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Summary. - Tick-borne viruses (TBVs) belong to the largest biological group known as arboviruses with
unique mode of transmission by blood-feeding arthropods (ticks, mosquitoes, sand flies, biting midges, etc.)
to a susceptible vertebrate host. Taxonomically, it is a heterogenous group of vertebrate viruses found in several
viral families. With only one exception, African swine fever virus, all TBV's have a RNA genome. To date, at
least 160 tick-borne viruses are known, some of them pose a significant threat to human and animal health
worldwide. Recently, a number of established TBVs has re-emerged and spread to new geographic locations
due to the influence of anthropogenic activities and few available vaccines. Moreover, new emerging tick-borne
diseases are constantly being reported. Major advances in molecular biotechnologies have led to discoveries of
new TBVs and further genetic characterization of unclassified viruses resulting in changes in TBV's classification
created by the International Committee for the Taxonomy of Viruses. Although TBVs spend over 95% of their
life cycle within tick vectors and the role of ticks as vectors has been known for over 100 years, our knowledge
about TBVs and molecular processes involved in the virus-tick interactions is scarce.
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1. Introduction

Ticks, obligate hematophagous ectoparasites of all classes
of terrestrial vertebrates, are second only to mosquitoes as
vectors of human pathogens, but are primary carriers of
pathogens of veterinary importance (Mansfield et al., 2017).
Ticks surpass all other blood-feeding arthropods in the
variety of transmitted pathogenic agents, including viruses.
Many unique features of ticks make them inevitably suitable
to host and to carry different viruses as well as act as long-
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term virus reservoirs. Some of the viruses have significant
medical and veterinary impact by causing serious diseases
in humans and animals (Nuttall, 2014; Brackney and Arm-
strong, 2016). Members of both families, Argasidae (soft
ticks) and Ixodidae (hard ticks) are able to transmit viruses,
but hard ticks are vectors of the majority of viruses of medi-
cal and veterinary importance (Labuda and Nuttall, 2004,
2008; Nuttall, 2014).

Tick-borne viruses (TBVs) belong to arboviruses (ar-
thropod-borne viruses) representing the largest biological
group of vertebrate viruses, and persist in nature through
circulation between vector ticks and vertebrate hosts. To
survive, TBVs have adapted to two entirely diverse inner
environments in invertebrate and vertebrate hosts, and
mastered to infect and multiply in both of them irrespec-
tive of whether they have a RNA genome double-stranded
or single-stranded, segmented or non-segmented, or of
positive or negative polarity (Nuttall, 2009). The long-lasting
co-evolution of ticks with viruses led to their mutual toler-
ance and adaptation to the tick physiology (Mans, 2011).
The inter-relationships among viruses, ticks and vertebrate
hosts are very complex and dynamic and are influenced by
the physiological and immunological status of vertebrate
hosts and by hitherto unknown factors in ticks (Moshkin et
al., 2009; Nuttall 2014; Kazimirovd et al., 2017). Although
it is estimated that TBV's spend over 95% of their life cycle
within the tick vector (Nuttall et al., 1994; Nuttall and
Labuda, 2003; Turell, 2015; de la Fuente ef al., 2017), and
the role of ticks as vectors has been known for over 100
years, our understanding of tick — virus — host interactions
is still limited. Neither the molecular mechanisms that allow
TBV:s to switch between ticks and vertebrate hosts nor the
mechanism of viral persistence in different environments are
fully understood, but it is suggested that viral, tick as well as
vertebrate host factors together with biotic and abiotic fac-
tors are involved in these complex processes (Nuttall et al.,
1994; Labuda and Nuttall, 2004; Robertson et al., 2009; Mlera
et al., 2014; Nuttall, 2014). Major advances in molecular
biotechnologies (PCR, qPCR, next-generation sequencing,
proteomic analyses, RNA interference) together with tick cell
lines, an important complementary tool to in vivo research
of the tick - host — arbovirus relationships (Bell-Sakyi et
al., 2012) enhance the likelihood of elucidating tick - virus
interaction and find the ways to control and prevent tick-
borne diseases (TBD).

2. Taxonomy of tick-borne viruses

Viruses form a major group of pathogenic agents trans-
mitted by ticks. TBVs (acronym “tiboviruses; Hubélek and
Rudolf, 2012) represent a diverse group of viruses character-
ized by their specific biological transmission among compe-

tent hard or soft ticks and vertebrate hosts and by their ability
to infect and replicate in both, vertebrate as well as arthropod
cells. The first described TBVs, Nairobi sheep disease virus
(1910) and Louping ill virus (1929), triggered a sudden large
amount of discoveries of around 530 arboviruses listed in the
International Catalogue of Arboviruses Including Certain
Other Viruses of Vertebrates (Karabatsos, 1985; Bichaud et
al., 2014). The catalogue (accessible online https://wwwn.
cdc.gov/arbocat/) is a result of Rockefeller Foundation Virus
Program established to investigate arthropod-borne viruses
of vertebrates. During the two decades (c. 1960-1975) of its
existence (the golden age of arbovirology), most of the cur-
rent major arboviruses were discovered, characterized, stud-
ied and included in this catalogue. However, since the newly
discovered potential arboviruses are recorded as genomic
sequences in other databases, no registration has occurred
for a long time. At least 160 named viruses are transmitted
by ticks, of which about 50 are recognized or probable “virus
species” (Nuttall, 2014). Taxonomically, it is a heterogenous
group of viruses infecting vertebrates that are found in
several viral families: Asfarviridae, Flaviviridae, Reoviridae,
Orthomyxoviridae, Rhabdoviridae, the newly formed family
Nyamiviridae (the order Mononegavirales), and the families
Nairoviridae, Phenuiviridae and Peribunyaviridae in the new
order, Bunyavirales. With only one exception (African swine
fever virus) all TBV's are RNA viruses, with absolute majority
of negative-sense RNA viruses.

Taxonomy of viruses is created by the International
Committee on Taxonomy of Viruses (ICTV) established
in 1966. According to the latest ICTV report (Adams et al.,
2017), virus taxonomy comprises 8 orders, 122 families, 35
subfamilies, 735 genera and 4404 species of viruses and vi-
roids. Each virus family is characterized by a unique genome
organization and replication strategy. This implies that TBV's
lineages have evolved independently at least seven times
(Nuttall, 2014). Almost 25% of TBVs are associated with
diseases. Several TBVs cause very serious human or animal
diseases, while others are either less serious or infrequently
reported. Some TBVs had not proven medical or veterinary
significance. However, certain viral diseases may often pass
unnoticed or misdiagnosed and eventually, they may appear
as emerging diseases (Dorrbecker et al., 2010; Hubalek and
Rudolf, 2012).

