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ABSTRACT Patient H is an American patient who was
infected with hepatitis C virus (HCV) in 1977. The patient
became chronically infected and has remained so for the past
13 years. In this study, we compared the nucleotide and
predicted amino acid sequences of the HCV genome obtained
from plasma collected in 1977 with that collected in 1990. We
find that the two HCV isolates differ at 123 of the 4923 (2.50%)
nucleotides sequenced. We estimate that the mutation rate of
the H strain of HCV is -1.92 x 10-3 base substitutions per
genome site per year. The nucleotide changes were exclusively
base substitutions and were unevenly distributed throughout
the genome. A relatively high rate of change was observed in
the region of the HCV genome that corresponds to the non-
structural protein 1 gene region of flaviviruses, where 44 of 960
(4.6%) nucleotides were different. Within this region there was
a 39-nucleotide domain in which 28.2% of the nucleotides
differed between the two isolates. In contrast, relatively few
nucleotide substitutions were observed in the 5' noncoding
region, where only 2 of 276 (0.7%) nucleotides were different.
Our results suggest that the mutation rate of the HCV genome
is similar to that of other RNA viruses and that genes appear
to be evolving at different rates within the virus genome.

The principal etiologic agent of parenterally transmitted
non-A, non-B (NANB) hepatitis recently was molecularly
cloned from the plasma of an experimentally infected chim-
panzee (1). The agent has been named hepatitis C virus
(HCV). Tests for antibody to HCV (2) or, more directly, the
HCV genome (3) clearly demonstrate that HCV is the major
etiological agent of posttransfusion NANB hepatitis.
The HCV genome is a linear, positive-stranded RNA

molecule of -'10,000 nucleotides and encodes a polyprotein
of ==3000 amino acids (for a review, see ref. 4). Several
stretches of amino acids in the HCV polyprotein share
significant similarity with flavivirus- and pestivirus-encoded
sequences (4-6). Therefore, HCV is considered to be dis-
tantly related to these virus groups.

It is known that the mutation rate of RNA viruses ranges
from 10-1 to 10-4 base substitutions per genome site per year
(7, 8). Thus, the amino acid sequence of virus proteins is
subject to considerable change within a relatively short
evolutionary period. This fact is generally regarded as an
important feature in viral pathogenesis as well as in the
establishment of diagnostic tools and the development of
effective vaccines.
Recent studies indicate that the HCV genome is hetero-

geneous both among infected individuals (9-17) and within
the same individual (9, 10, 13). In the present study, we
compared the nucleotide sequence (and the predicted amino
acid protein sequence) of the HCV genome obtained from
plasma samples of a chronically infected patient over an
interval of 13 years.t The results suggest that the HCV

genome evolves rapidly and that different genes may evolve
at different rates within the virus genome.

MATERIALS AND METHODS
Patient Studied. Patient H is an American with chronic

posttransfusion NANB hepatitis (18). The plasma samples
under study were obtained on July 12, 1977 (i.e., at the early
acute stage of infection) and on August 1, 1990, which
represents an interval of 13 years of continuous replication of
the virus (P. Farci, H.J.A., and R.H.P., unpublished results).
Virus from plasmapheresis performed in 1977 and 1990 was
designated HCV isolate H77 and HCV isolate H90, respec-
tively. There were no known episodes of reexposure to any
blood or blood product during the 13-year interval.
RNA Preparation. RNA was extracted by a modification of

the hot phenol method (19) as follows. Ten microliters of
plasma was mixed with a solution containing 50mM Tris-HCI
(pH 8.0), 4.2 M guanidinium isothiocyanate, 0.5% (wt/vol)
Sarkosyl, and 0.1 M 2-mercaptoethanol followed by an
extraction with 1:1 (vol/vol) phenol/chloroform at 650C.
EDTA and NaDodSO4 were added to a final concentration of
10 mM and 0.2% (wt/vol), respectively, to the aqueous
phase, and the mixture was extracted with phenol/
chloroform at room temperature. After precipitation with
isopropanol, the RNA pellet was dissolved in 100 jul of water
containing 10 mM dithiothreitol and 200 units of human
placental ribonuclease inhibitor (rRNasin, Promega).
cDNA Synthesis. A 10-plI aliquot of the RNA solution was

