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Summary. Two envelope glycoprotein (E™ and E2) regions of the classical
swine fever virus (CSFV) were amplified by RT-PCR and sequenced directly from
158 specimens collected between 1989 and 2003 in Taiwan. Phylogenetic analysis
of the two regions revealed a similar tree topology and the E™® region provided
better discrimination than the E2 region. One hundred and fifteen isolates out of the
158 isolates were clustered within subgroup 2.1 (further classified as 2.1aand 2.1b)
and 2.2, which were considered to be likely of the introduced strains, whereas the
remaining 43 isolates were clustered within subgroup 3.4 and were considered to
be of the endemic strains. The subgroup 2.1a viruses were first detected in 1994 and
predominated from 1995 onwards. However, subgroup 3.4 viruses were prevalent
in the early years, not being isolated after 1996. We have observed a dramatic
switch in genotype from subgroup 3.4 to 2.1a. The subgroup 2.1a isolates are
closely related to the Paderborn and Lao isolates, whereas 2.1b isolates have
a close relationship to the Chinese Guangxi isolates. The phylogenetic tree of
27 CSFV sequences based on the complete envelope glycoprotein gene (E™5-E2)
displayed better resolution than that based on the complete open reading frame.

Introduction

Classical swine fever (CSF), previously referred to as hog cholera, is a signifi-
cant infectious disease of swine caused by classical swine fever virus (CSFV).
The causative agent of CSFV belongs to the genus Pestivirus within the family
Flaviviridae [21]. The genome of CSFV consists of a positive-stranded RNA
approximately 12.3 kb in length, and comprises a single large open reading frame
(ORF) spanning 11,694 nucleotides that encode a polyprotein composed of 3,898
amino acids [20]. The polyprotein is proteolytically processed to produce both
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structural and nonstructural polypeptides [25]. The viral proteins are arranged in
the following order (from the N to the C terminal): NP, C, E™, El, E2, P7,
NS2, NS3, NS4A, NS4B, NS5A and NS5B. The structural proteins represented
by the capsid protein, C and three envelope glycoproteins, E™, E1 and E2,
while the remaining proteins are presumably nonstructural proteins [21]. Three
glycoproteins are associated with the envelope of the virion [32].

Phylogenetic analysis of different regions of the viral genome pertaining to
the molecular discrimination of CSFV isolates has previously been reported. The
regions analyzed include the 5’NTR [6, 7, 10, 18, 27, 28], E2 [18, 19, 33], NS5B
[3], SNTR and E2 [1, 8], 5’NTR, E2 and NS5B [18, 24], 5’NTR and NS5B [9],
E1/E2 [17, 37], E2 and NS5B [34, 35], 5’NTR, E2/NS2 and NS2 [29], 3’'NTR
[2, 36], and the complete open reading frame (ORF) [22]. Three regions of the
CSFV genome (5'NTR, E2 and NS5B) have been widely sequenced and used in
genetic analyses to investigate the diversity among isolates. A tentative assignment
of world isolates of CSFV by genotyping has been divided it into three groups
with three or four subgroups: 1.1, 1.2, 1.3; 2.1, 2.2, 2.3; 3.1, 3.2, 3.3, 3.4 [24].

Molecular epidemiological analyses of CSFV isolates distributed in the world
are a useful to trace the geographic origins of CSFV and to understand how they
spread. A large epidemic of CSF outbreaks occurred in the European Community
at the beginning of 1997. The disease presumably spread to the Netherlands, Italy,
Spain, and eventually to Belgium [8]. Sequence analysis based on 5'NTR and
E1/E2 regions revealed that the isolates of the Dutch outbreaks of 1997-1998
were closely linked to a small CSF outbreak at Paderborn, Germany in 1996 [37].
Analysis of the E2 and partial 5’NTR sequence data showed that the Paderborn
isolate (subgroup 2.1) triggered the Dutch outbreak [22].

Records of CSF in Taiwan date back to 1938 during occupancy by Japan. In an
effort to control this highly contagious disease, the live attenuated lapinized hog
cholera vaccine strain (LPC) has been widely used in the field since 1958. Vacci-
nation significantly decreased the rate of occurrence. However sporadic outbreaks
were still reported every year. The aim of this work was to analyze the phylogenetic
relationship of CSFV isolates collected in Taiwan between 1989 and 2003.

Materials and methods

Virus samples

CSFV were isolated from the sick or dead pigs collected subsequently from the CSF suspected
farms, which widely distributed on the island of Taiwan between 1989 and 2003. Each virus
was isolated from an individual pig farm and confirmed by immuno-FITC staining. Totally 158
isolates were obtained and used for this study. Tissue specimens of tonsils, spleens and lymph
nodes were prepared as 10% (w/v) suspensions in MEM medium (Eagles). The LPC/AHRI
vaccine strain was taken from the spleens and lymph nodes of inoculated rabbits that were
routinely made for commercial vaccine production at the Animal Health Research Institute
(AHRI) at Tamsui, Taiwan.

