Chapter 2

Tick-borne flavivirus complex —

phylogeny and biogeography

Gerhard Dobler

Key points

e Tick-borne flaviviruses are grouped in the genus Orthoflavivirus of the family Flaviviridae.

e According to the new taxonomic rules all orthoflaviviruses are named in a binominal way.

e 12 virus species of the genus Orthoflavivirus belong to the complex of tick-borne orthoflaviviruses, of which 6 are proven

human pathogens.

e Tick-borne encephalitis virus (TBEV) is the medically most important tick-borne orthoflavivirus.

e Despite considerable progress in the understanding of tick-borne orthoflaviviruses and tick-borne encephalitis virus in detail,
there are big gaps in the understanding of the evolution and biogeographic distribution of tick-borne orthoflaviviruses.

e The biogeographic distribution and spread of TBEV are still unsolved and with an ever increasing amount of data it becomes

even more unclear.

Introduction

TBEVs belong to the family Flaviviridae. They are grouped
in the newly established genus Orthoflavivirus and
according to the modern taxonomy are now named in a
binominal form. However, this modern taxonomic
classification does not go into more detail and does not
reflect epidemiological and pathogenetic aspects. Using
TBEV as an example, it’s more detailed phylogeny and bio-
geography are summarized here with the goal to better
understand the natural history of these viruses. This may
allow development of concepts for surveillance, viral
spreading and emergence of infectious diseases caused by
flaviviruses in general.

The tick-borne flavivirus complex

The family “Flaviviridae” is a group of viruses which have as
common characteristics a typical spherical shape, a lipid
envelope and a non-segmented single-strand RNA of
positive polarity. In contrast to other virus families with a
similar genome, the structural proteins are located at the 5’
end and the non-structural proteins are located at the 3’
end. Flaviviridae contain a single open reading frame. The
translational initiation is cap-dependent in the genus
Orthoflavivirus while in the other genera it depends on
internal ribosomal entry site elements.’ According to a
recent re-classification and re-naming the family of
Flaviviridae is divided into 4 genera:

Orthoflavivirus

Pestivirus

Pegivirus
e Hepacivirus

A total number of 89 virus species have been actually
grouped into the family Flaviviridae.” The medically most
important genus of the family is the genus Orthoflavivirus.
In the new binominal taxonomy of viruses the genus
Orthoflavivirus contains a total of 53 viruses.” The official
taxonomy and classification do not differentiate into lower
levels than species. However, the members of the actual
genus Orthoflavivirus, former Flavivirus, are divided
according to their transmission and phylogeny into three
complexes:*

e Mosquito-borne flaviviruses,
e Tick-borne flaviviruses,
e non-vector borne flaviviruses.

The mosquito-borne complex of flaviviruses includes a
number of important viruses of human pathogenicity,
among them the type species of the family, according to the
new taxonomy Orthoflavivirus flavi (former: yellow fever
virus), the dengue viruses Orthoflavivirus dengue (no longer
discriminating anymore between the four dengue virus
serotypes and including them in one species),
Orthoflavivirus japonicum (Japanese encephalitis virus),
Orthoflavivirus nilense (West Nile virus including Kunjin
virus), and Orthoflavivirus zikaense (Zika virus). One big
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Table 1: Current members of the tick-borne complex of the genus Orthoflavivirus

Sub-complex

Seabird

Orthoflavivirus species
Former virus name

Orthoflavivirus saumarezense
Saumarez Reef virus

Remarks

Orthoflavivirus tyuleniyense
Tyuleniy virus

Orthoflavivirus meabanense
Meaban virus

Mammalian

Orthoflavivirus kadamense
Kadam virus

Orthoflavivirus gadgetsense
Gadgets Gully virus

Orthoflavivirus royalense
Royal Farm virus

Includes Karshi virus

Orthoflavivirus kyasanurense
Kyasanur Forest virus

Includes Alkhurma virus

Orthoflavivirus langatense
Langat virus

Orthoflavivirus loupingi
Louping ill virus

Includes Greek Goat encephalitis virus,
Turkish Sheep encephalitis virus, Spanish
Sheep encephalitis virus, Iberian Capricorn
virus

Orthoflavivirus omskense
Omsk Hemorrhagic fever virus

Orthoflavivirus powassanense
Powassan virus

Includes deer tick virus

Orthoflavivirus encephalitidis
Tick-borne encephalitis virus

Includes European, Siberian, Far-Eastern,
Baikalian, Himalayan subtypes

disadvantage of this new nomenclature system is that it is
based only on genetic characteristics whereas
epidemiological or transmission-based characteristics are
no longer included.

