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Abstract

Tick-borne encephalitis viruses (TBEVs) are usually divided into three major subtypes: European (TBEV-Eu), Siberian
(TBEV-Sib) and Far Eastern (TBEV-FE). The TBEV-Eu strains have the longest genomes, and TBEV-FE strains have the
smallest genomes. Changes in the variable region of the untranslated region (V3’' UTR) play a major role in determining
the viral genome length. Analyses of the 3' UTRs of the different subtypes of TBEV have revealed significant changes in
the secondary structures of the V3’ UTR of TBEV. More complex secondary structures of the V3’ UTR regions are typical
for TBEV-Eu. The Siberian strain Tomsk-PT122 was isolated from birds and has an unusual 3’ UTR. Several short frag-
ment (24-26 nucleotides) insertions derived from the viral E (2) and NS4a (1) genes have been found in the V3’ UTR of
Tomsk-PT122. Additionally, the length of the V3' UTR increases from 21 to 37 nucleotides during passages of the C11-13
strain of TBEV-Sib into PEK, 293 and Neuro-2a cells. The elongation of the V3’ UTRs of Tomsk-PT122 and C11-13 is the
first direct evidence of an intragenomic 3' UTR modification (insertion) for TBEV. Thus, the obtained results suggest that
changing the length of the V3’ UTR in the genome is typical for different TBEV subtypes and can play an essential role in
effective TBEV replication in different host cells.
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Introduction

Flaviviruses (family Flaviviridae, genus Flavivirus) are
conventionally divided into several large groups as follows:
mosquito-borne flaviviruses (MBFV), tick-borne flavivi-
ruses (TBFV), flaviviruses with unknown vectors of trans-
mission and mosquito-only flaviviruses (without a known
vertebrate host) [1]. The flavivirus virion (~ 50 nm) contains
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nucleocapsids that consist of protein C and positive single-
stranded RNA (~ 11,000 n), which is surrounded by a lipid
membrane and modified structural viral proteins E and M
[2]. The flaviviral genomic RNA is flanked by the 5’ and
3’ untranslated regions (UTRs) that are crucial to initiate
viral replication [3, 4]. The 5" UTR and the 3’ UTR form
secondary structures (stem-loops and Y-shaped structures)
that are cis-acting elements for the replication, translation
and packaging of the genome.

Two different models of the 3’ UTR secondary structure
of genomic RNA have been predicted for flaviviruses using
computer modelling [5, 6]. The first model was made indepen-
dently from the 5’ UTR, and this model predicted the struc-
ture of the 3' UTR to be a linear plot that includes stem-loop
structures. Another model of the secondary structure of 3’
UTR flaviviruses is known as the cyclization model and was
confirmed experimentally. It involves the interaction between
the complementary sequences of the 3" UTR and the 5" UTR,
which leads to the formation of regions with double-stranded
viral RNA [7]. The most conservative sequence of the 3' UTR
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is a terminal 3’ LSH (long stable hairpin) with a short hair-
pin SL2 (stem-loop). The 3’ LSH region contains the five
conserved nucleotides CACAG, and the crucial role of viral
infectivity has been demonstrated. In all likelihood, the 3' LSH
interacts with the viral and cellular proteins of the polymerase
complex, thus initiating effective viral genome replication.
The 3’ LSH for all flaviviruses is located within LRS1 and
LRS2 (long repeat sequence). The two Y-shaped structures
of the conserved region of the 3’ UTR (C3' UTR) are actually
located in LRS2 and LRS3. The infectivity of TBFV and den-
gue virus is reduced by deletions near LRS2/LRS3 [8, 9]. It is
hypothesized that these flaviviral RNA structures could have
occurred from a duplicate “ancient” LRS that was conserved
only for the TBFV group. The preservation of a redundant plot
corresponding to LRS3 or LRS4 most likely occurred several
times [10].

The secondary structures of RNA located proximally from
the 3' LSH-SL2 are different and typical for MBFV and TBFV
[11]. Therefore, “dumbbell” (DB) DB1/DB2 and Y-shaped
structures were also found in the 3' UTRs of flaviviruses with
unknown vectors [12]. The Y-shaped RNA structure is neces-
sary for the replication of viral genomes, and this has been
supported by experimental data [9, 13, 14].

