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ABSTRACT Thirty-four (41%) of 83 hepatitis C virus
(HCV) isolates from commercial blood donors in Vietnam were
not classifiable into genotype I/la, H/lb, HI/2a, IV/2b, or
V/3a; for 15 of them, the sequence was determined for 1.6 kb
in the 5'-terminal region and 1.1 kb in the 3'-terminal region.
Comparison of the 15 Vietn~mese isolates among themselves
and with reported full or partial HCV genomic sequences
indicated that they were classifiable into four major groups
(groups 6-9) divided into six genotypes (6a, 7a, 7b, 8a, 8b, and
9a). Vietnamese HCV isolates of genotypes 7a, 7b, 8a, 8b, and
9a were significantly different from those classified into groups
4, 5, and 6 based on divergence within partial sequences; those
of genotype 6a were homologous to a Hong Kong isolate (HK2)
ofgenotype 6a. Phylogenetic trees based on the envelope 1 (El)
gene (576 bp) of 55 isolates and a part of the nonstructural 5
(NS5) region (1093 bp) of 43 isolates revealed at least nine
major groups, three of which (groups 7, 8, and 9) were
identified only in Vietnamese blood donors. With a prospect
that many more HCV isolates with significant sequence diver-
gence will be reported from all over the world, the domain of
the HCV genome to be compared and criteria for group-
ing/typing and genotyping/subtyping will have to be deter-
mined, so that they may be correlated with virological, epide-
miological, and clinical characteristics.

Hepatitis C virus (HCV) is a positive-stranded linear RNA
virus of --9500 nt and is the major causative agent of
blood-borne non-A, non-B hepatitis worldwide (for a review,
see ref. 1). It has a genomic structure and organization similar
to those of pestiviruses and flaviviruses with 5'- and 3'-
untranslated regions (UTRs) and a single, long open reading
frame coding for core, envelope 1 (El) glycoprotein, enve-
lope 2/nonstructural 1 (E2/NS1) glycoprotein, and nonstruc-
tural 2-5 (NS2-NS5) proteins (1).
At least 16 HCV genomes have been sequenced in their

entirety (isolates and accession nos.: HCV-1, M62321;
HCV-H, M67463; HC-J1, D10749; HCV-J, D90208; HCV-
BK, M58335; HCV-T, M84754; HCV-JK1, X61596; HCV-
JT, D01171; HCV-JT', D01172; HC-J4/83, D01217; HC-J4/
91, D10750; HC-C2, D10934; HC-G9, LD14853; HC-J6,
D00944; HC-J8, D01221; NZL1, D17763). They can be clas-
sified into three major groups or types provisionally desig-
nated 1, 2, and 3 and divided further into genotypes or
subtypes called I/la, II/lb, ic, III/2a, IV/2b, and V/3a
(2-5). Three additional groups, designated 4-6, are proposed
based on divergence within partial sequences (6-8). The
range of variability of HCV sequences, however, is not
outlined as yet. Presently available HCV sequences were

determined on limited isolates from blood donors and pa-
tients from restricted areas of the world.
Among 83 HCV isolates from commercial blood donors in

Vietnam,#1 34 (41%) were not classifiable into genotype I/la,
II/lb, III/2a, IV/2b, or V/3a by PCR with type-specific
primers deduced from the HCV core gene (9). Since the
applied method could not identify genotype VI/3b or those of
major groups 4, 5, and 6, 32 (94%) of the 34 untypeable
Vietnamese HCV isolates were compared with reported
isolates of known partial sequences as well as among them-
selves. The results obtained indicate that there would be at
least nine major groups ofHCV, three ofwhich are identified
in Vietnamese isolates anew and require a proper method and
criteria for grouping and genotyping HCV.

MATERIALS AND METHODS
Sera Containing HCV. Among 83 commercial blood donors

in Vietnam positive for serum HCV RNA (4 from Hanoi in the
north and 79 from Ho Chi Minh City in the south), 49 carried
HCV classifiable into I/la, II/lb, III/2a, IV/2b, or V/3a by
PCR with type-specific primers deduced from the HCV core
gene (10, 11), but the remaining 34, including the 4 from
Hanoi, could not be classified (9). Of the 34 sera with HCV
RNA ofunknown genotypes, 32 had high HCV RNA titers by
PCR with nested primers deduced from the 5'-UTR (12), and
HCV cDNA clones were obtained from them for sequencing.