RT-PCR and sequencing

Using the nucleotide sequences of 20 currently available complete sequences in GenBank,
we aligned the regions of structural protein genes using the program MegAlign (clustal W
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method) from the Lasergene program package (DNASTAR, 2001). RT-PCR primers were
designed from highly conserved regions, reflected especially in the 3’ end portion of the
primers in an effort to amplify different genotypes of CSFV. Seven sets of primers located in
the C, E™, E1, E2 and P7 gene regions were chosen for RT-PCR and DNA sequence analyses.
The sequences, locations and amplified regions of these primers are summarized in Table 2.

Viral RNA was extracted directly from 100 1 of the 10% (w/v) suspension clinical tissue
samples using TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The
dried RNA pellets were resuspended in 100 1 of diethyl pyrocarbonate (DEPC)-treated water
for immediate use or stored at —70 °C. Reverse transcription (RT) and subsequent PCR were
performed in one tube with a single reaction buffer. The protocol used was an adaptation of
the two-step RT-PCR assay described by Liu et al. [16] The RT-PCR reaction was carried out
in a total volume of 50 pl. The mixtures contained 1 U Supertherm DNA Polymerase (JMR,
UK), buffer supplied by the manufacturer (containing 1.5 mM magnesium chloride), 8 U of
RNase inhibitor (Promega), 2 U of AMV reverse transcriptase (Promega), 10 pmoles each
of the sense and antisense primers (described in Table 1), 0.1 mM of each ANTP and 5 1 of
RNA samples. The single-step RT-PCR reaction was carried out in a Perkin Elmer Gene Amp
9600 thermal cycler using the following programme: 40 min at 42 °C for RT, denaturation for
I min at 94 °C, followed by PCR with 35 cycles of denaturation for 50 s at 94 °C, annealing
for 1 min at 50 °C, extension for 1 min at 72 °C and a final extension step at 72 °C for 7 min.
This programme was used in reactions for each of the seven primer sets. RT-PCR products
were analyzed by electrophoresis through 1.5% agarose gels containing 0.5 mg/ml ethidium

Table 1. Isolation years and genotypes of 158 Taiwanese CSFV isolates
sequentially listed according to period isolated

Isolates Isolation year Genotypes
78-KS 1989 34
79-60 1990 34
82-17 1993 34
82-18 1993 34
82-19 1993 34
82-34 1993 34
82-35 1993 34
82-38 1993 34
82-39 1993 34
82-40 1993 34
P97 1993 34
83-17 1994 34
83-18 1994 34
83-19 1994 34
83-49 1994 34
83-51 1994 34
83-52 1994 34
83-55 1994 34
83-56 1994 34
83-57 1994 34
83-58 1994 34
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Table 1 (continued)

Isolates Isolation year Genotypes
83-s59 1994 34
94.4 1994 34
83-60 1994 34
83-568 1994 34
83-101 1994 34
83-5106 1994 2.1a
83-114 1994 34
83-118 1994 2.1a
83-129 1994 2.1a
83-130 1994 2.1a
83-182 1994 34
83-PT 1994 34
84-ES1 1995 2.1a
84-ES4 1995 2.1a
84-S2 1995 2.1a
84-HC1 1995 2.1a
84-YL1 1995 2.1a
84-YL2 1995 2.1a
84-FL1 1995 2.1a
84-FL2 1995 2.1a
84-HL 1995 2.1a
84-s10 1995 2.1a
84-s11 1995 2.1a
84-s12 1995 2.1a
84-16 1995 34
84-TP 1995 2.1a
84-19 1995 34
84-20 1995 34
84-25 1995 2.1a
84-30 1995 2.1a
84-31 1995 2.1a
84-32 1995 2.1a
84-36 1995 2.1a
84-55 1995 34
84-56 1995 2.1a
84-89 1995 34
84-98 1995 2.1a
84-99 1995 2.1a
84-100 1995 2.1a
84-104 1995 34
84-105 1995 2.1a
84-s107 1995 2.1a
84-s108 1995 2.1a
84-KS1 1995 2.2
84-109 1995 2.1a

(continued)
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Table 1 (continued)

Isolates Isolation year Genotypes
84-C 1995 2.2
84-D 1995 2.2
84-E 1995 2.2
84-P 1995 34
84-Q 1995 34
84-R 1995 34
Q84-121 1995 2.1a
Q84-122 1995 2.1a
84-110 1995 2.1a
84-112 1995 2.1a
84-s113 1995 2.1a
84-117 1995 2.1a
84-118 1995 2.1a
84-120 1995 2.1a
84-121 1995 3.4
84-124 1995 2.1a
84-127 1995 2.1a
84-131 1995 34
84-132 1995 2.1a
84-134 1995 2.1a
84-140 1995 34
84-141 1995 2.1a
Q84-348 1995 2.1a
Q84-349 1995 2.1a
D868 1996 34
85-DU1 1996 2.1a
85-DU 1996 2.1a
85-10 1996 2.1a
85-12A 1996 34
85-101 1996 2.1a
85-176 1996 2.1a
85-EL 1996 2.1a
Q85-17 1996 2.1a
Q85-91 1996 2.1a
Q85-116 1996 2.1a
Q85-351 1996 2.1a
85-TN264 1996 2.1a
9654 1996 2.1a
9664 1996 2.1a
85-CF 1996 2.1a
85-TD2 1996 2.1a
85-TD3 1996 2.1a
86-HL1 1997 2.1a
86-HL2 1997 2.1a
86-HL3 1997 2.1a