The tick-borne Orthoflavivirus complex includes now a total
of 13 flaviviruses (see Table 1). According to their
epidemiological patterns and natural hosts two sub-
complexes are distinguished (Table 1):

e Mammalian tick-borne flavivirus complex

e Seabird tick-borne flavivirus complex

Origin and spread of the Flavivirus
tick-borne complex

According to the current concepts, tick-borne flaviviruses
originated in Africa and are descendants of a pre-flavivirus
which seems to be most closely related to Tamana Bat
virus, a non-vector-borne flavivirus. Genetic analyses
estimate that the orthoflaviviruses originated around
64,000 -160,000 years ago.4 The analyses also show that the
mosquito-borne flaviviruses diverged from the tick-borne

flaviviruses around 20,000 years ago,5 according to other
analyses about 40,000 years ago4 and around 30,000 years.6
Kadam virus seems to be the first descendant of these very
early tick-borne flaviviruses. It seems that already in this
very early phase of evolution of tick-borne flaviviruses the
seabird sub-complex of flaviviruses separated from the rest
of the viruses, which finally developed into the group of
mammalian sub-complex flaviviruses. The ways in which the
three seabird-related flavivirus species spread on the shores
of Europe, Asia and southern Pacific remains unsolved, but
it can be speculated that migrating birds spread the viruses
or virus-infected ticks to the different parts of the world (Fig
1).

It is assumed that the principle of tick-borne transmission of
flaviviruses evolved in Africa, several tens of thousands of
years ago. From there the tick-borne flaviviruses migrated
in eastern direction to the Middle East where Alkhurma
virus and Kyasanur Forest virus separated and evolved
separately on the Arabian Peninsula and the Indian
subcontinent respectively. Furthermore, Langat virus
separated and migrated to the Malaysian Peninsula. The
original virus dispersed to the northeast and finally reached
the Siberian region,” where it seems to have separated into
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Figure 1: Putative spread of viruses of the mammalian tick-borne flaviviruses according to different

sources>®
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the different subtypes of tick-borne encephalitis virus. In
Siberia the Siberian subtype, the Baikalian subtype of tick-
borne encephalitis virus and Omsk Hemorrhagic Fever virus
and potentially even more (yet unknown) subtypes
developed; further east the Far Eastern subtype of tick-
borne encephalitis virus and the Himalayan subtype
evolved. Powassan virus evolved and left the Asian
continent to enter the North American continent. It is yet
unclear whether the virus used the Beringian Landbridge
(13,000-11,000 years ago) or if it was transported by
migrating birds to this new continent." The exact
mechanisms are unclear as is the relationship between the
Russian and the American strains of Powassan virus.
However, a recent study showed that the so-called lineage
Il of Powassan virus, Deer Tick virus, emerged between the
1940s and the 1970s in Northeastern U.S.A., possibly due to
changes and adaptation of Powassan virus lineage | to new
vector or host populations.?

The European subtype of tick-borne encephalitis split from
the original virus probably somewhere in Siberia and
migrated west to develop in the European subtype. There
was another split to the south creating Greek Goat
encephalitis virus and Turkish Sheep encephalitis virus and
to the west to develop Louping ill virus on the British
islands, Spanish Sheep encephalitis virus and the Iberian
Capricorn virus, all subtypes of Louping ill virus. However,

the exact way of distribution and spread remains to be
better elucidated. The actual distribution of the members of
the tick-borne complex of orthoflaviviruses is shown in
Figure 2.