used for cDNA synthesis in a 20-,ul reaction mixture con-
taining 50 mM Tris HCl (pH 8.3), 75 mM KCI, 3 mM MgCl2,
1 mM of each of the four dNTPs, and 100 ng of random
hexadeoxynucleotides. The mixture was heated to 70'C for 5
min, chilled on ice, and then treated with 200 units of
Moloney murine leukemia virus reverse transcriptase (Su-
perscript, BRL) at 420C for 60 min.

Polymerase Chain Reaction (PCR). PCR was performed
with "nested" (external and internal) primer pairs (20). A
5-1A aliquot of the cDNA reaction mixture was used for the
first round of PCR amplification in a reaction volume of 100
,ul containing 10 mM Tris HCl (pH 8.3), 50 mM KCI, 1.5 mM
MgCl2, 0.001% gelatin, 400 ,uM ofeach ofthe four dNTPs, 0.5
,M of the external sense and antisense oligodeoxynucleotide
primers, and 2.5 units of Taq DNA polymerase (Amplitaq,
Perkin-Elmer/Cetus). The amplification reaction was per-
formed by using an automatic thermocycler (Perkin-Elmer/
Cetus) for 25-40 cycles of denaturation at 94°C for 1 min,
primer annealing at 55°C for 2 min, and primer extension at
72°C for 3 min. For the second round of PCR amplification,
2-5 ,ul of the first PCR product was amplified exactly as
described above except for the substitution of internal sense

Abbreviations: HCV, hepatitis C virus; NANB hepatitis, non-A,
non-B hepatitis; PCR, polymerase chain reaction; NS1-NS5, non-
structural proteins 1-5.
*The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M62381-M62386).
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and antisense primers. Oligonucleotide primers were designed
according to published HCV sequences (11, 16, 17) and were
synthesized by using aDNA synthesizer (Applied Biosystems
model 391). The location of the amplified fragments on the
HCV genome is shown in Fig. 1. The size of each doubly
amplified DNA fragment was confirmed by 2% agarose gel
electrophoresis followed by ethidium bromide staining.

Direct DNA Sequencing. Amplified DNA was fractionated
by agarose gel electrophoresis and purified by electroelution,
Sephadex G-50 chromatography, and ethanol precipitation.
Approximately 100 ng of DNA was used for each set of
sequencing reactions by the dideoxynucleotide chain-
termination method (21) with phage T7 DNA polymerase
(Sequenase, United States Biochemical). Sequencing prim-
ers were either one of the internal primers used for PCR
amplification or one of 32 primers synthesized to be com-
plementary to the nucleotide sequence of the H strain of
HCV. DNA sequencing was performed on at least two
samples that were independently reverse-transcribed and
PCR-amplified. It should be noted that of the 9846 bases
sequenced, 8 nucleotides (6 in isolate H77 and 2 in isolate
H90) repeatedly showed the presence of two bases at given
positions: one major and a second minor base. This suggests
that several regions of the H77 and H90 genomes exhibit
sequence heterogeneity. Thus, the reported sequence is the
consensus sequence of two to seven sequencing reactions.

