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ABSTRACT In a previous study we sequenced the 5’ non-
coding (NC) region of 44 isolates of hepatitis C virus (HCV) and
identified heterogeneous domains that provided evidence for
additional genetic groups of HCV not previously recognized. In
this study we have determined the complete nucleotide sequence
of the putative envelope 1 (E1) gene in 51 HCV isolates from
around the world and found that they could be grouped into at
least 12 distinct genotypes. The E1 gene sequence of 8 of these
genotypes has not been reported previously. Although the genetic
relatedness of HCYV isolates determined by the previous analysis
of the 5’ NC region predicted the relationships observed in the E1
gene, analysis of the 5' NC sequence alone did not accurately
predict all HCV genotypes. The nucleotide and amino acid
sequence identities of the E1 gene among HCYV isolates of the same
genotype were in the range of 88.0-99.1% and 89.1-98.4%,
respectively, whereas those of HCV isolates of different genotypes
were in the range of 53.5-78.6% and 49.0-82.8 %, respectively.
The latter differences are similar to those found when comparing
the envelope gene sequences of the various serotypes of the related
flaviviruses as well as other RNA viruses. We found that some
genotypes of HCV were widely distributed around the world,
whereas others were identified only in discreet geographical
regions. Four genotypes were identified exclusively in Africa and
comprised the majority of HCV isolates on that continent. The E1
gene was exactly 576 nucleotides in length in all 51 HCV isolates
with no in-frame stop codons. Analysis of the predicted E1 protein
identified several conserved domains that may be important for
maintaining its biological function: (i) eight invariant cysteine
residues, (i) three potential N-linked glycosylation sites, (iii) a
domain of nine amino acids (GHRMAWDMM), and (iv) an
amino acid doublet (GV) near the putative cleavage site at the C
terminus of the protein. In conclusion, the discovery of at least 12

genotypes of HCV has important implications for HCV diagnosis
and vaccine development.

Hepatitis C virus (HCV), the etiological agent of parenterally
transmitted non-A, non-B hepatitis, contains a positive-
stranded linear RNA genome =9.5 kb in length (1). The
genomic structure and organization of HCV are similar to
that of pesti- and flaviviruses with 5’ and 3’ noncoding (NC)
regions enclosing a single long open reading frame. The gene
order is core (C), envelope 1 (E1) glycoprotein, envelope 2 or
nonstructural 1 (E2/NS1) glycoprotein, and nonstructural
2-5 (NS2-NS5) proteins (reviewed in ref. 2). Recently,
Okamoto and coworkers (3) found that all HCV isolates
available could be assigned to four genotypes based on
analysis of the complete genome sequence of seven isolates:
genotypes I (1, 4), II (5-7), III (8), and IV (3). The distinct
differences among the four genotypes were found to be
maintained throughout the protein coding region of the HCV
genome and were most significant in the E1 and NS2 genes.
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HCV appears to be most closely related to pesti- and
flaviviruses based on colinear nucleotide and protein se-
quence similarities (1, 2, 5, 9). We previously demonstrated
that two nucleotide domains within the 5’ NC region of HCV
share significant similarity with 5’ NC sequences of pestivi-
ruses and found that these domains are highly conserved
among different HCV isolates (10, 11). Interestingly, we
identified several HCV isolates with unique 5’ NC sequences
not previously reported that were significantly different from
those of genotypes I-IV. In this study, we have determined
the nucleotide sequence of the entire E1 gene of the virus
genome of 51 HCV isolates* including those possessing the
distinct 5’ NC sequences observed previously. Based on
comparison of the nucleotide and predicted amino acid
sequences of the E1 gene, we find that these HCV isolates
can be assigned to at least 12 different genotypes.

