain hosts (e.g., livestock or migratory birds), potentially
missing data from other wildlife species. Furthermore,asknowledge that our review may not

be entirely comprehensive, as studies published inEmwiish languages were not included,

which could have led to the omission of relevant research findings.

9. Future Challenges

Hyalomma marginatuma principal vector of CCHFV in Europe,is expanding its
geographic range under the combined pressures of climate change, anthropogenic land use
changes, and animal movements. While the introduction of immature stages via migratory birds is
well documented (Keve et al., 2022), the establishmwiestable populations requires a confluence
of favorable climatic conditions and the availability of suitable vertebrate hosts, particularly large
mammals such as cattle, horses, goats, and sheep. Surveillance strategies must therefore go beyond
sporadic ick collections and include coordinated monitoring of birds, livestock, land use, and
environmental variables, particularly in regions currently considered Gi&ddF but
environmentally suitable fdlyalommaspecies.

One of the key challenges in CCHFV monitor
nature. Tickd especially of theHyalommagenu$ are considered not only vectors but also
potential reservoirs of CCHFV (Gargili et al., 2017). However, their vector competence can only
be verified through complex and higbst experiments in biosafety lexelaboratories, which are
not accessil@ in many regions. Consequently, the virus may remain undetected until human
clinical manifestations appear, masking the broagéiemiological picture. This highlights the
need for proactive, multevel surveillance that includes both vector and vertebrate host

populations to identify areas with silent virus presence.

Climate change is a critical driver Bff. marginatumexpansion. Rising temperatures may
enhance tick survival and facilitate range extension into northern latitudes previously deemed
unsuitable (EFSA, 2010). While warmer conditions support tick development, moderate humidity
levels are essential to prevetgsiccation during ofhiost stages. This species typically thrives in
semtarid environments characterized by hot, dry summers but cannot establish in regions that are

either too humid or overly arid. Recent studies suggestHhaharginatumpopulations ee
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sustained in areas where summer precipitation remains below approximately 32 mm and relative
humidity is around 70% (Bah et al., 202owever, excessively arid conditions with high
evaporative stress can limit its colonization, even in regions experiencing temperature increases.
Conversely, highly humid environments are also unsuitable. While climate warming opens new
territories, onlyregions with sufficient but not excessive humidity may support permanent
populationsCurrently, southern Europe and r@tn Africa populations are regulated by summer
rainfall, while eastern Europe and the Caucasus populations are controlled by autumn temperatures
(EFSA, 2010). Warmer climates may lower tick mortality rates, aiding their spread into suitable
areas (Gray eal., 2009). Climate projections suggest that warming trends could reduce tick
mortality and enable further northward expansion, potentially surpassing the 47°N latitude
boundary (Celina et al., 2023; Estrdélana et al., 2011; FernandRniz & EstradaPerfa, 2021).

Environmental events, such as the unusually hot and dry summer of 2018, have highlighted
the potential for sudden shifts in tick distribution (Gillingham et al., 2023). That Vear,
marginatumwas reported in Austria (Duscher et al., 2018), western Germany (CHinbier et
al., 2019), and Sweden (Grandi et al., 2020), WHileufipeswas also detected in Germany and
the UK (ChitimiaDobler et al., 2019; Hansford et al., 2019). These findings likely resulted from
the molting of nymphs introduced by mégory birds under favorable climatic conditions.
Understanding the locations of migratory bird stopovers and resting sites is therefore critical for
predicting new tick populations, and the use of citizen science and bird migration data may
significantly eahance predictive model performance (Duscher et al., 2022).

In addition to climate and aviamediated dispersal, the availability of suitable hosts is
essential for population establishment. Adult marginatum preferentially feed on large
mammals, and the absence of such hosts can limit population sustainability (Pstiiad&yllon,
et al., 2012). Moreover, a critical density of molting individuals must be reached to establish a
reproducing population capal@ésurviving seasonal environmental fluctuati¢EstradaPefia et
al., 2021).

Socioeconomic conditions, agricultural practices, and hdmdurced land use changes
also significantly influence tick distribution (Celina et al., 2023; EstReida, Jameson, et al.,
2012). Globalization has accelerated the spread of exotic vectorataodens through increased

trade and travel (Semenza et al., 2016). Armed conflicts and clielated population
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displacement may further contribute to tick dispersal by disrupting land management practices and
facilitating the movement of infested livestock. Unregulated trade and-looodsr animal
transport, including via personal vehicles, add another layemapleaity to the epidemiological
landscape. Thus, preventive strategies should account for both climate aclonate factors.

Predictive modeling is an essential tool for anticipating future range shiftd. of
marginatumand guiding targeted surveillance and intervention strategies. To improve the
accuracy and ecological relevance of these models, a suite of meaningful variables should be
included, such as loAgrm temperature indices, relative humidity, seasonal ptatgn, land
cover, and land use changes. Additionally, data on livestock densities and the geographic
distribution of domestic and wild hosts are importedcoeconomic variables may also be
important for modeling. While human population density is commonly used as a predictor in
ecological models for many tick species, its relevanceHfomarginatumspecifically remains
uncertain. To date, no published studies have shown whether human density enhances or detracts
from model performance for this species. Therefore, both environmental and anthropogenic
variables should be carefully assessed to dewastoprate, evideneeased tools for surveillance
and disease pvention.

This review highlights the need for strengthened tick surveillance and public health
awareness, particularly in higrsk regions and during heatwave years that may favor tick survival
and expansion. Integrated monitoring strategies should focus on mygtatd routes and
livestockdense areas. Future research must address gaps in our understanding of CCHFV
transmission, including the vector competence of local ticks and the reservoir role of hosts.
Developing affordable, sensitive diagnostics is esdefatigexpanding surveillance in resource
limited settings. Finally, a standardized surveillance framework across Europe is crucial to
improve data comparability, predictive modeling, and preparedness in the context of climate

change and increasing animabwement.

10. Conclusion

Hyalomma marginatunmas increasingly been detected beyond its native range, raising
significant public health concerns. This review highlights that the spreddmo&rginatunticks

into nonnative regions is primarily facilitated by migratory birds and animal trade, with these
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imported ticks often testing positive for pathogens such as CCHF\R@hdttsiaspecies. As a
primary vector for CCHFV and a major vector of SFGR, the expansidth ofarginatumin
Europe could substantially heighten public health risks, particularly under the influence of climate
change.

To mitigate these risks, proactive monitoring l8f marginatumspread is essential,
especially in areas where it has not been previously established. Monitoring should encompass
surveillance of migratory bird routes, identification of favorable tick habitats, and analysis of
environmental factors supporting tick dgtshment. These insights will be crucial for developing
control strategies aimed at reducing the risk of CCHFV and éthielommaborne pathogens

impacting public health and livestock in Europe

While climate change is expected to significantly affeictmarginatumdistribution,
additional factors such as so@oonomic development, agricultural practices, and land use
changes may also drive shifts in its range. Therefore, preventive measures should address both
climaterelated and nowlimate factors to effectiveliymit the introduction and establishment of

exotic ticks and associated pathogens in new regions.
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Abstract

CrimeanCongo Haemorrhagic Fev¢€CHF) is the most widely distributed titdorne
viral disease in humans and is caused by @neneanCongo Haemorrhagic Fever Virus
(CCHFV). The virus has a broader distribution, expanding from western China and South Asia to
the Middle East, southeast Europe, and Africa. The historical known distribution of the CCHFV
vectorHyalomma marginaturm Europe includes most of the Mediterranean and the Balkan
countries, Ukraine, and southern Russia. Further expansion of its potential distribution may have
occured in and out of the Mediterranean region. This study updated the distributional map of the
principal vector of CCHFVH. marginatum in the Old World using an ecological niche modeling
approach based on occurrence records from the Global Biodiversity Information Facility (GBIF)
and a set of covariates. The model predicted higher suitabillly marginatumoccurrences in
diverse regions of Africa and Asia. Furthermore, the model estimated the environmental suitability

of H. marginatumacross Europe. On a continental scale, the model anticipated a widespread
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potential distribution encompassing the southern, western, central, and eastern parts of Europe,
reaching as far north as the southern regions of Scandinavian countries. The distribution
of H. marginatumalso covered countries across Central Europe where the species is not
autochthonous. All models were statistically robust and performed better than random expectations
(p < 0.001). Based on thmodel results, climatic conditions could hamper the successful
overwintering ofH. marginatumand their survival @ adults in many regions of the Old World.
Regular updates of the models are still required to continually assess the areas at risktosing up
date occurrence and climatic data in preskyt and future conditions.

Keywords: Hyalomma marginatum CrimeanCongo Haemorrhagic Fever Virus
ecological niche modeling; tick; tick mapping.

12. Introduction

CrimeanCongo Haemorrhagic Fevé€ECHF) is the most widely distributed tiddorne
viral disease in humans, extending from western China, South Asia, and the Middle East to
southeastern Europe and Africa (Bente et al., 2013). CCHF is caused GyirttearCongo
Haemorrhagic Fever VirllCCHFV), an emerging arbovirus associated with high fatality rates,
reaching up to 40% (Bente et al., 2013; Ergonul, 2006; Shayan et al., 2015; Yilmaz et al., 2009).
CCHFYV is also among the deadliest human pathogens in Africa and Eurasia (Shayan¥)al., 20

Hyalomma marginatursensu lato is a complex species that inclidlemarginatunsensu
stricto, Hyalomma rufipesand other closely related species (Apanaskevich & Horak, 2008). In
Europe, H. marginatumremains the main vector of CCHF\WHyalomma marginaturmrhas
veterinary and public health importance, particularly if this species can transmit varielosriiek
pathogens in humans and animals other than CCHFV, si@osted Fever rickettsia humans,
Anaplasmaspecies to animal8&abesia caballandTheilaia equi(piroplasmosis) to horses, and
Theileria annulatgtropical theileriosis) to bovines (Bakheit et al., 2012; Wallménius et al., 2012;
TiroshtLevy et al., 2021; EFSA, 2010). This is one of the tick species whose distribution and
expansion are closely monitored by the European Center for Disease Preascti@ontrol
(ECDC) because of its major medical importance (ECDC, 2023).
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Unlike Ixodesticks, which adopt an ambush strategy marginatumactively seeks hosts
using an active locomotory hunting strategy (Sonenshine & Roe, ZDii3)tick species has
evolved these hunting skills due to the necessity of quickly locating hosts in the harsh and arid
environments it inhabitd&Jpon spotting a host by sensing certain signals such as vibration, visual
objects, carbon dioxide, ammonia, or body helatmarginatumcan run rapidly several meters
across the ground to attack the hoKydlommdheref
marginatumdemastrates adaptability to diverse abiotic conditions although it prefers localities
with high summer temperatures (Hoogstraal, 1979). As ahtved tick, immature stages feed on
the same individual animal (e.g., a small mammal like hares, hedgehogs, ems)oda ground
dwelling bird, whereas adults prefer larger hosts such as cattle, horses, or occasionally humans
(Hoogstraal, 1979). Large domestic mammals play an important role in the biology of
marginatumand the transmission of Hyalomrbarne patbgens. These mammals serve as hosts,
supporting a high tick load, and consequently bringdngnarginatuminto close proximity with
agricultural workers. In addition, livestock can directly expose humans to Hyaltmma
pathogens via infected blood or crushing of engorged ticks on the animals during slaughter
(Chinikar et al., 2010; Sargianou et al., 200Rjstafa et al., 2011). Moreover, migratory birds
may introduce infectedl. marginatunto new regions by carrying immature ticks during feeding
(Hoogstaal, 1979).

Hyalomma marginatuns widely distributed across several African countries, particularly
in North Africa and the Sahel region. It can be found in Morocco, Algeria, Tunisia, Libya, Egypt,
Sudan, Chad, Ethiopia, Niger, Mali, Mauritania, and Senegal. In addition to Afrinzarginatum
is prevalent in various parts of Asia, including the Middle East, India, and the Caucasus. The
historically known distribution oH. marginatumin Europe includes most of the Mediterranean
and Balkan countries, Ukraine, and #$mrn Russia (Apanaskevich & Horak, 2008). Further
expansion of its potential distribution may have occurred in and out of the Mediterranean region.
The wide dispersal dofl. marginatumreflects its tolerance to diverse environments, including

savannah, steppe, and scrubland hill and valley biotypes (Hoogstraal, 1979).

