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ABSTRACT We have determined the nucleotide sequence
of the 5' noncoding (NC) region of the hepatitis C virus (HCV)
genome in 44 isolates from around the world. We have iden-
tified several HCV isolates with scantiy greater sequence
heterogeneity than reported previously within the 5' NC re-
gion. The most distantly related isolates were only 90.1%
identical. Nucleotide insertions were seen in three isolates.
Analysis ofthe nuelotide sequence from 44HCV isolates in this
study combined with that of 37 isolates reported in the litera-
ture reveals that the 5' NC region of HCV consists of highly
conserved domains interspersed with variable domains. The
consensus sequence was identical to the prototype HCV se-
quence. Nucleotide variations were found in 45 (16%) of the
282 nucleotide positions analyzed and were primarily located in
three doms of sigit heterogeneity (positions -239 to
-222, -167 to -118, and -100 to -72). Conversely, there
were three highly conserved domains consisting of 18, 22, and
63 completely invariant nucleotides (positions -263 to -246,
-199 to -178, and -65 to -3, respectively). Two nuclotide
domains within the 5' NC region, conserved among all HCV
isolates studied to date, shared staistically si t similar-
ity with pestivirus 5' NC sequences, providing further evidence
for a close evolutionary relationship between these two groups
of viruses. Additional analysis revealed the presence of short
open reading frames in allHCV isolates. Our sequence analysis
of the 5' NC region of the HCV genome provides additional
information about conserved elements within this region and
suggests a possible functional role for the region in viral
replication or gene expression. These data also have implica-
tions for selection ofoptimal primer sequences for the detection
of HCV RNA by the PCR assay.

The etiological agent of most posttransfusion non-A, non-B
hepatitis cases, hepatitis C virus (HCV), is a positive-
stranded RNA virus with a linear genome -9.5 kilobases (kb)
in length (1, 2). The structure and organization of the HCV
genome are similar to that of pesti- and flaviviruses (3-5).
Published sequence data indicate that the 5' noncoding region
(NC) of 324-341 nucleotides is generally highly conserved
among different HCV isolates (6-8) and, furthermore, is the
most highly conserved region of the HCV genome (3-5, 9,
10). Also the 5' NC region of the HCV genome shares
sequence similarity with the 5' NC region of pestiviruses (5,
7). The high degree of sequence conservation has made this
region the choice for primer selection in reverse transcription
and amplification of HCV RNA by PCR (cDNA PCR) (for
review, see ref. 11). Four short open reading frames (ORFs)
have been described in the 5' NC region of HCV (5, 7), but
the significance of these ORFs is unknown. Overall, these
findings suggest an important functional role of the 5' NC
region of the HCV genome in virus replication or gene
expression.

In a recent study we tested sera from 114 individuals
positive for antibodies to HCV (anti-HCV) from around the
world for the presence of HCV RNA with four different
primer sets in a cDNA PCR assay (12). In this study we have
determined the nucleotide sequence ofthe 5' NC region ofthe
HCV genome of 44 of these HCV isolates.t The isolates
selected for analysis were chosen because they are repre-
sentative of the different geographical locations and of the
different patterns of reactivity to the primers used in the
previous study (12). We find that, contrary to previously
published data, the 5' NC region of the HCV genome
possesses significant heterogeneity among different HCV
isolates.