2.1 DNA viruses

2.1.1 African swine fever virus

The only established DNA tick-borne virus, African
swine fever virus (ASFV), belongs to the Asfarviridae family
with a single genus Asfivirus (Dixon et al., 2011). The ASFV
genome consists of a single molecule of linear, covalently
close-ended, dsDNA varying in length from 170 to190 kbp.
ASFV is the causative agent of African swine fever (ASF),
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a highly contagious hemorrhagic disease of swine with mor-
tality varying between 0 and 100% depending on the virus
strain, the host, the dose and the route of exposure to the
virus (Costard et al., 2013). ASF was first described in Kenya
in 1921, but in the middle of the 20" century it spread from
Africa into Europe (Spain, Portugal) and South America.
Although the infection was eradicated, in 2007 it re-emerged
in Europe after introduction to the Caucasus (Costard et al.,
2013; Cisek et al., 2016). In natural foci, ASFV circulates
among warthogs and bushpigs (sylvatic cycle) without any
apparent effects on their health. However, in domestic pigs
(domestic cycle) it causes severe hemorrhagic disease with
high mortality (Anderson et al., 1998; Costard et al., 2013).
Several soft tick species of the genus Ornithodoros, such as
O. moubata in Africa and O. erraticus in Southern Europe,
are competent vectors and reservoirs for ASFV. The virus
is maintained in natural tick populations through different
routes (transovarial, transtadial and/or sexual transmission
from tick to tick), and ticks can transmit the virus to the host
via contaminated saliva or coxal fluid (Kleiboeker and Scoles,
2001). In the domestic cycle, pigs can aquire the ASFV di-
rectly by ingestion of infected meat, by fomites, or mechani-
cally by biting flies (Mellor et al., 1987). ASFV infection of
the tick is remarkably variable, resulting either in a high-titer
and persistent infection, depending upon the ASFV isolate
and the tick species combination, or in high mortality of ticks
(Kleiboeker and Scoles, 2001; Burrage, 2013).

Recent studies suggest that other DNA viruses may also
be transmitted by ticks, Lmpy skin disease virus (LSDV) and
Murid herpesvirus 4 (MuHV 4).

2.1.2. Lumpy skin disease virus

Lumpy skin disease virus (LSDV) belongs to the genus
Capripoxvirus, member of the subfamily Chordopoxvirinae
and the family Poxviridae that involve large enveloped vi-
ruses with linear double-stranded DNA (Skinner et al., 2011).
It causes lumpy skin diseases (LSD) of cattle in Africa and
Middle-East. Currently, it is widely accepted that LSDV is
associated with blood-feeding insects such as mosquitoes
and stable flies (Carn and Kitching, 1995; Chihota et al.,
2001, 2003). During the outbreak of LSD in Sudan in 1971,
affected animals were observed to be heavily infested with
ticks, mainly Amblyomma spp. (Ali and Obeid, 1977). Fourty
years later, recent transmission studies have demonstrated
for the first time a role of the hard ticks Amblyomma he-
braeum and Rhipicephalus appendiculatus in mechanical and
transstadial transmission, and of Rhipicephalus decoloratus
in transovarial transmission of LSDV (Tuppurainen et al.,
2011, 2013a,b; Lubinga et al., 2014b,c, 2015). Detection of
the virus in different organs (salivary glands, hemocytes,
synganglion, midgut, ovaries, testes) of ticks fed on experi-
mentally-infected cattle as well as in naturally infected ticks
collected from the field indicates the potential for biological

transmission of LSDV by ticks (Tuppurainen et al., 2011,
2013a,b; Lubinga et al., 2013, 2014a).

2.1.3 Murid herpesvirus 4

Another potentially tick-borne virus could be Murid
herpesvirus 4 (MuHV 4) strain 68 (MHV-68, the genus
Rhadinovirus, the subfamily Gammaherpesvirinae, the fam-
ily Herpesviridae, the order Herpesvirales) (Héjnicka et al.,
2017), a natural pathogen of rodents of the family Muridae
that are hosts for immature tick stages as well. Transmission
of the virus in rodent populations is direct and occurs mainly
via the intranasal route and through body fluids, such as
saliva, urine, tears, and breast milk. During acute respiratory
infection, MHV-68 infects macrophages, B-lymphocytes,
lung alveolar and endothelial cells. Similarly to other gam-
maherpesviruses, MHV-68 causes a life-long latent infection
in host B-lymphocytes that may lead to lymphoproliferative
disorders and tumor development (Rajéani et al., 1985;
Raj¢ani and Kuadelovd, 2007). Thus, MHV-68 serves as an
animal model for the study of human lymphotropic diseases,
such as Burkitt lymphoma. In Slovakia, the first evidence of
MHV-68 DNA in Ixodes ricinus feeding on green lizards and
in questing Haemaphysalis concinna ticks was described by
Ficova et al. (2011) and Vrbova et al. (2016), respectively.
Presence of the viral DNA but also of live virus in organs of
questing in Dermacentor reticulatus adult ticks from south-
western Slovakia may suggest that ticks could be natural
reservoirs of the MHV-68 (Kudelova et al. 2015, 2017).

2.2 RNA viruses

2.2.1 Flaviviridae, genus Flavivirus (ssRNA+)

The family Flaviviridae represents a diverse group of small
enveloped viruses with single strand of positive-sense RNA
genomes classified into four genera: Flavivirus, Pestivirus,
Hepacivirus and Pegivirus (Simmonds et al., 2017). Only one
genus, Flavivirus, comprises arboviruses, of which about 50%
are transmitted by mosquitoes, 28% are tick-borne and the
remainder is without known vector. In a phylogenetic analy-
sis, tick-borne flaviviruses formed three distinct groups, i.e.,
a group associated with sea-birds and mammals, respectively,
and the Kadam virus that forms a third evolutionary lineage
(Gaunt et al., 2001; Grard et al., 2007) (Table 1).