MATERIALS AND METHODS

Serum used in this study was obtained from 84 individuals
positive for antibodies to HCV (anti-HCV) that we previously
found were positive for HCV RNA in a cDNA PCR assay
with primer set a from the 5’ NC region of the HCV genome
(10). These samples were from 12 countries: Denmark (DK),
Dominican Republic (DR), Germany (D), Hong Kong (HK),
India (IND), Sardinia, Italy (S), Peru (P), South Africa (SA),
Sweden (SW), Taiwan (T), United States (US), and Zaire (Z).
Viral RNA was extracted from 100 ul of serum and the final
RNA solution was divided into 10 equal aliquots and stored
at —80°C as described (10). The sequences of the synthetic
oligonucleotides used in the cDNA PCR assay, deduced from
the sequence of HCV strain H-77 (12), were as follows:
5'-GCGTCCGGGTTCTGGAAGACGGCGTGAACTATG-
CAACAGG-3' from nt 461-500 (external sense primer, e;);
5'-AGGCTTTCATTGCAGTTCAAGGCCGTGCTATT-
GATGTGCC-3’) from nt 1298-1259 (external antisense
primer, e;); 5'-AAGACGGCGTGAACTATGCAACAGG-
GAACCTTCCTGGTTG-3' from nt 476-515 (internal sense
primer, e3); 5'-AGTTCAAGGCCGTGCTATTGATGTGC-
CAACTGCCGTTGGT-3' from nt 1285-1246 (internal an-
tisense primer, e4); 5S'-AAGACGGCGTGAATTCTGCAA-
CAGGGAACCTTCCTGGTTG-3' from nt 476-515 (internal
sense primer with EcoRI site, e3gcor1); S'-AGTTCAAGGC-
CGTGGAATTCATGTGCCAACTGCCGTTGGT-3’ from nt
1285-1246 (internal antisense primer with EcoRI site,
esecorl)- One aliquot of the RNA solution was used for cDNA
synthesis and the resulting cDNA was amplified in a ‘‘nest-
ed’’ PCR assay by Tag DNA polymerase (Amplitaq, Perkin—
Elmer/Cetus) as described (10) with primer set e (primers e;,
ey, e3, and e4). In most instances, amplified DNA (first or
second PCR products) was reamplified with primers esgcort

Abbreviations: HCV, hepatitis C virus; NC, noncoding; E1, enve-

lope 1.

*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. L16628-1.16678).
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and e4gcor1 prior to sequencing in order to facilitate future
cloning of the E1 gene. Amplified DNA was purified by gel
electrophoresis followed by glass-milk extraction (Gene-
clean, Bio 101) and both strands were sequenced directly by
the dideoxynucleotide chain-termination method (13) with
phage T7 DNA polymerase (Sequenase, United States Bio-
chemical), dATP[a-35S] (Amersham) or [a-33P]JdATP (Amer-
sham or DuPont), and specific sequencing primers. RNA
extracted from serum containing HCV strain H-77, previ-
ously sequenced in our laboratory (12), was amplified with
primer set e and sequenced in parallel as a control. Data were
analyzed with the computer programs GENALIGN (9) for
multiple sequence alignment and cLUSTAL (14) for dendro-
gram construction.