MATERIALS AND METHODS
Serum samples used in this study were from 44 anti-HCV-
positive individuals from 12 countries [Denmark (DK), Do-
minican Republic (DR), Germany (D), Hong Kong (HK),
India (IND), Italy (S), Peru (P), South Africa (SA), Sweden
(SW), Taiwan (T), United States (US), and Zaire (Z)]. These
samples were used in a recent study in which sera from 114
anti-HCV-positive individuals were tested for HCV RNA in
a cDNA PCR assay with four primer sets (12). Primer set a
was from within the 5' NC region ofthe HCV genome; primer
set b spanned the 5' end of the 5' NC region to the 5' end of
the putative core gene sequence; primer set c was from the
3' end of the 5' NC region to the 3' end of the core gene
region; and primer set d was from the nonstructural protein
3-like gene ofHCV. We selected for sequence analysis HCV
isolates that represented each of the 12 countries and that
reflected probable heterogeneity as measured by the different
patterns of reactivity with primer sets a-d. Specifically,
isolates DR4, DK7, HK5, S9, SW2, T3, and US11 were
positive with primer sets a, b, c, and d; isolates D3, D6,
DK11, DK13, IND8, P10, SAl, SA7, SA10, SW3, T10, US6,
and Z4 were positive with primer sets a, b, and c; isolate DK9
was positive with primer sets a, b, and d; isolates DK12,
HK2, HK10, IND3, IND5, P8, S45, S52, S54, S83, SA11, T8,
T9, US3, Z1, Z5, Z6, and Z8 were positive with primer sets
a and b; and isolates SA3, T4, US1, US10, and Z7 were
positive only with primer set a. Viral RNA was extracted
from serum, reverse-transcribed, and the resulting cDNA
was amplified in a nested PCR assay as described (12). For
39 HCV isolates that were detected with primer set b we
sequenced that PCR product, a 321-nucleotide DNA frag-
ment that spanned 282 nucleotides of the 5' NC region and 39
nucleotides of the core gene region of HCV (i.e., positions
-282 to 39). In five HCV isolates that could be amplified only
with primer set a, that PCR product, a 196-nucleotide DNA
fiagment from the 5' NC region (i.e., positions -246 to -51)
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was sequenced. A number of standard precautions were
taken to reduce the risk of contamination with exogenous
RNA, and a negative control was included for every serum
sample tested in the RNA extraction, reverse transcription,
and PCR amplification to rule out contamination as a source
of false positive results (12). Amplified DNA for sequencing
was purified by gel electrophoresis as described (12), and
-100 ng of DNA was used for direct sequencing by the
dideoxynucleotide chain-termination method (13, 14) with
phage T7 DNA polymerase (Sequenase, United States Bio-
chemical). Serum containing the prototype HCV isolate
(HCV-1, refs. 5 and 7), provided by D. W. Bradley (Centers
for Disease Control, Atlanta), was used as a positive control
in PCR and sequencing reactions. Computer analysis of the
sequences of HCV, flavivirus, and pestivirus genomes was
done as described (15, 16).

RESULTS AND DISCUSSION
Nucleotide Sequence of the 5' Noncoding Region from 44

HCV Isolates. A primary goal of this investigation was to
analyze the nucleotide sequence of the 5' NC region of the
HCV genome from a large number of isolates obtained
throughout the world. Therefore, we reverse-transcribed
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Proc. Natl. Acad. Sci. USA 89 (1992) 4943

HCV RNA, PCR-amplified the resultant cDNA, and directly
sequenced the product to obtain the "consensus" sequence
in each serum sample. An alignment of the nucleotide se-
quence of the 5' NC region from the 44 HCV isolates we
studied is presented in Fig. 1. Previously published multiple
sequence alignments of others (6-8) demonstrated that the 5'
NC region was highly conserved and 98% identical with
prototype isolate HCV-1. In contrast, we have identified
several HCV isolates with significantly more sequence vari-
ability. (i) We found that three isolates had nucleotide
insertions. Isolate HK2 had two separate nucleotide inser-
tions of one and two nucleotides, whereas isolates Z5 and Z8
each had a single nucleotide insertion. We did not detect
nucleotide deletions. (ii) Nucleotide variation among all of
the additional HCV isolates was as high as 9.9%o (HK10, S52,
S54 versus DK11, T8, SW3), and the nucleotide variation
from HCV-1 was as high as 6.4% (DK12, HK10, S52, and
S54) within the region of 282 nucleotides sequenced. Thus,
contrary to the findings of others, we have demonstrated
significant sequence variation within the 5' NC region of the
HCV genome.
Houghton and coworkers (11) analyzed the degree of

sequence heterogeneity of HCV isolates and, based on this,
-280 -270 -260 -250 -240 -230 -220 -210 -200 -190 -180 -170 -160 -150
CTSC~~~~a:T~~~wCC0C~~~~~iAGTY~~~~~lCCCCTCCC _ _-~~~~~TTSi10 .G.....C...C.. ............ C- .?..Q........