Tick-borne encephalitis virus (TBEV) causes tick-borne
encephalitis (TBE), one of the most dangerous human neural
infections in Europe and Asia (Gritsun et al., 2003). At least
11,000 human cases of TBE have been reported annually in
Russia and about 3,000 cases in the rest of Europe (Mansfield
et al., 2009; Dorrbecker et al., 2010). There exist three TBEV
subtypes, European (TBEV-Eu), Siberian (TBEV-Sib) and Far
Eastern (TBEV-Fe), corresponding with different clinical out-
come in infected humans. The principal vector for TBEV-Eu
is Ixodes ricinus, whereas for two latter subtypes it is I. persul-
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Table 1. Flaviviridae (ssRNA+)

Genus/Species Vector Geographic localization Host
Flavivirus, tick-borne virus (TBV)
group
Mammalian TBV group
Tick-borne encephalitis virus ~ Ixodes spp., many ixodid ticks ~ Europe, Asia rodents

Louping ill virus

Langat virus

Powassan virus
Kyasanur Forest disease virus

Omsk hemorrhagic fever virus
Gadgets Gully virus

Royal Farm virus

West Nile virus

I ricinus, 1. gibbosus

I granulatus,

L ricinus

I cookei, I. marxi, I. scapularis

H. spinigera, many other ixodid
ticks

D. reticulatus

I uriae

Ar. hermanni

C. maritimus, Ar. hermanni,

Ireland, Spain, Scotland, Greece,
Turkey

Malaysia, Russia, Thailand

England, Scotland, Wales, Norway

Ireland
Canada, Russia, USA

sheep, goats, cattle

rats
hare, sheep, red grouse
cattle, sheep

white-footed mouse, squirrel,
groundhog, woodchuck

India monkeys, rodents, shrews, bats
Russia muskrat, narrow-headed vole
Australia penguins

Afghanistan pigeons

seabirds, wild birds

Hy. marginatum

Related, Unclassified

Russia, Egypt

Karshi virus O. tholozani (papillipes), Uzbekistan, Kazakhstan gerbil
Hy. anatolicum
Seabird TBV group
Tyuleniy virus I uriae Russia, USA, Norway seabirds
Meaban virus C. maritimus France gulls
Saumarez Reef virus C. capensis, 1. eudyptidis Australia seabirds

Kadam TBV group

Kadam virus Hy. dromedari, R. parvus

Saudi Arabia, Uganda

camel, cattle

Based on Simmonds et al. (2011); King et al. (2011). Ar. - Argas, C. - Carios, H. - Haemaphysalis, Hy - Hyalomma, 1. - Ixodes, R. - Rhipicephalus.

catus. Infection is usually initiated by a bite of an infected tick,
but other infection routes, i.e. through consumption of raw,
unpasteurized milk and dairy products or by aerosol, are also
possible. Related viruses within the mammalian TBEV group,
Louping ill virus (LIV), Langat virus (LGTV) and Powassan
virus (POWYV), also cause encephalitis in humans, whereas
three other viruses, Omsk hemorrhagic fever virus (OHFV),
Kyasanur Forest disease virus (KFDV) and Alkhurma virus
(ALKV) cause fatal hemorrhagic fevers (Gritsun et al., 2003;
Mansfield et al., 2009; Lani et al., 2014). On the other hand,
Gadgets Gully virus, Royal Farm virus and Karshi virus are
flaviviruses with unknown pathogenicity to humans and
animals (Dobler, 2010). Although little is known about effects
of TBVs on their natural vertebrate hosts, three tick-borne
flaviviruses - KFDV, LIV and OHFV - are known to be as-
sociated with diseases in free-living animals — monkeys, red
grouses and muskrats, respectively (Nuttall, 2014). Significant
antigenic and genetic similarity of LIV to TBEV suggests that
LIV is another subtype of TBEV (Grard et al., 2007; Dobler,
2010; Hubalek and Rudolf, 2012).

Viruses of the TBEV serocomplex are considered emerg-
ing and re-emerging pathogens due to the recent rise in
the incidence of human infections, e.g. POWYV in the USA
(Hermance and Thangamani, 2017), the spread of TBEV
into new geographic areas, and the emergence of new viruses
such as ALKV, a subtype of KFDV (Charrel et al., 2001), and
Deer tick virus, a subtype of POWV (Ebel, 2010; Pesko et
al., 2010; Wormser and Pritt, 2015). In 2011, severe disease
and mortality was reported in a herd of goats in Spain. Based
on genome sequencing and phylogenetic analysis, the virus
was significantly divergent from LIV and Spanish sheep
encephalitis virus (SSEV) and was named as Spanish goat
encephalitis virus (SGEV) (Mansfield et al., 2015).

2.2.2 Reoviridae (dsRNA, segmented)

The Reoviridae represents the largest viral family of
double-stranded RNA (dsRNA) non-enveloped viruses with
genomes composed of multiple (9-12) segments of linear
dsRNA. Currently it comprises a total 75 virus species in 15
recognized genera divided into two subfamilies (Sedoreo-
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Table 2. Reoviridae (dsSRNA)

Subfamily/Genus/Species Vector

Geographic localization

Host

Spinareovirinae
Coltivirus

Colorado tick fever virus

palustris,

Eyach virus L ricinus, I. ventalloi

Sedoreovirinae
Orbivirus

Chenuda virus (7 serotypes)

Dermacentor spp., H. leporis- USA

France, Germany

Argas spp., Hy. asiaticum, Carios Egypt, South Africa, Azerbaijan,

many mammalian species

rabbit

seabirds, pigeons, gulls

spp. Uzbekistan, Morocco, USA

Chobar Gorge virus

(2 serotypes)

Ornithodoros spp.

Great Island virus (36 serotypes/ I. uriae, Argas spp., Ornithodoros Europe, USA, Russia, Canada,
Australia

strains) spp.

Nepal

cattle, sheep

seabirds, rodents

Wad Medani virus (2 serotypes) Rhipicephalus spp., Hyalomma Malaysia, Singapore, Egypt, Sudan, sheep, camel, buffalo, pigs, rodents,

spp., Amblyomma spp.