Tick-borne encephalitis virus (TBEV) is the causative agent
of tick-borne encephalitis, which is usually transmitted to
humans by Ixodes ticks [2]. Based on their geographical preva-
lence and a phylogenetic analysis, TBEV has been classified
into the following three main subtypes: European (TBEV-Eur),
Siberian (TBEV-Sib) and Far Eastern (TBEV-FE) [15]. The
mortality rate for TBEV-Eur subtype infections is relatively
low (1-2%), whereas for TBEV-FE, it is approximately 30%
[2]. Members of these three subtypes have differences in the
nucleotide sequences of their polyproteins (up to 18%) and in
their UTRs [16-18]. The average level of homology of the 5’
UTR of TBEV in the individual ticks was 95% for TBEV-FE
and 89% for TBEV-Sib [14]. The virulence of TBEV is asso-
ciated with viral RNA conformation in the variable region of
the 3" UTR [19, 20]. Additionally, the cellular host proteins
interact with the 3’ UTR of TBEV genomic RNA [21].

This work was devoted to studying the structural organi-
zation of the 3" UTR of the viral genome for the three main
subtypes of TBEV, the 3' UTR modification of C11-13 TBEV
during experimental adaptation to three types of cells, the V3’
UTR elongation of Tomsk-PT122 isolated from birds and the
changing of the 3' UTRs of TBEVs as a possible factor for
TBEV evolution in nature.

Materials and methods
TBEV strains and cells

Absettarov, Kolarovo-2008, Tomsk—-PT122, Zausaev,
Vasilchenko, Lesopark11, Buzuuchuk, Glubinnoe/2004,
4072, 205, Sofjin, Tomsk-PT12, Tomsk-PT14, Tomsk-
M202, Tomsk-M83, Tomsk-K6, Novosibirsk-L2008,
C11-13 and 886-84 strains and cells were obtained from
a collection of SRC VB “Vector” (Novosibirsk, Russia).
Viral strains were propagated on PEK (pig embryonic kid-
ney) cells before sequencing as described previously [22].
Additionally, C11-13 TBEV was cultivated on Neuro-2a
and 293 cells for 6 to 7 passages.

RNA isolation and sequencing

The isolation of the total RNA was performed from the
infected cell lysates. For this purpose, 10 volumes of TRI-
zol® Reagent (Invitrogen Corporation, USA) were added
to the cell samples, and the samples were incubated at
65 °C for 15 min; then, 300 ul of chloroform was added,
and the aqueous phase was extracted. The aqueous phase
was washed with 300 ul of chloroform and was transferred
to a new tube. Then, 500 ul of cooled isopropanol and
1 ul glycogen were added to the tube. The RNA sample
was centrifuged at 20,000xg for 15 min at 4 °C, and the
isolated RNA was washed with 70% ethanol.

The cDNA synthesis was carried out with 5'-d(N)6-3'
oligonucleotides using the Reverta-L kit (Moscow, Rus-
sia). The mixture was incubated for 1 min at 95 °C and was
placed in an ice bath; then, a mixture containing M-MulV
was added. The cDNA synthesis was performed for 1 h
at 37 °C. The PCR amplification of the TBEV fragments
was carried out using a set of primers described previously
[23]. The sequencing of the isolated PCR fragments was
performed using an ABI 3130x1 genetic analyser according
to the manufacturer’s instructions.