Hyalomma marginaturwas first detected in southern Germany in 2007 in Central Europe
(Kampen et al., 2007). Subsequent observations have confirmed its presence in other Central
European countries, including Hungary in 2009 (Foéldvari et al., 2011), Austria in 2018 (Duscher
etal., 2018), and the Czech Republic in Z0A&19 (Lesiczka et al., 2022). Typically, permanent
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populations oH. marginatumare limited to warmer areas of the Mediterranean basin in Europe.
Permanent populations bf. marginatumn Central Europe are likely to have occurred owing to
ongoing climatic changes. The establishment of these populations and the northern sdread of
marginatumare possibly anticipated due to the passive transportation of immature stages by
migratory birds flying to temperate Europe (Hoogstraal et al., 1961; Hillyard, 1996). During the
spring migration of birds from the stwrn to the northern regionld, marginatumis possibly
introduced to Central Europe (Jaenson et al., 1994; Jameson et al., 2012; Hornok et al., 2016;
Hubalek et al., 2020Y-he expansion dfl. marginatuninto new geographic areas raises concerns
about the possible emergence of CCHFV in these newly invaded regions. The distribution of
CCHFV is related to the distributional potential of its vector species. The presence of the virus,
along with its vectorsieservoirs, and amplifying hosts, plays a cruci# o the emergence of
CCHF under suitable environmental conditions (Portillo et al., 2021). Climate change,
transportation of immature ticks through international animal trade, and migratory birds
significantly impact the distributional potential df marginatumby allowing the emergence of
CCHF in new geographic regions such as Central Europe. Additionally, socioeconomic factors
such as human migration and settlement, as well as increasing human populations, may also
influence the emergence of variousrotic tickborne diseases (Gray et al., 200@)nsidering

these factors, we hypothesize that several abiotic, biotic, and socioeconomic factors may affect the
ability of H. marginatumto colonize European areas. Here, we assess the current potential
distribution of H. marginatum the principal vector of CCHFV, across the Old World, with a
specific emphasis on Europe and a particular focus on Central Europe using an ecological niche
modeling (ENM) approach. Thus, we aimed to derive detailed predictions to assess the potential

invasion of new areas biy. marginatum

13. Materials and Methods
13.1.0ccurrenceRecords

The occurrence records bf. marginatumwere obtained from the Global Biodiversity
Information Facility (GBIFwww.gbif.org). We meticulously reviewed records for synonymous
species oH. marginatumincludingHyalomma plumbeuanzer, 1795, artdyalomma savignyi

Gervais, 1844, while carefully distinguishing them fréigalomma rufipesOnly occurrence
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records corresponding to established populatioht afiarginatumwere considered in this study.

These datasets were subjected to several data cleaning steps: (1) the dataset was cleaned by
removing duplicate records to reduce possible biases in estimating ecological niche models (Barve

et al.,, 2011), and (2) occurrencee cor ds were filtered based on a
using SDMtoolbox 2.4 (Brown et al., 2017) in ArcGIS 10.7.1 (Environmental Systems Research
Institute [ESRI], Redlands, CA)his distancébased thinning approach retains a single unique

record within each pixel, preventing overprediction at specific locations or regions. The dataset
was randomly partitioned into two portions u

ArcGIS 10.7.1: 75% for model calibration, and 25% for internal evaluation of model predictions.

13.2.Covariate Variables

Several sets of environmental variables were used as independent variables in our model
to characterize environmental variations across the calibration and projection areas. These
variables were defined as potential drivers that limit the distributiortehpal of the vectoH.
marginatum(EstradaPefa et al., 2016). These variables included satellite data from WorldGrids
(WorldGrids.org, n.d.), which represented daytime and nighttime land surface temperature (LST),
enhanced vegetation index (EVI), angdgraphic wetness index (TWI). EVI data was included
due to its significant role in shaping the ecological niches of tick vectors, particularly immature
stages, which live on vegetation (Estraiia et al., 2016). EVI is also considered an important
facto i n reflecting soil moi stureds availabilit
2002). Humidity and aridity are also important factors, considering their major roles in completing
the life cycle ofH. marginatunticks. Effects of abiotic factersuch as temperature and humidity
on the distribution of. marginatunhave been previously described and used in modeling diverse
tick vector species (Alkishe et al., 2021; Estr&ddia et al., 2015). We also used data summarizing
climate variables from the CHELSA database (Karger et al., 2021). CHELSA data includes 19
biodimatic variables originally derived from monthly temperature and rainfall values collected
from weather stations between 1981 and 2010 (Karger et al., 2021). Bioclimatic varigdesl 8
18119 were excluded from the analysis to avoid problems deriving from odd spatial artifacts
(Williams et al., 2015).

Climatic and socioeconomic factors influence tick populations; socioeconomic factors

exert indirect effects through human activities and Jasel practices. It is noteworthy that tick
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vectors are not confined to natural habitats alone but have successfully adapted to urban
environments. In recent years, urban areas have emerged as significant sites for the expansion of
tick-borne diseases within regions where these diseases are erfdamicker et al., 2019).

Urban areas have characteristic dense human populations and offer suitable hosts and favorable
conditions for tick survival. Several studies conducted in urbanized regions, including Finland,
Hungary, Slovakia, Poland, and Franbaye revealed wekstablished tick populations and a
comparable or even higher prevalence of-bokne pathogens compared with endemic areas
(Foldvari et al., 2011; Klemola et al., 2019; Paul et al., 2016; Pangracova et al., 2013; Kowalec et
al., 2017)Human population, migration, and transportation play significant roles in shaping tick
distribution worldwide (Gray et al., 2009). Higher human density increases the availability of tick
hosts, whereas migration introduces ticks and diseases to new rélgiamsportation networks

additionally facilitate tick movement and allow their invasion into novel areas.

To comprehensively examine the interplay among climate, socioeconomic factors, and tick
vectors, our model included anthropogenic data. Anthropogenic data consisted of data on human
population density from 2015 to 2020, nighttime lights, and accessiadityransportation that
may play a role in the distribution bf. marginatunticks. Population density grids were obtained
from the Gridded Population of the World, version 4 (GPWv4) (Warszawski et al., 2017), available
at http://beta.sedac.ciesin.columladu/data/collection/gpw4. Nighttime satellite imagery was
obtained from the NOAADefense Meteorological Satellite Program (NOAA, 2008) and was used
as a proxy for poverty estimates (Noor et al., 2008; Wang et al., 2012). Accessibility was
summarized in terms of travel time by ¢awor sea (Nelson, 2008), as connectivity between
population sites is an important variable in estimating the potential distributions of disease vectors
and emerging diseases (Barve et al., 2011; Cliff, 2004). This layer wasgedély the European
Commission and World Bank (European Commission, n.d.) and is available at
http://forobs.jrc.ec.europa.eu/products/gam/download.phgnvironmental and socioeconomic

variables were resampled to a spatial resolution of 5 km.

The importance of the variables was evaluated using the Jackknife function in Maxent. The
final sets of variables used in our analysis were as follows: Set 1 (15 bioclimatic variables from
CHELSA); Set 2 (12 variables selected based on the Jackknifentddxent); Set 3 (a
combination of 15 bioclimatic variables and satellite data summarizing daytime and nighttime

LST, EVI, TWI, population density, nighttime satellite imagery, and accessibility); and Set 4 (only
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satellite data summarizing daytime and nighttime LST, EVI, TWI, population density, nighttime

satellite imagery, and accessibility)able 4).

Table 4. Settings and variables used for the construction of the ecological niche modeling for

Hyalomma marginatum

Covariate Variables Code Candidate sets of environmental variables of H. marginatum model
Setl Set2 Set3 Set4

Annual Mean Temperature Biol X X X

Mean Diurnal Range Bio2 X X X

Isothermality Bio3 X X X

Temperature Seasonality Bio4 X X X

Maximum Temperature of Warmest Month Bio5 X X X

Minimum Temperature of Coldest Month Bio6 X X X

Temperature Annual Range Bio7 X X X

Mean Temperature of Warmest Quarter Biol0 X X X

Mean Temperature of Coldest Quarter Bioll X X X

Annual Precipitation Biol2 X X

Precipitation of Wettest Month Biol3 X X

Precipitation of Driest Month Biol4 X X X

Precipitation Seasonality Biol5 X X X

Precipitation of Wettest Quarter Biol6 X X

Precipitation of Driest Quarter Biol7 X X X

Land Surface Temperature LST X X
Enhanced Vegetation Index EVI X X
Topographic Wetness Index TWI X X
Population density GPW X X
Nighttime satellite imagery NTL X X
Accessibility X X

133Accessi bMog Area (A

The accessible arga M ds a crucial component of the biotic, abiotic, and movement
(BAM) diagram (Soberdn & Peterson, 2005). It defines the key parameters for constructing an
ecological niche model for the species in question. Accessibldiakkéndicates the areas that
the species explored and had access to over
2011). The delimitation of thél. marginatumaccessible ared M dwvas estimated using the
grinnell package in R (Machadgiredel et al., 2QD). This method simulates dispersal and
accessibility based on niche estimations. Tnenell package uses a combination of clean

occurrence records of the target species and a set of covariates as inputs to estimate the niche.
13.4.Ecological Niche Modeling

We constructed thENM using the maximum entropy algorithm implemented irkthenm
R package (Cobos et al., 2019). While there are various modeling algorithms available for
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estimating niche models, such as generalized linear models (GLM), generalized additive models
(GAM), and boosted regression trees (BRT), each designed for different types of distribution data
and modeling purposes (Samy et al.,, 2022), we selected Maxesuideeof its efficiency in
handling complex interactions between response and predictor variables (Elith et al., 2011). A total
of 1,972 candidate models (i.e., these models refer to the different model configurations or
combinations of predictor variablesnsidered during modeling) were built with four distinct sets

of environmental and socioeconomic variables. These models were additionally constructed based
on parameters reflecting all combinations of 17 regularization multiplier settingsl (@ith
intervals of 0.1, P6 with intervals of 1, and 8 and 10; i.e., these settings determine the level of
complexity or smoothness of the model), and 29 possible combinations of 5 feature classes (linear

= |, quadratic = g, product = p, threshold =t, and hingé¢. =

The best candidate model was selected based on three different criteria: (1) significance,
(2) performance, and (3) the Akaike information criteria (AIC): AICc, delta AlCc, and AlCc
weights. Performance was measured using the omission rate, which isheldhtbat considers
an estimate of the likely amount of error among occurrence data and thus removes 5% of
occurrences with the lowest suitability values (E = 5%) (Peterson et al., 2011). Models were
selected with delta Al 6tcallyGignficafit anol had ontissianeates h a t
below 5%. We followed the criteria from the origikalenmstudy (Cobos et al., 2019) to select
and evaluate the final model. We created the final mode! ofarginatumusing 10 replicates by
bootstrap, with logistic, product, and hinge outputs. These models were finally transferred from

the accessible aréaM d¢o the projection ared G.0

13.5.Extrapolation Risk of H. marginatum

This analysis identified the areas with extrapolation risk based on a maliétyted parity
(MOP) approach to compare the environmental breadth of predictors Wwittig§10% reference
points sampled) with that in the projection area. Mobihitiented parity analysis was performed
using the MOP function (Owens et al., 2013) available inktlenmpackage in R. The risk of
extrapolation analysis calculates multivariate environmental distances between projection area
A G and the nearest portion of the badition region to identify areas that have a condition of strict

or combinational extrapolation.
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13.6.Risk IndependentEvaluation

We used a set of additional independent records for the final model evaluation. These
records were retrieved from a previous study (EstReféa et al., 2016) for additional evaluation
of model performance to assess its ability to anticipate risk in uhsdrapeas. We cleaned the
dataset to keep only unique records and deobéxked the records to remove any source of
overlap with the data used in the model training and testing (i.e., the occurrence records employed
in this evaluation differ from those e for model calibration, specifically referring to occurrences
distinct from the records obtained from GBIF for model calibration). These records were tested
for successful predictions based on a binary model indicating areas where the species was present
(suitable) or absent (unsuitable). The continuous model was converted to a binary map based on a
threshold value. The threshold value was determined based on a maximum allowable omission
error rate of 5%, accounting for potential errors in covariate saluhin 5% of the occurrences.
Subsequently, a ortailed cumulative binomial probability test was used to assess the probability
of obtaining the observed level of correct predictions by chance alone, given the background
expectation of correct predictie determined by the proportional coverage of the study area by

regions of predicted suitability.

14. Results

The final dataset used for calibration, derived from GBIF, comprised 95 unique occurrence
records after removing duplicated and redundant occurrence records and undergoing diverse
cleaning stepsHigure 10). Of the 1,972 candidate models, 1,846 models were statistically
significant. After applying the three selection criteria, a single model successfully met all
requirements and was designated as the best candidate model, as evidenced by its performance
(Table5). The optimal model used Set 4 of the sdtetliata, summarizing daytime and nighttime

land surface temperature, EVI, TWI, population density, nighttime light, and accessibility.
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Figure 10. Hyalomma marginaturaccurrence records used in model calibration and final model
evaluation across Europe, North Africa, Western and SOatitral AsiaThe blue dotted circles
represent the occurrence recordsHofmarginatumcollected from GBIF used for model
calibration across th@ M area. The red dotted circles represent the retrieved occurrence records
of H. marginatumfrom the literature used for the final model evaluation. Dark grey polygons

represent the accessible ardadMpwhere theH. marginatummodel was calibrated.
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Table 5. The best candidate model for the construction of the ecological niche modeling

for Hyalomma marginatum Model performance under optimal parameters using sets of
environmental predictors (SEP), statistically significant models (SSM), best candidate models
(BCM), regularization multiplier (RM), features classes (FC), mean Area Under the Curve ratio
(AUC.r), patial Receiver Operating Characteristic (p.ROC), omission rate 5% (O.rate 5%),
Akaike information criterion corrected (AICc), delta Akaike informatiamtecion corrected

( Al Cc) , Akai ke i nformation criterion correct
summarizes the combination of environmental variables, multiple regularizations, and features
other than 0 that provide information for the condinn of the model based on lambddambda

refers to counting all parameters with a nonzero weight in a Mayardrated text file), and

environmental variables of Set4 tested during calibratidgtyaformma marginaturmodel.

SEP SSM BCM RM FC AUC.r p-ROC O.rate 5% AlCc AAICc AlCc. W #
Setd 1846 1 3.0 lpl‘l 1.21 0.00 0.05 1960.75 0.00 1.00 15
Set4

Daytime and Nighttime Land Surface Temperature, Enhanced Vegetation Index, Topographic Wetness Index,
Population density, Nighttime satellite imagery, and Accessibility

* q = quadratic; t = threshold; h = hinge; p = product.