India, Jamaica, Russia, Pakistan

carabao, cattle

St Croix River virus I scapularis USA unknown (probably a tick virus)
Unassigned

Lake Clarendon virus Ar. robertsi Australia egret

Matucare virus O. boliviensis Bolivia bats

Based on Attoui et al. (2011); King et al. (2011). Ar. - Argas, H. - Haemaphysalis, Hy. - Hyalomma, I. - Ixodes, O. - Ornithodoros.

virinae, Spinareovirinae) based on the surface of intact virus
particles or cores (Attoui ef al., 2011). TBVs belong to two
genera — Coltivirus (Spinareovirinae, 12 segments of dsRNA)
and Orbivirus (Sedoreovirinae, 10 segments of dsRNA)
(Table 2). Coltivirus comprises two species, Colorado tick fe-
ver virus (CTFV) that causes acute febrile illness in humans,
and Eyach virus (EYAV). Coltiviruses have been isolated
from several mammalian species (including humans), as
well as from ticks and mosquitoes.

CTEV, the causative agent of acute febrile illness prima-
rily found in the Rocky Mountain region of the USA and
south-western Canada, is transmitted mainly by adult and
nymphal wood ticks Dermacentor andersoni. In addition,
infections through contact with infected animal blood or
tissues, and person-to-person transmission via blood trans-
fusion have been reported (Cimolai et al., 1988; Emmons,
1988). With 200-400 reported cases yearly, it is the second
most important arboviral infection in the USA after West
Nile (Meagher and Decker, 2012), and the prevalence of the
disease is directly dependent on the seasonal activity and
geographical distribution of the vector tick.

EYAV was originally isolated from I. ricinus in Germany
in 1972 (Rehse-Kipper et al., 1976) and later (1981) from
Ixodes ventalloi and I. ricinus in France (Chastel et al., 1984).
In the former Czechoslovakia, EYAV was associated with
meningoencephalitis and polyneuritis in humans based on

detection of specific antibodies, but a causal relationship to
the virus has not been found (Malkova et al., 1980). Ver-
tebrate hosts are rodents and the European rabbit (Attoui
et al., 2002; Hubalek and Rudolf, 2012). Due to the lack of
permissive mammalian cell lines for replication of EYAV, the
virus can be isolated only from brains of suckling mice after
intracranial injection. This virus is also able to multiply and
persist in the blood of immunocompetent mice inoculated
intraperitoneally and cause brain infections (Charrel et al.,
2004; Moutailler et al., 2016).

Orbivirus currently comprises 22 distinct virus species
and 10 probable members. Depending on the virus, they are
primarily transmitted by different arthropod vectors (gnats,
mosquitoes, phlebotomines or ticks). Orbivirus infection
has little or no effect on arthropods, whereas infection in
vertebrates can vary from inapparent to fatal, depending on
both the virus and the host. Approximately 60 tick-borne
orbiviruses have been identified and divided to five species
(Table 2). Atleast 40 of them were isolated from the common
seabird tick Ixodes uriae (Labuda and Nuttall, 2004, 2008).
According to the last 9" ICTV report ( Attoui et al., 2011;
King et al., 2011), Chenuda virus includes seven different
serotypes - Baku virus, Chenuda virus, Essaouira virus,
Huacho virus, Kala Iris virus, Mono Lake virus, Sixgun city
virus - isolated from soft ticks of the genera Argas, Carios and
Ornithodoros parasitizing on birds. Chenuda virus was origi-



418

BARTIKOVA, P. et al.: REVIEW

nally isolated from Argas reflexus hermanni, collected from
a pigeon house in Egypt (Labuda and Nuttall, 2004, 2008).
Chobar George virus has two serotypes, Chobar George virus
and Fomede virus, associated with bats. The most diverse
species, Great Island virus, transmitted by soft or hard ticks
parasitizing on seabirds, rodents, and humans (Labuda and
Nuttall, 2004, 2008), comprises 36 serotypes. Vad Medani
virus, isolated from sheep and different ixodid ticks, includes
2 strains — Vad Medani virus and Seletar virus.

Interestingly, St. Croix River virus (SCRV) was isolated
only from IDE2 tick cell lines derived from Ixodes scapularis
ticks (Munderloh et al., 1994). The vertebrate host is un-
known and SCRV can therefore be considered as a possible
“tick-only virus” (Nuttall, 2009).

2.2.3 Buyavirales (ssRNA-, segmented)

Bunyaviridae, until recently the largest viral family com-
prising around 530 viruses infecting vertebrates, arthropods
and plants, formerly divided into five genera, has been re-
vised by the ICTV Bunyaviridae study group and has been
elevated to the order Bunyavirales with 9 families (8 new
families and one renamed, Peribunyaviridae) and 13 genera
(Bries et al., 2016; Junglen, 2016; Kuhn ef al. 2016a, b; Walker
et al., 2016b). TBVs are included in three families — Nairo-
viridae, Phenuiviridae and Peribunyaviridae. The genome of
all viruses consists of three single-stranded negative-sense or
ambisense RNA segments - large, medium and small. The
Nairoviridae comprises the genus Orthonairovirus with 12
species and several putative nairoviruses (Table 3) (Walker
et al., 2015b, 2016b; Kuhn et al., 2016a,b). The most medi-
cally important member of the genus and the best studied
representative is Crimean-Congo hemorrhagic fever virus
(CCHFYV), one of the most widely distributed medically
important arbovirus associated with a series of outbreaks
across Europe, Middle East, Asia and Africa (Hoogstraal,
1979; Papa et al., 2010; Tekin et al., 2010; Bente et al., 2013).
The main vectors of CCHFV are hard ticks of the Hyalomma
genus, which have very wide geographic distribution. The
virus demonstrates very low vector specificity and has been
isolated from 31 hard tick species and two soft tick species
(Bente et al.,2013). CCHFYV is non-pathogenic to its natural
hosts, but highly pathogenic to humans; transmission to hu-
mans occurs through tick bite, crushing of infected engorged
ticks, or by contact with infected animal blood (Whitehouse,
2004). The most significant nairovirus of veterinary impor-
tance is Nairobi sheep disease virus (NSDV) causing lethal
hemorrhagic gastroenteritis in small ruminants in Africa
and India.

Several newly discovered viruses belong to this family, e.g.
Hudngpi tick virus 1 (HTV-1), Tachéng tick virus 1 (TTV-1)
and Wenzhou tick virus (WTV) (Li et al., 2015) of the new
Burana orthonairovirus species, and Soft tick bunyavirus
(STBV) isolated from Argas vespertilionis ticks (Oba et al.,

2016) of the Keterah orthonairovirus species, later identified
as an isolate of Keterah virus (Kuhn et al., 2016D).