Modelling 3' UTR genomic RNA

Multiple alignments of the 3' UTR TBEV sequences were
performed using Lasergene 9. The secondary structures of
the 3 UTR TBEV were predicted using the MFOLD 3.4
server. The maximum distance between the base pairs and
the suboptimal percent has been selected manually. The
RNA conformations that were predicted in the stem-loop
(SL) and Y-shaped structures were annotated based on the
level of homology after aligning the nucleotide sequences.
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Results

The sequencing and size characterization

of the full-length genome for different strains
of TBEV

Twenty-two TBEV strains were sequenced for the char-
acterization of their complete genomes, and the strain
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Neuro-2a cells and PEK cells. Phylogenetic analysis
showed that these strains have been divided into the three
major subtypes of TBEV (Fig. 1). Ten strains were clas-
sified as TBEV-FE, and these strains were isolated from
samples collected in Siberia and from the Far Eastern
region of Russia from 1937 to 2008. Seven strains were
typed as TBEV-Sib, and these strains were isolated in
Central Asia and Western Siberia from 1986 to 2013. The
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Fig.1 The phylogenetic tree for the complete genomic TBEV
sequences. Phylograms were constructed with the neighbour-join-
ing method with MEGA 5. The bootstrap value is shown when it is
>70%. The Powassan virus was used as an outgroup. The signifi-
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European subtype is presented by the Absettarov strain
(Karelia, 1951). C11-13 TBEV-Sib and its variants were
obtained by adaptation to different cell cultures and were
grouped together with other strains in the Siberian sub-
type (Fig. 1). The early strain 886-84 TBEV (EF469662)
was isolated in the Irkutsk region in 1984 and was clas-
sified as a putative Baikalian subtype of TBEV [24, 25].
Resequencing (KJ633033) showed that the 886-84 TBEV
genome was longer than previously defined by 160 nucleo-
tides. Based on the genome organization features, the 3’

UTR and the genome size of this strain are closer to the
Siberian subtype and may be classified as a separate group
from that of TBEV-Sib.

The results of the comparison of the complete genomes
and the 3’ UTR sizes are presented in Table 1. Almost all
complete genomes for the three main subtypes of TBEV
under cultivation in identical laboratory conditions had dif-
ferent sizes. The Absettarov strain of TBEV-Eu is the long-
est genome (11,097 nucleotides). The smallest genome size
is characteristic for all strains of TBEV-FE; for example,

Table 1 The comparison of the

; Strain, GenBank Complete genome Variable Conserved Full 3’ UTR
length for genomic RNAs and 3’ region 3’ UTR region 3' UTR
UTRs of TBEV

European subtype
Absettarov, KJ000002 11,097 402 321 723
Salem, FJ572210 11,068 403 312 715
Neudoerfl, U27495 11,141 446 321 767
Hypr_IC, KP716974 11,103 407 322 729
KrM93, HM535611% 11,097 402 321 723
Length (nucleotides) 11,068-11,141 402446 312-322 715-767

Siberian subtype
Kolarovo-2008, FJ968751 10,928 232 321 553
Zausaev, AF527415 10,832 138 320 458
Vasilchenko, AF069066 10,927 233 320 553
Lesopark11, KJ701416 10,886 182 320 502
Buzuuchuk, KJ626343 10,923 229 320 549
C11-13, KP644245 10,802 107 321 428
C11-13PAK, MF043953 10,838 144 320 464
C11-13-293, MF043954 10,823 129 320 449
C11-13-Neu, MF043955 10,839 144 321 465
Tomsk-PT122, KM019545 10,933 413 146 576
Length (nucleotides) 10,802-10,933 107413 146-321 428-576

Baikalian subtype of TBEV®
886-84, KJ633033 10,916 222 320 542

Far Eastern subtype
Glubinnoe/2004, DQ862460 10,886 201 312 513
4072, KF951037 10,894 201 320 521
205, JX498939 10,495 67 55¢ 122°¢
Sofjin, JX498940 10,894 201 320 520
Tomsk-PT12, KM019546 10,780 92 320 512
Tomsk-PT14, KJ914682 10,780 87 320 508
Tomsk-M202, KJ914683 10,780 92 320 512
Tomsk-M83, KJ739731 10,785 87 325 507
Tomsk-K6, KJ739730 10,776 87 316 503
Novosibirsk-L2008, KJ739729 10,771 87 312 499
Length (nucleotides) 10,495-10,894 67-201 312-325 499-521

The TBEV strains that were sequenced by the authors are indicated in bold
#The TBEV-Eu strain KrM 93 was isolated in South Korea from the lung tissues of wild rodents (Apode-

mus agrarius) in 2006

"The TBEV strain 886-84 was isolated from the Irkutsk region in 1984 and was proposed to be a putative