High to very high suitability offyalomma marginaturaccurrence was observed in various
regions of Africa, including the northern parts of North Africa (Morocco, Tunisia, and Egypt),
West and East Africa, central parts of Central Africa, and eastern parts of Southern Africa (Fig.
2). In Asia, the model indated medium to high suitability in expansive areas of the continent,
encompassing India, Pakistan, Bangladesh, and parts of Clignag 11).
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Predicted suitable habitats
for H. marginatum

Bl Low 0-20%
[ Medium-Low 21-40%
[ Medium 41-60%
[ High 61-80%
I Very High 81-100%
Figure 11. Predicted potential geographic distribution@fimeanCongo Haemorrhagic Fever
vectorHyalomma marginaturan a global scaléred colors indicate highest habitat suitability and

blue lowest suitability.

On a continental European scale, the model projected a widespread potential distribution
of H. marginatum(Figure 12). Thus, the model anticipated the occurrenckl.omarginatumn
Southern, Western, Central, and Eastern Europe, as far north as the southern parts of Scandinavian
countries Figure 12A). A high probability of suitable conditions fét. marginatumin Southern
Europe, especially in the Mediterranean parts of Spain, Portugal, Italy, and Greece and along the
Adriatic shore, was presented. In Bakan Peninsula, the southeastern part of the continent, wide
areas of all countries were identified as highly suitable areabl.fonarginatum In Western
Europe, large areas of northern and southern France, as well as the Benelux states, were predicted
to be highly suitable for the distribution of the tick species. Although the Scandinavian countries
generally presented low suitability, the nebgredicted medium to high suitability in the southern
regions of most Northern European countries (Swedeny&o Denmark, and Finland, except
Iceland), as well as high suitability in scattered areas in the southern parts of Northern European
countries. The northeastern region of Europe primarily demonstrated low ancthédwm
suitability for H. marginatundistribution, with a few scattered points indicating medium to high
suitability in the urban areas of the Baltic countries (Estonia, Latvia, and Lithuania). In

northwestern Europe, the model depicted medium suitability across all areas in the UK, with ver
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high suitability in specific regions such as southeast and southwest England, the East Midlands,
the West Midlands, Yorkshire, London, and the southern parts of the northwest and central parts
of northeast England. In Scotland, Ireland, and Northern bielaw and lowmedium suitability

for H. marginatumdistribution predominated. Eastern Europe, including Romania, Ukraine, and

Moldova, was identified as a highly suitable area, characterized by medium to very high suitability.

Predicted suitable habitats
for H. marginatum

I Low 0-20%
1 Medium-Low 21-40%
1 Medium 41-60% Sl -
1 High 61-80% R e e
Bl Very High 81-100% ° .

Figure 12. Predicted potential distribution ofCrimeanCongo Haemorrhagic Fever
vectorHyalomma marginaturan a global scale (left top), and clages of Europe (A) and Central
Europe (B), to provide additional detail to predictions in the region. Red areas indicate modeled

highest suitable conditions, and blue areas are lowest suitable conditions.
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The ENM ofH. marginaturrin Central Europe provided insights into its distribution across
all countries in the regiori-{gure 17B). The model indicated broader environmental suitability in
Germany, Poland, Hungary, and the Czech Republic, with Austria and Slovakia following suit.
Germany exhibited medium to high suitability, with the highest suitability observed in North
RhineWestphalia, Hesse, Saarland, BaeMfiirttemberg, Bremen, Berlin, Hamburg, and
scattered areas in Bavaria, Thuringia, Saxony, and L.8arony. The same is true for large parts
of Poland and Hungary, particularly the entire city of Budapest, which was identified as a very
highly suitable habitat fad. marginatunoccurrence. Higliisk areas occurred in eastern Austria
and adjoining areas and in the western and northern parts of Slovakia. While large areas of the
Czech Republic have medium suitability, very high suitabilitiiofmarginatumalso occurred in

several scattered areas.

The final model was evaluated using independent occurrence data (Extfe@t al.,
2016), comprising 621 points after eliminating duplicated and redundant records through various
cleaning steps. The independent seHofMmarginatumoccurrence records was related to tthe
marginatummodel prediction. The model successfully predicted 588 of 621 (94.68%) independent
data pointsKigure 13).

Figure 13. Relationship oHyalomma marginaturacological niche modeling prediction to the
distribution of the independent settyalomma marginaturaccurrence record®lue shading
shows areas predicted suitable Hyalomma marginaturaccurrences. Black and yellow dots

represent the independent recordsighlomma marginaturased for the final model evaluation;
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black dots are records with successful prediction and yellow dots are records where the prediction

is not captured by the model.

The MOP results indicated high levels of environmental similarities in all areas under
guestion, except Southwest China (e.g., northern parts of Tibet province), Northwest China (e.g.,
southern parts of Xinjiang province), and some areas in East Afriga Ehiopia, Kenya,
Somalia, Sudan) where strict extrapolation occurfegufe 14). Therefore, predictions in these
areas should be taken with caution because they were consistently detected as areas with high

extrapolation risk.

MOP 10%
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Figure 14. Mobility -oriented parity (MOP) 10% extrapolation risk analysis for the ecological

niche model oHyalomma marginaturfrom the calibration are@ fi Wt0 a projection are@ G)o
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(top), and closeips of East Africa (A) and Eastern Asia (B), to provide additional detail to strict

extrapolations occurred in the areas.

The MOP analysis indicated that areas with the most dissimilar variables conditions (i.e.,
where one or more covariate variables are outside the range present in the training data) were found
beyond the potential distributional areas predicted by the niodieéi G area. Areas with the
most dissimilar variables conditions display strict extrapolative areas and are represented by zero
value. Other values represent levels of similarity between the calibration area &n@ trensfer
area. The MOP rasteutput was reclassified into five categories; the first category represented a
strict extrapolation (i.e., zero value), and the fifth category represented the highest environmental

similarities between calibration and projection areas.

15. Discussion

Ecological niche modeling has been widely implemented to predict the distribution of
numerous vecteborne diseases (EstraBafa et al., 2016; Gray et al., 2009; Adjemian et al.,
2006; Samy et al., 2016; Macha8tredel et al., 2021; Cobos et al., 201&hket al., 2011). These
modeling studies play a crucial role in enhancing the efficiency of vector surveillance and control
programs.

In this study, we provided detailed maps to identify the potential distributiod. of
marginatum the principal vector of CCHFV, in the Old World, particularly in Europe, with a
specific emphasis on Central Europe. This study also addresses model uncertainty under current
environmental and socioeconomic conditions. These conditions highlight sagmifiactors
influencing the spread of ticks and tibkrne diseases, including climate change, vegetation
patterns, human population density, poverty levels| iacreased movement of animals and
humans due to improved accessibility. The introductiddy@ilommaspecies to new geographical
areas is likely facilitated by infested hosts resulting from human activities, the movement of
domesticated and wild mammals, and migratory birds (Bakheit et al., 2012; Valcarcel et al., 2020).

In Europe,H. marginatumis mostly endemic to Mediterranean countries, but isolated

populations also exist in Transalpine Europe. Our study revealed extensive areas of high suitability
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for H. marginatunoccurrence across the entire European continent. Specifically, high suitability
was observed in the Mediterranean regions of Spain, Portugal, Italy, Greece, and along the Adriatic
shore. Furthermore, southern and northern France, large areas in thdaNeéshdBelgium,
Germany, Balkan countries, Ukraine, Crimea, scattered areas in Central Europe, and even
extending into the United Kingdom remained favorable for the tick species. A previous study
anticipated high environmental suitability H. marginatumin southern, southeast, and Central
Europe, as well as regions in North Africa (Tunisia, Morocco, and Algeria), the Arabian Peninsula,
southcentral Asia, and China (Okely et al., 2020). Our model improved the prediction and
provided a more reliable an@téiled map of habitat suitability fétf. marginatum Similar to the
previous ecological niche model (Okely et al., 2020), the highest environmental suitabiity for
marginatumwas predicted across Southern Europe. Additionally, we observed high gyitabil
across all Balkan countries in southeast Europe. Interestingly, our predictions differed from those
of the previous model in several aspects. We identified broader areas of high and very high
suitability, particularly in Balkan countries (Albania, CliaaBosnia and Herzegovina, Kosovo,
Montenegro, Romania, and Slovenia), Western Europe, the United Kingdom, and southern parts
of Scandinavia, which were underestimated by Okely et al. (2020). This previous study ignored
important model settings that chead to errors in model estimation. In addition to the prediction
of Okely et al. (2020), previous studies have mapped the geographic distribudiomafginatum
at regional and global scales (Estrdifia et al., 2015; Williams et al., 201i5)comparisorwith
these studies, our model anticipated higher suitability for the occurrerntde marginatumin
Central, Western, Eastern, and Northern Europe, contradicting their predictions of low suitability
for this tick species in the same areas.

Hyalomma marginaturwas first reported in Central Europe in Germany in 2007 (Kampen
et al., 2007). Although it was recorded in other countries of Central Europe, including Hungary
(Foldvari et al., 2011), the Czech Republic (Lesiczka et al., 2022), and Austria (Duscher et al
2018), these observations did not represent stable populatidneafginatumn Central Europe.
H. marginatumticks have ecological plasticity that supports tolerance to a range of temperature
and humidity conditions (Bouattour &k, 1999). This tick species prefers dry and warm regions
and is most abundant during summer. In the northern hemisphere, it becomes active in spring when
temperatures rise, typically around April (Hillyard, 1996). Immature stages are active from June

to October, peaking in numbers during July and August. After a blood meal, immature ticks either
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drop in early summer, molt into adults during the same season, and overwinter as adults, or drop
in late summer, overwinter as nymphs, and molt into adults the following spring (Hillyard, 1996).
Stable populations oH. marginatumin Europe are restricted to the warm areas of the
Mediterranean basin and are absent in Central Europe, likely because of unsuitable environmental
conditions.

However, our model predicted its distribution across all countries in Central Europe and
provided strong evidence for extensive medium to very high suitability in Germany, Poland,
Hungary, and the Czech Republic, followed by Austria and Slovakia. A reicetyt conducted in
Hungary revealed seropositivity for CCHF, indicating that Hungary could be a novel geographical
region for the distribution of CCHFV (Magyar et al., 2021). Sporadic recorbs wfarginatum
in other Central European countries, apart fitdumgary, indicate potential breeding habitats for
this tick vector. In Austria, the first recorded occurrencH.aharginatumwvas an adult male tick
found on a horse in 2018 (Duscher et al., 2018). Recent studies in the Czech Republic and Slovakia
reportedH. marginatumcomplex species exclusively on migratory birds (Capek et al., 2014).
Additionally, a very recent study reported the collection of five ddulnarginatunticks from
horses and households in the Czech Republic (Lesiczka et al., 2022ugkith. marginatum
does not belong to the endemic tick fauna in Germany, sporadic findings have been reported
recently (e.g., 2007, 2011, 2017, and 2018) (Chitibadler et al., 2019).

In Poland, records dfl. marginatumdate back to earlier times, with unfed male ticks
reported in 1935 and 1943, which are currently archived in the Bytom Museum collection (Siuda
& Dutkiewicz, 1979; NowakChmura & Solarz, 2010). The introduction of these adult ticks to
Central Europe is ghly probable because they likely originated as nymphs feeding on migratory
birds and molted into adults after becoming fully engorged. The environmental conditions in
Central Europe offer suitable habitats tdyalommaspp. to develop and locate appropriate
vertebrate hosts for subsequent blood feeding. While it has been propos¢dtiiges another
significant vector of CCHFV, overwinters in Central Europe (Rudolf et al., 2021), there is
currently no speculation regarding the establishmeHt ofarginatunpopulations in the region.

Furthermore, our results showed medium to high environmental suitabilityH.for
marginatumin the south of Scandinavia. In Northern Europe, documented recoréts of
marginatumconsist solely of transported immature stages found on migratory birds during their

northward spring migration. These records include instances in Denmark in 1939 and 1991
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(Jaenson et al., 1994; Johnsen, 1943), Finland in 1962 and between 2018 and 2020 (Nuorteva &
Hoogstraal, 1963; Sormunen et al., 2022), Norway in 1994 (Jaenson et al., 1994), and Sweden
between 1990 and 1991 (Jaenson et al., 1994). Although no scienitfic lsis reported the
occurrence oH. marginatumn Norway since 1994, Hasle et al. (2009) reported the presence of
seven fully engorged nymphsidyalomma rufipeg migratory birds captured during 20@005.
Recently, the first sightings of adidt margnatumticks have been documented on horses, cattle,
and humans in Sweden (Grandi et al., 2020). The rapidly changing climate in Northern Europe
appears to create favorable conditions for the development of immature stages of this tick species,
carried by migrairy birds, to reach the adult stage and potentially attach and feed on large
mammals, including humans.