The Orthobunyavirus genus (Peribunyaviridae) comprises
48 species, three of them are TBVs — Bakau, Estero Real and
Tete. The third family Phenuiviridae with one genus Phlebovi-
rus, contains two tick-borne species, Uukuniemi phlebovirus
and the newly described Severe fever with thrombocytopenia
syndrome virus (SFTSV), a causative agent of severe human
infectious disease with high mortality rate, that was first
reported in China (Xu et al., 2011; Yu et al., 2011; Zhang et
al., 2011) and subsequently in Japan in 2011 (Takahashi et
al.,2014) and in Republic of Korea in 2013 (Kim et al., 2013).
The viral genomic RNA was detected mainly in Haema-
physalis longicornis and Rhipicephalus (Boopilus) microplus
ticks. However, there is also evidence of direct transmission
through infected blood. Recently, a new virus closely related
to SFTSV named Heartland was isolated from two severely
febrile patients in the USA (McMullan et al., 2012) and from
field-collected Amblyomma americanum nymphs (Savage
etal., 2013).

At least 40 bunyaviruses have not been assigned to gen-
era or approved as species (Plyusnin et al., 2011), among
them Bhanja virus (BHAV), Forecariah virus (FORV), and
Kismayo virus (KISV). Based on serologic tests, they are an-
tigenically related to each other and form a Bhanja serogroup
together with Palma virus (PALV). Moreover, by phyloge-
netic and serological analyses, BHAV has been found to be
closely related to both, SFTSV and Heartland virus (Dilcher
etal.,2012; Matsuno et al., 2013). Virome studies of some tick
species led to the discovery of several novel bunyaviruses in
the genera Orthonairovirus, i.e. South Bay virus (SBV), and
Phlebovirus, i.e. Blacklegged tick phlebovirus (BTPV) and
the D. variabilis-associated American dog tick phlebovirus
(ADTPV) (Tokarz et al., 2014b).

Phleboviruses have traditionally been classified into two
groups consisting of sand fly/mosquito-borne viruses and
TBVs (Nichol et al., 2005; Elliot and Brennan, 2014). At
least three phylogenetic clusters of tick-borne phleboviruses
have been identified, each comprised of several potential
species: the Uukuniemi group, the Bhanja group, and the
SETSV group (Dilcher et al., 2012; McMullan et al., 2012;
Palacios et al., 2013). Retrospective identification of several
known but taxonomically unassigned phleboviruses (Lanja
virus, Silverwater virus, Kaisodi virus) revealed a novel
fourth cluster, the Kaisodi group, distinct from the other
three mentioned above (Matsuno et al., 2015). Phylogenetic
analysis revealed that BTPV does not cluster with any of these
groups and forms a separate monophyletic clade outside
all tick-borne and sand fly/mosquito-borne phleboviruses,
similar to Gouleako and Cumuto mosquito-borne viruses.
ADTPV is more similar to viruses within the Uukuniemi
group but forms a distinct monophyletic clade outside this
group (Tokarz et al., 2014b).
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Table 3. Bunyavirales, (segmented ssSRNA-)

Family/Genus/Species Vector Geographic localization Host
Nairoviridae
Orthonairovirus

Burana orthonairovirus H. doenitzi, H. hystricis, China unknown

(3 strains)

Crimean-Congo hemorr. fever
orthonairovirus

Dera Ghazi Khan orhonairovi-
rus (4 strains)

Dugbe orthonairovirus
(2 strains)

Hazara orthonairovirus
(2 strains)

Hughes orthonairovirus
(8 strains)
Keterah orthonairovirus
(4 strains)

Nairobi sheep disease orthonai-
rovirus (2 strains)

Qalyub orthonairovirus

(2 strains)

Sakhalin orthonairovirus

(5 strains)

Putative Nairoviruses
Artashat virus
Burana virus
Chim virus
Ellidaey virus ELL 80-3b
Foula virus F 80-1
Geran virus
Grimsey virus GRIMS82-1b
Inner Farne Island virus IF
80-3, IF 80-4
Isle of May virus IM81
Kachemak Bay virus
Kao Shuan virus
Mykines virus M82-2
Pathum Thani virus
Pretoria virus
Puffin Island virus
Naytin tick virus
South Bay virus

Tamdy virus

Peribunyaviridae
Orthobunyavirus

Bakau orthobunyavirus
Estero Real orthobunyavirus

Tete orthobunyavirus

Phenuiviridae
Phlebovirus

Uukuniemi phlebovirus

SFTS phlebovirus

D. marginatus
Hy. marginatum, many ixodid
secies

Argas spp., Hyalomma spp.
Amblyomma spp., R. pulchellus
I redikorzevi

Carios spp., Ar. arboreus,
Ar. cooleyi

C. pusillus, C. vespertilionis

R. appendiculatus, H. intermedia,
R. haemaphysaloides
Ornithodoros spp., L. uriae

I. uriae, I. signatus

O. alactagalis, O. verrucosus
H. punctata, H. concinna

R. turanicus, Ornithodoros spp.
I uriae

I uriae

O. verrucosus

I uriae

L uriae

I uriae

I signatus

Ar. robertsi

I uriae

Ar. robertsi

Ar. africolumbae
C. maritimus
Rhipicephalus spp.
I scapularis

Hy. asiaticum, Hy. plumbeum

Ar. abdussalami
O. tadaridae
Hyalomma spp.

Argas spp., Ixodes spp.,
Rhipicephalus spp.