RESULTS
Plasma was collected over a 13-year period from patient H
who developed chronic, posttransfusion NANB hepatitis in
1977 (18). Recent investigation indicates that the etiological
agent of the NANB hepatitis infection was HCV (P. Farci,
H.J.A., and R.H.P., unpublished data). In the present study,
11 segments of the HCV genome were converted to cDNA,
PCR-amplified, and used for nucleotide sequence analysis
(Fig. 1). According to nucleotide sequence alignments of a
published HCV sequence (17) with flavivirus and pestivirus
sequences and comparisons of their predicted amino acid
sequences, we tentatively define the 5' noncoding region as
positions -276 to -1; the core, or nucleocapsid, protein gene
as positions 1-420; the envelope protein gene as positions
421-870; the NS1 gene (NSJ) as positions 871-1830; and a
part of the NS2 gene as positions 1831-2334. When compared
to pestivirus gene sequences, these domains correspond
respectively to the 5' noncoding region and regions encoding
p20, gp62, gp53, and a 30-kDa product. Segments A-F in Fig.
1 cover 2610 bases from nucleotide position -276 through
position 2334. Segments K to M in Fig. 1 consist of 1284
nucleotides from position 3625 to position 4908 and corre-
spond to regions encoding a subregion of NS3 of flaviviruses
or p80 (p125) of pestiviruses encompassing the helicase-like
domain. Segments V and W in Fig. 1 consist of 1029 nucle-
otides from position 7579 to position 8607 and correspond to
regions encoding a portion or NS5 of flaviviruses or p75
(p133) of pestiviruses encompassing the amino acids at the
putative active site of the viral replicase. Thus, 4923 bases,
or approximately half of the predicted genome length, of
HCV were compared and are presented in Fig. 2.
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Analysis indicates that the two HCV isolates show diver-
sity at 123 of 4923 nucleotide positions (2.50%o). Thus, the
mutation rate of the H strain ofHCV is estimated to be =1.92
X i0-0 base substitutions per genome site per year. The
nucleotide changes were exclusively base substitutions and
were not uniformly distributed throughout the genome (Table
1). A relatively high rate ofchange was observed in NSJ where
44 of 960 (4.6%) nucleotides were different. In contrast,
relatively few nucleotide substitutions were observed in the 5'
noncoding region and the core gene, where 2 of276 (0.7%) and
6 of420 (1.4%) ofthe nucleotides, respectively, were different.
Within NSJ, a 39-nucleotide region (i.e., positions 1183-1221)
had an extremely high mutation rate, where 11 (28.2%) nucle-
otide positions were associated with differences.

Overall, the ratio of transitions (i.e., pyrimidine-to-
pyrimidine or purine-to-purine changes) to transversions
(i.e., pyrimidine-to-purine or purine-to-pyrimidine changes)
is 3.92. Interestingly the 39-nucleotide segment in NSJ shows
an extremely low ratio of 1.10, with only six transitions
versus five transversions occurring in this region. A second
region with a relatively low ratio is in the 5' one-third of the
sequenced NS5 gene. The rates of base exchange in the
coding regions of the HCV genome are 25.6% in the first
codon position, 12.4% in the second, and 62.0% in the third
position. In the 39-nucleotide region in NSJ, base substitu-
tions occur only in the first and the second codon positions.

Analysis ofthe predicted amino acid sequence correspond-
ing to the two HCV isolates indicates that 40 of 1549 (2.58%)
of the residues are different. As is clear from Table 1, these
changes are not randomly distributed. NS1 has the most
changes, where 23 of 320 (7.2%) residues are different. This
high rate of change is due mainly to changes within the
39-nucleotide region of NSI described earlier, where 9 of 13
(69.2%) codons encode different (i.e., changed) amino acids.
Other gene regions encode significantly lower amino acid
differences that range from 1.2% in NS3 to 1.8% in NS2. The
regions of NS3 and NS5 that have been shown previously to
share sequence similarity with other virus groups are well
conserved in the two isolates of HCV (H77 and H90) exam-
ined here (unpublished data). Overall, 22 of40 (55.0%) codon
changes between H77 and H90 result in nonconservative
amino acid changes. This is especially true in the NSJ gene
region, where the rate of the nonconservative change is
65.2% (i.e., 15 of 23). Thus, the genome sequence of HCV
from a chronically infected patient has undergone significant
change during 13 years of virus replication.
Comparison of the predicted amino acid sequences of the