Appropriate climatic and biotic conditions in the regions depicted in our maps may provide
a suitable environment for introducétl marginatumticks. A warming climate trend could
enhance the persistence of infedtednarginatunticks. The expansion of suitable areas has been
documented in Central Europe (FernanBeiz & EstradaPefia, 2021). Thus, it is possible to
hypothesize that climate change may potentially lead to an increase in winter temperatures, leading
to an increasm the probability oH. marginatumoverwintering, and subsequently raising the risk
of its establishment in various parts of Central European countries. Therefore, modeling studies
based on future scenarios should be implemented to better understand the impact of climate change
on the disprsion ofH. marginatum

ENM results are valuable for understanding species tolerance to biotic and abiotic factors.
When combined with knowledge of ecology, behavior, and life history, they assist in selecting the
most realistic predictions (Escobar & Craft, 2016). Our curreoball potential distribution
prediction for this tick vector can provide insights into disease risk areas associated with this
vector. However, it is essential to assess the uncertainty in model projections, particularly for
decisionmakers in vector and skase surveillance and public health. CCHFV, a vdxiane
pat hogen, requires a AOne Healtho approach
encompassing animal, human, and environmental health (Mackenzie & Jeggo, 2019). Therefore,
it is crucid to develop effective control strategies that address emdryialpmmaborne diseases

within the framework of a AOne Healtho perspe

animal health may impact human health.
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In this study, we used a novel improved methodology and allowed different modeling
settings to construct the habitat suitability modelHgalomma marginaturbased on calibration
and evaluation of our models using several updated variables that previously were not used.
Although our continentadcale predictions provide valuable insights into the distributioH.of
marginatum it is cruci al to investigate the spec
influence of host availability on its respons@tevailing climatic conditions (McCoy et al., 2013).

The model effectively identified known areas where the disease is prevalent, but it has a
few limitations. Notably, the abundance of occurrence records in Europe and the Indian
subcontinent has probably led to wider predictions, particularly in urbanardasansportation
routes. It is noteworthy to mention that husrandified landscapes, such as urban areas, have
gained attention as potential habitats for ticks, contrary to the belief that they are restricted to
natural habitats. Studies conducted agrgarope have revealed the successful establishment of
tick populations in urban areas, and the spread obiicke diseases has been linked to these urban
hotspots (Foldvari et al., 2011; Klemola et al., 2019; Paul et al., 2016; Pangracova et al., 2013;
Kowalec et al., 2017). The ability of ticks to thrive in urban environments emphasizes the
significance of considering urban areas as potential hubs for tick populations.

Furthermore, areas with a low number of occurrence records driven by accessibility bias
should be further investigated, especially if the model predicts ashiggibility habitat forH.
marginatum However, it is essential to distinguish between two key aspects: (1) occurrence
records, which represent sampling efforts in specific areas influenced by factors such as tick
identification expertise or the need for intensive fieldwork to studyktarke disease circulation,
and (2) model predictions generateg applying algorithms to thinned occurrence records and
covariate data. Occurrence records indicated the presence or absence of the species within the
sampled areas, whereas the model provided probability values indicating pixel suitability for
species msence. This pattern enables the assessment of tick suitability in unsampled areas based
on available occurrence records and covariate information, which poses a significant challenge in
ecological niche modeling. To ensure reliable predictions, our modderwent careful
calibration, and necessary adjustments were implemented to avoiepredestion. Host
parameters wer e not i ncorporated into t he m
encompassed numerous vertebrate species. Incorporating hosissgata poses challenges

because obtaining reliable occurrence information for multiple hosts is difficult, and the optimal
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approach to their inclusion remains unclear (Alkishe et al., 2021). Nevertheless, although
marginatumis a generalist species, certain vertebrate hosts may be preferred within its extensive
range of potential hosts (Greé&imgelini et al., 2016). However, caution should be exercised when
interpreting these host preferences as they may vary across difégyiems (McCoy et al., 2013).
Finally, the Maxent algorithm used in ecological niche modeling has a few limitations, including
reliance on presenamly data that can introduce biases, potential overfitting with complex
predictor variables, the risk of unreliable results when extrapolating beyond calibrated conditions,
limited mechanistic understanding and sensitivity to variable selection, and the& ohppatial
autocorrelation and the assumption of independence on model performance. Considering these
limitations is essential when using this model.

In summary, our future studies will consider further detailed mapping of CCHF disease
andH. marginatundistribution under different climate change scenarios. In addition to mapping
the distribution of this tick species under different future projections, our understanding of the
dynamics of the hostick vectoii virus system will be improved by further mdidg studies that
incorporate the effects of vertebrate hosts (different types of hosts, seasonality, and movements)
as well as life traits of the tickpscies.
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Abstract

Hyalomma marginatunis a medically and veterinary significant tick species and the
primary vector ofCrimeanCongo Haemorrhagic Fever Virl€CHFV). Climate change is
expected to influence its geographic distribution, potentially increasing the risk of disease
transmission. This study employs ecological niche modeling (ENM) to assess the current
distribution ofH. marginatumand project its future range shifts under different climate scenarios.
Using an extensive dataset of occurrence records and bioclimatic variables,lieg siaxEnt
modeling to predict habitat suitability for 2042060 and 20812100 undeissp245and ssp585
scenarios. Our results indicate thlatmarginatums currently highly suitable in the Mediterranean
Basin, North Africa, and western and central Asia. Future projections reveal a significant
northward expansion into temperate and continental Europe, particularly sspt85 while
extreme heat stress may reduce suitability in parts of the Mediterranean region. These findings
underscore the potential féf. marginatumto establish in new regions, necessitating enhanced
vector surveillance and control strategies. Future research should integrate host dynamics and land

use changes to refine risk assessments and improve predictive accuracy.

Keywords: Hyalomma marginatupnCrimeanCongo Haemorrhagic Fever Viruescological
niche modelingglimate changeuture distribution
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17. Introduction

Climate change is reshaping ecosystems worldwide, altering the distribution and
abundance of many species, including vectors of infectious diseases. Amondirsemma
marginatunmstands out as a tick species of significant medical and veterinary importance, primarily
due to its role as the main vector GfimeanCongo Haemorrhagic Fever Virl€CHFV)

(Ergbnil, 2006). This zoonotic virus causeemeanCongo Haemorrhagic Fevé€CCHF), a

severe disease with high fatality rates and potential for widesjpugthdeaks. Regions across

Africa, Europe, and Asia whet¢. marginatums prevalent are particularly at risk for outbreaks,

as the tickodos distribution is closely influen
highlight the pressing need to investigate the environmental drivers of the species' spread to

supporteffective public health and disease control measures.

Hyalomma marginatumexhibits ditropic host preferences, with immature stages
parasitizing small mammals and groeshdelling birds, while adults primarily feed on larger
mammal s such as cattle, sheep, horses, and oc:
spread andsurvival are influenced by climatic variables, including temperature, humidity,
precipitation, and water vapor deficit (VD), as well as-sbmatic factors like host availability,
migratory birds, and human activities (Gray et al. 2@8radaPefia et al., 2011; Estraena et
al., 2012). Optimal temperatures for adult tick activity range between 22°C and 27°C, while
sufficient rainfall and humidity prevent desiccation, promoting survival in arid regions (Valcércel
et al. 2020). Nortlimatic drivers, such as migratory birds acting as ldigjance dispersers and
livestock transportation, further facilitate the colonization of new areas (Hoogstraal, 1979; Mild et
al., 2009). Together, these factors shape the geographic distributibonmafrginatum The wide
dispersal oH. marginatunreflects its adaptability to diverse environments, including savannahs,

steppes, and scrubland hill and valley biotypes (Hoogstraal, 1979).

Recent studies reveal the northward expansioH.aharginatuminto northern Europe,
influenced by factors such as climate change, international livestock trade, and migratory bird
movements (Vial et al., 2016; FernandRuiz & EstradaPefia, 2021; Bah et al., 2022). This trend
raises significant concerns about theteptial emergence of CCHF in regions previously
unaffected, emphasizing the urgent need for predictive tools to forecast changes in tick distribution

and inform targeted public health intervemis.

155



In a prior ecological niche modeling (ENM) study, the distributio” sharginatumwas
analyzed using a combination of climatic, socioeconomic, and satellite data to account for diverse
environmental factors (Celina et al., 2023). In this study, however, the focus on future projections
necessitates the use of bioclimatic variables axadly, as they provide reliable predictions for
climatedriven range shifts, unlike satellite data, which do not include future projections. The aim
of this study is to evahte the current distribution bf. marginatunmand forecast its potential range
expansions under future climate scenarios using ENM. By integrating species occurrence data with
bioclimatic predictors, this study highlights regions at risk of colonization, providing critical
insights for vector survddnce, public health strategies, and the manageméhtaddmmaborne

diseases.
18. Materials and Methods
18.1.Hyalomma marginatunOccurrence Data

Occurrence records fdi. marginatumwere sourced from multiple databases, including
the European Centre for Disease Prevention and Control (ECDC), Global Biodiversity Information
Facility (GBIF), VectorMap, iNaturalist, and pemviewed literature (Estrada et al., 2016). To
ensure taxonori accuracy, records associated with synonymous species, sttyalasnma
plumbeunmandHyalomma savignywere included, while misidentified records, particularly those
confused wittHyalomma rufipeswere excluded to maiiain dataset integrity.

To minimize spatial and sampling biases, the dataset underwent rigorous cleaning and
filtering. Records lacking geographic coordinates, containing zero longitude or latitude values, or
marked as absent or uncommon were excluded. Duplicate records wenedetnoavoid
overrepresentation, and spatial thinning was
SDMtoolbox 2.4 in ArcGIS 10.8 (ESRI, Redlands, CA). This step ensured that only one unique
occurrence point was retained per grid cell, reduciegigk of overprediction in highly sampled

areas.

For modeling, the cleaned dataset was randomly divided into two subsets: 75% of the
records were allocated for model calibration, and 25% were reserved for validation. The final
dataset included 1886 records in tate818 records from ECDC, 505 from lisgure, 276 from
iNaturalist, 176 from GBIF, and 111 from VectorMap. After all cleaning, thinning, and validation
procedures, a total of 1807 unique records were retained for modéiljugg 15).
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Figure 15. Hyalomma marginaturnccurrence records used in model calibration. Blue polygons
represent the accessible ardgasv{pwhere the model was calibrated.

18.2.Climate Data

Climate data for modeling the distribution Bf marginatumwere obtained from the
WorldClim database, which provides higgsolution (~5 km) bioclimatic variables for global
climate analysis (Fick & Hijmans, 2017). These variables, derived fromtéong averages of
monthly temperature and precipitation data lestm1981 and 2010, are widely used in ecological
niche modeling due to their ability to represent key climatic patterns, including annual trends,

seasonality, and extreme conditions.

From the 19 available bioclimatic variables, four (BIO8: mean temperature of the wettest
guarter, BIO9: mean temperature of the driest quarter, BIO18: precipitation of the warmest quarter,
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and BIO19: precipitation of the coldest quarter) were excluded due to documented spatial artifacts
that could lead to erroneous predictions (Samy & Peterson, 2016). These artifacts, which are
known to cause abrupt discontinuities between adjacent pisglsanpromise the reliability of

model outputs.The remaining 15 bioclimatic variables were used as environmental predictors and
rasterized at a spatial resolution of ~5 km to ensure alignment with species occurrence data and

the study area.

Future climate projections for modeling the potential distributioH.aharginatumwere
obtained from the WorldClim database, focusing on two future time periodsi 2Ug and
2081 2100. Climate data were derived from two Shared Socioeconomic Pathways ESBP4S:
(moderate emissions scenario) ash585(high emissions scenario), representing intermediate
and worsicase climate trajectories, respectively (Hausfather, 2020). These scenarios were selected
to assess the potential impact of climate change on the geographic r&hgearfjinatununder
varying levels of greenhouse gas emissions and anthropogenic influence. Bioclimatic variables for
future projections were obtained from four Global Circulation Models (GCMs):-BSM2MR,
IPSL-CM6A-LR, UKESM1-0-LL, and MPFESM1-2-HR. These projectits were appéd to the
final ecological niche model to estimate potential range shifts, identifying regions that may become

more suitable foH. marginatumestablishment over time.
18.3.Ecological Niche Modeling

Ecological niche models (ENMs) were developed using the maximum entropy algorithm
in MaxEnt 3.4.4, implemented within thelenmR package (Cobos et al. 2019). MaxEnt was
selected due to its effectiveness in modeling presenlyedata and its ability to capture complex
relationships between species occurrences and environmental factors (Elith et al., 2011). To
optimize model perfonance, different combinations of feature cladseeluding linear,
quadratic, product, threshold, and hidgeere tested along Wi a range of regularization
multipliers. All environmental variables were resampled to a 5 km spatial resolution to ensure
consistency with species occurrence data. To determine the most relevant environmental
predictors, four distinct sets of bioclimati@riables were considered: Set 1 (all bioclimatic
variables), Set 2 (biol, bio2, bio4, bio5, bio6, bio7, biol0, bioll, biol2, biol3, and biol6), Set 3
(biol, bio4, bio5, bio6, bio7, biol0, biol2, biol3, and biol6), and Set 4 (biol, bio4, bio5, bio6,

bio7,bio10, and bio13). The Jackknife function in MaxEnt was used to assess the importance of
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each bioclimatic variable by evaluating its contribution to model performance when included

individually or excluded from the analysis.

Model selection was based on three key criteria: statistical significance using the partial
receiver operating characteristic (pROC) test, omission rates below 5%, and model performance
assessed with the Akaike information criterion corrected for smalplsasizes (AICc). Models
that met these criteria and had a delta Al Cc
final models were generated using 10 bootstrap replicates to improve robustness and reliability.
These models were then projected asithe full geographic area of interést@)do estimate both

the current and future distribution df marginatum

To assess the extrapolation risk in regions where climatic conditions differ from the
calibration area, a MobilifDriented Parity (MOP) analysis was conducted. This analysis
identifies areas where model predictions may be less reliable due to novelnerental
conditions. The MOP calculation was performed using the mop function kuémenpackage in
R (Cobos et al., 2019), applying the nearest 10% reference approach (Owens et al., 2013).
Although MOP was initially evaluated across multiple GCMs andatie scenarios, areas of strict
extrapolation showed a high degree of consistency aalbssiodels. Therefore, a single
representative MOP map was selected, using results dsp245for the 20612100 period, to

illustrate regions of high extrapolation risk.