H. longicornis, R. microplus

Europe, Asia, Africa, Middle East

Egypt, Iran, Pakistan, Taiwan, Australia,
Java, South Africa, Thailand
Africa

West Pakistan

USA, Mexico, Cuba, Peru, Ireland, Wales,
Trinidad, Uzbekistan, Azerbaijan

Malaysia, Kyrgyzstan, Kazakhstan

Ethiopia, Kenya, Rwanda, Tanzania,
India, Sri Lanka
Senegal, Uzbekistan, Ethiopia, Egypt

Russia, USA, Canada, Australia

Armenia, Azerbaijan
Kyrgyzstan
Uzbekistan

Iceland

Scotland

Azerbaijan

Iceland

England

Scotland

USA

Taiwan, Australia, Java
Denmark

Thailand

South Africa

Wales

China

USA

Turkmenistan, Uzbekistan

Pakistan
Cuba
Egypt, Cyprus, Italy

USA, Africa, Europa, Russia, Pakistan,
Australia,

China, USA, Japan, Korea

human, hare, camel

pigeons, camel, turtle dove, cliff swal-
low

cattle, giant pouched rat

vole

seabirds, gulls, terns, cormorant
bats,

goats, sheep

rodents, rats

seabirds

five-toed jerboa
cattle

gerbils

seabirds
seabirds

gerbils

seabirds

seabirds

seabirds

seabirds

night heron
seabirds
open-billed stork
pigeons

seabirds
unknown
unknown

sheep

unknown
unknown

passerine birds

pigeons, vultures, penguins, Apode-
mus sylvaticus, cattle, passerine birds,
seabirds

human
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Table 3 (continued)
Family/Genus/Species Vector Geographic localization Host
Unsigned/grouped

Bhanja virus Haemaphysalis spp., A. variega-
tum, Rhipicephalus spp.,

Hyalomma spp.

India, Italy, Nigeria, Senegal, Russia, sheep, goat, cattle, African hedgehog &
Bulgaria, Central Asia,

ground squirrel

Forecariah virus Boophilus geigyi Guinea cattle

Kismayo virus R. pulchellus Somalia domestic animals, camel, jackal

Kaisodi virus H. spinigera,H. turturis India passerine birds

Lanjan virus D. auratus, Haemaphysalis spp., Malaysia rodents

I granulatus

Silverwater virus H. leporispalustris Canada, USA snowshoe hare
Ungrouped

Lone Star virus A. americanum USA racoon

Razdan virus D. marginatus Armenia unknown

Sunday Canyon virus Ar. cooleyi USA cliff swallow

Wanowrie virus Hyalomma spp. India, Sri Lanka, Egypt, Iran sheep

Based on Adams et al. (2016); King et al. (2011); Kuhn et al. (2016a,b). A. - Amblyomma, Ar. - Argas, C. - Carios, D. - Dermacentor, H. - Haemaphysalis,

Hy. - Hyalomma, 1. - Ixodes, O. - Ornithodoros, R. - Rhipicephalus.

Growth characteristics and genome sequencing analysis of
Lone Star virus (LSV), an unclassified bunyavirus originally
isolated from the lone star tick A. americanum, definitively
identified LSV as a phlebovirus and by phylogenetic analy-
sis it clustered with the Bhanja group viruses (Swei et al.,
2013).

Advances in molecular biotechnologies used in recent
studies and analyses of different tick species revealed a wide
range of novel phleboviruses worldwide - Malsoor virus
isolated from bats (Mourya et al., 2014), Hunter Island
virus isolated from Ixodes eudyptidis collected from nests
of shy albatross (Wang et al., 2014), Shibuyunji virus from
Rhipicephalus spp. ticks in Zambia (Matsuno et al., 2015),
Antigona virus and Lesvos virus identified in Rhipicephalus
sanguineus and Heamaphysalis parva ticks, respectively,
collected from sheep in Greece (Papa et al., 2016, 2017),
Odaw virus isolated from Rhipicephalus spp. ticks collected
from domestic dogs and cattle in Ghana (Kobayashi et al.,
2017), RiPar virus, KarMa viral group and AnLuc viral group
identified in questing as well in feeding hard ticks collected
in Portugal (Pereira et al., 2016). These findings demon-
strate global distribution of a broad spectrum of divergent
phleboviruses. However, for most of the newly described
phleboviruses a clear association with human diseases has
not yet been established.

2.2.4 Orthomyxoviridae (ssRNA-, segmented)

The family Orthomyxoviridae, in addition to three genera
of Influenza viruses, includes the genus Thogotovirus with
two species (Table 4) — Thogoto virus (THOV) and Dhori

virus (DHOV) that are arboviruses transmitted biologically
by Rhipicephalus spp. and Hyalomma spp. ticks, respectively
(Davies et al., 1986; Jones et al., 1989). Virions are relatively
large, enveloped, and depending on the genus, they contain
different numbers of segments of linear, negative-sense
single-stranded RNA (DHOV seven, THOV and Quar-
anjavirus six segments). One of them encodes a surface
glycoprotein probably associated with the ability of THOV to
infect ticks (Nuttall, 2009). THOV has been found to occur
in the Central African Republic, Cameroon, Uganda, and
Ethiopia as well as in southern Europe and has been isolated
from Rhipicephalus sp. in Kenya and Sicily, from Amblyomma
variegatum in Nigeria, and from Hyalomma sp. in Nigeria
and Egypt. THOV is known to infect humans and animals
(including cattle, sheep, donkeys, camels, buffaloes and rats).
DHOV has different, but overlapping geographic distribu-
tion that includes India, eastern Russia, Egypt and southern
Portugal. DHOV has been isolated from Hyalomma sp.

In 2012, the new genus Quaranjavirus was created in this
virus family (Presti et al., 2009; McCauley et al., 2012). This
genus comprises two species, Quaranfil virus and Johnston
Atoll virus. Quaranfil virus was originally isolated from two
children with febrile illness from the villages of Quaranfiland
Sindbis in Egypt in 1953 (Taylor et al., 1966). Subsequently
several strains of the virus have been isolated from ticks and
seabirds in a number of African and the Middle Eastern
countries. Johnston Atoll virus is serologically related to
Quaranfil virus. It was originally isolated from Ornithodoros
capensis ticks collected in Noddy Tern bird nests (Sand Is-
land, Johnston Atoll, central Pacific). Multiple strains have
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Table 4. Orthomyxoviridae (segmented ssRNA-)

Genus/Species Vector

Geographic localization

Host

Thogotovirus

Thogoto virus A. variegatum, Hyalomma spp.,
Rhipicephalus spp.

D. marginatus, Hyalomma spp.

Uganda
Dhori virus

Cameroun, Egypt, Ethiopia, Iran, Kenya, Sicily,

Armenia, Azerbaijan, Egypt, India, Portugal, Russia,

cattle, camel, goat, sheep, rats,

sheep, waterfowl, camel, goats

Saudi Arabia

Quaranjavirus
Quaranfil virus Argas spp.