Baikalian subtype of TBEV

“Incomplete sequences of the C3' UTRs
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the genome of Novosibirsk-L.2008 has only 10,771 nucleo-
tides. Additionally, a comparison of the published complete
genome sequences (GenBank) for 18 strains of the TBEV-Eu
subtype, 55 strains of the Siberian subtype and 71 strains of
the Far Eastern subtype has shown that the average size of
the TBEV genome differs by approximately 100 nucleotides.
The strains of TBEV-Eu have the largest genome length, and
the strains of TBEV-FE have the shortest genome length.

Heterogeneity of the 3’ UTR of the viral genome

Significant heterogeneity of the V3' UTR of the TBEV
genome, which varies from 87 to 446 nucleotides, is influ-
enced by the viral genome size (Table 1). The size of the
V3'UTR of the TBEV-Eu subtype ranged from 402 to 446
nucleotides, and for the TBEV-FE subtype, it was only
67-201 nucleotides. Aligning the 3’ UTRs showed that the
longest 3" UTR sequences are typical for the Absettarov

Variable region

and Neudoerfl strains that belong to the European subtype
(Fig. 2). Neudoerfl also has a short polyA sequence that
is actually missing from the other TBEVs. Usually, the
C3' UTR remains unchanged, and 3" UTR deletions have
been found in the polyA to polyC regions of the V3’ UTR.
The formation of a Y-shaped structure is also predicted in
this region.

A non-aligned region (NAR) was found for Tomsk-
PT122 TBEV-Sib (Fig. 2). Because of the additional
insertion, the V3’ UTR size is increasing by up to 413
nucleotides (Table 1). The NAR in the V3’ UTR of Tomsk-
PT122 is completely formed by nucleotide insertions from
the coding regions of viral protein E and NS4a. The NAR
putative scheme of arrangement for the three homologous
fragments that have a >70% level of identity from the
protein E and NS4a gene fragments (24-26 nucleotides)
are shown in Fig. 2.
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Fig.2 The scheme of the full-size 3" UTR nucleotide sequence align-
ment. The secondary structures of the 3’ UTR are schematically pre-
sented for the Neudoerfl strain of TBEV, and this is the strain that
has the longest genome. The alignment is presented in this order:
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Modelling the secondary structure of the 3’ UTR
RNA of TBEV

The conserved sequences of TBEV and other flaviviruses
were used as anchors for the alignment of the 3" UTR
sequences (Fig. 2). The RNA secondary structure was
simulated for the 3" UTR genomic RNA of the 3 major
subtypes of TBEV (Fig. 3). The most complex secondary
structure of the 3’ UTR has been found in TBEV-Eu. This
genotype has the largest genome size (~ 11,100 n.) and
the V3’ UTR length ranges from 100 to 200 nucleotides,
which is greater than those of the other TBEV subtypes.
The available SL9, SL10 and Y-3 structures located in the
V3’ UTR have been characterized for TBEV-Eu. Moreo-
ver, the strain KrM 93, the additional Y-4 structure has
been predicted, unlike other TBEV-Eu strains. The SL14
and SL15 structures in the V3’ UTRs of the Neudoerfl and
Hypr_IC TBEV-Eu strains are formed instead of the Y-4
structure.

TBEV-Sib and TBEV-FE have structural similarities
for their V3’ UTRs, unlike the European subtype. The
V3" UTRs of these subtypes consists of several Y-shaped
structures. An additional SL with Y-shaped structures is
predicted with the increasing length of the 3’ UTR; for
example, Y-3 structures are modified by SL9, SL.10, SL11,
SL12 and SL13 in the Kolarovo-2008 TBEV-Sib strain.
Among the TBEV-FE strains, the V3’ UTR Tomsk-M202
represented the only Y-4 structure located near NS5, which
may be induced by a deletion within 100 nucleotides of
the V3" UTR.