19. Results

A total of 2108 candidate models were constructed, combining 17 regularization
multipliers, 31 feature class combinations, and four environmental predictor sets. Of these, 1063
model s met the omission rate crite&€rci n 29f FTUc
model s fulfilled al/l three criteria: statist.i
5 %, and @Al Cc O 2. The f i r sdihresholdhiage feqtureTclHss mo d e |
with a regularization multiplier of 0.1 and Sepredictors. It produced a mean AUC ratio of 1.271,
an omission rate of 4. 9 %, and an Al Cc value
second mode (LQTH model) utilized a linepradratiethresholdhinge feature class with the
same regularization nitiplier and predictors. It resulted in a mean AUC ratio of 1.270, an

omission rate of 4.9%, and the same AICc value (W_AICc = 0.5). Both models were generated
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using 10 bootstrap replicates and included 186 parameters. The LTH model identified bio5
(maximum temperature of the warmest month) as the most influential variable, contributing
12.6%, followed by bio12 (annual precipitation, 11.5%) and bio4 (tempesgasenality, 10.2%)
(Table6). Other key predictors included bio6 (minimum temperature of the coldest month, 9.3%)
and biol5 (precipitation seasonality, 8.3%). In the LQTH model, biol12 (annual precipitation) had
the highest contribution at 15.7%, followed by bio5 (11.9%) and bi@84©.Similar to the LTH

model, bio4 (temperature seasonality, 9%) and biol5 (precipitation seasonality, 8.4%) remained

significant contributors.

Table 6. Percent contribution of environmental predictors to LTH and LQTH models.

Environmental Predictor LTH((%I )odel LQTE: A)I;/Iodel
bio5 (Max temp of warmest month) 12.6 11.9
bio12 (Annual precipitation) 115 15.7
bio4 (Temperature seasonality) 10.2 9
bio6 (Min temp of coldest month) 9.3 9.7
biol5 (Precipitation seasonality) 8.3 8.4
bio2 (Mean diurnal range) 7.9 6
biol (Annual mean temperature) 7.1 6.5
bio16 (Precipitation of wettest quartel 6.7 5
bio3 (Isothermality) 5.1 5.5
biol1 (Mean temp of coldest quarter) 5.1 54
bio13 (Precipitation of wettest month) 4.9 4.5
bio14 (Precipitation of driest month) 3.6 3.6
bio10(Mean temp of warmest quarte 2.9 3.3
bio7 (Temperature annual range) 2.8 3.6
biol7 (Precipitation of driest quarter) 2 2
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The modeled distribution ¢f. marginatununder current climatic conditions, as predicted
by the LTH and LQTH models, highlights broad habitat suitability across southern Europe,
northern and suBaharan Africa, and western and central ASigure 16). Both models produced
similar results, with the LQTH model predicting slightly broader suitable areas due to its higher

sensitivity to precipitation.

In Europe, the highest suitability is found in the Mediterranean Basin, including southern
Spain, Italy, Greece, and Turkey. High suitability extends into Portugal, southern France, and the
Balkans. Central European regions such as southern Germany, Y{uRgarania, and Ukraine
show moderate suitability, while northern Europe, including Scandinavia, the UK, and northern

Germany, remains unsuitable.

In Africa, both models predict high suitability in North Africa (Morocco, Algeria, Tunisia,
and Libya) and the Sahel region (Mauritania, Mali, Chad, and Sudan). Southern Africa remains

largely unsuitable foH. marginatundue to arid conditions.

In Asia, the highest suitability is found in Saudi Arabia, Oman, Yemen, Iran, Iraq, Syria,
and Pakistan, with moderate suitability in Kazakhstan and Uzbekistan. The LQTH model predicts
additional suitability in Bangladesh and eastern India, while bothIsrodesistently indicate low

suitability in Mongolia and northern China.

Future projections undessp245and ssp585indicate substantial northward expansion of
H. marginatum particularly in EuropeRigure 17). By 2041 2060, increasing suitability is
predicted for France, Germany, Switzerland, Austria, Hungary, and the Balkans, with new patches
of moderate suitability emerging in southern Poland, the Czech Republic, and Slovakia. Under
ssp585the expansion is more pronounced, extending into southern England, the Netherlands, and

western Ukraine, r ef fowaningtemperathres. speci esd resp

By 2081 2100, H. marginatumsuitability increases significantly across northern and
central Europe, particularly undesp585 France, Germany, and Poland exhibit widespread areas
of moderate to high suitability, with further encroachment into Belgium, Denmark, and southern
Scandinavia. The models indicate potential establishment in southern Sweden and Norway under
extreme warnmig scenarios. While Italy, Spain, Greece, and the Balkans remain strongholds, some
southern Mediterranean areas, particularly utlsern Spain, Greece, and Turkey, may experience

local declines due to extreme heat strigssastern Europe, moderate suitability gains are projected
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in Ukraine, Belarus, and western Russia, but with some fluctuations in habitat stability between
mid-century (20412060) and lateentury (20812100). The Baltic countries and southern Russia
show slight declines in suitability in the long term, likely doencreasing aridity.

In Africa, North African regions (Morocco, Algeria, Tunisia, Libya, and Egypt) retain
stable high suitability, while the Sahel region (Mauritania, Mali, Chad, and Sudan) shows a

southward shift due to projected increases in precipitation.

In the Middle East and western Asia, high suitability remains stable in Turkey, Iraq, Iran,
and the Arabian Peninsula, with minor declines in southern Saudi Arabia and Oman due to extreme
heat stress. Expansion is evident in Pakistan and northern India waeming and precipitation
changes create more favorable conditidys 2081 2100, undessp585 significant increases in
suitability are projected for China, Bangladesh, and parts of Southeast Asia. However, some overly
humid regions in South and Soudisé Asia may experience declining suitability due to excessive
moisture levelsOverall, bothsspscenarios project northward expansion, ve#ib85 showing a
more extensive shift. While the Mediterranean Basin and the Middle East remain key habitats,
southern Europe and parts of North Africa may experience localized suitability declines due to

extreme temperatures.

The MOP results indicate high environmental similarity across most of Europe, the Middle
East, and Central Asia, ensuring reliable model predictions in these réggune 18). However,
strict extrapolation is observed in large parts of Africa, particularly in arid and tropical zones, and
northern Eurasia, where climatic conditions differ significantly from the training data. Therefore,

predictions in these areas should berprieted with caution due to high extrapolation risk.
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Figure 16. Predicted suitability maps fétyalomma marginatumnder current climatic conditions

based on ENM results. Red areas indicate the highest habitat suitability.
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Figure 17. Projected habitat suitability éfyalomma marginaturander future climate scenarios.

The maps display predicted distribution changes for the period$ 208Q (left) and 20812100
(right) underssp245(top) andssp585(bottom) climate scenarios. Suitability ranges from low

(white/gray) to high (green/blue).
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Figure 18. Extrapolation risk analysis fétyalomma marginaturwith MOP10% by using
future scenariosThe map illustrates extrapolation risk based onréselts fromssp245for the
2061 2100 period Dark areas represent regions with strict extrapolation, where environmental
conditions fall outside the range of the calibration data, indicating high uncertainty in model
predictions. Lighter shades indicate increasing environmental similarity toltheatan region,

suggesting more reliable predictions.

20. Discussion

Our study presents an ENM analysistof marginatum a principal vector of CCHFV, under
current and projected climatic conditions. The results indicate that under present climatic
conditions H. marginatumexhibits high suitability across the Mediterranean Basin, North Africa,

and western and central Asia, consistent with its known distribution. Future projections reveal a
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notable northward expansion, particularly in Europe, with increasing suitability in central and
northern regions. These findings align with previous ENM studié4$. omarginatum(Hekimoglu

et al., 2023; Celina et al., 2023; Estrd&iia et al., 2012), reinforcing concerns about the species'
climatedriven range shifts and the implications Fyalommaborne disease transmission.

Several recent ENM studies have assessed the potential distributitnntdrginatum
under both present and future climatic conditions. While our findings largely align with these
projections, our study integrates a more extensive occurrence dataset and a refined set of
bioclimatic predictors, enhancing the robustness of our resustsidy by Hekimoglu et al. (2023)
projected northward expansion into central and eastern Europessp8&Candssp585%cenarios.
Similarly, Celina et al. (2023) predictectneasing habitat suitability across southern, western, and
central Europe, extending into southern Scandinavia. Our study aligns with these projections,
particularly underssp585 where rising temperatures facilitate tick survival in previously
unsuitable regions. However, our more extensive dataset and different bioclimatic variable

selection provide a comprehensive assessment of habitat shifts.

Temperature and precipitation remain the dominant factors influettingarginatum
distribution. Our models identified maximum temperature of the warmest month (bio5), annual
precipitation (biol2), and temperature seasonality (bio4) as the most influential variables,
consistent with previous research emphasizing the species' depermaencam, semarid
conditions (Estrad®efa et al., 2012; RequeBarcia et al., 2017).

The northern limit ofH. marginatumis primarily determined by temperature, while the
southern limit is constrained by precipitation and humidity (Gray et al., 2009). This explains the
projected northward expansion into France, Germany, Poland, and Scandinavia, where warming
temperatures iprove habitat suitability. Conversely, southern Spain, Greece, and parts of Turkey

may experience localized declines due to extreme heat stress.

Our future projections indicate substantial northward expansiod. aharginatumin
Europe, with increasing suitability in Western and Central Europe, and the Balkans bQani 1
By 2081 2100, particularly undessp585 high suitability expands into Northern Europe, reaching
southern Scandinavia. These findings align with prior studies predicting tick range shifts due to
warming winters and rising global temperatures (Williams et al., 2015; FernRuile& Estrada

Pefia 2021).This expansion raises sificant public health concerns, & marginatumis the
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primary vector of CCHFV. Increased tick populations in previously unaffected regions may
elevate disease risk, necessitating enhanced surveillance and control measures in emerging
hotspots. Veterinary and public health agencies should prioritize earlgtideteand risk

assessment in newly suitable areas.

Outside Europe, our models indicate stable habitat suitability in North Africa, the Middle
East, and Central Asia, confirming their role as key regions for thetéwnygpersistence dl.
marginatum In subSaharan Africa, suitability is expected to shift southward, with potential new
habitats emerging in the region. However, South Africa remains largely unsuitabiglasima
rufiped another major CCHFV vectérdominates the region due to its greater ecological

adaptability to arid and serarid environmets (Apanaskevich & Horak, 2008).

One notable aspect of the future projections is the apparent increase in habitat suitability
for H. marginatumn rainforest regions. Abl. marginatums primarily adapted to serairid and
Mediterranean climates, its survival in dense, humid rainforests remains unlikely. The models used
in this study rely solely on bioclimatic variables, particularly temperature and precipitation,
without considering lad cover, vegetation structure, or host availakdligey factors for tick
establishment. While climate amge may create new marginally suitable microhabitats, dense
vegetation, high humidity, and the absence of typical hosts maketdongtick survival in
rainforests unlikely. This highlights a key limitation of climately ecological niche models,
which can overpredict suitability in regions where additional ecological constraints are not
considered. Furthermore, much of Africa, particularly rainforest regions, remainssamlgied,
with sporadic studies and limited routine tick surveillance comparedrapBUAs a result, the
absence of records may reflect lack of sampling rather than true species absence. This lack of data,
combined with climat@lriven modeling, may contribute to projections of suitability in areas where
the ecological requirements fe marginatumare not fully met.

While climate is a primary driver dfl. marginatumdistribution, host availability is a
crucial ecological factor influencing its establishment, persisteand dispersalHyalomma
marginatumfollows a twehost life cycle, with immature stages feeding predominantly on small
mammals and grourndwelling birds, while adults parasitize larger vertebrates, including livestock
(cattle, sheep, and horses), wild ungulates, and, occasionally, hun@amsagkevich & Horak,

2008; Valcércel et al., 2020). Given this broad host spectrum, the tick caoit erpltiple
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ecological niches, increasing its potential for range expanditmst movement patterns
significantly impact the longlistance dispersal ¢f. marginatum Migratory birds act as natural
dispersal agents for nymphal stages, allowing the species to colonize new areas (Hasle, 2013;
Hoogstraal et al., 1961). Similarly, livestock trade and transhumance facilitate the introduction of
adult ticks into norendemicregions, a factor implicated in recent reportsHofmarginatum
presence in central and northern E@dBah et al., 2022). However, the absence of suitable
vertebrate hosts in newly climatically suitable regions could hinder the successful colonization and
long-term persistence of tick populations.