354. . . .............
852 . . G C::C::........:::.
DK12.......G.....C:::::: C .. ......C.... .. ..
Pe .............
SA10
T3
U3639
D6
D3 . . . .

EX5
IND5

DR4.. . . .

US"i
DK934.........................T,,k..... C .
36. .. . A.......
DKl3 . . . . .........C-G-~T .,:::::::
S~~~~l.. . . . AA...~~~~~T-.........C ---T .--Sk3....AA....7..................................SAil .................~35.. . . ~ ~~~~~~~~~.T...A....G ..........
38...~~~~~~.. . .T~~-AA..............................T..~ *

31. .....T- .....C.........Zs..C.8.3... T-......A......*T....113..... .T-A......C...........C...A

r. -T...
TB. ................. C.... G......

....~~~~~~~~~~~~~~A........ .~....TB. ........... .....C..............
T ......A......-_.--.-........

S37 T--T....C"::G:T.
T4 AC.G~~* T
USlO A . C...::::::ACT
U~~~~~~~~~~i~~~~~~~A......C...A...

-140 -130 -120 -110 -100 -90 -80 -70 -60 -50 -40 -30 -20 -10

3541 ---........A CAJA.. ....G-C.~...A.S54 -G.A......&.CA--A........AS5l2 ...A........
PB .........
S45 .. ..

IN1DB . . . . . . . . . . . . . . . . .

SA10 ~---T................................................
T3 *.-.T...
U56
S9
D6
D3
T10
BK5DIDS
Plo
US3
DR4
flfl)3
3112
DK7..-..