Johnston Atoll
virus

C. capensis, C. denmarki

Egypt, Nigeria, South Africa, Afghanistan, Iran

Central Pacific Islands, Australia, New Zealand,
southwest Africa, France, Germany

humans, egret, pigeons

seabirds

Based on Adams et al. (2016); King et al. (2011). A. - Amblyomma, C. - Carios, D. - Dermacentor.

subsequently been isolated from ticks from eastern Australia,
New Zealand, and Hawaii (Presti et al., 2009).

In 2014, a new Thogotovirus, Bourbon virus, associated
with febrile illness and death was described in the USA
(Kosoy et al., 2015).

2.2.5 Mononegavirales: Rhabdoviridae and Nyamiviri-
dae (ssRNA-)

The order Mononegavirales was established in 1991 by
ICTV to accommodate related viruses (assigned in three
tamilies, Filoviridae, Paramyxoviridae, and Rhabdoviridae)
with non-segmented, linear, single-stranded negative-sense
RNA genomes. Two families, Bornaviridae and Nyamiviri-
dae, were added to the other three mononegaviral families
in 1996 and 2014, respectively. In 2016, two new families,
Mymonaviridae and Sunviridae, were included in the order
Mononegavirales and the subfamily Pneumovirinae (Para-
myxoviridae) was upgraded to family status Pneumoviridae
(Afonso et al., 2016).

By virome analysis of I. scapularis, Tokarz et al. (2014b)
identified a new mononegavirales-like virus with the great-
est similarity to the Nyamanini and Midway viruses (17%
amino acid identity).

Members of the family Rhabdoviridae (Table 5) infect
a wide range of vertebrates, invertebrates and plants. They
can be transmitted by various arthropod vectors. A number
of viruses of the genus Vesiculovirus are typical arbovi-
ruses, such as vesicular stomatitis virus (VSV). Isfahan
vesiculovirus has been isolated from sandflies and also
from Hyalomma asiaticum ticks in Turkmenia (Karabatsos,
1985). None of the recognised tick-borne rhabdoviruses
is known to cause disease in humans. Within this family,
a new genus Ledantevirus was created comprising 14 new
species, four of which are TBVs — Barur ledantevirus, Kern
Canyon ledantevirus, Kolente ledantevirus and Yongjia
ledantevirus (Blasdell et al., 2015; Walker et al., 2015a,

2016a). Recently, a number of novel rhabdoviruses have
been identified from various animal species, but so far only
few tick-borne rhabdoviruses have been described. Ghedin
et al. (2013) isolated Kolente virus from A. variegatum ticks
and bats collected in Guinea, West Africa. However, little
is known about its ecology, mode of transmission, host
range or epidemiology. Another new probable TBV, Long
Island tick rhabdovirus, was detected in A. americanum
ticks (Tokarz et al., 2014a). Dilcher et al. (2015) isolated
a novel rhabdovirus named Zahedan virus (ZARV) from
Hyalomma anatolicum anatolicum ticks in Iran, which is
closely related to Moussa virus isolated from Culex mosqui-
toes from West Africa (Quan et al., 2010) and Long Island
tick rhabdovirus. Definitely, further studies are needed to
confirm whether these viruses are tick-borne.

The new family Nyamiviridae, created in the order Monon-
egavirales in 2013 (Mihindukulasuriya et al., 2009; Kuhn
et al. 2013), comprises the genus Nyavirus including two
TBVs, Nyamanini nyavirus (NYMV) and Midway nyavirus
(MIDWYV) (Table 5). NYMV was discovered in 1957 and
repeatedly isolated from land birds and Argas spp. ticks. It
is endemic to South Africa, Egypt, Thailand, Nigeria, Nepal,
and Sri Lanka. MIDWYV was discovered in 1966 and repeat-
edly isolated from sea birds and Ornithodoros spp. ticks. It is
endemic to Hawaii, USA, and Japan. NYMV and MIDWV
are serologically related, but clearly distinct from each other
and not related serologically to any other virus tested (Kuhn
et al., 2013). Sierra Nevada nyavirus (SNVV), a new virus
species in the family Nyamiviridae, was proposed in 2014
by Tesh et al. (2014). Based on its genomic structure and
phylogeny, SNVV is closely related to NYMV and MIDWYV,
indicating that it is the third member of the Nyavirus genus
(Rogers et al., 2014). SNVV was originally isolated from Vero
cell cultures inoculated with a homogenate of O. coriaceus
ticks collected in northern California. The virus caused
a viral cytopathic effect in both Vero and BHK cells within
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Table 5. Mononegavirales (ssRNA-), Rhabdoviridae and Nyamiviridae

Order/Family/ Genus/Species Vector

Geographic localization

Host

Mononegavirales
Rhabdoviridae
Vesiculovirus

Isfahan vesiculovirus Hy. asiaticum

Unassigned

Kwatta H. spinigera, H. turturis

Ledantevirus

Barur ledantevirus H. intermedia, R. pulchellus

Kern Canyon ledantevirus  unknown USA
Kolente ledantevirus A. variegatum Guinea
Yongjia ledantevirus H. hystricis China
Connecticut virus I dentatus USA
New Minto virus H. leporispalustris USA
Sawgras virus D. variabilis, H. leporispalustris  USA

Nyamiviridae

Nyavirus

Nyamanini virus Argas spp.

Midway nyavirus C.capensis, C. denmarki

O. coriaceus USA

Sierra Nevada nyavirus

Russia, Iran

Surinam

India, Kenya, Somalia

South Africa, Egypt, Thailand, Nigeria, Nepal, Sri Lanka
Hawaii, USA, Japan

human, gerbils

human, monkeys, rats

rats

bats

bats
unknown
rabbit
hare

unknown

cattle egret
seabirds, herons

cattle

Based on Kuhn et al. (2013), Walker et al. (2016a), Adams et al. (2016), King et al. (2011). C. - Carios, D. — Dermacentor, H. - Haemaphysalis, Hy. — Hy-

alomma, 1. - Ixodes, O. — Ornithodoros, R. - Rhipicephalus.

48 h after inoculation, and intracranial inoculation of new-
borne mice with SNVV lead to disease and death within 2-3
days (Tesh et al., 2014).

3. Tick-virus interactions

3.1 Ticks as vectors of viruses

Ticks differ from other blood-feeding arthropods in sev-
eral features (digestive process of blood within midgut cells,
exceptional longevity, long feeding period, hematophagy in
all postembryonic life stages, a wide array of vertebrate hosts)
that greatly underline their remarkable success as vectors of
viruses (Sonenshine et al., 2002; Nuttall and Labuda, 2003;
Nuttall, 2009). The survival strategy of ticks is very impor-
tant for the survival of transmitted viruses. Because of their
exceptional longevity, ticks can carry viruses for the duration
of their lifespan and transmit them transstadially, thus ticks
are also excellent reservoirs of TBVs.