Incorporating host distribution data into ENMs remains challenging due to the generalist
nature ofH. marginatumand the difficulty in obtaining reliable occurrence data for multiple host
species. While certain vertebrates may serve as preferred hosts in specific regions, host preferences
and availability are highly variable across different geographic areas, nth&ingtegration into
models complex and uncertain (Valcarcel et al., 2020; Bonnet et al., 2022). Despite these
limitations, future studies shild explore ways to integrate host presence and abundance data to
refine predictions of tick establishment and persistence. Additionally, land use changes and habitat
fragmentation may further influence tick dispersal dynamics. The conversion of retdssddpes
into agricultural and urbanized environments can create ecological barriers, limiting tick
expansion, whereas sematural pastures and fragmented woodlands may increase contact
between ticks and their hosts, facilitating their persistence inaneas (Suzan et al., 2012; Perez
et al., 2016). A multifactorial approach, incorporating climatic, ecological, and anthropogenic
variables, would provide a more comprehensive understanding. aharginatund s f ut ur e

distribution and its implications fddyalommaborne disease transmission.

21. Conclusion

Our study provides a comprehensive assessmet afarginatuns current and future
distribution, predicting a clear northward expansion into Europe. These findings highlight the need
for proactive surveillance, vector control, and public health preparedness to address the growing
risk of Hyalommaborne diseases in a changing climate. Given the ongoing environmental
changes, integrating reime surveillance data with ecological models will be crucial for tracking

the speci esd expamskordercollabdfationseandydevelepimg eady warming s
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systems will further aid in mitigating the spread-bfmarginatumand reducing the public health

burden associated with its expansion.
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CHAPTER

This chapter summarizes the ongoing research project.

Mol ecul ar and Ser cClragn€aallgoSur ve
Haemorr hagi a nFelverk sViarnds Cattl e i
A 202@24 Study
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Molecular and Serological Surveillance ofCrimean-
Congo Haemorrhagic Fever Virusin Ticks and Cattle in
Kosovo: A 2022 2024 Study

Abstract

Crimearn Congo Haemorrhagic Fever (CCHF) is a severe viral disease transmitted by ticks,
presenting a significant health threat to humans. The Balkan region is considered to be highly
endemic area for the disease. Kosovo, particularly areas such as SkéfideraMalishevé,
Rahovec, and Suhareké, has been identified as a prominenértdgmic zone for CCHF,
significantly impacting the disease's dissemination. This study aimed to evaluate the prevalence of
the CCHF virus (CCHFV) among ticks collected fréwestock in Kosovo and to understand the
transmission dynamics of the virus within tick populations. The samples were collected in June
and July 2022 from cattle in different locations in Kosovo. Tick samples were identified and pooled
by species and séar CCHFV detection via RIPCR. A total of 1470 ticks belonging to 8 species
and 4 genera were collected. The speldigglomma marginaturwas the most abundant (60.3%),
followed byRhipicephalus bursé0.3%), Rhipicephalus annulatu§l6.6%), Haemaphysa$
punctata(1.1%), Hyalomma anatolicun0.9%), Rhipicephalus sanguiney®.7%), Hyalomma
rufipes(0.1%), andxodes ricinug0.1%). CCHFV was detected in 41/381 of the tested pools. The
infected tick species were identifiedldsmarginatumR. bursa andR. annulatusin addition to
tick testing, 100 serum samples from cattle were screened for CGpdific antibodies, with
23% testing positiv@ indicating past or ongoing circulation of the virus among livestock in the
region.This study confirmed the active circulation of CCHFV in ticks in Kosovo and highlights
their role in the maintenance of CCHFVhe detection of CCHFV in prevalent tick species
underscores the i mportance of adopting a comp
animal and tick surveillance. It is imperative to take effective measures to control tick infestation

in livestack to prevent future CCHFV infections in humans.

Keywords: CrimeanrCongo Haemorrhagic Fever Virusdyalomma Rhipicephalus
livestock,One Health
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23. Introduction

CrimeanCongo Haemorrhagic Fev€€CHF) is a zoonotic viral disease caused by the
CrimeanCongo Haemorrhagic Fever Vird€CHFV), a member of the gen@thorairovirus
within the familyBunyaviridae As one of the most geographically widespreadtiokne viruses,
CCHFV is present across more than 30 countries in Asia, Africa, Europe, and the Middle East
(Hoogstraal, 1979). Its transmission involves a natural cycle between ticks, particularly those
belonging to theHyalommagenus, and vertebrate hosts, primarily livestock (Ergonul, 2006).
Human infections occur through tick bites or contact with infected animal tissues, often leading to
severe disease characterized bgrhorrhagic manifestations and high fatality rates. Globally, an
estimated 10,000 to 15,000 cases of CCHF are reported each year, though accurate numbers remain
uncertain as up to 88% of cases may be asymptomatic, go undetected, or occur in regions with
inadequate disease surveillance or laboratory testing infrastructure (WHEQriAét al., 2017;
Hawman & Feldmann, 2018).

In Europe, CCHF is sporadic or endemic in southeastern countries, including Kosovo,
Albania, Bulgaria, Greece, and Turkey. Kosovo, in particular, is a CCHF hotspot, with the virus
being reported in 50% of its territory (Jameson et al., 2002; Ahmeti 804B). The central and
southwestern regions, including Malishevé, Rahovec, Suhareké, and Kling, areinyperic
areas (Sherifi et al. 2018). These regions, characterized ballitmde farmland and bush
vegetation, provide suitable habitats tdr margnatum the primary tick vector of CCHFV
(Sherifi et al., 2018). CCHF cases in Kosovo predominantly occur between May and July,
coinciding with the peak activity df. marginatunticks (Sherifi et al. 2014; Sherifi et al. 2018).

The earliest documented case of CCHF in Kosovo dates back to 1954 (Vedejajalet
al. 1991). Since 1989, outbreaks have been reported approximatelyigvggads. Since the mid
1990s human CCHF cases have been reported in Kosovo annually with ageevatality
rateof 25.5% (Fajs et al., 2014Bajs et al., 2014hlameson et al., 2003herifi et al., 2014). More
recent data from 2013 to 2016 showed that 32 patients were treated for CCHF in Prishtina, with a
case fatality rate of 34%, significanthygher than in neighboring countries like Turkey (11%)
(Ahmeti et al. 2019).

Kosovo and the surrounding regions are notable for the genetic diversity of CCHFV. Two

primary strains circulate in the area: Europe 1 (Clade V) and Europe 2 (Clade VI). The Europe 1
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strain, predominantly transmitted blyalomma marginatuiris associated with severe outbreaks

and high pathogenicity in humans (Sherifi et al., 2014). In contrast, the Europe 2 strain, linked to
Rhipicephalus bursaypically causes subclinical or mild cases of the disease (Papa et al. 2014).
Historical evidence suggests that the Europe 1 strain may have been introduced to Kosovo from
Turkey during the 1970s, with theingraeintha 6s hi
Virusos pamnencigetal.j201B8)t v ( E

The taxonomy of thelyalommagenus and its role in CCHF transmission in Kosovo remain
complex and understudied. Historical records from 1967 indicated#itimarginatumaccounted
for a significant proportion of the tick population on domestic animals in Kosovo (Heneberg et al.,
1967). However, earlier studies often used outdated or inaccurate species nomenclature,
complicating comparisons with current tick populationaiyics (Oswald, 1939). Recent research
has reported CCHFV prevalence rates as high &6 ib5H. marginatumticks collected after

outbreaks, emphasizing the critical role of these ticks in virus transmission (Duh et al., 2006).

Despite being one of the most affected regions in Europe, limited data are available on tick
populations and CCHFV prevalence in Kosovo. This study aims to address this gap by analyzing
tick populations collected from one of the hye@demic regions of Kkovo and assessing the
presence of CCHFV.

24. Materials & Methods
24.1. Study Area and Sample Collection

This study was conducted in the Malishevé region of southern Kosovo, adngmmnic
area for CCHFV. Tick samples were collected from cattle duringi Juhe2022 and Juiiduly
2024 across 22 villages in 2022 and 12 villages in 2024, at altitudes rangimd®0 to 930
meters. Ticks were sampled from specific anatomical regions of the cattle, including the perineum,
scrotum, udder, inner ear, and lower neck, using paired forceps under strict personal protective
measures. The ticks were immediately placedi2 mL c¢cryovials and store
analysis. For this study, only ticks from 2022 and cattle sera from 2024 were analyzed, while tick
samples collected in 2024 remain under investigation as part of the ongoing project.
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Tick species and gender were identified morphologically under a stereomicroscope using
the classification key by Estrad®ena et al. (2004). Ticks were grouped into pools for molecular
analyses, categorized by species, gender, feeding status, and col&t#io ensuring no
intermi xing between <categories. The prepared
integrity.

In 2024, veterinary professionals collected 100 blood serum samples frornafaed
cattle. These serum samples were obtained from the same individual cattle from which tick
specimens were collected during the 2@2#work. Blood was drawn into sterile EDTA tubes,

centrifuged, and the serum was isolated for subsequent serological analysis.
24.2.Viral RNA Extraction from Tick Samples

Tick pools were homogenized in a Tissue Lyser LT (Qiagen, Hilden, Germany) using 7
mm stainless steel beads at 6000 rpm for 10 minutes. The homogenate was centrifuged at 14,000
I g for 5 minutes, and the super naddasingthevas st
TRIzol RNA isolation method following the manufacturer's protocol. Briefly, tick samples were
i mmersed in 1 mL TRI zol reagent and incubated
was shaken for 15 seconds, centrifuged at 20,000 x gSaninutes at 4°C, and the RNA
containing upper aqueous phase was transferred to a new microcentrifuge tube. RNA was
precipitated by adding isopropanol at a ratio of 0.5 mL per 1 mL of TRIzol, incubated at room
temperature for 10 minutes, and centrifugeéd2,000 x g for 10 minutes at 4°C. The RNA pellet
was washed with 1 mL of 75% ethanol and centrifuged at 7,500 x g for 5 minutes at 4°C. The
pelletwasawdr i ed f or 5 minutes, r dreeu BEpP@reatee watei, n 2 0

and incubated at38C for 10 minutes to ensure complete dissolution.
24.3.gRT-PCR Detection of CCHFV RNA

Quantitative reverse transcription PCR (qRTR) was used to detect CCHFV RNA in
tick samples. RNA was extracted as described previously and subjected to amplification using the
Luna Universal Probe Ortep RTPCR Kit (New England Biolabs, Ipswich, MAT.he
reactions were prepared with 5 eL of BEA temp
reaction mix, 1 €L of Luna War mSproberntxtuie, Bnde nzy mi
2.5 &L -belewdkeN esukingin a total reactionvolunieo2 0 ¢ L .
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Modified primers and a probe specific to CCHFV were used for detection, as described by
Kurtesh et al (2014). The primers included CCHF -fShap - ( 5 Nj
AATAAATCATAATCTCAAAGAAACACGTGCC -3 Nj) and CGfHIFa p -S 1(22N;
AATAAATCATAACCTTTTTGAACTCTTCAAACC -3 Nj) , aobedwvagd ldbaled with FAM
BHQ1 (CCHF SPACTCAAGGKAACACTGTGGGCGTAAG).

gRT-PCR was performed on a CFX Connect REale PCR Detection System (Biad,
Hercules, CA, USA). Reverse transcription was conducted at 55°C for 10 minutes, followed by an
initial denaturation step at 95°C for 1 minute. Amplification involved 50 cyafleenaturation at
95°C for 10 seconds and annealing/extension at 60°C for 30 seconds. A plate read was included at

the end of each extension step.
24.4. Serological Detection of CCHFV in Cattle Sera

CCHFV-specific 1IgG antibodies were detected using the ID Screen® CCHF Double
Antigen Multi-species ELISA kit (IDVet, Grabels, France), a validated diagnostic tool for-multi
species serological analysis. The assay was conducted per the manufactureds [etom
samples were diluted and incubated at 25°C for 45 minutes, followed by conjugate and substrate
reactions at 25°C for 30 and 15 minutes, respectively. The optical densities (ODs) were measured
at a wavelength of 450 nm. The sample positivity paemge (S/P%) was calculated using the
formula: S/P% = (ODS/ODPC) x 100. Samples with S/P% >30% were classified as positive, while

those O30% were considered negative.

25.Results
A total of 1,470 ticks were collected from cattle during the study period, representing eight species
across fougenera(Figure 19). The predominanspecies identified wald. marginatum which
constituted 60.3% of the total collection, followed Byipicephalus bursg20.3%) andR.
annulatus (16.6%). The remaining species includéthemaphysalis punctatdl1.1%), H.
anatolicum(0.9%),R. sanguineuf0.7%),H. rufipes(0.1%), andxodes ricinug0.1%) Figure
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20). These results highlight the predominance Hof marginatumwithin the region's tick

population, consistent with its wallbcumented role as a primary vector of the virus.

Albania

Study area
H. marginatum
R. annulatus
R. bursa

R. sanguineus
Ha. punctata
H. anatolicum
H. rufipes

N 1. ricinus

4N

Qup pofufupups

A bt

Figure 19.Geographic distribution and species composition of ticks collected in Kosovo.

*‘/ H. marginatum | (60.34%; 887)
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ﬁ H. anatolicum | (0.88%; 13)
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Figure 20. Distribution of tick species collected from cattle in Kosovo during 2022. The bar graph

represents the total number and percentage of each tick species identified.
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Regarding life stages and feeding statudemarginatunpopulations were predominantly
males (67.4%) and fed females (17.6%). SimilaRybursaandR. annulatusshowed a high
proportion of fed females (52.7% and 56.6%, respectively) and males (37.9% and (Z4gL¥e)
21).