Most members of the mammalian tick-borne flavivirus
serocomplex have a human and/or a veterinarian
pathogenic importance (Tab 2). In contrast, so far, no
human or veterinarian disease could be associated with the
members of the seabird tick-borne flavivirus complex. One
can speculate that the specific viruses only have the
potential to infect mammals and therefore humans when
adapted to a mammalian natural host. It seems that the
seabird tick-borne viruses are genetically not able to infect
mammalian hosts.

The phylogeny and biogeography of tick-
borne encephalitis virus

The genetic stability of tick-borne
encephalitis virus

TBEV is a single stranded RNA virus, depending on a viral
RNA-dependent RNA polymerase for its replication in cells.
This kind of polymerase is known to be highly error prone
due to the missing proof-reading mechanism.”® Therefore,
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Figure 2: Actual geographic distribution of the members of the mammalian tick-borne orthoflavivirus

complex
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RNA viruses exhibit a high mutation rate during replication
leading to a phenomenon that almost any virus of a virus
population has its own specific nucleotide sequence.
Therefore, RNA virus populations are often named as “quasi
-species”.”® In fact this high mutation rate in RNA viruses is
thought to be one cause for species differentiation and
adaption to new vectors or hosts.*® Therefore, the guestion
arises, if the genetic information of TBE viruses, subtypes
and strains is stable enough to calculate evolutionary traits
and molecular clocks.

However, TBEV seems to be an exception of unstable RNA
viruses. Several studies show that TBEV is genetically an
extremely stable virus with only low variation. An analysis
of strains from the Finish Island of Aland showed that even
44 years after first detection, TBEV strains are genetically
almost identical and clearly distinguishable from other
strains.>* Also, in non-published studies on the genetic
variability of TBEV in a natural focus in Zillertal, Austria, the
genetic variability of two strains that had been isolated 35
years apart from each other have a lower genetic variability
than several isolates of the focus isolated during one single
year (Dobler, unpublished observation). All data indicate
that the TBEV develops a strain specificity in a particular
TBEV focus and that this genetic specificity seems to remain
stable for decades. This stability might be in part due to the
assumed low replication rate in the vector and due to the
fact that the virus has to pass two genetic bottlenecks: the
vector and the natural host, and it May be that only virus
strains optimally adapted to both biological systems are
selected and may be successful in the natural transmission
cycle.®

ls‘x r&nv LGTV

The development of tick-borne
encephalitis subtypes

“Tick-borne encephalitis virus” is the conventional name for
the newly created virus species Orthoflavivirus
encephalitidis, according to the new taxonomy of the
International Committee on Taxonomy of Viruses (ICTV).2
This new taxonomic status does not distinguish between
sub-species, subtypes, genotypes or serotypes. Therefore,
the official status of the various subtypes of TBE virus in
unclear. According to the commonly accepted notion based
on earlier genetic analyses, TBEV strains differ in a subtype
with a maximum of 2.5% on amino acid level and
differences between TBEV virus subtypes is at about 5% at
amino acid level.** According to this classification a total of
three subtypes could be identified at the beginning of
genetic analyses of TBE virus.>*

During the last 20 years a number of additional strains of
TBEV were isolated and sequenced and at least three
additional subtypes emerged using the criteria for TBEV
subtypes, a Baikalian subtype, a Himalayan subtype and a
subtype which has far only been identified once (strain
178/179).26’27’35'36 A newly detected TBE virus strain in The
Netherlands, TBEV Sallandse, has an amino acid difference
of >2% against all TBE virus strains from the European
subtype.’” The subtyping of this strain is still unclear. It
might however lead in future to a second European subtype
in the future.