putative core, envelope, and a part of NS1 encoded by H77
and H90 with those of other HCV isolates (Fig. 3) demon-
strates that H77 and H90 are more closely related to each
other than they are to any other isolate. This relationship is
prominent in the carboxyl terminus of the envelope protein
through the amino terminus of NS1 when compared with
predicted amino acid sequences of other isolates. The vari-
able region of NS1, corresponding to amino acids 395-407
(Fig. 3), is also extremely variable in the predicted products
of other HCV isolates. Thus, a defined region within the
predicted NSJ gene protein ofHCV exhibits hypervariability
among all isolates examined.

3' FIG. 1. Regions of the HCV
.genomeamplified by PCR. The

NS5 map of the HCV genome illustrat-
ing the noncoding (NC) region and

V <-> regions encoding the core (C), en-

W > velope (E), and nonstructural pro-
teins 1-5 (NS1-NS5) is presented.
Arrows define the limits of the
genome regions amplified by PCR
and sequenced.
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DISCUSSION
Recent data from other laboratories suggest that the HCV
genome sequence is heterogeneous within a given isolate (9,
10, 13). In the light of this observation, a desirable way for the
analysis of viral genomes among isolates is to obtain the
"average" or "consensus" sequence in each isolate. Al-
though direct sequencing ofthe viral RNA genome is the ideal
method of analysis, the approach is not practical. Therefore,
we used direct sequencing of reverse-transcribed, PCR-
amplified HCV genomic RNA. Several independently ob-
tained samples were analyzed for each genome region to
circumvent any potential artifacts that might arise from
misincorporation during the amplification reactions (22, 23).
We define the mutation rate of the HCV genome as the

number of nucleotide substitutions that occurred per genome
site per year of continuous replication of the virus in patient
H. It is important to note that this definition does not take into
account the replication cycle time ofHCV, which is unknown
at the present time and is dependent upon the ability of
mutant progeny virus to be perpetuated in the virus popula-
tion (8). Using this definition, we estimate the mutation rate
of the HCV genome to be -10- nucleotide substitutions per
site per year. This value is similar to that of other RNA
viruses that use a polymerase that lacks a proofreading
function for replication of the virus genome (24-26) and is
about a million-fold higher than the rate observed for the
replication ofprokaryotic and eukaryotic chromosomal DNA
(7, 8).

A

Proc. Natl. Acad. Sci. USA 88 (1991)

Comparing the nucleotide sequence of the H77 and H90
isolates to other published HCV isolates confirms that the
greatest conservation of sequence occurs in the 5' noncoding
region. Although the function of this region is not known at
present, we find that two nucleotide domains share statisti-
cally significant sequence similarity with pestivirus 5' non-
coding region sequences (R.H.M., unpublished observation;
ref. 33). These findings suggest that this region may have
some structural or functional significance in virus replication
or gene expression.
Comparison of the predicted amino acid sequences of the

H77 and H90 isolates to those ofother HCV isolates indicates
that the greatest similarity occurs within the central region
and carboxyl terminus of NS3 as well as the carboxyl
terminus of NS5. The greatest degree of conservation occurs
within the NS3 and NS5 domains shown by us to share
sequence similarity with predicted products of flaviviruses,
pestiviruses, and carmoviruses (5). The conserved region of
NS3 possesses sequence similarity with the active site of
helicase-like nucleoside triphosphate-binding proteins, while
the conserved region of NS5 may contain the amino acids
composing the catalytic site of the virus replicase (5). It is
likely that these sequences are conserved to keep the func-
tional domains of these proteins intact.