RESULTS AND DISCUSSION

Ina previous study we sequenced the 5’ NC region of 44 HCV
isolates and reported that considerable genetic heterogeneity
existed even within this highly conserved region of the HCV
genome (11). We found that this heterogeneity was inter-
spersed between regions of universal sequence conservation
and postulated that the conserved regions represented im-
portant control elements and that the heterogeneous regions
(which included insertions in some cases) provided strong
evidence for additional genetic groups of HCV not previously
recognized (Fig. 1). One such group of genetically distinct
sequences was also described at approximately the same time
by others (15-18). Prior to our previous study, representative
isolates of only three genetic groups had been sequenced in
their entirety (1, 4-6, 8). Subsequently, the fourth genotype
was entirely sequenced (3) and genotype designations I-IV
were assigned to these completely sequenced genomes.
Thus, Okamoto et al. (3) set a precedent of assigning Roman
numeral designations to completely sequenced genotypes.
The fifth distinct genotype mentioned above was provision-
ally designated genotype V based upon only partial sequence
analysis. Chan et al. (15) proposed a new nomenclature for
the classification of HCV in which genotypes I and II were
grouped together into genotype 1 and genotypes III and IV
were similarly grouped into genotype 2. The provisional
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F1G. 1. Dendrogram of the genetic relationship of HCV isolates
based on nucleotide identity of 5' NC sequences (nt —246 to —51)
from a study of 44 HCV isolates (11). This dendrogram was con-
structed by the program cLUSTAL (14), with a limit of 25 sequences
and a gap penalty of 0. It should be noted that isolate HK2 had two
separate nucleotide insertions. The scale showing percent identity
was based upon manual calculation. Genotype designations of these
HCYV isolates, based upon analysis of the entire E1 gene region of the
HCYV genome, are indicated.
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genotype V was reclassified as genotype 3. Since the Oka-
moto classification is based upon sequencing of entire ge-
nomes, whereas the Chan classification is based upon limited
sequencing data and an alternative grouping of types, we
have used both nomenclatures in the present study but wish
to point out the provisional nature of these classification
schemes and the need for more data and international agree-
ment before an official classification scheme is selected.

The purpose of the present investigation was to analyze the
nucleotide and deduced amino acid sequences of an impor-
tant structural gene region of the HCV genome, the E1 gene,
of the genetically heterogeneous isolates that we identified
previously by analysis of the 5' NC region (11). By careful
analysis of available HCV genomic sequences (1, 3-6, 8, 12,
19-23), we were able to design a primer set (e) spanning the
entire E1 gene from the most highly conserved nucleotide
domain identified in the 3’ end of the C gene to the 5’ end of
the E2/NS1 gene. With primer set e, we were able to
reverse-transcribe and, by PCR, amplify HCV sequences
from 74 (88.1%) of the 84 samples that were found to be
positive previously with the highly conserved 5’ NC primers
among samples from 114 anti-HCV positive individuals (10).
All 84 negative control samples interspersed among the test
samples were negative for HCV RNA. This, plus the fact that
no two E1 sequences were identical, ruled out contamination
as a source of the positive results. Thus, we successfully
amplified the entire E1 gene from isolates representing all of
the genetic groups identified in Fig. 1.

We report here the nucleotide and deduced amino acid
sequences of the putative E1 (nt 574-1149, aa 192-383; see
ref. 2) of 51 HCV isolates. A multiple sequence alignment of
the nucleotide (not shown) and the deduced amino acid
sequences (Fig. 2) of the E1 gene of these isolates was
performed. In all 51 HCV isolates, the E1 gene was exactly
576 nt in length and did not have any in-frame stop codons.
The 51 HCV isolates comprised 12 genotypes, based upon the
degree of variation of the E1 gene sequence. A dendrogram
of the genetic relatedness of the E1 protein of selected HCV
isolates representing the 12 genotypes is shown in Fig. 3. The
nucleotide and amino acid sequence identities of HCV iso-
lates of the same genotype were in the range of 88.0-99.1%
and 89.1-98.4%, respectively, whereas those of HCV isolates
of different genotypes were in the range of 53.5-78.6% and
49.0-82.8%, respectively (Table 1). Thus, analysis of the E1
gene sequence of 51 HCV isolates demonstrated extensive
heterogeneity of this important gene. The remaining 23 of the
74 isolates that could be amplified by primer set e were
partially sequenced and found to be genotype 1/1a or II/1b.
The distribution of the 12 genotypes among the 74 HCV
isolates from around the world is depicted in Fig. 4. Geno-
types I/1a and II/1b were the most common genotypes
found, accounting for 48 (64.9%) of the 74 isolates. Analysis
of the E1 gene sequences available in the GenBank data base
at the time of this study (1, 3-8, 12, 18-27) revealed that all
44 such sequences were of genotypes I-IV (la, 1b, 2a, and
2b). Thus, based upon E1 gene analysis, we have identified
8 previously unreported genotypes of HCV.

