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Abstract We determined for the first time the complete
genome sequences of two Korean strains of the tick-borne
encephalitis virus (TBEV), designated KrM 93 and KrM
213, isolated from the lung tissues of wild rodents in 2006.
The genomes are 11,097 nucleotides (nt) in length and
consist of a 132 nt 5’-noncoding region (NCR), a 10,245 nt
open reading frame (ORF) containing 10 viral protein-
coding regions (3,415 amino acids), and a 720 nt 3'-NCR.
Compared with the 31 fully sequenced TBEV strains cur-
rently available, KrM 93 and KrM 213 show genomic
nucleotide (and deduced amino acid) sequence divergences
ranging from 1.8 (0.7) to 19.2 (26.6)% and 1.9 (0.8) to 19.3
(26.7)%, respectively. Phylogenetic and recombination
analyses based on the complete genome sequence were
performed to identify genetic variations and relationships
between the TBEV strains. These showed that the Korean
TBEV strains clustered with the Western subtype rather
than with Far-Eastern or Siberian subtypes, and phyloge-
netic trees derived from capsid (C), envelope (E), non-
structural (NS) 4B and NS5 regions represented the same
branching pattern shown by the complete genome-based
tree. Although no recombination events were identified in
these two Korean strains, 11 putative recombination events

Electronic supplementary material The online version of this
article (doi:10.1007/s11262-011-0575-y) contains supplementary
material, which is available to authorized users.

S.--M. Yun - S. Y. Kim - Y. R. Ju - M. G. Han -

Y. E. Jeong - J. Ryou (X))

Division of Arboviruses, National Institute of Health, Korea
Centers for Disease Control and Prevention, Osong Health
Technology Administration Complex (OHTAC),

187, Osongsaengmyeong2(i)-ro, Gangoe-myeon,
Cheongwon-gun, Chungcheongbuk-do,

South Korea

e-mail: zenith@nih.go.kr

were identified within the NS5 regions or in the 3'-NCRs of
TBEV strains in general. The results provide insight into
the genetics of TBEV strains to understand the molecular
epidemiology, genetic diversity, and evolution of TBEV.
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Introduction

Tick-borne encephalitis (TBE) is the most important flavi-
virus infection of the human central nervous system (CNS)
in Europe, Russia, and Far-Eastern Asia, including Japan
and China, More than 10,000 cases of the disease are
reported in endemic regions annually [1, 2]. As the causative
agent of TBE, Tick-borne encephalitis virus (TBEV),
belonging to the family Flaviviridae and genus Flavivirus, is
an enveloped virus containing a single positive RNA gen-
ome ~ 11-kb long and consisting of a single open reading
frame (ORF), flanked by 5'- and 3’-noncoding regions
(NCRs). The OREF is cotranslationally and posttranslation-
ally cleaved by viral and cellular proteases to form the capsid
(C), premembrane/membrane (prM/M) and envelope
(E) proteins, and seven nonstructural (NS) proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) [3].

Until now, TBEV has been subdivided into three sub-
types: Far-Eastern, Western or European, and Siberian
[2, 4]. The main tick vector of the Western subtype is Ixodes
ricinus, and Ixodes persulcatus is the main vector for the
other subtypes. The three main subtypes are all closely
related both antigenically and genetically, but the Far-
Eastern subtype causes more severe encephalitis symptoms
and produces more acute infections than do the Western and
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Siberian subtypes, respectively [5, 6]. Generally, the Wes-
tern subtype of TBEV is endemic in Central Europe and the
European region of Russia. On the other hand, the Far-
Eastern subtype of TBEV is prevalent in Russia and Far-
Eastern Asia (China and Japan). The Siberian subtype of
TBEV also exists in eastern Russia and in western Siberia.
However, exceptional forms of TBEV distribution have
been identified, such as the cocirculation of three subtypes in
the Baltic countries and the existence of the Siberian TBEV
subtype in Finland, which do not fit into the previously
known distribution pattern of TBEV subtypes [7-9].