It is noteworthy that there is perfect conservation of 30
cysteine residues in the structural gene products and in NS1
and NS2. This finding implies that there is little, if any,
change in the three-dimensional structure of these proteins.
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FIG. 2. (Figure continues on the opposite page.)
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3744

B GTGTTCACGGACAACTCCTCTCCACCAGCAGTGCCCCAGAGCTTCCAGGTGGCCCACCTGCATGCTCCCACCGGCAGCGGTAAGAGCACCAAGGTCCCGGCTGCGTACGCAGCCCAGGGCC T
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3984

AGCCCCATCACGTACTCCACCTACGGCAAGTTCCTTGCCGACGGCGGGTGCTCAGGAGGTGCTTATGACATAATAATTTGTGACGAGTGCCACTCCACGGATGCCACATCCATCTTGGGC
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ATCGGCACTGTCCTTGACCAAGCAGAGACTGCGGGGGCGAGACTGGTTGTGCTCGCCACTGCTACCCCTCCGGGCTCCGTCACTGTGTCCCATCCTAACATCGAGGAGGTTGCTC TGTCC
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ACCACCGGAGAGATCCCTTTTTACGGCAAGGCTATCCCCCTCGAGGTGATCAAGGGGGGAAGACATCTCATCTTCTGTCACTCAAAGAAGAAGTGCGACGAGCTCGCCGCGAAGC TGGTC
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GACGTCCGTTGCCATGCCAGAAAGGCCGTAGCCCACATCAACTCCGTGTGGAAAGACCTTCTGGAAGACAGTGTAACACCAATAGACACTACCATCATGGCCAAGAACGAGGTT TTCTGC
T G A

7818

GTTCAGCCTGAGAAGGGGGGTCGTAAGCCAGCTCGTCTCATCGTGTTCCCCGACC TGGGCGTGCGCGTGTGCGAGAAGATGGCCCTGTACGACGTGGTTAGCAAGCTCCCCCTGGCCGTG
G A G G

~
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ACCAATTCAAGGGGGGAAAAC TGCGGCTACCGCAGGTGCCGCGCGAGCGGCGTACTGACAACTAGCTGTGGTAACACCC TCACTTGCTACATCAAGGCCCGGGCAGCCTGTCGAGCC GCA
A T C

82 98

GGGCTCCAGGACTGCACCATGCTCGTGTGTGGCGACGAC TTAGTCGTTATCTGTGAAAGTGCGGGGGTCCAGGAGGACGCGGCGAGCC TGAGAGCCTTCACGGAGGCTATGACCAGGTAC

8418

TCCGCCCCCCCCGGGGACCCCCCACAACCAGAATACGAC TTGGAGCTCATAACATCATGCTCCTCCAACGTGTCAGTCGCCCACGACGGCGCTGGAAAGAGGGTC TACTACCTTACCCGT
G

8538

GACCCTACAACCCCCCTCGCGAGAGCCGCGTGGGAGACAGCAAGACACACTCCAGTCAATTCCTGGCTAGGCAACATAATCATGTTTGCCCCCACACTGTGGGCGAGGATGATACTGATG
T C

8607
ACCCATTTCTTTAGCGTCCTCATAGCCAGGGATCAGCTTGAACAGGCTCTTAACTGTGAGATCTACGGA

C T

FIG. 2. Nucleotide sequence of the H strain of HCV. In each row, the upper line represents the sequence of isolate H77, while the lower
line depicts the changes found in isolate H90 in the 5' noncoding region (5' NC) and the core (C), envelope (E), NSI, and NS2 gene regions
(A); the NS3 region (B); and the NSS region (C). Map unit designations are taken from a previously published HCV sequence (17). The 5'
noncoding region (5' NC) and the approximate boundaries of the core, envelope, NS], and NS2 gene regions are shown.