The V3" UTRs of TBEVs have significant differences
depending on the subtype. The RNA secondary structures
of the C3' UTRs of TBEVs include the promoter that is
formed by a conserved long stem-loop designated as 3’ LSH
that is divided by SL1 and SL2 as described previously [17].
A very conservative pentanucleotide sequence CACAG is
located on top of the SL.1 of the 3' UTR of TBEV. We found
that only Tomsk-PT122 has an unusual 3' LSH with reduced
levels of SL1 and a completely modified SL2. The pentanu-
cleotide sequence AACAU is the basis for SL1 formation,
and it is another possible putative sequence of the viral pro-
moter. Additionally, the hexanucleotide sequence UUGGCA
in SL3 interacts with the inverted repeat sequence UGCCAA
on top of SL6, which may be a principal for the RNA sec-
ondary structure of the TBEV promoter.

The enhancer is mapped early between the stop codon
and the promoter [17]. This region is also formed by the C3’
UTR and the V3’ UTR sequences (Figs. 2, 3). The length
of the enhancer greatly varied between the different TBEV
subtypes. The analysis of the RNA secondary structures
of this region showed that Y-like structures are typical for
TBEV enhancers. The more complex Y-like structures are
predominant within the Siberian subtype.

Variability of the V3’ UTR in new types of host cells

The Tomsk-PT122 and Kolarovo-2008 strains of the TBEV-
Sib subtype were directly isolated from different hosts:
Blyth’s Reed Warbler (Acrocephalus dumetorum) and
Ixodes tick (Ixodes pavlovskyi). The geographical sites of
the isolation of these strains, the time and the phylogenetic
groups are very close. Earlier, these stains were classified
as putative TBEV recombinants by 7 recombination detec-
tion algorithms [26]. It is interesting that the 3’ UTRs are
also modified (Figs. 2, 3). The Y-3 located V3’ UTR for
both strains has a very complex secondary structure. The
length of the V3’ UTR of Tomsk-PT122 is 413 nucleotides,
which is the maximum size within the TBEV-Sib subtype
(Table 1). The putative scheme of insertions of the short
fragments (24-26 nucleotides) of E and the NS4a viral genes
into the V3’ UTR of Tomsk-PT122 is presented in Fig. 2.
The elongation of the V3’ UTR for Tomsk-PT122 may be
the first direct evidence of intragenomic RNA modification
(insertions) for TBEV-Sib.

The 3" LSH of Tomsk-PT122 is also strongly modified
(Fig. 3d). The stem-loops SL1 and SL2 also disappear.
The pentanucleotide sequence AACAU is the base for
SL1 instead of the flaviviral conservative pentanucleotide
sequence CACAG. Additionally, the C3' UTR of Tomsk-
PT122 has several deletions of approximately 170 nucleo-
tides in length (Fig. 2).

During the adaptation of C11-13 TBEV-Sib to 293, PEK
and Neuro-2a cells also showed an increased V3’ UTR
length from 107 to 144 nucleotides (Fig. 2). This leads to
the modification of Y-3 in LRS 4 and the size of these frag-
ments, which has increased in all C11-13 variants derived
from all three types of cells. Moreover, the increasing sizes
of the 3' UTRs are 21 (293 cells), 36 (PEK cells) and 37
(Neuro-2a cells) nucleotides.

Discussion

The 3' UTRs of TBEVs are divided into the C3’ UTR and the
V3’ UTR, which includes the 6 LRSs typical of other flavi-
viruses [6, 10]. Additionally, the 3' UTR may be subdivided
into promoters and enhancers. The promoter contains the
region that is required for RNA replication and for ensuring
the infectious activity of TBEV. The experimentally deter-
mined TBFV promoter corresponded roughly to the 3" LSH-
SL2Y-shaped structure. The region between the stop codon
and the promoter is defined as the enhancer region and is
not critical for the infectivity of TBEV. Nevertheless, it has
been suggested that the variability of the 3' UTR flaviviral
genome is related to the variability of the promoter and/or
enhancer as a mechanism for flaviviral adaptation to dif-
ferent cells of vertebrate and invertebrate hosts [10]. In all
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Fig.3 Linear model of the A
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likelihood, the enhancer may not be critical to ensure infec-
tious virus activity in experimental conditions but may be
crucial to the transmission of the virus between the vector
and susceptible hosts, thereby ensuring the success of fla-
vivirus survival in different natural foci and climatic zones.