H. marginatum | | {UF 14.7%; FF 17.6%; M 67.4%; N 0.3%)
R. bursa ] I [UF 6.4%; FF 52.7%; M 37.9%; N 3.0%)
R. gnnulatus ] I {UF 14.8%; FF 56.6%; M 24.1%; N 4.5%)
Ha. punctata | (FF 81.3%; M 18.8%)
H. angtolicum ] (UF 15.4%; FF 15.4%; M 69.2%)
R. sanguineus | (FF 70%; M 30%)
B3 Unfed Female {UF)
i M 100%
H. rufipes Fed Female {FF) { g
I ricinus =3 Male (M) (FF 100%)
Nymphs (N}
0 200 400 600 200

Figure 21. Distribution of life stages and feeding statuses among tick species collected from cattle

in Kosova

Haemaphysalis punctateonsisted mostly of fed females (81.3%), whileanatolicum
was largely composed of males (69.2%). In contfstsanguineusvas primarily made up of
unfed females (70%). Rare species, suchl.asifipesand Ixodes ricinus were represented by

single individuals

Molecular analyses were conducted on 381 tick pools, encompassing the 1,470 collected
ticks. Of these, 340 pools (representing 1,293 ticks) tested negative for CCHFV. However, 41
pools, comprising 177 individual ticks, tested positive, resulting in agmsativity rate of 10.8%.
The cycle threshold (Ct) values for CCHpdsitive pools varied significantly, ranging from 10
to 40.

CCHFV-positive pools were associated with three tick spetlemarginatumR. bursa
andR. annulatusAs the most frequently encountered spectiesnarginatumwvas responsible for
the majority of positive pools, further confirming its critical role as a primary vector in the

transmission of CCHFV. The detection of CCHFVRnbursaandR. annulatusalso highlights
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their potential contributions to the transmission dynamics of the virus in the region, particularly as

secondary vectors.

In addition to tick analyses, 100 serum samples from-faiged cattle collected in 2024
were screened for CCHFSpecific antibodies. Of these, 23 samples tested positive, indicating

active or past exposure to the virus in nearly a quarter of the sapggathtion.

This study is part of an ongoing investigation. Sequencing of tick samples collected in 2022
is underway at Aristotle University of Thessaloniki, Greece, and results are expected to provide
insights into the genetic diversity of CCHFV in the region. Analgs tick samples collected in
2024 has not yet commenced but is planned for later this year. Once these tick samples are
analyzed, it will be possible to investigate any relationship between CqidBiive ticks and
their associated cattle hosts, potalhyilinking positive tick pools to specific seropositive cattle.

This additional layer of analysis will contribute to our understanding of the transmission dynamics
of CCHFV in endemic regions like Kosovo. Findings from these ongoing and future anallyses w

be disseminated as separate studies.

26. Discussion

This study confirms the continued circulation of CCHFV in Kosovo, particularly within
historically endemic regions such as Malishevé. The detection of CCHFV RNA in 41 pools of
ticks collected from cattle in 2024 reflects active viral presence in the eamert. As expected,

H. marginatum the primary vector of CCHFV, accounted for the majority of positive pools,
reinforcing its central role in transmission. However, the detection of viral RN bursaand

R. annulatuslso suggests these species mayacecondary vectors in the region, highlighting

the need to further explore the contributions of these tick species to the local and regional
epidemiology of CCHFV.

Serological analysis of cattle from the same farms where ticks were collected revealed that
23% of animals had antibodies against CCHFV, indicating past or ongoing exposure. These results
highlight the role of livestock not only as hosts for tick poputetibut also as important sentinels

for monitoring viral circulation. This underscores the importance of integrating livestock
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surveillance into a broader "One Health" framework for early detection and control of CCHFV

risks.

Between 2013 and 2016, a total of 32 patients were treated for CCHF in Kosovo, 11 of
whom died, corresponding to a cdatality rate of 34% (Ahmeti et al., 2019). This period
represented one of the most active phases of CCHF in recent Kosovar 8stosgjllance data
from the Ministry of Health of Kosovo, supported by credible national news sources, indicate that
the incidence of CCHF in Kosovo has remained relatively low in recent yaa?81b, all 46
suspected cases tested negative, and betwee@202018 only eight laborateoponfirmed cases
were recorded. A case in 2018 marked the first confirmed infection outside the traditional hotspot
of Malishevé, in Gjilan, but the patient survived. No CCidkated deaths occurred after 2013
until July 2020when a fatal case was reported in Malishevé. Importantly, from 2021 to 2023, no
confirmed human infections were reported despite ongoing tick exposures in endemic
municipalities. A retrospective case report later described a 2013 infection in a pregmaart w
which resulted in neonatal deathjgdzajBerishaet al., 2025).These observations suggest that
although the virus remains enzootic in ticks and livestock, the intensified and widespread use of
acaricides in recent years to control tick infestations in livestock may have been a decisive factor

in reducing the number dfuman CCHF cases in recent years

Kosovobds ecological and agricultural profi
tick populations and CCHFV transmission. The Mediterrargeantinental climate, fragmented
farmland, bush vegetation, and semid grazing practices create ideal itals forH. marginatum
and other vector species (Sherifi et al., 2014). Historical hotspots such as Malishevé, Rahovec,
Suhareké, and Kliné have repeatedly experienced outbreaks with significant fatality rates,
especially among farmers and agriculturalrkess (Ahmeti et al., 1996; Sherifi et al., 2018).
Molecular studies show that Kosovo hosts two distinct viral lineages: the highly pathogenic Europe
1 (Clade V), primarily transmitted biyl. marginatum and the lowpathogenic Europe 2 (Clade
V1), associated withR. bursa(Sherifi et al.,, 2014; Papa et al.,, 2014). This genetic diversity

underlines the countryds critical role in the

The regional situation in the Western Balkans mirrors these patterns of low but persistent
activity. In Albania, most cases occur in the northeastern districts bordering Kosovo, reflecting a

persistent local tickorne reservoir. For example, in March 2017 two confirmed CCHF cases were
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reported in Kukés district (Ndreu et al., 2018). No large outbreaks have been recorded in recent
years; cases usually present as isolated or familial clulsiignts. Macedonia, after decades without
reported cases, experienced a suddamrergence in 2023 when three infections were confirmed,
including one fatality and one nosocomial case in a healthcare worker. Genetic sequencing
demonstrated close similarityetween the strain and those circulating in Kosovo, confirming
transboundary viral movememdiakimovski et al., 2026 By contrast, Serbia and Montenegro have

not reportedasesn recent years, although the presence of competent tick vectors and serological
evidence of CCHFV in animals suggest underlying endemi&BS@A, 2010. The absence of
reported cases in these countries highlights the variable visibility of CCHF across the region, which

may reflect differences in surveillance intensity rather than true absence.

The present study reinforces the importance of sustained surveillance in both ticks and
livestock. The pending sequencing of tick samples collected in 2022 and 2024 will provide further
insight into CCHFV strain diversity and the relationship between tiedieticks and their animal
hosts. These data will be essential for refining risk assessments and implementing targeted control
measures, such as acaricide treatment and public education efforts. Given the sporadic but
persistent nature of CCHFV in the regj continuous monitoring is critical to prevent potential re

emergence in the human population.

27. Conclusion

This study highlights the intricate relationship between ticks, cattle, and CCHFV in
Kosovo, emphasizing the need for sustained vector surveillance and integrated control strategies.
The findings add to the evidence of CCHFV's endemic presence in then8alkd lay the
groundwork for creating targeted strategies to reduce the disease's impact in the region. Continued
research and collaboration across disciplines and borders are essential to address the persistent

challenges posed by CCHFV in endemic areas.
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Abstract

CrimeanCongo Haemorrhagic Feveasrthonairovirus (CCHFV) is a negathgense,
singlestranded RNA virus with a segmented genome and the causative agent of Egmean
Congo Haemorrhagic Fev@CCHF) disease. The virus is transmitted mainly by tick species in
Hyalommagenus but other ticks such as representatives of gpeem@acentoandRhipicephalus

may also be involved in virus life cycle.

To improve our understanding of CCHFV adaptation to its tick vectors, we compared
nucleotide composition and codon usage patterns among the all CCHFV strains i) which sequences
and other metadata as locality of collection and date of isolation are asailabénBank and ii)
which were isolated from #field collected tick vectors. These criteria fulfilled 70 sequences (24
coding for S, 23 for M, and 23 for L segment) of virus isolates originating from different

representatives ¢lyalommaandRhipicephals genera.

Phylogenetic analyses confirmed thtalomma andRhipicephalusoriginating CCHFV
isolates belong to phylogenetically distinct CCHFV clades. Analyses of nucleotide composition
among theHyalomma and Rhipicephalusoriginating CCHFV isolates also showed significant
differences, mainly in nucleotides located at tilec8don positions indicating changes in codon
usage among these lineages. Analyses of codon adaptation index (CAl), effective number of
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codons (ENC), and other codon usage statistics revealed significant differences between
Hyalomma andRhipicephalugsolated CCHFV strains. Despite both sets of strains displayed a
higher adaptation to use codons that are preferradyjommaticks thanRhipicephaludicks,

there were distinct codon usage preferences observed between the two tick species. These findings
suggest that over the course of its long coevolution with tick vectors, CCHFV has optimized its

codon usage to efficiently utilize translational reses ofHyalommaspecies.

Keywords: CrimeanCongo Haemorrhagic Feveporthonairovirus, codon usage,

coevolution, host adaptatioHyalomma Rhipicephalus

28. Introduction

The CrimeanCongo Haemorrhagic Feverthonairovirus (CCHFV), recently renamed
Orthonairovirus haemorrhagiaey the International Committee on Taxonomy of Viruses (ICTV)
Nairoviridae Study Group, is a member of the ge@ubonairovirus family Nairoviridae and
the etiologic agent o€rimeanCongo Haemorrhagic Fev€€CHF) disease (Postler & Kuhn,
2021). It is a lipidenveloped, singlstranded, negativeense RNA virus with a segmented
genome. Each of the three CCHFV genomic segments has a different futtotid®:(small)
segment encodes nucleocapsid protein (N), the M (medium) segment encodes glycoproteins (Gn
and Gc), and the L (large) segment encodes RIFgendent RNA polymerase (RdRp; Bente et
al., 2013).

CCHEF is the most widely distributed tiddorne viral disease in humans, being endemic in
many geographic regions across Africa, Asia, Eastern and Southern Europe, and the Middle East
(Bente et al., 2013). In Africa and Eurasia, CCHFV is among the deadliesin pathogens
(Shayan et al., 2015), and outbreaks of CCHF pose a significant threat due to its epidemic potential,
high case fatality rates ranging from 5% to 80% (Mertens et al., 2013), potential for nosocomial
outbreaks, and challenges in treatmend prevention (WHO, 2013). Therefore, due to its high

potential for humatto-human transmission, the high risk of laboratacguired infections, and
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the lack of a specific vaccine, CCHFYV is classified as a biosafety level 44B&jent (Ergondil,
2006).

The virus is transmitted through the bite of its main vector, ticks in the d&ralsmma
(Ixodidae).Hyalomma marginaturkoch, 1844 is the major vector of CCHFV in the Old World
(Bente et al., 2013). Additionally, various other species withinHj)x@ommagenus have also
been reported to carry CCHFV, suchHaexcavatuniKoch, 1844 H. lusitanicumKoch, 1844 H.
rufipesKoch, 1844, andH. truncatumKoch, 1844 (Gonzalez et al., 1991; Madbouly et al., 1970;
EstradaPefia et al., 2012; Nasirian, 2022), playing significant roles as vectors in the Middle East,
the Iberian Peninsula, and Africa, respectively (Orkun et al., 2017). However, the scope of
potential vectors expands beyohiyalommaspecies, with over 30 different tick species implicated
in CCHFV transnssion (Orkun et al., 2017).

Ticks from other genera of Ixodidae, includiRfpipicephalusand Dermacentoy are also
capable of transmitting CCHF\Rhipicephalusticks, such asfR. bursaKoch, 1844 andR.
turanicusPomerantsev, 1936, have been identified as carriers of CCHFV in regions spanning
Albania, Turkiye, Greece, and Russia (Papa et al., 2017; Tsapko et al., 2022; Yesilbag et al., 2013).
Similarly, in the genu®ermacentoyD. marginatusSulzer, 1776 has tested positive for CCHFV
in Turkiye, Russia, and Spain (Papa et al., 200sapko et al., 2022; Sherifi et al., 2018; Moraga
Fernandez et al., 2021; Fakoorziba et al., 2015), highlighting its potential as a vector for the virus.
Despite the detection of CCHFV withd. marginatuseggs and its confirmed competency as a
tick vector for the virus in laboratory studies, questions remain regarding their natural vectorial

capacity within the enzootic cycle of the virus (Orkun et al., 2017; Sherifi et al., 2014).

Ticks transmit CCHFV to various mammals by taking blood meals for their maturation and
egg production. Nevertheless, humans can acquire CCHFV infection not only from tick bites but
also from direct contact with the blood or tissues of infected animalsroar patients. Other
possible routes of transmission for CCHFV include transmission from an infected mother to

offspring, sexual contact, and blood transfusion (Pshenichnaya et al., 2017).

Due to its complex ecology, CCHFV is characterized by a great genetic diversity with
complex evolutionary patterns (Anagnostou & Papa, 2009). CCHFV can be phylogenetically
divided into eight distinguishable clades (Afrida881Europe 13, and Asia 1 and 2T hese clades

differ not only by their geographic distribution and primary sequence but also by other features
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such as pathogenic potential. On the other hand, segment reassortment between the clades and
long-range migration events of individual CCHFV lineages have been observed, demonstrating
the dynamic nature of CCHFV evolution (Chinikar et al., 2010; Hewsah, &004).