(continued)
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Table 1 (continued)

Isolates Isolation year Genotypes
Q87-278 1998 2.1a
88-PT 1999 2.1a
88-CH 1999 2.1a
88-CC25 1999 2.1a
89-YL1 2000 2.1a
Q89-240 2000 2.1a
Q89-273 2000 2.1a
89-SC 2000 2.1a
90-IL 2001 2.1a
90-R0143 2001 2.1a
90-KS 2001 2.1a
90-YL1 2001 2.1b
90-YL2 2001 2.1b
90-YL3 2001 2.1b
90-YLS 2001 2.1a
90-TP1 2001 2.1a
90-CH1 2001 2.1b
90-KS 2001 2.1a
90-CH14 2001 2.1a
90-CH15 2001 2.1a
90-CH23 2001 2.1a
90-TD1 2001 2.1a
90-PT50 2001 2.1a
90-TNI1 2001 2.1b
90-TN2 2001 2.1b
90-TN3 2001 2.1b
90-PF 2001 2.1a
90-LSH1 2001 2.1a
90-TD2 2001 2.1a
Q90-48 2001 2.1a
Q90-152 2001 2.1a
90-SC2 2001 2.1a
90-LSH2 2001 2.1a
90-YL11 2001 2.1a
Q90-278 2001 2.1a
90-CY 2001 2.1a
91-NT1 2002 2.1a
Q91-52 2002 2.1a
Q91-84 2002 2.1b
QI1-117 2002 2.1a
Q91-178 2002 2.1a
91-ST 2002 2.1a
Q92-39 2003 2.1a
Q92-43 2003 2.1a
92-TN1 2003 2.1a
92-TCl1 2003 2.1a
92-CS1 2003 2.1a
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Table 2. Oligonucleotide primers used for RT-PCR and sequencing

Primer Sequence Position? Region Length
FE-1F (sense) 5’ TTAAARATAGCCCCAAAAGAGCATG 3’ 937-961 C 419b
FE-IR (antisense) 5" CTGGCGTCCATCATYCCGYGTAT 3’ 1355-1333 E™ p
E0-2F (sense)® 5" CAGCAAGCYATGTAYCTTAGAGGG 3’ 1222-1245 E™S 542b
EO0-2R (antisense)® 5" GCACCTTGYCTGGCATTCTCTAT 3/ 1763-1741 E™S P
FE-3F (sense) 5" ACYCTGACYGGCTGCAAGAAAGG 3’ 1573-1595 E™ 437h
FE-3R (antisense) 5" CCCCCCATYTCATGRAGAATCTT 3’ 2009-1987 E1 P
FE-4F (sense) 5" CTCCCCAAAAAYACAAARATAATAGG 3’ 1927-1952 El 509b
FE-4R (antisense) 5 TGTGCCCCGGTYACCAGYAACAGCCA 3’ 2435-2410 El P
E2-5F (sense)® 5" CAACCACGGCATTCCTCATYTG 3’ 2345-2366 El 504b
E2-5R (antisense)* 5 TGACACCCGTCCACCCTATTG 3’ 2848-2828 E2 P
FE-6F (sense) 5" CCTGTGGTCAARGGGAAGTACAA 3 2764-2786 E2 330 b
FE-6R (antisense) 5" ACTCTGTAACCCGTCTCATTTGC 3’ 3143-3121 E2 P
FE-7F (sense) 5" TGCAGGTGGTGCGGYTTYGACTT 3 3049-3071 E2 563b
FE-7R (antisense) 5" GTGTGAGTRATTAAGTTCCCTAT 3’ 3611-3589 P7 P

4Positions correspond to the sequence of the Alfort Tubingen strain
PE0-2F, 2R for the phylogenetic analysis of the E™ tree
“E2-5F, 5R for the phylogenetic analysis of the E2 tree

bromide. Two sets of primers (EO-2F, 2R and E2-5F, 5R) were used to amplify by RT-
PCR and directly sequence 158 clinical specimens collected between 1989 and 2003
(Tables 1 and 2).

All 353 RT-PCR products were purified using the QIAQuick Purification Kit (QIAGEN)
without gel extraction. DNA sequences of the RT-PCR products were determined by the direct
sequencing method using the BigDye Terminator Cycle Sequencing Kit (Applied Biosystems)
with the original RT-PCR primers. DNA fragments were sequenced in both directions using
the sense and antisense primers. The cycle sequencing products were analyzed on an ABI 3100
genetic analyzer (Applied Biosystems).