In South Korea, although TBE infections have not been
reported among humans, we have identified molecular
evidence of TBEV infections in infesting ticks of the wild
animals or collected ticks, and have isolated TBEV from
lung tissues of the wild rodent, Apodemus agrarius
[10, 11]. In addition, using phylogenetic analysis based on
the complete E gene we confirmed that the Korean strains
belong to the Western subtype, and have the Western
subtype signature amino acid in the E protein region [12].
The five known Korean strains have a high degree of
sequence identity in the E gene. Here, we chose two
Korean strains from different geographical origins, KrM
93 and KrM 213, to determine the complete genomic
sequence.

In this study, we report the first complete genomic
sequence identification of two TBEV strains that were
isolated from wild rodents in South Korea in 2006. We
aimed to sequence the complete genome of these strains to
analyze their genetic characteristics to better understand
the molecular evolution of the Korean strains compared
with other TBEV strains.

Materials and methods
Viruses and cell lines

The two strains KrM 93 and KrM 213 were isolated from
the lung tissues of Apodemus agrarius captured in two
different provinces, Gurye-gun in the Jeonllanam-do and
Hapcheon-gun in the Gyeongsangnam-do, respectively.
The viruses were propagated in 1-day-old suckling mice by
intracerebral inoculation and the brains from moribund
mice were homogenized into 10% (w/v) suspensions in
phosphate-buffered saline (PBS; pH 7.0) containing 10%
fetal bovine serum (FBS; GIBCO, Grand Island, NY), with
penicillin (100 IU/ml) and streptomycin (100 pg/ml; P/S,
GIBCO). Subsequently, 10% brain suspensions from the
inoculated suckling mice were passaged three times on
confluent monolayers of BHK-21 cells (ATCC No. CCL-
10; American Type Culture Collection, Manassas, VA) in
minimum essential medium (MEM; GIBCO) supplemented
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with 8% FBS and 1% P/S in 5% CO, at 37°C. Culture
fluids were collected after 4 days and stored at —80°C as
the working virus stock for full-genome sequencing.

Primer design, RNA extraction, and cDNA synthesis

To amplify the complete genome sequence of the two
Korean strains, 10 pairs of primers were designed based on
the complete sequence of the Neudoerfl TBEV strain
(GenBank Accession no. U27495). The primer nucleotide
sequences and positions are listed in Table S1. Viral RNA
was extracted with 1-ml TRIzol reagent (Invitrogen,
Carlsbad, CA) from 200-pl viral stock, according to the
manufacturer’s protocol. Single-strand cDNA was synthe-
sized using viral RNA and random hexamers through
SuperScript™ III First-strand synthesis system for reverse
transcription polymerase chain reaction (RT-PCR; Invit-
rogen) according to the manufacturer’s protocol.

PCR amplification and TA cloning for complete TBEV
genome sequencing

For the full-length genomic sequencing, eight overlapping
parts containing the whole viral genome (Fig. S1A) were
amplified by PCR from cDNA as mentioned above, using
the Ex Tag™ DNA polymerase (Takara, Shiga, Japan) and
gene-specific primer sets are listed in Table 1. PCR was
performed using a GeneAmp® PCR system 9700 (Applied
Biosystems, Foster City, CA) at 94°C for 5 min, followed
by 30 cycles of amplification consisting of 94°C for 30 s,
annealing at 52-58°C according to the primer sets and
72°C for 1 min 30 s, with a final extension at 72°C for
5 min.