The classification of Louping Il (LI) virus is far from clear.
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Figure 3: Current knowledge of geographical distribution of TBE virus subtypes
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Genetically it is closely related to the TBE-EU virus subtype.
While in an earlier study TBEV and LI virus were genetically
classified as only one species,3 a recent study confirmed a
paraphyletic evolutionary development of TBEV and LI virus
into two different species and proposed also two different
species within the LI virus group, a Greek-Turkish species
and a British-Spanish species of LI virus.*

For several years phylogenetic analyses were used to
understand the differentiation of TBEV subtypes and their
spread and distribution in Europe and in Asia. A first
universal genetic calculation indicated that a common
ancestor of the TBEV arrived some 3,000 years ago (range
1,700-4,800 years) ago in the area of Siberia. There it
divided into two branches, one westward migrating genetic
clade, finally forming the TBE-EU virus and LI virus and one
eastward-migrating genetic clade which finally formed the
TBE-Sib, TBE-Baik and TBE-FE virus subtypes. The TBE-Sib
virus clade divided from the TBE-FE/-Baik clade about 2,500
years ago. The TBE-Baik clade and the TBE-178/79 virus
diverged 1,400-1,800 years ago from the TBE-FE virus
branch.® According to these molecular calculations the
ancestor of TBE-EU/LI viruses in Europe separated about
2,400 years ago into the Greek-Turkish clade of LI virus and
about 1,700 years ago into the TBE-EU clade and LI-Spanish/
-British clade.® The TBE-EU virus strains as known today
evolved only within the last 300 years (range 170-450 years)
within Europe and spread there over large areas of the
European continent.® An earlier analysis of Czechoslovakian
and German TBEV-EU subtype strains resulted in a
geographic dispersal from Czechoslovakia to southeastern

Germany around 50 years ago.”’ The currently known
geographic distribution of TBEV with its respective subtypes
is shown in Figure 3.

The respective analyses on the genetic subtyping of the
TBEV subtypes and their geographic association is still
inconclusive for many of the strains. Best results are at the
moment available for the Siberian subtype. A
comprehensive genetic analysis of available TBE-Sib virus
sequences can now clearly distinguish five genetic lineages
or clades,* of which

e one forms the Baltic lineage, one a single Serbian
isolate,

e one isolates from the Kemerovo region in Western
Siberia,

e one a large group of TBE-Sib viruses genetically related
to the strain Vasilchenko and

e one related to the TBE-Sib virus strain Zausaev.*’

Similarly, clear genetic lineages cannot be identified in the
currently available sequences of TBE-EU virus strains and
TBE-FE virus strains. A comprehensive analysis of TBE-EU
virus strains on the occasion of the phylogenetic
classification of the TBE-EU virus strain “Sallandse”, shows
at least 9 different genetic clades.’” Only one lineage shows
geographic consistency and contains TBE-EU virus strains
originating in Scandinavia and the Baltics. Otherwise, the
genetic lineages are geographically mixed up and we have
to discuss a panmictic genetic population structure of TBE-
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Table 2: Members of the tick-borne Orthoflavivirus complex and main vector and pathogenic potential

Main Vector Pathogenic potential
Saumarez Reef virus’ Ornithodoros capensis, Ixodes eudyptidis None
Tyuleniy virus'® Ixodes uriae Possible fever in humans
Meaban virus'* Ornithodoros maritimus None
Kadam virus® Hyalomma spp. None
Gadgets Gully virus® Ixodes uriae None
Royal Farm virus'* Argas hermanni None
Kyasanur Forest virus® Haemaphysalis spp. Hemorrhagic fever
Alkhurma virus'® Ornithodoros savignyi Hemorrhagic fever
Langat virus'’ Haemaphysalis spp. Encephalitis
Louping ill virus'® Ixodes ricinus Encephalitis
Greek Goat encephalitis virus™ Ixodes ricinus Encephalitis in ungulates
Turkish Sheep encephalitis virus® Ixodes ricinus Encephalitis in ungulates
Spanish Sheep encephalitis virus** Ixodes ricinus Encephalitis in ungulates
Iberian Capricorn virus®’ ? Encephalitis in ungulates
Omsk Hemorrhagic fever virus” Dermacentor spp. Hemorrhagic fever
Ixodes spp.
Powassan virus* Ixodes spp. Encephalitis
Dermacentor spp.
Deer tick virus® Dermacentor spp. Encephalitis
Tick-borne encephalitis virus-European Ixodes ricinus Encephalitis
Tick-borne encephalitis virus-Siberian Ixodes persulcatus Encephalitis
Tick-borne encephalitis virus-Far Eastern Ixodes persulcatus Encephalitis
Ixodes ovatus
Tick-borne encephalitis virus-Baikalian®® Ixodes persulcatus Encephalitis
Tick-borne encephalitis virus-Himalayan®’ ? ?