Seven sets of primers (see Table 2) added individually to each of seven tubes were used
to amplify seven viruses belonging to five distinct genotypes. These represented subgroup
2.1a (83-s106, 92-TC1), subgroup 2.1b (90-YL1), subgroup 2.2 (84-KS1), subgroup 3.4
(79-60, 85-12A) and subgroup 1.1 (LPC/AHRI). Following RT-PCR, nucleotide sequencing
was performed using the original primers. Employing the sequence Navigator software
(version 1, PE Applied Biosystems), seven fragments were adjoined to yield a sequence
2,385bp in length for phylogenetic analysis of the complete envelope glycoprotein gene
(E™S-E2 region).

Phylogenetic trees

Nucleotide sequence alignments were carried out using the Clustal W program (DNASTAR,
2001). Two fragments, 431 and 190 bp, corresponding to 1269-1699 (E™S) and 2517-2706
(E2) of the Alfort Tubingen sequence [20], respectively, were chosen for the phylogenetic
analysis. For comparison, 27 reference strain sequences representing three groups and six
subgroups were obtained from the GenBank and analyzed with Taiwanese CSFV isolates.
They were Shimen (AF092448), cF-114 (AF333000), HCLV (AF091507), Riems (U45477),
Chinese C strain (Z46258), Brescia (M31768), Brescia (AF091661), ALD (D49532), GPE™
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(D49533), CAP (X96550), KC (AF099102), Glentorf (U45478), Eystrup (AF326963), Alfort
A19(U90951), Alfort 187 (X87939), Paderbron (AY(072924), 4/sw/NL/Venhorst (AF084050),
L119 (AY283667), s7D2 (L36171), GXWZ02 (AY367767), CW2002 (AF521712), Alfort
Tubingen (J04358), c1W (L36164), s7D (L36170), 39 (AF407339), L67 (AY283663) and
P97 (L49347). The GenBank accession numbers are noted in parentheses. Empirical tran-
sition/transversion rations of 6.30 and 5.12 for the E™ and E2 genes, respectively, were
estimated using the Puzzle 4.0 program [30, 31] and were used with Kimura’s two-parameter
model [12] to calculate evolutionary distances. The unrooted neighbour-joining phylogenetic
trees were constructed using the Phylip software package [4] with the neighbor-joining (NJ)
method [26]. Bootstrap analyses were performed by 1000 resamplings of the data sets.
Bootstrap values >70% were considered to be statistically significant for the grouping [5].
Phylogenetic trees were visualized using the TreeView 1.6 program [23].

Phylogenetic analyses were also performed on 27 sequences including six domestic iso-
lates, LPC/AHRI vaccine strain, reference strain GXWZ02 and 19 reference strains described
by Oleksiewicz et al. in 2003, based on the envelope glycoprotein gene using NJ and the
maximun likehood (ML) methods. Given that the ML is a method possessing a statistical
evaluation of the branch length, bootstrapping was not performed.

Results
RT-PCR and nucleotide sequences of E™* and E2 genes

Two sets of primers (EO-2F, E0-2R and E2-5F, E2-5R) designed from the E™®
and E2 regions of the viral genome were successfully used to amplify each of the
158 CSFV and generated clear bands (about 542 and 504 bp in length, respectively)
of the amplicons as visualized in ethidium bromide-stained agarose gels (not
shown). The sequences from the positive and the negative strands overlapped by
at least 431 bp in the E™ and 190 bp in the E2 regions, which were selected for
phylogenetic analysis.

Phylogenetic analysis of E" and E2 genes

In an effort to improve the survey, identical sequences in the E™ region were
omitted. Eventually, 67 nucleotide sequences (chosen from 158 Taiwanese iso-
lates), LPC/AHRI sequence and reference strain sequences were used for the
phylogenetic analysis and carried with 1000 bootstrap resamplings based on the
190 nucleotides of the E2 fragment and 431 nucleotides of the E™ fragment.
Phylogenetic trees showed that four distinct CSFV genotypes existed in Taiwan
between 1989 and 2003 and were classified into subgroups 2.1a, 2.1b, 2.2 and
3.4 (Fig. 1A and B). One hundred and fifteen out of the 158 isolates (72.7%)
were clustered within group 2 and could be further divided into three subgroups
(2.1a,2.1b and 2.2). Subgroup 2.1a is the largest group containing 103 Taiwanese
isolates (40 isolates are shown in the trees) isolated between 1994 and 2003
that clustered closely with reference strains comprising of the German isolate
(Paderborn), Dutch isolate (Venhorst) and Lao isolate (L119). Subgroup 2.1b
contains eight Taiwanese isolates (three isolates are shown in the trees) isolated
between 2001 and 2002 that clustered with the Chinese isolate (GXWZ02) and
Korean isolate (CW2002). Only four Taiwanese isolates (two isolates are shown



Phylogenetic analysis of CSFV in Taiwan

>Subgroup 3.4

64

95

88 CAP *
Glentorf *
cF114/PRC *
Shimen *
Alfort A19 *

AIf?Art 587P**

LEJéjtru * Subgroup 1.1
Chinese C *
Riems C *

HCLV/PRC *
GPE/JP *

96

30 63

LPC/AHRI
C*

78 B _aIM317g£e§ciaIAF091661*
resci
ke +[} ———= Subgroup 1.2

ciw> |}Subgroup 2.2

L67/Laos *
39/P RCE;