Determination of Nucleotide Sequences. Nucleic acids were
extracted from 0.02-0.1 ml of serum and reverse-transcribed
to cDNA with HCV-specific 20-mer primers (122, 299, 337,
316) or a nonspecific 43-mer primer (165) with (A)17 as
described (13). The extreme 5'-end sequence (nucleotides
1-160) was determined by a single-sided PCR as described
(14). Two overlapping 5'-terminal cDNA fragments spanning
nucleotides 63-847 (785 bp) and nucleotides 732-1606 (875
bp), as well as two overlapping 3'-terminal fragments span-
ning nucleotides 8259-8627 (369 bp) and from nucleotide 8531
to the poly(T) tail (889-918 bp), were amplified by PCR with
AmpliTaq DNA polymerase (Perkin-Elmer) and the primer
pairs 33/122, 50/337, 317/316, and 388/165, respectively (10,
11, 13). Positions were numbered from the putative 5' end of
the HCV genome of genotype II/lb with a known full-length
sequence (15). Three cDNA clones were sequenced for each
of the five regions, and the consensus sequence was deter-
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mined for at least 2702 nt, covering some 30% of the genomic
sequence.

Phylogenetic Trees ofHCV. Proposed phylogenetic trees of
HCV were constructed by the unweighted pair-group method
with the arithmetic mean (16) using a molecular evolutionary
analysis system for DNA and amino acid sequences (ODEN;
National Institute of Genetics, Mishima, Japan). The results
were corrected by the equation of Gojobori et al. (17).

RESULTS
Sequence Variations Among Vietnamese HCV Isolates. Of

the 83 HCV isolates from Vietnam, genotype I/la was
identified in 24(29%), II/lb in 19(23%), and III/2a in 4(5%);
both genotypes I/la and II/lb were detected in 2 (2%) (9).
Genotypes of the remaining 34 isolates were other than I/la,
II/lb, III/2a, IV/2b, and V/3a, which can be distinguished
by the applied method (10,11). Sequences of the NS5b region
of 329 bp spanning nucleotides 8279-8607 were determined
for 32 of the 34 Vietnamese HCV isolates of untypeable
genotypes, and they were compared with those of six HCV
genomes of genotype I/la (HC-J1), II/lb (HC-J4/83), III/2a
(HC-J6), IV/2b (HC-J8), V/3a (T-1; ref. 3), and VI/3b (T-9;
ref. 3). The 32 Vietnamese isolates showed a similarity of
only 61.4-69.3% to any of the six genotypes, indicating that
they would belong to genotypes other than I/la-VI/3b.
Based on two-by-two comparison and phylogenetic anal-

ysis of the 32 Vietnamese isolates as well as reasoning
discussed below, they were classified into four major groups,
6, 7, 8, and 9, and further into six genotypes provisionally
designated 6a, 7a, 7b, 8a, 8b, and 9a -(Fig. 1). There were 16
HCV isolates of genotype 6a, 7 of 7a, 1 of 7b, 5 of 8a, 1 of 8b,
and 2 of 9a. Some regional differences in the distribution of
these genotypes were observed. The 28 isolates from Ho Chi
Minh City were of genotype 6a, 7a, or 8a, while the 4 isolates
from Hanoi were of 7b, 8b, or 9a.

Determination and Comparison of the 5'- and3'-Terminal
Sequences of Vietnamese HCV Isolates in Major Groups 6-9.
For 15 Vietnamese HCV isolates in groups 6-9, the sequence
was determined for 2702-2713 bp, which spanned 1580-1584
bp of the 5'-terminal region plus at least 1122 bp of the
3'-terminal region. They included four HCV isolates of
genotype 6a (VN506, VN538, VN569, and VN571), four of 7a
(VN540, VN787, VN843, and VN998), one of 7b (VN235),
three of 8a (VN507, VN530, and VN531), one of 8b (VN405),
and two of 9a (VN004 and VN085). HCV isolates of the same
genotype showed sequence homology of >92%, and the
representative sequences were adopted for genotypes 6a, 7a,
8a, and 9a.
Based on two-by-two comparisons of the six representa-

tive HCV isolates of genotypes 6a (VN506), 7a (VN540), 7b
(VN235), 8a (VN507), 8b (VN405), and 9a (VN004), they had
77-85% sequence identity at the nucleotide level. Two iso-
lates of the same major group, VN540 (7a) and VN235 (7b) as
well as VN507 (8a) and VN405 (8b), were 83-85% similar.
The highest homology (96-100%) was found in the 5'-UTR,
and the lowest (48-70%) was in E2/NS1, with only 36-68%
of the deduced amino acid sequence being identical. The
homology in the 3'-UTR of 29 bp varied from 31% to 83%.
Comparison of 15 Vietnamese HCV Isolates Representing