It has been suggested that TBFV originally had 9 LRS
[10]. Subsequently, the TBFV group completely lost three
LRS proximally close to a stop codon. This region is not
essential for the viability of TBEV [9]. Most likely, the
poly-AT sequence appeared in the early stages of flavivi-
rus evolution. This is based on the fact that polyA has been
detected in MBFV, and it was possibly formed as a result of
RNA-dependent RNA polymerase activity [10]. Conserving

poly-AT in some flaviviruses probably reflects the need to
maintain a selective advantage for flaviviruses in nature.

The analysis of the complete genomes of the 3 major
TBEV subtypes revealed that TBEV-Eu has longer genomes,
and the smallest genome size is typical for TBEV-FE. A
major role in the length of the viral genome is the signifi-
cant heterogeneity of the V3’ UTR, which ranged from 67
to 446 nucleotides. The size of the V3’ UTR for TBEV-Eu
ranged from 402 to 446 nucleotides, and that of the TBEV-
FE ranged from 67 to 201 nucleotides.

Our modelling 3" UTR TBEV revealed changes in RNA
secondary structure mainly in the variable region. The most
conserved region of the 3' UTR for all TBEV genotypes is
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the 3’ LSH. It was also found that the V3’ UTR has typical
differences for the TBEV subtype. The more complex RNA
structure of the V3’ UTR has been discovered for TBEV-
Eu, which includes a double Y-shaped structure and 2—4
SLs. TBEV-FE has 1 or 2 Y-shaped structures in the V3’
UTR, and TBEV-Sib usually has two Y-shaped structures.
The Tomsk-PT122 strain that was isolated from birds has
only 1 SL and 1 double Y-shaped structure in the V3’ UTR
and has a significantly modified structure in the 3'LSH C3’
UTR. This strain also has the largest genome size among
TBEV-Sib.

Earlier, several isolates of C11-13 TBEV-Sib were
selected during passages into PEK, 293 and Neuro-2a cells
[22]. The amino acid substitutions were found in the NS1,
NS2a, NS3 and NS5 polypeptides. Additionally, the vari-
able length of the V3’ UTR was discovered for the C11-13
isolates. During passages C11-13 into PEK, 293 and Neuro-
2a cells, the length of the V3’ UTR increased from 107 to
144 nucleotides. These modifications induced the Y-shaped
structure of LRS 4 in different types of cells. Another opin-
ion suggests that the length of the V3’ UTR of TBEV may be
changed during the replication of TBEV into new cell types.
The elongation V3’ UTR for Tomsk-PT122 and the labora-
tory variants of C11-13 proposed an insertion of additional
RNA fragments. Insertions have been found in the V3’ UTR
of Tomsk-PT122 with short fragments (24-26 nucleotides)
of the E and NS4a viral genes. Early, the putative recom-
bination sites are located in the regions of the E and NS4
genes, especially in the NS4 gene [27]. We evaluated that
the elongation of the V3’ UTR for Tomsk-PT122, which was
isolated from birds, and C11-13, which was isolated from
humans, is the first direct evidence of intragenomic RNA
recombination (insertions) for TBEV-Sib subtypes and are
possible for other TBFVs. We can assume that the observed
features for the 3’ UTRs of the laboratory strains of TBEV
after multiple passages in cell cultures are primarily due to
the adaptation to laboratory cultivation.

In all likelihood, the mechanism for changing the 3" UTR
is fundamentally important for effective TBEV replication
into the cells of different hosts. The large sizes of the V3’
UTR of TBEV-Eu and their genomes allow us to hypoth-
esize that the dissemination of TBEV in Eurasia could be
from the West to the East. The variability of the 3' UTRs of
RNAs is the principal for the replication and enhancement
of the survival strategy for TBEVs in different hosts in the
ever-changing natural and climatic conditions.
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