US11 ----A.................................................DAB.T...................34.G
36 ..-A...
SAl ...............G..
SA7 T-~AG
35 ..k~....
~~~~A ~~~~..A...

5113 :-:-A ...A....-.C....C.....

333.,tA....~.G.....C....TT

T4 ... .. A.....C--TC...T
US10 ---- .A... A. T...TC--C.. ......C....T. C..........

FIG. 1. Alignment of nucleotide sequences of the 5' NC region of 44 HCV isolates from around the world. The sequences are compared to
the prototype HCV sequence (HCV-1, refs. 5 and 7, and resequenced in this study) shown on the top line. Nucleotide substitutions are indicated
as uppercase letters, and identical nucleotides are shown as dots. Nucleotide insertions seen in three isolates (HK2, Z5, and Z8) are shown as
lowercase letters. A single site of microheterogeneity is shown in italics, at position -138 in isolate DK12 (i.e., C and T).
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segregated them into three groups (HCV I, II, and III). Other
published sequences can be placed in these groups (9, 10).
Group I includes isolates HCV-1 (5, 7), HC-J1 (6), and
HCV-H (10); group II includes isolates HC-J4 (6), HCV-J (4),
HCV-BK (3), and HCV-K1 (17); and group III includes
isolates HCV-K2a (17), HCV-K2b (17), and HC-J6 (9). Our
analysis, based entirely on sequence of the 5' NC region,
shows that isolates from the present study represent a broad
spectrum of sequence patterns that cannot all be placed
within these groups. The predominant sequence pattern, seen
in isolates D3, D6, DK7, DK9, DR4, HK5, IND3, IND5,
IND8, P8, P10, S9, S45, SA10, SW2, T3, T10, US3, US6, and
US11, was most similar to the sequence of the prototype
isolate HCV-1 and closely related sequences (HCV groups I
and II). In addition, there were several isolates (DK11, S83,
SW3, T4, T8, T9, US1, and US10) with sequences similar to
those ofHCV group III. However, in the remaining isolates
(DK12, DK13, HK2, HK10, S52, S54, SAl, SA3, SA7, SAil,
Z1, Z4, Z5, Z6, Z7, and Z8) the 5' NC sequence was
significantly different from those of reported sequences (Fig.
1). It is noteworthy that the DK12, HK10, S52, and S54
sequences were 5-10%o different from any other isolate.
Thus, we have observed patterns of nucleotide sequence in
the HCV 5' NC region significantly different from the pat-
terns assigned to groups I, II, and III (11). We were unable
to segregate the sequence patterns that we observed in the 5'
NC region to defined geographical regions (Fig. 1). Further
sequence analysis will demonstrate how the heterogeneity
observed in the 5' NC region among different HCV isolates
relates to sequence differences elsewhere in the HCV ge-
nome.

It is well known that the primary sequence around the
AUG initiation codon of a gene is important for initiation of
translation (for review, see ref. 18). In this context we find it
interesting that (i) the polyprotein start codon occurs at the
same location relative to the prototype sequence in all 39
HCV isolates studied and (ii) the nucleotides surrounding the
AUG codon are particularly well-conserved. Except for the
nucleotide variation at position -2, the nucleotide sequence
at positions +8 to -65 is invariant among all studied isolates.
It is noteworthy that the nucleotide at position -3 contains
adenine because a purine at this position is regarded as key
for initiation of translation (18). Our data imply that the
position of the AUG initiation codon and the surrounding
sequence is crucial to the translation ofthe HCV polyprotein.

Different Open Reading Frames of the 5' NC Region of the
HCV Genome. Han and coworkers (7) recently described
short ORFs in the 5' NC region of the HCV and pestivirus
genomes. We find that all HCV isolates examined in this
study also have short ORFs. The different patterns of short
ORFs observed within the 5' NC region of the various
isolates ofHCV are shown in Fig. 2. We cannot comment on
the presence or absence of ORF 1, described previously (5,
7), in our analysis because the initiation codon of ORF 1 in
HCV-1 is 5' to the region that we sequenced. However, most
HCV isolates included in this study have three short ORFs
(ORFs 2-4) identical to those described (5, 7) in the prototype
HCV sequence. Interestingly, different patterns of these
ORFs were seen in several HCV isolates. An initiation codon
beginning at nucleotide position -160 was found in 11
isolates (DK13, HK2, IND8, SAl, SA3, SA7, SA11, Z1, Z5,
Z6, and Z7). This ORF (ORF 5) was 7 amino acids in length
and was fused with ORF 3 in several isolates (Fig. 2). Four
isolates (DK12, HK10, S52, and S54) had only a single ORF,
a version of ORF 4 longer at the 3' end by 21 amino acids for
a total of 25 amino acids. Isolate Z1 possessed the most
unusual arrangement of ORFs: ORF 2 was elongated at the
3' end by 14 amino acids for a total of 29 amino acids, and
ORFs 3 and 5 were fused, creating an ORF of49 amino acids.