To identify the sequences at the ends of the 5’- and
3’-noncoding regions (NCRs), the 5-end cap structure was
decapped using tobacco acid pyrophosphatase (Epicentre
Tech, Madison, WI) and ligated with T4 RNA ligase (New
England BioLabs Inc., Beverley, MA) for end-to-end
ligation as described previously [13, 14] (Fig. S1B). Sub-
sequently, circularized RNA was used as a template for
cDNA synthesis using the SuperScript'™ III First-strand
synthesis system for RT-PCR (Invitrogen) and the TBE-
18R primer. A first round of PCR amplification of the
junction region containing the 5'- and 3'-NCRs was applied
using the TBE-17F and TBE-18R primer set, and then the
TBE-19F and TBE-20R primer set was used for nested
PCR amplification.

The amplification products of RT-PCR or RT-nested
PCR were purified using QIAEX II Gel extraction Kits
(Qiagen, Valencia, CA) according to the manufacturer’s
protocol and sequenced after cloning into pGEM® T-easy
vectors (Promega, Madison, WI), using ABI Prism BigDye
Terminator Cycle Sequencing kits and ABI 3730xl
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Table 1 Unique amino acid differences in the complete genome
between the two Korean strains and four established vaccine strains

Amino acid TBEV Korean strain Vaccine strain
position

KrM 93 KrM 213 Neudoerfl K23 205 Sofjin-HO

C-43

C-54

C-64
C-111
M-41
M-61

E-51

E-83
E-122
E-136
E-153
E-167
E-201
E-228
E-317
E-460
E-463
E-479
NS1-4
NS1-103
NS1-123
NS1-175
NS1-346
NS2A-40
NS2A-41
NS2A-108
NS2A-127
NS2A-169
NS2A-183
NS2A-201
NS2B-100
NS3-2
NS3-10
NS3-62
NS3-174
NS3-184
NS3-218
NS3-372
NS3-380
NS4B-15
NS4B-16
NS4B-21
NS4B-24
NS4B-55
NS4B-72
NS4B-88

=

TETTOoOLAAPP TS ALQUETOCTOALSTSTZITOL>POATOTIS>PRQP Q00 ZPEZ
TETTOoOLAAPP TS ALQUETAOCTOALSTSTELTOL>OARLSFPAOP SO0 Z L
TR AAPT S ALQUT<LCOCEHALSTSTLTOR>0OAEODSNP RO Z00ZPE
> " TOoO<PpaHr "< RBRRZOO"T Q<O RFE<S<TTOOR>CP>"OL>RIODARSCCZ>

T2 OD< A< R QUO"T<KprpP-aA<~ " <TI700Qr22AarO0<y> A0y 2z===25%2
Orrm A< HPPPTHAKOQD TOL>PACTFURZ IO RO AIONDDP Z <220 R<SE

Table 1 continued

Amino acid TBEV Korean strain Vaccine strain
position

KrM 93 KrM 213 Neudoerfl K23 205 Sofjin-HO

NS4B-90 V
NS4B-178 1

NS4B-198 S

NS4B-213 A
NS5-15 R
NS5-51 M
NS5-114 K
NS5-130 M
NS5-253 R
NS5-389 K
NS5-434 H
NS5-503 S

NS5-522 K
NS5-563 K
NS5-666 C
NS5-676 G
NS5-677 K
NS5-749 v
NS5-781 N
NS5-786 \Y
NS5-830 K
NS5-832 M
NS5-855 K
NS5-873 K

ARARZAR<SZ<AOLARARONIARRTZAZR> O — <
ARRZRPZ<AOORARARAOREARZA<LA > 03 <
REZAR<CLLAOONARAARLIRAIZLAZ A > 0 — <
HRRAR<<O=RBOOREHORIZRZIR <0 — =
ARAPR<S<O<CQLORQVLOARA<LARZ AP p — <

~

Bold letters represent unique amino acid substitutions

sequencer (Applied Biosystems) at Macrogen Inc. (Seoul,
South Korea). At least three to five clones of plasmids
containing precise inserts were sequenced in both direc-
tions using universal primers, T7 and SP6, and sequencing
primers of each part are listed in Table S1.