In addition, the potential N-glycosylation sites of these
proteins are also well preserved. Thus, it is likely that
functional and/or structural constraints have played a role in
minimizing change in these regions during the course of virus
evolution.
The extremely high rate of nucleotide changes in NSJ (and

predicted amino acid changes in its product), especially
within a 39-nucleotide region, can be contrasted with the
above findings. Although the exact boundary of this gene and
its function in virus replication are not known, the abundance
of possible N-glycosylation sites in its product suggests that

Table 1. Comparison of nucleotide changes and predicted amino
acid differences

Changes (%)
Region Nucleotide Amino acid % nt -* AA*

5' noncoding 2/276 (0.7) NA NA
Core 6/420 (1.4) 2/140 (1.4) 33.3
Envelope 11/450 (2.4) 2/150 (1.3) 18.2
NS1 44/960 (4.6) 23/320 (7.2) 52.3
NS2 15/504 (3.0) 3/168 (1.8) 20.0
NS3 25/1284 (1.9) 5/428 (1.2) 20.0
NS5 20/1029 (1.9) 5/343 (1.5) 25.0

Total 123/4923 (2.5) 40/1549 (2.6) 32.5

NA, Not applicable.
*Percent of nucleotide (nt) changes that result in amino acid (AA)
changes.

this segment encodes a glycoprotein. The high proportion of
codon changes in this domain suggests that the functional/
structural constraints are very low. The analogous gene of
flaviviruses codes for a nonstructural protein that is ex-

pressed on the surface of infected cells (27, 28). However,
despite its nonstructural nature, it is important in stimulating
resistance to illness, perhaps through a cell-mediated immune
mechanism. In pestiviruses the analogous gene is thought to
code for an additional envelope protein (29, 30). In both
cases, the proteins are exposed to the host's immune re-
sponse and its attendant selective pressure in favor of anti-
genically distinct variants. The high percent of nucleotide
substitutions resulting in amino acid changes supports this
conclusion. Thus, the hypervariable region of the NS1 pro-

tein of HCV may share similarities with the hypervariable
region of the envelope protein of human immunodeficiency
virus (HIV), an immunodominant domain involved in strain-
specific neutralization of the virus (25). Although the exact
nature of the NSJ gene product ofHCV is not yet known, it
is very likely that its hypervariable region is the product of
selective immunological pressures.

The genetic variation between H77 and H90 isolates was

presumably generated during RNA replication and accentu-
ated by the lack of a proofreading activity in the RNA-
dependent RNA polymerase (7, 8). We found that the only
differences between the two isolates were base substitutions.
In studies by others, a bias toward base transitions, possibly
dictated by GU mispairing, has been shown to occur during

C
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ATGGGAAGCTCCTACGGATTCCAATACTCACCAGGACAGCGGGTTGAATTCCTCGTGCAAGCGTGGAAGTCCAAGAAGACCCCGATGGGGTTCTCGTATGATACCCGCTGTTTTGACTCC
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FIG. 3. Alignment of the amino acid sequences in single-letter code predicted from the core, envelope, and NS] gene regions of five isolates
of HCV. The predicted amino acids of the core (positions 1-140), envelope (141-290), and part of NS1 (291-440) are aligned for the following
isolates: 1, H77; 2, H90; 3, isolate from ref. 14; 4, HC-J4 (11); 5, HC-J1 (11); and 6, isolate from ref. 17. It should be noted that gene regions
are approximate as discussed in the text. The hypervariable 39-nucleotide region discussed in the text corresponds to amino acid positions
395-407. The approximate boundaries of the core (C), envelope (E), and NS1 proteins are shown.

replication by RNA polymerases (31, 32). In this respect, a
relatively low proportion oftransition to transversion in NSJ,
particularly in the 39-nucleotide segment, is intriguing. A
second interesting feature of the base changes in NS],
especially in the 39-nucleotide segment, is the substantial
number of changes at the first and the second codon posi-
tions. Thus, it seems possible that not only selective forces
but also a different frequency or mode of replicative errors in
the growing RNA chains may have influenced the "segmen-
tal" evolution of HCV.

In summary, we have presented evidence for the rapid
evolution of the HCV genome in a chronically infected patient
followed for 13 years. We have also demonstrated that regions
of the HCV genome appear to be evolving at different rates.
These findings could, in part, explain the large diversity of
HCV genomes among isolates from different individuals.
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