Thus, this isolate had ORFs spanning most of the 5' NC
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FIG. 2. Short ORFs within the 5' NC region of the HCV genome.
Shown at the top are the short ORFs described previously in the
HCV prototype sequence (5, 7). All three translation frames of
representative isolates are shown. The shadowed areas represent the
short ORFs, defined as an initiation codon followed by codons
specifying amino acids and not termination codons. Initiation codons
are depicted as stars and numbered 1-5. Termination codons are
depicted as vertical lines. The polyprotein start codon is marked PP.
Inverted triangles show the position of nucleotide insertions. An
ORF pattern similar to that of isolate SAl was seen in isolates DK13,
SA7, SAMl, and Z6, and an ORF pattern similar to that of S52 was
seen in isolates DK12, HK10, and S54.

region and may reflect the genomic organization ofa putative
ancestral virus that encoded a polyprotein extending into
what is now an untranslated region. The functional status of
the ORFs in the 5' NC region of the HCV genome is
unknown. We find it interesting that all 44 HCV isolates
included in this study, as well as 35 HCV isolates reported by
others (3-10, 16, 17, 19), have at least one ORF within the 5'
NC region. These data are consistent with the hypothesis that
these ORFs are maintained because of a role in control of
translation (7).

Consensus Sequence of the 5' NC Region of the HCV
Genome of 81 HCV Isolates. To determine the extent of
sequence variability within the 5' NC region of the HCV
genome, we combined our data on 44 HCV isolates (Fig. 1)
with that of 37 reported HCV isolates (3-10, 16, 17, 19, 20)
and performed a multiple sequence alignment on all HCV 5'
NC sequences currently available. The resulting consensus
sequence, identical to that of the prototype sequence (5, 7),
is shown in Fig. 3 as a histogram, illustrating the percent of
sequences different from the consensus sequence at each
nucleotide position in 282 nucleotides of the 5' NC region of
the HCV genome. Our data confirm that the 5' NC region of
the HCV genome is well conserved among HCV isolates
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FIG. 3. Histogram of the percent of sequences different from the consensus sequence at each nucleotide position in 282 nucleotides of the
5' noncoding region among 81 HCV isolates (37 published sequences and 44 sequences from this study) from around the world. The sequence
of all 282 nucleotide positions was available in 53 isolates, of which 39 were from this study; the remaining sequences were partial sequences.
The consensus sequence and the percent of sequences divergent from it are given at each nucleotide position for all sequences available at that
site. Open bars represent contribution of published sequences; closed bars represent data from this study. Uppercase and lowercase letters
indicate nucleotide positions that are invariant and variable, respectively. The closed triangle indicates the position of an insertion of two
nucleotides seen in isolate HK2, whereas the open triangle indicates the position of insertions of a single nucleotide seen in isolates HK2, Z5,
and Z8. The two domains of HCV-1 with significant similarity to bovine viral diarrhea virus (BVDV) are boxed (spaces between adjacent
nucleotides required for optimal alignment of HCV-1 and BVDV are omitted in this figure). Dots under a nucleotide within boxes A and B indicate
identical nucleotide matches between HCV-1 and BVDV.

because the overall nucleotide variation, defined as the total
number of nucleotides different from the consensus se-
quence, is only 2.0%. However, we find that the 5' NC region
of HCV consists of highly conserved domains interspersed
between variable domains. Nucleotide variations from the
consensus sequence are found in 45 (16%) of the 282 nucle-
otide positions. The most variable domain spans 50 nucleo-
tides (positions -167 to -118) and has an overall nucleotide
variation of6.0% with variation from the consensus sequence
at 18 (36%) of the nucleotide positions. In addition, the
nucleotide insertions observed in three HCV isolates in this
study are located within this domain (Fig. 1). It is noteworthy
that the nucleotide identity in this variable domain between
two different HCV isolates (HK10, S52, S54 versus DK11,
SW3, T8, USI, and DK12 versus SW3, T8) is as low as 68%,
and the identity to HCV-1 is as low as 76% (DK11, SW3, T8,
US1) (Fig. 1). Furthermore, this variable domain has two
subdomains with even greater variability flanking a region
that is invariant, except for the nucleotide insertions ob-
served in three isolates. The overall nucleotide variability of
these subdomains (positions -167 to -155 and -139 to -118)
is 9.3% and 8.1%, respectively, and nucleotide variations
from the consensus sequence were seen at 8 (61.5%) and 10