Q91-84
CW2002/Korea

7D2 * GXWZ02/PRC *
97 S

Paderborn *
Venhorst *
ST

91-!
L119/Laos *
84-110
84-89
90-YL11

— 84-s10
83-130
84-s107
89-SC

0.1

————— s7D*
L Alfort TubinZen* D" Subgroup 2.3

* Subgroup 2.1 b

Subgroup 2.1 a

Fig. 1 (continued)

Group 3

Group 1

Group 2

99



100

N

100

100

42 j
ALD/JP *
Alfort A19 *
33 [ Alfort 187 *
cF114/PRC *
shimen/PRC *
21 Eystrup *
Chinese C *

100

Riems C *

39/PRC *

LPC/AHRI
74 Brecia/AF091661 *
CAP *
Glentorf * U
72 O reciai31768
recia *
e [ Subgroup 1.2

I} —— Subgroup 2.2

Alfort Tubingen * ——>Subgroup 2.3

100
89
98 99
86 84-C
a1 84-KS1
90-TN1
85 99 Hgovi1
Q91-84

GXWZ02/PRC *

Paderborn *

0.1

Y

Subgroup 2.1 b

Subgroup 2.1 a

HCLV/PRC *

> Subgroup 3.4

>Subgroup 1.1

Group 3

Group 1

Group 2

Fig. 1A, B. Unrooted phylogenetic trees of the 67 Taiwanese isolates, LPC/AHRI vaccine
strain, and reference strains based on (A) 190 nucleotide fragment of the E2 gene (adding
27 reference strains) and (B) 431 nucleotide fragment of the E™® gene (adding 20
reference strains). The trees were constructed by the neighbour-joining method. Evolutionary
distances were calculated using Kimura’s two-parameter model with a transition/transversion
substitution ratio of 5.12 and 6.30, respectively. Bootstrap values (1000 bootstrap samples) are
shown beside the branches as a percentage. Reference strains are marked with an asterisk (%)
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in the trees) were included in subgroup 2.2. They were isolated in 1995 and
clustered with reference strains comprising of cIW of Italy, L67 of Laos and
39 of China. None of the field viruses tested fell into subgroup 2.3, which was
represented by reference strains comprising of Alfort Tubingen and s7D, or group 1
which was represented by 15 reference strains. The remaining 43 isolates (27.3%),
including the Taiwanese reference strain P97, were clustered within subgroup 3.4
(22 isolates are shown in the trees). The LPC/AHRI vaccine strain was clustered
in subgroup 1.1. All 158 Taiwanese isolates represented distinct genotypes are
shown in Table 1.

Phylogenetic analysis of the two different genomic regions revealed similar
groups and subgroups. In spite of the similar branching pattern, the E™® region
provided better discrimination than the E2 region, as supported by the higher
bootstrap values. The bootstrap values for group 1, group 2 and subgroup 3.4
were all 100% in the E™ tree (Fig. 1B) and 96%, 64% and 100%, respectively, in
the E2 tree (Fig. 1A). Four vaccine strains of LPC/AHRI (Taiwan), HCLV (China),
Riem C and Chinese C strain were clustered together in the E™ tree but were not
seen in the E2 tree (Fig. 1A and B). Chronological distribution of 158 Taiwanese
isolates (Fig. 2) showed that three introduced virus strains, different in genotypes
2.1a, 2.1b and 2.2, were first detected in 1994, 2001 and 1995, respectively. The
subgroup 2.1a viruses appeared in 1994 and resulted in a severe outbreak in 1995,
then predominated in the field onwards. Subgroup 2.1b viruses were isolated only
in 2001 and 2002. Subgroup 2.2 viruses were isolated only in 1995 and resulted
in small outbreaks. Subgroup 3.4 viruses were mainly prevalent in Taiwan prior
to 1996, and were not isolated from the field thereafter.

The greatest diversity in the 103 isolates of subgroup 2.1a, collected between
1994 and 2003, showed 3.1% in the E2 tree and 3.3% in the E™ tree. The greatest
diversity in the 43 isolates of subgroup 3.4, collected between 1989 and 1996,
showed 3.3% in the E2 tree and 3.6% in the E™® tree. The greatest diversity in

60
50
w40
=
g 30 & subgroup 2.2
§ 20 O subgroup 2.1b
M subgroup 2.1a
10 O subgroup 3.4
0 <

years

Fig. 2. The chronological and genotype distribution of 158 CSFV isolates in Taiwan between
1989 and 2003
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the isolates of 2.1b, collected between 2001 and 2002, showed 0.5% in the E2
tree and 0.9% in the E™ tree. The greatest diversity in subgroups 2.1a and 2.1b
showed 6.8% in the E2 tree and 8% in the E™S tree.
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Phylogenetic analysis and sequence comparison of complete
envelope protein gene (E"°—E2)