Sequencing results were assembled using the SeqMan
program implemented in DNASTAR software (version
5.0.6; DNASTAR Inc., Madison, WI) to determine the final
assembly of complete genomic sequences. The full-length
genomic sequences of KrM 93 and KrM 213 determined in
this study have been deposited in GenBank under accession
numbers, HM535611 and HM535610, respectively.

Multiple sequence alignment, sequence,
and phylogenetic analyses

The nucleotide sequences of 31 fully sequenced TBEV
strains, complete polyprotein sequences from two strains
(MDJ-01 and Senzhang), and complete E gene sequences
from 47 TBEV strains were used in sequence alignment.
The strains used for phylogenetic analyses are listed in
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Table S2. These sequences were collected from the Gen-
Bank database and their geographical origin, source of
isolation, year of isolation, classification of subtype, and
GenBank accession numbers are listed in Table S2. Mul-
tiple sequence alignment were performed using Clustal W
[15] implemented in the MegAlign or BioEdit (version 7.0)
programs. Sequence divergences and similarities of aligned
nucleotide or deduced amino acid sequence were also
assessed using MegAlign.

For detecting recombination events within complete
genomic TBEV sequences, we used various algorithms,
such as RDP [16], GENECONYV [17], CHIMAERA [18],
BOOTSCAN [19], MAXCHI [20], SISCAN [21], and
3SEQ [22] as implemented in RDP3 [23]. In general, we
used the default settings for each algorithm in RDP3 and
only potential recombination events detected by all algo-
rithms were regarded as significant (P < 0.05).

Finally, phylogenetic analyses were performed based on
the following regions of TBEV: complete genome (nucle-
otide and deduced amino acid sequence), 5’- and 3’-NCRs,
three structural protein regions, and seven nonstructural
protein regions. Phylogenetic trees were estimated by the
maximum likelihood method using the general time-
reversible (GTR) nucleotide substitution model or the LG
amino acid substitution model. Branch support was cal-
culated by the approximate likelihood ratio test (aLRT)
using PHYML implemented in the program Seaview,
version 4 [24, 25]. All trees were drawn using MEGA
software version 4 [26].

Results
Genomic organization

The genomes of KrM 93 and KrM 213 were both 11,097-nt
long. Their genomic organization consisted of a 132-nt
5'-NCR, a 10,245-nt ORF containing 10 viral protein-
coding regions and a 720-nt 3’-NCR. Sequence positions,
lengths, and protease cleavage sites are listed in Table S3.
The base composition of the genome sequence of KrM 93
was A = 25.02%, G = 31.89%, T = 20.83%, and C =
22.27%. For KrtM 213: A = 25.04%, G = 31.85%, T =
20.83%, and C = 22.29%.

Comparative analyses of full-length nucleotide
and deduced amino acid sequences

The nucleotide (and deduced amino acid) sequence diver-
gence of KrM 93 and KrM 213 ranged from 1.8 (0.7) to
19.2 (26.6)% and 1.9 (0.8) to 19.3 (26.7)%, respectively. A
comparison of sequence identities between the two Korean
strains and the other fully sequenced TBEV strains showed
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that KrM 93 and KrM 213 had high identity with the strains
belonging to the Western subtype with 97.3 (98.8) to 98.2
(99.3)% for KrM 93 and 97.2 (98.7) to 98.1 (99.2)% for
KrM 213. These identity values were higher than with the
Far-Eastern subtype with 83.8 (76.6) to 84.3 (94.1)% for
KrM 93 and 83.8 (76.5) to 84.2 (94.0)% for KrM 213, or
the Siberian subtypes with 84.5 (92.2) to 85.2 (94.3)% for
KrM 93 and 84.5 (92.1) to 85.1 (94.2)% for KrM 213. In
particular, KrM 93 showed the highest sequence identity
with German strain Salem and the lowest identities with
Russian strains Kavalerovo and Chinese strain MDJ-01.
Likewise, the KrM 213 strain also showed the highest
sequence identity with German strain Salem and Czech
strain 263 and lowest identities with Russian strain
Kavalerovo and Chinese strain MDJ-01.