Six Additional Genotypes with Reported Isolates of Defined
Genotypes. Nucleotide and deduced amino acid sequences of
the 15 Vietnamese isolates of genotypes 6a, 7a,7b, 8a, 8b,
and 9a were compared with each of the known full-length
sequences of the six HCV genomes of genotypes I/la,II/lb,
ic, III/2a, IV/2b, and V/3a. The 15 Vietnamese isolates
were similar to them in only 70-75% of the 2702-2706bp
compared. Vietnamese isolates differed from the six HCV
genomes particularly in the nucleotide sequence of the El
gene with a concordance of only 53-66%. Within the 5'-UTR,
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FIG. 1. A phylogenetic tree constructed on 32 Vietnamese HCV
isolates of unclassifiable genotypes by comparison of an NS5b
sequence (329 bp). The scale is nonlinear, which is also applicable to
Figs. 2 and 3.

all the Vietnamese isolates were >96% identical to HCV
genomes of group 1 (1/la, II/lb, and lc).

Fig. 2 illustrates a proposed phylogenetic tree of HCV
based on comparison of the entire nucleotide sequence of the
El region (576 bp) of 55 isolates. The tree indicates nine major
groups of HCV, which are broken down into 23 distinct
genotypes separated from each other by an evolutionary
distance >0.2. Groups 8 and 9 differed by 0.395, with a
distance comparable to that between genotypes III/2a and
IV/2b at 0.397. Some intergroup and intergenotypic diver-
gences, therefore, were not clearly separable by comparison
of the El region.
Another phylogenetic tree was constructed (Fig. 3) based

on comparison of a part of the NS5b region (1093 bp,
nucleotides 8279-9371), and it classified 43 isolates into the
same groups and genotypes as in Fig. 2. In this tree, the
smallest intergroup distance was 0.246 between groups 8 and
9, which was significantly larger than the greatest intergeno-
typic distance of 0.206 between genotypes 7a and 7b.
Comparison of Vietnamese HCVIsolates in Groups 4-6 with

Partially Sequenced Isolates. Many genotypes are proposed
based on diversity in partial HCV sequences, and they are
provisionally designated 4a-4d,Sa, and 6a (6). Four Viet-
namese isolates (VN506, VN571, VN569, and VN538)
showed -97% homology in the nucleotide sequences of a
5'-terminal region (321 bp) plus the entire El gene (576 bp) to
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FIG. 2. A phylogenetic tree constructed on 55 HCV isolates by
comparison ofthe nucleotide sequence ofthe El gene (576 bp). Isolates
compared include 15 Vietnamese and others with reported sequences
(accession nos. given in introduction or refs. 5, 6, 11, and 14). Geno-
types 3c-3f have been reported in HCV isolates from Nepal (13).

a Hong Kong isolate ofgenotype 6a (HK2) reported by Bukh
et al. (6, 18); therefore, they belonged to 6a. All the other five
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FIG. 3. A phylogenetic tree constructed on 43 HCV isolates by
comparison of a part of the NS5b region (1093 bp, nucleotides
8279-9371).

genotypes, 7a, 7b, 8a, 8b, and 9a, represented by Vietnamese
isolates VN540, VN235, VN507, VN405, and VN004, re-
spectively, showed a low homology (60-67%) to reported
genotypes (4a-4d, 5a, and 6a) in the nucleotide sequence of
El gene. Sixteen Vietnamese isolates of genotype 6a had
91.8-95.9%o similarity to a Hong Kong isolate (HK-2) oftype
6 reported by Simmonds et aL (7) for 222 bp of the NS5b
region. The other 16 Vietnamese isolates ofgenotypes 7a, 7b,
8a, 8b, and 9a were similar to HCV isolates of types 4-6 in
only <74.8% within the partial NS5b sequence of 222 bp.
ChaBrtristicsofVetnamf. Isolates in Group 7, 8, and 9.