In order to trace back the origin of the introduced strains and LPC vaccine strain,
we sequenced the complete envelope glycoprotein gene (E™—E2 region) of six
isolates and the LPC/AHRI vaccine strain. In an effort to cover the complete
envelope glycoprotein genes consisting of 2,385 bp, seven RT-PCR reactions were
performed in order to amplify the genotypically distinct viruses using seven sets of
primers. Five different viral genotypes represented by subgroups 1.1, 2.1a, 2.1b,
2.2 and 3.4 were successfully amplified. Sequences of the seven viruses have been
submitted to GenBank and have been assigned with accession numbers 92-TC1
(AY526726), 83-s106 (AY526727), 90-YL1 (AY526728), 84-KS1 (AY526729),
85-12A (AY526730), 79-60 (AY526731) and LPC/AHRI (AY526732). Phyloge-
netic analysis was performed on 27 sequences including the seven aforementioned
sequences, 19 reference sequences described by Oleksiewicz et al. (2003) and
the reference sequence GXWZ02 based on the complete envelope protein gene
(E™-E2). The ML tree showed a similar topology as the ORF tree described
by Oleksiewicz et al. [22]. The only difference was that the GPE™ was clustered
together with the ALD and close to Alfort A19 and Alfort 187 (Fig. 3). Comparing
the earliest isolate of 83-s106 (subgroup 2.1a) with the Paderborn strain showed
97.1% nucleotide and 98.5% amino acid identity based on the complete envelope
glycoprotein gene sequence. In contrast, the 90-YL1 (subgroup 2.1b) and the
Paderborn strain only showed 94.3% nucleotide and 97.4% amino acid identity.
Comparing the LPC/AHRI vaccine sequence (subgroup 1.1) with the 83-s106
(2.1a), 90-YL1 (2.1b), 84-KS1 (2.2) and 79-60 (3.4) isolates showed 82.4%,
81.5%, 82.2%, 83.0% nucleotide and 89.8%, 89.3%, 89.8%, 89.7% amino acid
identity, respectively, based on the complete envelope glycoprotein gene.

Discussion

Phylogenetic analysis based on the E™® and E2 regions clustered Taiwanese field
viruses into two major groups (2 and 3) containing three subgroups (2.1, 2.2 and

<
Fig. 3. Unrooted phylogenetic tree of 27 CSFV based on the complete envelope glycoprotein
gene sequence (bases 1174-3558 from the Alfort Tubingen sequence), containing 2,385 nu-
cleotides. The trees were constructed by the maximum likelihood method. The observed tran-
sition/transversion ratio in the sample sets was 6.20, and the observed nucleotide frequencies
were A: 0.291, C: 0.216, G: 0.267, T: 0.226. All nodes in the tree were statistically significant
(P <0.01). The accession numbers of the sequences included in this tree are as follows:
Alfort A19 (U90951), Alfort 187 (X87939), Alfort Tubingen (J04358), ALD (D49532), GPE™
(D49533), CAP (X96550), Glentorf (U45478), Eystrup (AF326963), Shimen (AF092448),
cF114 (AF333000), HCLV (AF091507), Riems C (U45477), Chinese C strain (Z46258),
Paderbron (AY072924), 39 (AF407339), GXWZ02 (AY367767), Brescia (M31768),
Brescia (AF091661), KC (AF099102), p97/TWN (L49347), 92-TC1/TWN (AY526726),
83-s106/TWN (AY526727), 90-YL1/TWN (AY526728), 84-KS1/TWN (AY526729), 85-
12A/TWN (AY526730), 79-60/TWN (AY526731) and LPC/AHRI (AY526732)
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3.4; according to the nomenclature by Paton et al. [24]). Since the subgroup 2.1
could be further separated into two different clusters with high bootstrap values
of 98% and 85% in the E™ tree (Fig. 1B), we proposed that subgroup 2.1 should
be further classified as 2.1a and 2.1b. Group 2 viruses (subgroups 2.1a, 2.1b and
2.2) showed a close relationship with the other viruses available in GenBank,
and consequently we referred to them as the introduced strains. The subgroup 3.4
viruses existed in Taiwan prior to 1996, and as such, we referred to them as the
endemic strains. In total, four distinct CSFV genotypes including one endemic
genotype (subgroup 3.4) and three introduced genotypes (subgroup 2.1a, 2.1b
and 2.2) existed in Taiwan between 1989 and 2003. None of the intertype strain
was found from the field. Although three Taiwanese endemic strains (p97, 93.4
and 94.4) were classified into subgroup 3.4 by previous investigators [24], none
of the Taiwanese introduced strains were referred to in that report and never in
others. This is the first report to describe these new genotypes viruses in Taiwan.
Epidemiological data showed that subgroup 2.1a viruses were introduced into
Taiwan in 1994, caused outbreaks in 1995, and then predominated from 1995
onwards. However, the subgroup 3.4 viruses were mainly prevalent in Taiwan
prior to 1996 and seemed to disappear from the field since it could not be isolated
from the field thereafter (Fig. 2). We have observed a dramatic switch in genotype
from subgroup 3.4 to 2.1a in 1996, which was not caused by genetic mutation of
the endemic strains.