EU virus throughout Europe. Also, no conclusive data are
yet available for the TBE-FE virus subtype. A recent analysis
containing mainly Chinese genomes and sequences of TBE-
FE virus subtype strains may imply the presence of
potentially five genetic lineages or subclades of the TBE-FE
virus subtype.*!

Current ideas on the spread and dispersal
of tick-borne encephalitis virus

The current knowledge on the geographic distribution and
spread of TBEV subtypes raises a lot of questions. How
could the TBE-EU emerge, as far as is known today, only in
South Korea?? At the Chinese-North Korean border region,
the limited available data show only TBE-FE subtype
strains.”® Similar questions arise for the TBE-FE virus strains
detected in Ukraine and Moldova.***> The TBE-Sib virus
identified in Serbia was shown to be a specific genetic
lineage of the Siberian subtype most closely related to a
Western Siberian genetic lineage of the TBE-Sib subtype
viruses."® Also the recent appearance of TBE-EU virus strains

in Tunisia is still mysterious.46 At least some ideas about the
occurrence of TBE-Sib virus in the Baltics and in Finland are
currently discussed. One study showed an association with
the construction of the Trans-Siberian Railway and the
Trans-Siberian Highway.*” However recent studies, including
genetic data from more strains which were isolated in the
meantime, argue against these results and also speak of a
“panmictic” biogeographic distribution of TBE-Sib virus
strains in the Baltics and in Russia.*®

These confusing data induce the general discussion on the
ways TBEV spreads. In fact, only few studies have been
conducted to date that elucidate the spread of TBEV. What
we can clearly see is that we have to differentiate between
a long-distance and short-distance spread of TBE virus. For
long-distance spread, especially bird migration is a
candidate for TBEV dispersal. Unfortunately, no studies are
available to correlate genetic data of TBEV strains with bird
migration routes. However, several studies show that birds
may carry TBEV-infected ticks and therefore might be able
to disperse them and other tick-borne flaviviruses during
their migrat'ion."g"55 Earlier experiments on the potential of
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Figure 4: Schematic phylogenetic tree of relevant human pathogenic flaviviruses
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birds to become infected with TBEV and to keep high viral
titers during migration indicate that birds may serve as
hosts for newly blood-sucking ticks in other locations;
however data remain inconclusive.’®>**®8 Nevertheless,
there is some indirect evidence from phylogenetic studies
of TBEV that birds may play a role in the spread of virus, e.g.
on islands like England, Japan, the Finish Archipelago or also
on the European mainland (e.g. Hungary).>*®

Beside long-distance spread TBEV also may spread on short
distances from one microfocus to a new location nearby
and thus form new microfoci. Again, this phenomenon has
not been thoroughly studied so far. However, recent
analyses on TBEV neighbouring natural foci showed that
closely related TBEV strains can be isolated in nearby
locations forming new microfoci.®® Although alternatively,
dispersal of infected ticks by local birds cannot be excluded,
the speculation may be allowed that also terrestrial game
and other wild animals may transport and spread TBEV-
infected ticks on a continuous way from one location to
another.

Concluding remarks

Tick-borne flaviviruses are one of the medically most
important groups of viruses. In sharp contrast to their huge
medical importance, only little information is available on
their origin, their evolution and also on their ways of
spreading and distribution. Presented here are current data
on the distribution of tick-borne flaviviruses with focus on
the TBEV. Together with details on geographic distribution
combined with phylogenetic information and results of

spreading in the past, these concepts could lead to new
concepts about the emergence of tick-borne
orthoflaviviruses in the future.

Contact: gerharddobler@bundeswehr.org
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