All Vietnamese isolates of genotypes 7a, 7b, &a, 8b, and 9a,
as well as those of genotype 6a, shared the six potential
N-glycosylation sites (asparagine positions 196, 209, 234,
250, 305, and 325) and eight cysteine residues (positions 207,
226, 229, 238, 272, 281, 304, and 306) in the El protein. In

11024 Microbiology: Tokita et al.



Proc. Natl. Acad. Sci. USA 91 (1994) 11025

:ea 1C-.

/ b HC-j4/83
HC-GGS

/2a df-,6
-./2b HC-W8
i f3a NZL1
6a VN506

VN538

7a VN540
VN787
VN843
VN998

7b 2N235
8a VN507

VN53C
VN53-

8b VN405
3a AN04

VN085

TAAAGGTTmGGGTMACTCOTCCTAT3CAGAT"TGT'
TGA-C-GG-A-CTAAC A-G---C- ---x
TAXG---G C-----G-CT---C4-AAAC4CTOCA3G~:- A,'--C
T.A&-ACAC-VTAG-ACT-CA-AGCTAMC5.-{--
TAG AUCGXAAACTAG-A-ACT-CA-AGTAJ--C
TGAGCTGGTM-AT A
TAC-C-AGC- XT-TCAA-AT-A
TAG-C-A---C -GCAA-ACT-ATMGCC- C-
TAG- C-AG--cCT-GiTM-AT-ATcCE
TAG-C-A-CmT-(AGC-ACT-AT.T-

-

TAAGC-GWM-CC-AOGA-ACT-CAC--ATA
TAAGC-GGA--C-A-A-CT--CA- -A-A
AAT-GCI A-QC-AG-A-A-;T--CAC--
TAAGA-GGM--ar--AG--A-ACT--CA-A:-
TMGC-GG-A-C-T-AG-AA--ACT-CATA -;A;AT~ A-CC- CA-AC:T:A A
TgAGGCAACAT-- AT'TC-Ar

TAGXAGG-A-CAT AT'TC-A- An
TAGGCAG-A-CAT-- ATTC-A- AC
TAG-C-GG A-C-T - ATGTC o
TAGOGC7GA-A-CTAM A-ACT-CX
'ATGCTGA-A-TM -- ATTT -C

FIG. 4. The 3'-UTR sequences of Vietnamese isolates. Se-
quences of genotypes 6a, 7a, 7b, 8a, 8b, and 9a are compared with
those of the six HCV genomes of distinct genotypes for which the
entire sequence is known. The CACTCC motif is shaded, and
in-frame stop codons are underlined. Dashes represent the same
nucleotides as in HC-J1 of genotype I/la.

addition, all four Vietnamese isolates of genotype 6a had
Cys-344 (6), and the isolate of genotype 7b possessed Cys-
373. A central sequence, GHRMAWDMM (aa 315-323), was
conserved in all the Vietnamese isolates examined.
Vietnamese isolates ofgenotypes 6a, 8a, 8b, and 9a lacked

the first amino acid (residue no. 384) ofa hypervariable region
of 25 aa at the N-terminal end of E2/NS1 region (19, 20).
Three amino acids (Gly-389, Phe-403, and Gly-406) were
preserved, and there were no cysteine residues in this region
as in all reported isolates.
Vietnamese isolates of genotype 6a had two 1-bp deletions

in the 5'-UTR (nucleotides 6 and 35) and two insertions (CA
after nucleotide 197 and A after nucleotide 206) as a Hong
Kong isolate (HK2), and those of genotypes 7a-9a had three
1-bp deletions (nucleotides 6, 15, and 35). A hairpin-like
structure as well as direct repeats of CACTCC spanning
nucleotides 23-28 and 38-43 were preserved in all of them.
The 3'-UTRs of Vietnamese isolates are shown in Fig. 4

along with those of six genomes of different genotypes with
known entire nucleotide sequences. They had 3'-UTRs of
variable lengths but shared the sequence of CACTCC with
HCV of genotype II/lb (21). They were devoid of the fourth
of the four stem-loop structures in the 3'-terminal 300 bp as
is the case for HCV isolates of group 3 (4, 13).

DISCUSSION
Since it is an RNA virus, HCV evolves rapidly with a
mutation rate estimated at 1.44-1.92 x 10-3 base substitu-
tions per site per year (15, 22). Consequently, many variants
of HCV arise, and classifying them into distinct genetic
groups would have virological, clinical, and epidemiological
values. HCV genotypes have different geographic distribu-
tions (6-9, 13, 23), and HCV of genotype II/lb is associated
with more severe hepatitis as well as lower response to
interferons than those ofgenotypes III/2a and IV/2b (24, 25).