The deduced amino acid sequences of KrM 93 and KrM
213 revealed 276 amino acid substitutions in the entire
polyprotein region, compared with those of four TBEV
vaccine strains: Neudoerfl, K23, Sofjin-HO, and 205.
Among these, unique amino acid substitutions were
observed in the E gene at position 122 (E — G) in KrM 93,
and in the E gene at position 201 (E — K) and the NS5
gene at position 666 (C — S) for KrM 213 (Table 1).
These amino acid changes represented nonconservative
substitutions, as described previously [27].

Comparative analyses of 5'- and 3'-NCRs

All the 5'-NCRs of the two Korean strains were 132-nt long
and had the same length as five strains belonging to the
Western subtype (AS33, 263, Hypr, Toro-2003 and
Neudoerfl) and three strains belonging to the Siberian
subtype (Vasilchenko, Zausaev and Kolarovo-2008). When
the 5'-NCR nucleotide sequences of the two Korean strains
were aligned with 27 other TBEV strains, 26 TBEV strains
including the two Korean isolates begin with an AGA TTT
TCT TGC sequence at positions 1-12. However, this
sequence was not conserved in the Salem, K23, or EK-328
strains. Among the Western subtype strains, the German
strains Salem and K23, had shorter 5'-NCRs, with 21 and
23 nucleotide deletions at the start points, respectively, as
shown in Fig. 1.

According to previous reports, TBEV strains have
various sequence lengths in the 3/-NCR that were not
associated with parameters such as isolation source, geo-
graphical origin or year of isolation [28, 29]. In this study,
all the 3’-NCRs of the two Korean strains were 720-nt long,
as with German strain AS33 isolated in 2005. The Neu-
doerfl and 263 strains had the longest 3’-NCRs with an
additional long poly (A) sequence as shown in Figure S2.
As shown in Figs. 1 and S2, all TBEV strains analyzed had
highly conserved 5" and 3’ complementary sequences (CS)
in the 5'- and 3’-NCRs.
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Fig. 1 Nucleotide sequence alignment of the 5'-noncoding region
(NCR) of 29 fully sequenced TBEV strains, including the two Korean
isolates. Compared with the sequence of Korean strain KrM 93,

Phylogenetic and recombination detection analyses

To further analyze the genetic relationship and evolution of
TBEV strains, we performed phylogenetic analyses based
on the various genomic regions of the fully sequenced
TBEV strains, including two strains with complete poly-
protein sequences (Chinese strains Senzhang and MDJ-01).
Phylogenetic trees derived from nucleotide and deduced
amino acid sequences of the complete genome indicated
that the two Korean strains analyzed in this study belong to
the Western TBEV subtype. A complete genome-based
phylogenetic tree was divided into three distinct clusters
and the two Korean strains were closely related to the
German strain Salem and Czech strain 263 with high
branch support, as shown in Fig. 2a and b. To compare this
with the results of complete genome-based phylogenetic
analysis, we also performed phylogenetic analyses based
on structural (C, prM, M, and E genes), NS protein regions
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 genes)
and on the 5'- and 3'-NCRs. As shown in Figure S3, the
phylogenetic analyses of the C, E, NS1, NS4A, NS4B,
and NS5 regions indicated that the branch pattern of
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identical and deleted regions are indicated by dots and hyphens,
respectively. The red open boxes indicate conserved sequences (CS)
designated 5’ CSA as described previously [30]

phylogenetic trees were similar to the complete genome-
based phylogenetic tree. There were three distinct clusters:
Far-Eastern, Siberian, and Western subtypes. The two
Korean strains clustered with other TBEV strains belong-
ing to the Western subtype. All phylogenetic trees analyzed
in this study also showed that the Korean strains belonged
to the same subgroup as the Western subtype, with high
branch support.