In the genomes of each species, there is a distinct preference for specific synonymous
codons, which encode the same amino acids, leading to unequal frequencies of codon usage within
their respective genes (Plotkin & Kudla, 2011; Plotkin et al., 2006%. ddncept, referring to the
differential usage of synonymous codons, is known as codon usage bias. Codon usage bias has
been studied in a wide range of organisms, from prokaryotes to eukaryotes and viruses. However,
how such biases arise is a mwd#batedarea of molecular evolution. Different factors have been
suggested to be related to codon usage bias, including gene expression level;aytasime
content, guanineytosine skew, amino acid conservation, protein hydropathy, and transcriptional
selecton (Chen & Chen, 2014; Ermolaeva, 2001; Knight et al., 2001; Quax et al., 2015).

The codon usage bias in RNA viruses is mainly affected by compositional constraints under
mutational pressure and natural selection (Shields et al., 1988; Stenico et al., 1994). Many studies
on codon usage bias in various viruses have shown that the magn shaping codon usage
patterns is mutational pressure rather than natural selection (Jenkins & Holmes, 2003; Sharp et al.,
2010; Wong et al., 2010). However, for many DNA and RNA viruses, mutational pressure is not
the only factor influencing codon ugapatterns (Butt et al., 2014; Rahman et al., 2018). Compared
with prokaryotic and eukaryotic genomes, the viral genome has certain features, such as
dependence on its hosts for replication, protein synthesis, and transmission of proteins. The
interactionbetween virus and host is considered to affect the survival, adaptation, and evolution
of the virus, as wel |l as its ability to evade
CCHFV, an optimal codon usage pattern has been shown to be an mhpactar in better
adaptation of these viruses to their hosts (dos Passos Cunha et al., 2018; Singh et al., 2016).
Moreover, major ecological shifts in the evolution of viruses have been linked to variations in their
codon usage (Li et al., 2022). On th#her hand, codon usage pattern deoptimization leads to
decreased fitness in many viruses (de Fabritus et al., 2015; Manokaran et al., 2019; Nougairede et
al., 2013).

Previously, an analysis describing the adaptation of CCHFV codon usage patterns to its

vertebrate hosts was performed (Rahman et al., 2018), but tick species (exdgatdormaticks)
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were not included in the study, despite the fact that arthropod vectors have at least the same effect

on arbovirus evolution as their vertebrate hosts (Sexton & Ebel, 2019).

Therefore, we performed a comprehensive analysis of codon usage patterns of three
genomic segments (S, M, and L) of CCHFV isolates fiepalommaand Rhipicephalusgno
sequences of CCHFV strains isolated from other tick species are available) using available
sequence data. Whilkyalommaspecies are the primary virus reservoirs and vectors for CCHFV,
there is experimental evidence suggesting the potential involvement of ticks from the
Rhipicephalugienus in its transmission; however, concrete evidence dugptreir significant
role in viral maintenance and natural transmission remains inconclusive (Sherifi et al., 2014).
Recent studies have detected CCHFV antigen witHRhigicephalusspecies, along with viral
RNA in differentRhipicephaluspecies across Albania, Kosovo, Gredcekiye, and Iran (Papa
etal., 2017; Tsapko et al., 2022; Yesilbag et al., 2013; Fakoorziba et al., 2015; Sherifi et al., 2018).
Notably, this highlights the exclusive presence of CCHFV strains belonging to Europe 2 (clade
VI) within R. bursaspecies, indicating their potential role as vectors of the virus (Papa et al., 2017).
ConverselyR. sanguineusensu lato ticks are commonly linked with the Europe 1 clade. Further
laboratory investigations are essential to establish the vector compet&igpiogphaluspecies
(Papa et al., 2017). Moreover, a recent comprehensive review catedRrizegsaamong
confirmed vectors for CCHFV (Orkun et al., 2017). This classification is based on documented
infection rates, records, and obs#rons spanning over 30 distinct tick species (Orkun et al.,
2017). Given this context, our study aimed to investigate the codon usage patterns of CCHFV in
relation to botiHyalommaand Rhipicephalugick species, providing a deeper understanding of

its adaptation to various vector species.

29. Materials and Methods
29.1. Data Collection

In this study, complete or nearly complete genome sequences of CCHFV strains isolated
from tick vectors were analyzed, while partial sequences, that could lead to biased results in terms
of codon usage, were excluded. We compared nucleotide compositi@odorl usage patterns
among the all CCHFV strains i) which sequences and other metadata as locality of collection and

date of isolation are available in GenBank and ii) which wskated from idfield collected tick
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vectors.These criteria fulfilled 70 sequences (24 coding for S, 23 for M, and 23 for L segment) of
CCHFV isolates originating from different representativesHyalommaand Rhipicephalus
genera, and were retrieved from the National Center for Biotechnology Information (NCBI)
GenBank databaseht{ps://ncbi.nim.nih.gov/nuccone/on December 2019, together with
information about isolation date, collection locality, and vector species. Sequence details were

compiled inSupplementary Table S1.
29.2.Phylogenetic Analysis

Sequences were divided into groups according to CCHFV segments and aligned using
MAFFT (v7.427). Maximum clade credibility (MCC) trees were constructed using Bayesian
evolutionary analysis by sampling trees (BEAST, v1.1@@ummond & Rambaut, 2007;
Suchard et al., 2018)sing HKY as the nucleotide substitution model with gamma distributed rate
heterogeneity and a relaxed molecular clock. The Markov chain Monte Carlo (MCMC) algorithm
was executed for 16@illion generations, with the initial 10% of the @maliscarded as bufim
using the TreeAnnotator package integrated within the BEAST soff@anenmond & Rambaut,

2007) The resulting MCC tree files were subsequently imported into the Figtree tool (v1.4.4;
http://tree.bio.ed.ac.uk/software/figtre@r tree visualization and to estimate the time to the most
recent common ancestor (tMRCA). Clades with Bayesian posterior probabilities exceeding 0.5

were displayed in the tree&.total of 70 sequences were used in this analysis.
29.3. Nucleotide Composition Analysis

Nucleotide compositional properties of the CCHFV coding sequences were calculated
using CAlcal servertp://genomes.urv.es/CAlcalPuigho, Bravo, & Garci¥allve, 2008). The
overall frequency of occurrence of nucleotides (A%, C%, U% and G%), frequency of each
nucleotide at the third site of synonymous codons (A3%, C3%, U3% and G3%), frequencies of
occurrence of nucleotides GC aethirst (GC1), second (GC2) and third synonymous codon
positions (GC3), the mean frequencies of nucleotide GC at the first and the second position
(GC12), overall GC and AU contents, and AU and GC contents at the third codon positions (AU3,
GC3) were caldated. AUG and UGG that are only the codons for Met and Trp (no synonymous
codons) along with the terminatimodons (UAG, UAA, and UGA) which do not encode any
amino acids were excluded from the analyses since they were not expected to show any codon

usag bias.
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29.4.Analysis of the Effective Number of Codons (ENC)

An effective number of codons (ENC) analysis was used to assess codon usage bias in
CCHFV segments isolated frorlyalommaand Rhipicephalugicks, calculated with CodonW
software (v1.4.4)H(ttp://sourceforge.net/projects/codon&ENC values typically range from 20 to
61, with lower values signifying extreme codon usage bias and higher values indicating the

opposite.

To explore whether the codon usage of given strains is solely due to mutational pressure or
selection pressure, an ENtIbt was produced. To determine the correlation between the expected
ENC and the GC3s values, the expected ENC values were calculatigtefent GC3s using the
method of Singh et al. (20163ingh et al., 2016)

O0BAPPc i ——— where fAsd indicates GC conten

codon positions (GC3s%). When data points align with or near the standard curve, it suggests
predominantly mutational pressure, while points falling below indicate codon usage subject to

natural seleabn.
29.5.Relative Synonymous Codon Usage (RSCU) Analysis

RSCU analysis was performed to compare the codon usage preferences of three different
segments of CCHFV being isolated either frafyalommaor Rhipicephalus RSCU was
calculated using CAlcal server. RSCU values greater than 1 show positive codon usage bias and

are described as Anabundant o codons. The value

are descr-abeddast al es d o n &indicdtes Rob@adin codoh usage. o f

Hyalomma and Rhipicephalugsolated CCHFV coding sequences were compared with
codon usage values of their natural vectors obtained from Codon and Codon Pair Usage Tables
(CoCoPUTS) littps://hive.biochemistry.gwu.edu/review/codpRlexaki et al., 2019)accessed

in June 2020, and analyzed using CAlcal server.
29.6.Codon Adaptation Index (CAIl) Analysis

CAl was performed to gain insight into the codon preferences of CCHFV in relation to its
tick hosts. The CAI values vary from 0 to 1, and higher values indicate higher levels of codon

usage bias towards the codons used in highly expressed Bettext al., 2014)The most frequent
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codons signify the highest relative adaptation to the host, and sequences having higher CAI are
known to be favoured over sequences having lower CAIl. CAIl analysis was performed using
CAlcal server(Puigho, Bravo, & Garci/allve, 2008) for Hyalomma (H. anatolicum, H.
asiaticum, H. dromedarii, H. excavatum, H. lusitanicum, H. marginatum, H. ruipdd.
truncatun) and Rhipicephalus(R. bursaand R. sanguineysspecies. The reference data sets
showing codon frequencies for these tick species were obtained from the CoCoPUTs database
(Alexaki et al., 2019)

In addition, the expected CAl values (eCAl) at the 95% confidence interval were calculated
in order to ascertain whether statistically significant differences in CAl values result from codon
preferences and to provide statistical support to CAl analysadiegorovSmirnov test for the

eCAl was also applie(Puigbo, Bravo, & Garciv/allvé, 2008)
29.7. Correspondence Analysis (COA)

COA analysis was performed to detect the variation of codon usagé¢Siagh et al.,
2016) The COA was performed based on RSCU values for CCHFV strains (S, M, and L segments)
isolated fromHyalommaandRhipicephalusand the distribution of the strains in the plane of the
first two principal axes of COA was determined. CodonW (v1.4.4) software was used in order to

examine the codon usage indices.
298. Selection Analysis

The dN/dS ratio (v¥) -sysonymaue slubstituton cate pgpaone t h e
synonymous site (dN) with the synonymous substitution rate per synonymous site (dS). This ratio
estimates the selective pressures acting on a coding sequence by idethiyragtion of codons
t hat are evolving under purifying/ negative se
positivel/ldiversifying selection (¥ > 1). To ¢
segments of CCHFYV isolated frorlyalonma and Rhipicephalugicks, the Hypothesis Testing
Using Phylogenies software v2.2.4 (HyPhy) was yg®hd et al., 2005Pervasive sitspecific
selection pressure analysis was performed in this study, utilizing Fast Unconstrained Bayesian
AppRoximation (FUBAR) method accessible at the Datamonkey webg®tueell et al., 2013)
(https://www.datamonkey.org/The dN/dS estimates for selection inference were analyzed using
the posterior probability of 0. 9.
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299. Statistical Analysis

A statistically significant difference between all nucleotide compositional properties of
Hyalomma andRhipicephalugsolated CCHFV strains (A, C, U, G, A3, U3, G3, C3, AU, GC,
GC1, GC2, AU3, GC3, GC12), and among ENC and CAI values was addressed by applying the
t-test and Wilcoxon & MamWhitney test with Bonferroni correction (p < 0.05) in GraphPad

Prism 9.
30. Results

30.1. Hyalomma and Rhipicephalus originating CCHFV isolates are
phylogenetically isolated

The phylogenetic trees of S and L segments showed the genomic sequences were clearly
assembled into clusters in relation to their tick hdaigufe 22). The results revealed that CCHFV
strains isolated frorRhipicephalusvere genetically distant froidyalommaisolated strains. This
highlighted the evidence of strong selection pressure on host adaptation. In contrast, the
phylogenetic tree of M segment did not exhibit a clear separatiomyalomma and
RhipicephalugsolatedCCHFV strains. Notably, CCHF\Ursins isolated fronRk. bursan Greece
(Europe 2) formed a distinct cluster fré#galommastrains, while strains fromR. bursan Turkiye
(Europe 1) clustered together wilyalommaisolated strains. Previous studies showed that codon
usage patterns in viral genomes can be influenced by geographic ¢Ggies et al., 2014;
Rahman et al., 2018; Singh et al., 2016; Wang et al., 2023; Yao et al., Z020¢fore, the
clustering of M segment strains may reflect both host adaptation and geographic distribution.
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Figure 22. The maximum clade credibility tree for 70 CCHFV strains isolated
from HyalommaandRhipicephaluspecies The tree node shows the tMRCA in
years.Hyalomma andRhipicephalussolated strains are distinguished in branches of
different shapes (circle fatyalommaisolated strains and triangle fBhipicephalus
isolated strains). Phylogenetic clades of strains are represented in the legend with different

colors.

30.2. Nucleotide composition of CCHFV isolates fromHyalomma and

Rhipicephalusticks is different

Nucleotide composition strongly affects codon usage patterns. Important are
especially nucleotides at the third position of codd® U3, G3, C3) (dos Passos Cunha
et al., 2018; Di Paola et al., 2018; Tao et al., 200Bgre were statistically significant
differences betweerHyalomma and Rhipicephalugsolated CCHFV strains in the
frequency of A3 and G3 in all segmenEsgure 23; Supplementary Table 3.
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