Detection of a virus in a partially or fully engorged tick
is not automatically a proof of tick vector competence. To
determine tick vector competence, the following conditions

must be fulfilled: (1) acquisition of the virus during blood-
feeding on an infected host, and (2) transmission of the virus
to a host by the tick after its moulting to the next development
stage. In addition, during the “extrinsic incubation period”
(i.e. between acquisition of the virus and its transmission)
the tick is unable to transmit the virus (Nuttall, 2009).

The relationships between ticks and the transmitted
viruses are highly specific. Only approximately 10% of
the 900 known tick species have been proved to be vec-
tors of TBVs (Labuda and Nuttall, 2008). However, the
low percentage may be due to the fact that relatively few
tick species, mainly members of the large tick genera,
were screened for TBVs. For soft ticks these include
Ornithodoros, Carios and Argas, and among hard ticks
virus vectors have been found mostly in the genera Ixodes,
Haemaphysalis, Hyalomma, Amblyomma, Dermacen-
tor and Rhipicephalus (Labuda and Nuttall, 2004, 2008;
Nuttall 2014). Majority of TBVs are transmitted either
by hard ticks or by soft ticks, but rarely by both (Labuda
and Nuttall, 2004). In addition, some tick species can be
vectors of several (e.g. I ricinus, A. variegatum) or many
different TBVs species (e.g. I. uriae is the vector of at least
7 TBVs) (Labuda and Nuttall, 2008).



BARTIKOVA, P. et al.: REVIEW

423

3.2 Transmission of viruses

Animal viruses can be transmitted by different modes
- directly, mechanically and/or vertically. However, arbovi-
ruses undergo biological transmission through a competent
arthropod vector and can be transmitted horizontally (from
tick to tick = intrastadially, from tick to vertebrate host and
vice versa) or vertically (transstadially and/or transovarially).
A specific mode of TBVs persistence in the tick population
is via transovarial transmission in which the virus from in-
fected females is transmitted through eggs to their offspring.
Although there is evidence of transovarial transmission from
experimental studies for a number of TBVs, generally the
levels of this mode of transmission in nature seem to be low
(Nuttall ef al., 1994; Kuno and Chang, 2005).

The transmission cycle of TBVs can be presented as a tri-
angle of parasitic interactions: (a) tick (vector) — virus, (b)
virus - vertebrate host, and (c) tick (vector) - vertebrate host
(Fig. 1). All three interfaces are essential for the survival of
TBVs in nature. The direct interactions between TBV's and
their vectors are initiated through infection of ticks during
feeding on infected vertebrate hosts (Fig. 1a). The ability of
TBVss to infect, replicate in and be carried by ticks is deter-
mined genetically and is also affected by extrinsic factors.
Viruses taken up with the host blood as extracellular virions
or within host cells enter the tick midgut (MG). They have to
overcome several barriers (midgut infection barrier, midgut
escape barriers, salivary gland infection barrier and salivary
gland release barrier) to reach the salivary glands (SG) as
well as to survive tissue histolysis and tissue replacement
during molting (transstadial transmission) in order to be
transmitted to the next host (Nuttall, 2014). In addition,
viruses must evade tick innate immune responses in order to
survive, persist, and be transmitted (Hynes, 2014). However,
the mechanisms, by which TBV's disseminate in various tick
tissues to reach the SG, where their replication is upregulated
by feeding, are unknown and need to be further investigated
(Nuttall, 2014; Slovék et al., 2014).

Very important events determined by indirect interactions
between vectors and viruses — “saliva assisted transmission”
(SAT phenomenon), (Nuttall and Labuda, 2008) - occur in
the vertebrate host skin at the site of the tick attachment
(the tick - host interface, Fig. 1c), which is modified by the
pharmacological properties of tick saliva and where TBV's
are introduced via tick saliva. Tick saliva possesses a cocktail
of pharmacologically active molecules with antihemostatic,
vasodilatory, anti-inflammatory, antinociceptive and im-
munosuppressive activities (Kazimirové and Stibraniova,
2013; Stibraniova et al., 2013; Wikel, 2013). Tick salivary
molecules and their effects on host defense responses are
exploited by TBV's for their transmission, replication and
dissemination in the vertebrate hosts. Moreover, a novel
mode of transmission, non-viremic transmission (NVT),

(b)
LY .
T =
Fig. 1

Virus - tick - host interactions
The transmission cycle of tick-borne viruses is depicted as a triangle of
parasitic interactions (a) virus - tick, (b) virus - vertebrate host, (c) tick -
vertebrate host; MG — midgut, SG - salivary gland.

is considered to be an indirect evidence of SAT. NVT rep-
resents a very efficient transmission between infected and
uninfected ticks co-feeding in close proximity on the same
host which may occur even in absence of viraemia. Since the
first reports on SAT and NVT, indirect and direct evidence
of SAT has been demonstrated for different TBV's (Nuttall
and Labuda, 2008).

Virus - vector interaction is also affected by events in
the vertebrate host skin (Fig. 1b). Once transmitted to
avertebrate host, TBVs face host immune responses, but the
interactions of TBVs with vertebrate hosts and pathogenesis
of viral infections will not be discussed in this review.

4. Conclusion

Current evidence suggests a global increase in the in-
cidence of tick-borne diseases (TBD) causing a burden to
human and animal health. In recent decades, a number of
recognized TBVs have re-emerged and/or spread, and pose
an increasing threat to human and animal health. Meanwhile,
new TBVsare being discovered, and unclassified viruses are
being allocated to genera or families thanks to improvements
in molecular technologies. At present, more than 16 specific
TBD of humans and 19 TBD of veterinary importance have
been described (Nicholson et al., 2009; Sonenshine and Roe,
2014). The latest emerging TBD, caused by Bourbon virus,
was reported in Kansas in 2014 (Kosoy et al., 2015). This
trend of emerging TBD will likely continue.

Understanding the interactions between tick species and
viruses represents a huge challenge and great opportunity to
identify targets to control tick-borne viruses and to prevent
the diseases they cause.
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