To identify any recombination events in the 31 fully
sequenced TBEV strains, including the two Korean iso-
lates, we determined potential recombinant sequences,
confirmed potential major/minor parental sequences, and
potential recombination breakpoint sites using various
methods implemented in the RDP3 program. Although
putative recombination events were not observed in the two
Korean strains analyzed here, we identified 11 putative
recombination events, mostly in the 3’-NCRs (Table 2;
Fig. 3). Nine putative recombinant strains (Russian strains
Primorye-270, 178-79, Primorye-253, Primorye-332,
Primorye-212, Primorye-90, Primorye-86, Primorye-69,
and Primorye-18) were identified with the same major and
minor parental sequences: Russian strain Primorye-94 and
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Fig. 2 Phylogenetic trees constructed using the maximum likelihood
(ML) method between the two Korean strains and the other TBEV
strains based on the a complete genome and b complete amino acid
region. The ML trees were rooted with the sequences of the Louping
ill virus (369/T2 strain, GenBank accession no. NC001809) and
Langat virus (TP21 strain, GenBank accession no. AF253419)
belonging to the tick-borne flavivirus (TBFV) group. Numbers at

German strain Salem, respectively. The 10th putative
recombination event was observed independently in Rus-
sian strain Dalnegorsk, with its major parent Primorye-94
and minor parent Primorye-89; its breakpoint site was
found between positions 10,284 (NS5 region) to 10,816
(3’-NCR). Finally, the 11th putative recombinant, Russian
strain Primorye-89, appeared to have major and minor
parental sequences: Russian strain Sofjin-HO and Austrian
strain Neudoerfl, respectively.

Discussion

We suggested previously that TBE might exist in South
Korea. First, there was molecular evidence of TBEV
infection in mammalian hosts (spleen or lung tissues of
wild rodents and boars) and in potential vector ticks
(Haemaphysalis longicornis, H. flava, H. japonica, and
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each branch of the tree show approximate likelihood ratio test (aLRT)
values. The scale bar indicates the nucleotide/amino acid substitu-
tions per site. Each strain is identified by strain name followed by
geographical origin and the year of isolation, except for the two
outgroups. The Korean strains analyzed in this study are marked with
red open circles

Ixodes nipponensis) collected from South Korea [10, 11],
although these ticks had not been previously reported as
TBEV vectors. Second, we reported on the isolation and
identification of five TBEV strains from lung tissue
homogenates of wild rodents captured in South Korea
using in vitro and in vivo experiments [10]. Contrary to our
expectations, the sequence comparisons and phylogenetic
analyses based on the complete E gene when compared
with other TBEV strains indicated that all the five Korean
strains belong to the Western subtype [12].

In this study, we determined the complete genome
sequence of two Korean strains from different geographical
locations and compared them with other fully sequenced
TBEV strains. This is the first report of complete genome
sequences of TBEV strains isolated from South Korea. The
genomes of KrM 93 and KrM 213 are both 11,097-nt long
and consist of 5'- and 3’-NCRs and ORFs containing 10
protein-coding regions (C, prM/M, E, NS1, NS2A, NS2B,
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Table 2 Mean P-values and breakpoint positions of 11 putative recombinant events using seven different recombination detection methods

Breakpoint position®

Recombinant detection method

Recombinant strain

3SEQ

SISCAN

CHIMAERA

BOOTSCAN MAXCHI

GENOCOV

RDP

1.070 x 1073 5.894 x 107 6.390 x 107° 4409 x 107° 8.706 x 104 4.447 x 1071 10449-10548

8.032 x 107!

Primorye-270

178-79

1.070 x 107 5.894 x 107° 6.390 x 107~ 4.409 x 107° 8.706 x 10714 4.447 x 1071 10448-10710

8.032 x 107!

10437-10584
10449-10597

1.070 x 107 5.894 x 107° 6.390 x 1077 4.409 x 107° 8.706 x 10~ 4.447 x 107

8.032 x 107!