The subgroup 3.4 viruses containing Taiwanese isolates (p97, 94.4, 93.4) and
Japanese isolates (Kanagawa/74, Okinawa/86) are some of the most distinctive
viruses in the world and have only been isolated in Taiwan, island of Okinawa and
Japan [27, 24]. The viruses belonging to this genotype have never been identified
in China [33]. Epidemiological data showed that the subgroup 3.4 viruses possibly
became ‘silent’ types in the Far East. Both subgroup 2.1a and subgroup 3.4 viruses
belong to middle virulent strains [24]. The significance of this finding probably
has its epidemiological links to the long-term application of the LPC vaccine in
the field. A similar switch in genotype from Group 1 to Group 2 was also observed
in China and Europe [24, 33]. It appeared that the Group 2 viruses caused a higher
incidence of infection in the field. One interesting question is whether the switch in
genotype from 3.4 to 2.1a affected the efficacy of the vaccine. Our vaccination and
challenge tests showed that the LPC-immunized pigs were fully protected from
challenge with 2.1a and 2.1b viruses (data unpublished). Similar results were also
observed for the HCLV-immunized pigs that were fully protected from challenge
with subgroup 2.1 and 2.2 viruses [33]. Results showed that the pigs immunized
with lapinized vaccine strains (LPC or HCLV) were able to resist challenge
even with genetic highly diverse CSFV isolates.

Phylogenetic analysis of the Taiwanese isolates of subgroup 2.1a with the
known strains in GenBank indicated that it exhibited a closer relationship to the
European and the Lao isolates including the German isolate (Paderborn) in 1996,
the Dutch isolate (Venhorst) in 1997 and the Lao isolates (L119) in 2003. A
determination of the origin of the Taiwanese 2.1a virus is an important issue in the
molecular epidemiology of CSFV. The Paderborn isolate (subgroup 2.1) triggered
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the Dutch outbreak, and then spread to Italy, Spain, and eventually to Belgium
[8, 37]. The viruses of subgroup 2.1 that had been reported infrequently in Europe
were no longer found after 1993. The CSFV isolates of the European epidemics
in 1997-1998 and those that caused sporadic infection in different European
countries before 1993 were clustered within subgroup 2.1 and were further clearly
divided into two distinct clusters (E2 tree). Thus Greiser-Wilke et al. [8] postulated
that the 1997-1998 epidemic outbreaks caused by a virus that had been newly
introduced into Europe. However, given the lack of available sequence data in
GenBank, the origin of the Paderborn isolate was still unknown. Although the
Taiwanese subgroup 2.1a viruses possessed a close relationship to the Paderborn
strain, they were introduced into Taiwan in 1994, well before 1996. Therefore a
European origin seems unlikely. Thus we postulated that the Taiwanese subgroup
2.1a virus and the Paderborn strain originated from somewhere in Asia, and were
introduced into Taiwan and Europe in 1994 and 1996, respectively. This hypothesis
has been corroborated by the reference sequence of Lao strain (L119) (GenBank
sequence data submitted in 2003), which is closely related to the Taiwanese
subgroup 2.1a viruses in the E2 tree (lack of E™ sequence data). From the
geographical point of view, Laos and Taiwan are neighboring to China. So we
believe that Lao and Taiwanese isolates may also have the same origin. It is
generally suspected that the introduction of new subgroup viruses into Taiwan
resulted from the smuggling of pigs and pig-related products.

In an effort to determine the optimal regions within the viral genome that
would discriminate between CSFV isolates, Lowings et al. [18] compared three
regions of CSFV comprised of E2 (190 bp), NS5B (210 bp) and 5'NTR (94 bp). It
was shown that the E2 region provided the best discrimination, and that the NS5B
region showed superior resolution to that of the 5’NTR region. Paton et al. [24]
compared 55 isolates using three similar target regions comprised of E2 (190 bp),
NS5B (409 bp) and 5'NTR (150 bp). It was determined that a grouping based on
these three regions was very similar, whereas the statistical confidence separating
the groups varied drastically. Therefore it was concluded that the most reliable
classification of CSFV was obtained from the NS5B region. We believed that
the difference was due to the shorter fragment length of the E2 region used for
the phylogenetic analysis. The discriminative ability of the phylogenetic method
depends on the regions of choice and the length of fragments analyzed. Higher
resolution could be obtained by choosing a longer fragment. If the 190 bp region
of E2 described by Paton et al. was expanded to 409 bp, the E2 region might
have resulted in better discrimination than NS5B. Our analysis based on a 190
nucleotide region of E2 and a 431 nucleotide region of E™ revealed a similar
branching pattern, whereas the E™ region provided better discrimination than
the E2 region, as supported with higher bootstrap values. Subgroup 3.4 showed
a tendency to be further divided into two clusters, and the four vaccine strains
LPC/AHRI, HCLYV, Riems C and Chinese C strain were clustered together in
the E™® tree, as supported by high bootstrap values but not seen in the E2 tree
(Fig. 1A and B). In our opinion, the observed difference in results might be due to
the length of the fragment analyzed. In order to investigate the effect of fragment
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length on the outcome of the investigation, we used a short region comprising
190 bp within the 431 bp of the E™ region to do the phylogenetic analysis. It was
found that although the results still gave a similar tree topology, the bootstrap
values decreased significantly, with one of the largest decrease being a reduction
from 98% to 54% (data not shown). This suggested that the E2 gene should be
expanded to the length at least 400 bp for a better bootstrap support.