(45.5%) of the nucleotide positions, respectively. We have
thus defined a variable domain of 50 nucleotides within the 5'
NC region of HCV with significant heterogeneity among
different HCV isolates. Two other variable domains could be
identified in the HCV 5' NC region (positions -239 to -222

and -100 to -72) that displayed an overall nucleotide vari-
ation of 4.0% and 3.4%, respectively. Nucleotide variations
from the consensus sequence were seen at 7 (38.9%o) and 9
(31%) of these nucleotide positions, respectively. The high
degree of nucleotide changes seen within the variable do-
mains suggests that functional constraints are low in these
regions.
The remaining 185 of the 282 nucleotides of the HCV 5' NC

region analyzed are highly conserved with an overall nucle-
otide variation of only 0.3%. Nucleotide variations from the
consensus sequence were seen at only 11 (5.9o) of the 185
nucleotide positions. Interestingly, there are three long
stretches with completely invariant nucleotide sequences of
18, 22, and 63 bases (positions -263 to -246, -199 to -178,
and -65 to -3, respectively) among all studied HCV isolates.
Most impressive is the stretch of 63 invariant nucleotides
immediately upstream of the polyprotein start codon. This
region contains a domain with significant similarity to pesti-
viruses (see below). The 5' NC region of a viral genome
typically contains regulatory elements, so it is likely that this
region in HCV is conserved because it contains cis-acting
elements involved in replication of the viral genome (e.g.,
RNA packaging signal, etc.) or expression of viral genes
(e.g., translation initiation signal, etc.).

Previously reported sequence analysis suggests a distant
evolutionary relationship among certain proteins of HCV,
flaviviruses, and pestiviruses (15, 21). We used computer-
assisted nucleotide sequence analysis to look for similarity

Cn
U)
a a
a)00
0- ._

0 00.__ 0

4 00

EW

0.

C-.

* M
en Z
_- C
0 0-

v en

CL-

I

Biochemistry: Bukh et al.



Proc. Natl. Acad. Sci. USA 89 (1992)

within the 5' NC regions of these viruses. Using the program
SEQ, we found no such similarity between HCV and flavivi-
ruses. However, two nucleotide domains within the 5' NC
region of the HCV-1 genome showed statistically significant
similarity to 5' NC sequences of pestiviruses. (i) A domain in
the 5' end of the 5' NC region (box A in Fig. 3) ofHCV-1 was
found to have statistically significant similarity (P = 0.003)
with BVDV (22) but not with hog cholera virus (23, 24). (ii)
Next, a domain in the 3' end ofthe 5' NC region (box B in Fig.
3) of HCV-1 was found to have significant similarity (P =
0.001) with BVDV (22) and two strains of hog cholera virus
(P = 0.002, ref. 23 and P = 0.005, ref. 24). These two
nucleotide domains correspond to conserved regions I and IV
described by Han and coworkers (7) in an alignment of the 5'
NC region ofHCV and pestiviruses. The two domains within
the 5' NC region of HCV with significant similarity to
pestiviruses are likely to have been conserved in virus
evolution because of an important biological role. This hy-
pothesis is supported by our finding that these domains are
conserved among many different HCV isolates (Fig. 3).
The findings in this study have important implications for

the selection of primers in cDNA PCR assays to detect HCV
RNA because genetic heterogeneity among different HCV
strains results in false negative results because of primer and
template mismatch. The 5' NC region, previously shown to
be the most conserved region of the HCV genome, was a
natural first choice for designing primers for cDNA PCR
assays (for detailed review, see ref. 11). However, in this
comprehensive analysis, we have identified additional vari-
able sequences within the 5' NC region of the HCV genome
that should be avoided in the design of primers for cDNA
PCR assays. Conversely, our data highlight regions within
the 5' NC region of the HCV genome that are especially well
conserved among a large number of different HCV isolates
from around the world. The long stretches of invariant
nucleotides are preferred for primer design. We have recently
shown in a study comparing primers that a cDNA PCR assay
with primers designed from the two domains of the HCV 5'
NC region that share statistically significant similarity with
BVDV sequences (i.e., boxes A and B in Fig. 3) is both
sensitive and specific for detecting HCV RNA (12). We have
now further demonstrated that these domains are highly
conserved in a large number ofHCV isolates from around the
world.

In summary, we have demonstrated significant nucleotide
sequence variation within the 5' NC region ofHCV in several
HCV isolates. Furthermore, we have defined highly con-
served domains within the 5' NC region of HCV, which
suggest that these domains have crucial functional roles.
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