Different HCV genotypes were frequently found in the
same country. The highest number of genotypes (five) was
detected in Denmark. Genotypes I/1a, II/1b, III/2a, IV/2b,
and V/3a were widely distributed. Most impressive, geno-
type II/1b was identified in 11 of 12 countries (Zaire was the
only exception). Although genotypes I/la or II/1b were
predominant in the Americas, Europe, and Asia, several
previously unidentified genotypes were predominant in Af-
rica.

The genotype analysis using the entire nucleotide sequence
of the E1 gene of 51 HCV isolates was in complete agreement
with that using the predicted amino acid sequence of the E1
protein. Further analysis using segment lengths of 100 nt (i.e.,
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nt 574-673, 624-723, 674-773, 724—-823, 774-873, 824-923,
874-973, 924-1023, 974-1073, and 1024-1123) revealed that
characteristic genotypic changes were seen throughout the
gene. Although analysis of each of these segments could
predict the basic grouping of HCV isolates observed by
analysis of the complete E1 gene sequence, it did not predict
the exact genetic relationships observed by analysis of the
complete gene. Furthermore, we identified a domain of only
31 nt (i.e., nt 1023-1053) within the E1 gene that was
predictive of the division of all of our 51 HCV isolates into 12
genotypes. It is noteworthy that analysis of nt 987-1022,
proposed by Cha et al. (18) to contain a motif predictive of
genotype, could not accurately predict the division of all 51
isolates into the 12 genotypes.

Analysis of the consensus sequence of the E1 protein of the
51 HCV isolates from this study demonstrated that a total of
60 (31.3%) of the 192 amino acids of the E1 protein was
invariant among these isolates (Fig. 2). Most impressive, all
eight cysteine residues, possibly used to maintain the con-

formation of the E1 protein through disulfide linkages, were
invariant among all HCV isolates, as were six of eight proline
residues. It is noteworthy that the cysteine residues of the
structural proteins of the related flaviviruses are also highly
conserved (28). The most abundant amino acids (e.g., ala-
nine, valine, and leucine) showed a very low degree of
conservation. The consensus sequence of the E1 protein
contained five potential N-linked glycosylation sites (N-X-
T/S). Three sites, at positions 209, 305, and 325, were
maintained in all 51 HCV isolates. Further analysis revealed
a highly conserved amino acid domain (aa 302-328) in the E1
protein with 20 (74.1%) of 27 amino acids invariant among all
51 HCYV isolates. It is possible that the 5’ and 3’ ends of this
domain are conserved because of important cysteine residues
and N-linked glycosylation sites. The central sequence, 5'-
GHRMAWDMM-3’ (aa 315-323), may be conserved because
of additional functional constraints on the protein structure.
Finally, although the amino acid sequence surrounding the
putative E1 protein cleavage site was variable, an amino acid
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Fi1G. 3. Dendrogram of the genetic relatedness of selected HCV
isolates based on the percent amino acid identity of the putative E1
protein. The selected HCV isolates, the same isolates analyzed in
Fig. 1, represent the 12 different genotypes. The scale showing
percent identity was based upon manual calculation. The range of
amino acid sequence identity of the putative E1 protein among all
HCV isolates of different genotypes is depicted as a shaded bar at
major branch points (see Table 1).

doublet (GV) at position 380 was invariant among all HCV
isolates. Thus, despite the high degree of sequence hetero-
geneity among the E1 proteins of the different genotypes of
HCYV, there are conserved domains that may be important for
the function of the protein.