Presently, at least three genotyping systems are proposed,
which are based on sequence homology of different domains
of the HCV genome. In one system, HCV isolates are
classified into genotypes I, II, III, IV, and V based on the
comparison offull-length genomic sequences, with intrageno-
typic divergence of c9.2% and intergenotypic divergence of
-19.9%o (4). In another classification scheme based on the
phylogenetic analysis of a part of the NS5 region (222 bp) of
76 HCV samples, six major types, 1, 2, 3, 4, 5, and 6, are

recognized with a series of subtypes designated a, b, c, etc.
(7). Such a two-tiered classification is also advocated by
others (8). In a third classification system, at least 12 geno-
types are proposed by a phylogenetic analysis of 44 isolates
collected worldwide within the sequence of 192 aa encoded
by the El gene (6).

Since HCV isolates thus far sequenced are from limited
areas of the world, many more isolates with substantial
sequence variations are expected to occur in areas where
HCV variations have not been examined. This proved to be
the case in 83 HCV isolates from commercial blood donors in
Vietnam, 34 (41%) of which were not typeable into any ofthe
common genotypes (I/la-V/3a). When 15 of them with high
HCV RNA titers were sequenced within the 5'- and 3'-
terminal regions covering some 30%6 of the genome, six
additional genotypes were recognized, five ofwhich have not
been previously reported. Phylogenetic trees based on com-
parison of the entire El sequence of 576 bp and an NS5b
sequence of 1093 bp indicated that most ofthem would belong
to additional major groups, provisionally designated 7, 8, and
9. Altogether, there would be at least nine major groups of
HCV, which break down into 23 genotypes.

Local differences in the distribution of the additional
genotypes were noted in Vietnam. Three new genotypes were
discovered in the four Hanoi samples, which were not found
in any of 28 Ho Chi Minh City samples. This would indicate
that many more genotypes would prevail in Hanoi, leaving
the possibility for coinfection by two new genotypes to occur
in some Hanoi samples.

Significant sequence divergence from the other groups
notwithstanding, all Vietnamese HCV isolates of groups 7-9
had many characteristics in common with reported isolates
within the El protein as well as in the 5'-UTR and 3'-UTR.
Vietnamese HCV isolates of major groups 7, 8, and 9
highlighted issues- that deserve consideration in classifying
HCV isolates so far described and the many more likely to be
reported from all over the world in the future.

First, the domain(s) ofthe HCV genome to be compared for
classification needs to be determined. Apparently, domains of
highly conserved sequences, typified by the 5'-UTR, or those
of highly variable sequences such as the 3'-UTR and E2/NS1
region, are not suitable for comparison. As has been proposed
by Bukh et al. (6) and reinforced in the present study, the El
region may be a reasonable choice as the basis of classifica-
tion. This domain has conserved structures, such as six
possible glycosylation sites and eight cysteine residues, as well
as a central sequence (GHRMAWDMM), which were identi-
fied in all the 11 Vietnamese isolates ofgroups 7, 8, and 9. The
classification based on the El sequence would have an ad-
vantage of possible correlation with serotypes.

Second, the extent of divergence within groups and geno-
types will have to be defined. Fig. 5 illustrates ranges of
sequence divergence among HCV isolates within the entire
genome and various domains used as the basis for classifi-
cation. The two-tiered nature of sequence differences pro-
posed by Simmonds et al. (7), based on a 222-bp portion
(nucleotides 8313-8534) of the NS5b region, is no longer
justified, because group and genotype divergences overlap
when HCV isolates of new groups and genotypes are taken
into account. Such an overlap is also observed by comparing
the nucleotide sequence of the El gene or the amino acid
sequence of El protein used by Bukh et al. (6). The overlap
can be avoided when another partial sequence of 329 bp
(nucleotides 8279-8607) or, better still, that of 1093 bp
(nucleotides 8279-9371) in the NS5b region is compared. The
borderline between group and genotypic differences is set at
19.7% in the comparison of an NS5b sequence (1093 bp),
which will be subject to changes when many more sequence
data accumulate. Thus, for a reasonable classification of
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keep attracting the interest of clinicians and epidemiologists.
* Groups 0 Genotypes F] Isolates For a start, domains of the genome suitable as the basis for

comparison need to be discussed and determined. It is hoped
that HCV isolates can be classified by an easily understand-
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