Phylogenetic analysis could help to trace the origin of ancestor viruses. A
known example is that GPE™ vaccine virus was obtained from an ALD strain
after multiple passages in swine testicle, bovine testicle and guinea-pig kidney
cells [11]. They were not clustered closely in both the E™ and E2 trees. Previous
studies including NS5B [3] and the polyprotein ORF phylogeny [22] showed
the ALD and GPE™ vaccine viruses did not cluster together, even though a
long fragment of the complete ORF sequence (containing 11,691 bp) was used
for the analysis. Phylogenetic analysis of 20 sequences based on the complete
polyprotein ORF resulted in some unexpected groupings; the GPE™ vaccine
sequence was close to Alfort A19 and Alfort 187, while the ALD sequence
clustered together with the Eystrup sequence [22]. In an effort to arrive at a more
accurate discrimination of CSFV and to trace the origin of Taiwanese introduced
strains, we constructed a maximum likelihood tree based on the nucleotide se-
quence of the complete envelope glycoprotein gene (containing 2,385 bp) using
27 sequences. The resulting tree showed that ALD was clustered together with
the GPE™ sequence and was close to Alfort A19 and Alfort 187. The GPE™ had a
longer branch than ALD (Fig. 3). The tree revealed that the GPE™ vaccine strain
was derived from the progenitor of the ALD strain. Repeated analysis of the same
20 reference sequences described by Oleksiewicz et al. [22] but based on the
complete envelope glycoprotein gene, showed that ALD still clustered with the
GPE™ vaccine virus (data not shown). We therefore suggested that analysis based
on the complete envelope glycoprotein gene provided better resolution. It was
suitable for analyzing some of ambiguous sequences, which showed distinctive
clustering in different regions like the ALD and GPE™ sequences, or the low
bootstrap values in the trees. The length of the fragment and which regions
in the genome should be targeted to afford a more accurate discrimination of
virus strains during phylogenetic analysis is an important issue. An analysis of
foot-and-mouth disease virus (FMDV) using the outer-capsid polypeptides (VP2,
VP3 and VP1) resulted in a useful tree that discriminated 7 serotypes of FMDV
[13]. Consequently, the polyprotein composed of the outer virion may serve as a
favorable region for phylogenetic analyses in the cases of CSFV and FMDV.

We applied the phylogenetic trees to trace the origins of Lapinized vaccine
strains. The LPC and HCLV vaccine strains were lapinized from the Rovac strain
[14] and the Shimen strain [39], respectively, but these two vaccine strains were
clustered together both in the E™ (83% bootstrap value) and the complete envelope
glycoprotein gene trees. Previous studies showed that one notable insertion of
12—13 continuous nucleotides is found in the 3’'NTR of LPC, HCLV and the
Chinese C strain [38, 39]. Our sequence data in the 3’'NTR showed that the
LPC/AHRI vaccine strain also possessed the same insertion of 12 continuous
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nucleotides (data not shown). Therefore we predicted that the LPC and HCLV
strains shared a common ancestor. However, LPC showed a longer branch length
than HCLV in the ML tree (Fig. 3). The difference may be due to the different
passages in rabbits, with over 800 passages for LPC and over 400 for HCLV
[15, 39]. Unfortunately, the complete sequence of the envelope glycoprotein gene
of the Rovac strain is not available for analysis.

Thus far only a limited number of CSFV sequences representing the complete
envelope glycoprotein gene have been deposited in GenBank. Given that currently
available full-length CSFV genomic sequences are very diverse, previous attempts
to amplify internal parts of the Paderborn strain genome using PCR primers that
were designed based on the highly conserved regions of the available CSFV
sequences have been unsuccessful. Consequently, primer walking has been used
for PCR amplification and sequencing [22]. To detect a broad range of CSFV, we
employed seven sets of PCR primers (Table 2) that were able to simultaneously
amplify and sequence at least five distinct subgroups of CSFV based on the
complete envelope glycoprotein gene. Using these primers was easy to amplify
and sequence the region of complete envelope glycoprotein gene from distinct
genotypes. It would be helpful to analyze the phylogenetic diversity from the
complete envelope protein gene of CSFV around the world.

In this study we first reported on the use of E™ and the complete enve-
lope glycoprotein genes of CSFV for the phylogenetic analysis and suggested
that the E2 gene should be expanded to the length at least 400 bp for a better
bootstrap support. Our results showed that choosing appropriate genomic regions
and fragment length for the phylogenetic analysis should provide results with
improved discrimination. We also discovered a switch in genotypes of CSFV
from the endemic to the introduced strains in Taiwan and postulated that the
Taiwanese subgroup 2.1a viruses and the Paderborn strain possibly originated
from somewhere in Asia.
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