In this study we have grouped 74 HCYV isolates into 12
genotypes based on the nucleotide and deduced amino acid
sequence of the putative E1 gene. These data confirm our
previous finding of additional genotypes based upon analysis
of the 5’ NC region (11). As seen in Fig. 1, nine genetically
distinct groups could be identified among the 5’ NC se-
quences. Three of these could be further subdivided into two
genotypes each (I/1a, II/1b; III/2a, 2c; 4c, 4d) based upon
the sequence of the E1 gene. A single isolate from Sardinia,
Italy, most closely related to genotype III/2a, was designated
genotype 2c. This genotype has not been reported previously.
Based upon 5’ NC sequences of HCV isolates, our genotype
V/3a appears to be similar to that described by Chan et al.
(15) as genotype 3. We identified genotypes 4a—4c only in
samples from Zaire; a closely related genotype, 4d, was a
single isolate from Denmark. Based upon their 5’ NC se-
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quence, some of these isolates resemble isolates from Egypt
designated as genotype 4 by Simmonds et al. (29).

We are provisionally assigning genotype designations of 5
and 6 to additional genotypes not previously described.
Genotypes designated Sa were all from South African spec-
imens and formed a unique, relatively closely related group
of isolates. A single isolate, designated 6a, was from Hong
Kong and contained two separate nucleotide insertions in the
5’ NCregion. Two other isolates containing single nucleotide
insertions in the 5’ NC region, from Zaire, could not be
amplified with primer set e and may represent additional new
genotypes not previously described.

The plethora of new classification schemes for HCV has
led to considerable confusion. The Okamoto system, based
upon full-length genome sequences, separated HCV isolates
into groups that differed by about the same degree that the
structural proteins of different serotypes of other RNA
viruses differ from each other (28, 30). In contrast, the
classification system of Chan et al. (15) was based upon a
hierarchical scheme with genotype designations for genetic
differences of the order of magnitude of those found between
subgenera of other RNA viruses and, within these types,
subtypes with genetic differences equivalent to those be-
tween serotypes of other RNA viruses. Individual isolates
were then grouped within these subtype designations. This
classification scheme is based primarily upon limited se-
quence data from the C and/or NS5 genes of HCV isolates.
However, we wish to point out that the classification is not
entirely confirmed by analysis of the 5’ NC and E1 regions.
Thus, as seen in Fig. 1, subtypes 1a and 1b, 4c and 4d, and
2a and 2c cannot be differentiated on the basis of 5' NC
sequences. However, IV/2b can be differentiated from I1I/2a
and 2c in this region. Similarly, in the E1 gene region, the
genetic difference between genotype I1I/2a or 2¢ and IV/2b
is equivalent to the difference between, for example, I/1a and
4a—4d (Table 1 and Fig. 3). It is also noteworthy that genotype
4a (but not 4b, 4c, and 4d) is most closely related to genotypes
I/1a and II/1b in the 5’ NC region (Fig. 1). Thus, a formal
classification of HCV genotypes should be postponed until
more sequence data are available.

In summary, we have confirmed and extended our previ-
ous report of multiple genotypes of HCV and have identified
at least 12 such genotypes, based upon an analysis of the
sequence of the E1 gene. These were identified among 84
PCR-positive serum samples drawn from a collection of only
114 anti-HCV positive sera. Thus, it is highly likely that a
number of additional genotypes will be identified as more
samples from diverse geographic regions are examined.

Table 1. Percent nucleotide (nt) and amino acid (aa) sequence identity of the E1 gene among the 12 HCV genotypes
I/1a II/1b I1/2a IV/2b 2c (V)/3a 4a 4b 4c 4d Sa 6a nt
89.9-97.6 72.0-76.2 59.2-63.7 56.1-58.3 60.8-62.8 63.0-66.3 63.9-67.2 64.9-66.8 62.7-64.4 67.7-69.4 62.3-67.2 62.2-63.9| I/1a
aa 88.9-97.9 58.3-62.2 53.8-57.5 60.1-61.5 63.9-67.2 60.9-63.7 63.4-65.8 61.6-65.1 63.0-65.5 62.2-66.5 61.6-63.0| II/1b
I/la [91.1-98.4 88.0-91.3 69.1-71.0 72.7-73.6 58.0-60.8 61.5-62.7 58.9-60.4 59.7-63.4 58.7-61.3 56.6-60.8 55.0-56.8 | III/2a
II/1b [75.5-80.7 90.1-97.9 92.7-95.0 67.5-68.9 56.3-58.3 58.9-60.8 56.4-57.6 57.1-59.9 57.5-59.0 53.5-56.6 53.6-55.2|IV/2b