Primorye-253

1.070 x 107 5.894 x 107 6.390 x 1077 4.409 x 107° 8.706 x 10~'* 4447 x 107"

8.032 x 107!

Primorye-332

1.070 x 107 5.894 x 107 6.390 x 10~° 4.409 x 107° 8.706 x 10~'* 4447 x 107" 10449-10772

8.032 x 107!

Primorye-212

1.070 x 107 5.894 x 107 6.390 x 10~° 4.409 x 107° 8.706 x 10~'* 4447 x 107" 10449-10596

8.032 x 107!

Primorye-90

1.070 x 1073 5.894 x 1073 6.390 x 107° 4409 x 107° 8.706 x 104 4.447 x 107 10449-10596

8.032 x 103!

Primorye-86

10450-10669
10449-10696

1.070 x 1073 5.894 x 107 6.390 x 107° 4409 x 107° 8.706 x 1074 4.447 x 1071

8.032 x 107!

Primorye-69

5.894 x 107° 6.390 x 1077 4.409 x 107° 8.706 x 104 4.447 x 1071
4701 x 10712

1.070 x 107

8.032 x 103!

Primorye-18

10284-10816

1.097 x 107
9.894 x 107>

1.328 x 107° 8271 x 1073

7.738 x 107

1.661 x 107%°
5.384 x 107°

1.820 x 1072
2353 x 107°

2911 x 107"
1.822 x 1077

Dalnegorsk

10444-10581

1.086 x 1072

4249 x 1073

Primorye-89

* Nucleotide positions are indicated based on their position number in alignment

NS3, NS4A, NS4B, and NS5). They are similar to other
viruses belonging to the Flavivirus genus. The 5'- and
3/-ends of the two Korean strains have paired CS regions
with GGA GAA CAA GAG CTG GGG at the 5'-end and
CGG TTC TTG TTC TCC at the 3’-end, as in other TBEV
strains. Several studies reported CS regions at the 5'- and
3’-ends in the genomes of mosquito-borne, tick-borne, and
unknown vector flaviviruses [30—32]. According to a recent
study on tick-borne flaviviruses, hybridization between the
5'- and 3'-CS regions is necessary for RNA synthesis and
viral replication [33].

Compared with the 31 other fully sequenced TBEV
strains, the seven strains belonging to the Western subtype
exhibited over 97 and 98% identities to KrM 93 and KrM
213 in nucleotide and deduced amino acid levels, respec-
tively. Sequence similarity estimations for nucleotide
positions using Simplot software also showed that KrM 93
and KrM 213 showed higher identity with the Western
subtype strains than with the other subtypes at each
genomic region (data not shown). These results suggest
that the two Korean strains are closely related to the
Western subtype strains, as with our previous results from
analyses of the complete E genes [12]. Given that unique
amino acid substitutions in flavivirus genomes influence
viral attenuation [34], we also investigated the amino acid
substitutions between the two Korean strains and four
currently used TBEV vaccine strains. The KrM 93 and
KrM 213 strains had three unique nonconservative amino
acid substitutions in the E and NS5 protein regions. In
particular, two of the three amino acid substitutions E122
(E - G) in KrM 93 and E201 (E — K) in KrM 213
identified in domain II of the E protein might affect viru-
lence by increasing the positive charge of the E protein. For
instance, it was reported that a unique amino acid substi-
tution in the TBEV E gene at position 122 (E — G) pro-
duced significant attenuation of neuroinvasiveness in adult
mice [35]. In addition, one nonconservative amino acid
substitution in the NS5 region might also attenuate viru-
lence by influencing functional RNA-dependent RNA
polymerase (RdRp) activity, although a substitution at
position 666 (C — S) in the NS5 region has not been
confirmed to affect flaviviral virulence.

Several phylogenetic analyses of TBEV have focused on
the E protein gene sequences to determine the genetic
relationship and evolution among the TBEV strains [8, 9,
28, 36]. These sequences are associated with important
biological functions such as inducing neutralizing anti-
bodies and protective immune responses [34]. However, to
investigate more detailed and improved phylogeny of
TBEV, a complete genome-based phylogenetic analysis is
indispensable. Here, we performed a larger phylogenetic
analysis than a previous study [37], using 31 fully
sequenced TBEV strains and two complete polyprotein
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Fig. 3 continued |
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sequences. The complete genome-based phylogenetic tree
showed that viruses were obviously divided three distinct
subtypes and revealed that the two TBEV Korean strains
are more closely related to the Salem and Czech 263 strains
of the Western subtype than to other TBEV strains. Phy-
logenetic trees based on each genomic region, including
the 5- and 3'-NCRs, showed that phylogenetic trees
derived from C, E, NS1, NS4A, NS4B, and NS5 were
similar to that based on the complete genome sequence. In
particular, the trees obtained from the C, E, NS4B, and
NS5 regions represented the same branch pattern as shown
by the complete genome-based tree. This showed that
the Far-Eastern subtype is phylogenetically more closely
related to the Siberian subtypes than to the Western sub-
type. These results suggest that the C, E, NS4B, and NS5
gene sequences could be useful genetic markers for a
robust phylogenetic analysis of TBEV strains.

Finally, we analyzed the available 31 complete TBEV
genome sequences, including the two Korean strains to
identify any possible recombination events among the
TBEV strains. These analyses may explain why the Korean
strains are more closely related to the Western subtype,
despite the geographical location. Previous studies reported
recombination in flaviviruses, including Dengue virus (DENV),
West Nile virus (WNV), Japanese encephalitis virus (JEV),
and Saint Louis encephalitis virus (SLEV) [38—41]. How-
ever, these results were only based on the E gene sequence,

e i3

except for DENV type 1 and WNV, which were based
on the analysis of complete genome sequences [39, 42].
No evidence for recombination events was detected in
tick-borne flaviviruses [40]. In this study, 11 putative
recombination events within the NS5 region or the 3’-NCR
of TBEV strains were identified by various recombination
detection methods, while none was detected in the two
Korean strains we studied. The 10 strains with putative
recombination events (Primorye-270, 178-79, Primorye-
253, Primorye-332, Primorye-212, Primorye-90, Primorye-
86, Primorye-69, Primorye-18, and Primorye-89 strains)
exhibited intersubtypic recombination between Far-Eastern
subtype strains as the major parent and Western sub-
type strains as the minor parent. One recombinant strain
(Dalnegorsk) showed intrasubtypic recombination. Fur-
thermore, all the recombinants showing intersubtypic
recombination involved TBEYV isolates from humans (Pri-
morye-94 and Sofjin-HO strains), monkeys (Salem strain),
or from a tick-borne vector (Neudoerfl strain).

This is the first report in which all TBEV strains for
which sequences are available were analyzed for detecting
putative recombination events. Inter- or intrasubtypic
recombinations were possible in the NS5 or 3’-NCR. In
addition the intersubtypic recombinant strains showed that
recombination events had occurred between two TBEV
strains isolated from different isolation sources. This sug-
gests that coinfection with two different TBEV subtypes
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that normally infect different hosts can cause intersubtypic
recombination.

In summary, we determined here for the first time the
complete genome sequence of these two Korean TBEV
strains. We investigated their molecular characteristics by
comparative genetic, phylogenetic, and recombination
analyses based on the full-length nucleotide and deduced
amino acid sequences, and compared them with the avail-
able fully sequenced TBEV strains. These results provide
insight into the genetics of TBEV strains, which is neces-
sary for understanding the molecular epidemiology, genetic
diversity, and evolution of TBEV around the world. A fur-
ther direction of this study will be to construct full-length
infectious cDNA clones of Korean strains using reverse
genetics. This will help future research on TBEV replica-
tion, virulence and pathogenesis, and facilitate the gener-
ation of recombinant TBEV vaccines.
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