57.5-58.2 59.2 58.5  58.0-58.3 589  56.9-57.1 57.6 2
93.8-99.1 64.4-65.3 62.7-64.1 60.9-62.5 62.3—-63.9 61.8-64.4 58.0-58.9 |(V)/3a
75.5-7180 748 62.8-64.6 62.0
74.0-74.8 72.0 63.9-64.6 62.7
90.1  77.6-78.6 62.7-64.8 63.0-64.4

II1/2a | 58.3-64.6 52.6-56.8 89.1-92.7 —
IV/2b|54.2-56.8 51.0-54.2 69.3-72.9 93.8-96.4

2 56.3-60.4 52.6-55.7 74.5-77.1 67.7-69.8 — — 74.8
(V)/3a|64.1-68.8 66.7-70.8 54.7-58.9 54.2-56.8 52.1-53.6 94.3-98.4 —
4a 69.3-73.4 64.6-67.2 62.0-63.0 58.9-60.4 58.3  66.1-68.8 —

4b 66.7-69.3 66.1-70.3 53.6-56.3 52.1-53.1 53.6 62.0-64.6  76.0 — — 64.4-66.1 64.1
4c 66.1-72.9 64.6-69.3 55.2-61.5 54.2-58.3 54.7-58.3 63.0-65.6 77.1-81.3 79.2-80.2  89.6 90.1-95.7 60.6-63.2
4d 73.4-75.5 66.7-70.3 56.3-58.9 55.2-55.7 542 63.5-646 78.1 71.6 82.8 — —
5a 66.1-73.4 64.1-70.3 52.6-57.3 50.5-53.1 54.2-56.3 60.4—64.1 67.2-68.2 65.1-67.2 67.7-71.4 69.3-71.4 92.7-97.4

6a 64.6-65.6 62.5-65.6 49.0-51.0 49.0-50.5 50.5  57.8-58.9  66.1 62.5  66.1-67.2 66.7  62.0-63.5 -

Genotype/isolate(s): I/1a/DK7, DK9, DR1, DR4, S14, S18, SW1, and US11; I/1b/D1, D3, DK1, HK3, HK4, HK5, HK8, INDS, INDS, P10,

$9, 845, SA10, SW2, T3, T10, and US6; I11/2a/T2, T4, T9, and US10; IV/2b/DK8, DK11, SW3, and T8; 2c/S83; (V)/3a/DK12, HK10, S2, S52,
and S54; 4a/Z4; 4b/Z1; 4c/Z6 and Z7; 4d/DK13; 5a/SA1, SA4, SAS, SA6, SA7, and SA13; 6a/HK2.
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F1G. 4. Distribution of different HCV genotypes in the 12 countries studied. We used the genotype nomenclatures proposed by Chan et al.

(15) and by Okamoto et al. (3), where genotype la corresponds to genotype I, 1b to II, 2a to III, and 2b to IV, respectively. The complete E1
gene sequence was determined in 51 of these HCV isolates, including 8 isolates of genotype I/1a, 17 isolates of genotype II/1b, and 26 isolates
comprising genotypes III/2a, IV/2b, 2c, 3a, 4a-4d, 5a, and 6a. In the remaining 23 isolates, all of genotypes I/1a and II/1b, the genotype
assignment was based on a partial E1 gene sequence since they did not represent additional genotypes in any of the 12 countries. The number
of isolates of a particular genotype is given in each of the 12 countries studied. Although we successfully determined the genotype of 74 of 84
HCV isolates studied, we could not amplify the E1 gene in 10 isolates: one isolate from each of five countries (D, DR, IND, P, and US); 2 isolates
from Zaire (Z); and 3 isolates from South Africa (SA). National borders depicted represent those existing at the time of sampling.
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