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Abstract Long-term serial serum samples containing
hepatitis C virus (HCV) from the US and Japan were
molecularly clocked to determine the time-origin of the
HCYV epidemic. Based on the molecular clock that held
significantly, it is estimated that HCV genotype 1 first
appeared in the US around 1910 whereas in Japan HCV
surfaced before 1882. By regression analyses and coa-
lescent theory, widespread dissemination of HCV in the
US population occurred during the 1960s, approxi-
mately 30 years later than in Japan. Currently, the
prevalence of hepatocellular carcinoma (HCC) is strik-
ingly higher in Japan than in the US. If HCC is a
function of increased HCV exposure time, the molecular
clock predicts that the burden of HCC in the US will
accelerate in the next two to three decades.
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Introduction

In the US from 1988 to 1994, the prevalence of antibody
to hepatitis C virus (anti-HCV) was 1.8% and the cal-
culated prevalence of viremia was 1.3%. This prevalence
led to the estimate that approximately 2.7 million
Americans were chronically infected with HCV [3] and
that this infection would result in approximately 10,000
deaths per year from cirrhosis and hepatocellular car-
cinoma (HCC) [5]. Despite these statistics, it has been
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observed that the prevalence of HCC in the US is well
below that reported in Japan [10, 13, 18]. The differences
in the HCC prevalence between Japan and the US may
be due to various genetic and/or environmental influ-
ences, but one important factor may be that the HCV
endemic has been present in Japan for a longer time. To
investigate the hypothesis that a longer duration of the
HCV endemic accounts for the differing HCC burden
between the US and Japan, the constant evolutionary
rate of the virus over time, i.e. a molecular clock of HCV
evolution, was established. By retrospective extrapola-
tion, the molecular clock provides insight into both the
time when a virus enters a population (“divergence
time”’) and the time when it expands within that popu-
lation (“‘spread time”).

Long-term serial samples

Previous studies have estimated the rate of synonymous
and non-synonymous substitutions in the HCV genome
[1, 9, 14, 15]. However, these earlier molecular clock
estimates should be regarded as preliminary as most:
were based on relatively short observation times; ana-
lyzed only short regions of the HCV genome; examined
a small number of samples; and/or used simplified
models of nucleotide evolution. Additionally, the
extrapolation of substitution rates based on pairwise
comparisons can give misleading estimates of the
molecular clock and the divergence time of HCV. To
address these issues, this study utilized serial samples
obtained from individuals under long-term medical fol-
low-up ranging up to 20 years [2], and enhanced accu-
racy of the determination by sequencing long segments
of the HCV genome. The analysis used 36 serial samples
from 10 US patients with HCV genotype la, and the
analysis was supplemented by single samples from 11
additional US genotype la patients [19]. The interval
between the first and last sample in the 10 subjects for
whom serial samples were available ranged from 7 to
21.6 years (mean=+SD, 15.1+5.4 years).
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Molecular clock of HCV

Two basic approaches were used to determine the
divergence time. Each approach measured long
sequences (1778 nt) in combined genomic regions as well
as in the shorter NS5B region, and tested multiple serial
samples from the majority of the subjects. Based on the
phylogenetic tree (Fig. 1), linear regression showed that
although the figures for molecular clocks differed
somewhat from patient to patient, for each individual
patient the molecular clock remained within a well-de-
fined range (1.70-2.83x107" per site per year, P <0.001
to P=0.045), and that the mean figure for the molecular
clocks for all patients was also within well-defined
parameters. Figure 2 shows the molecular clock within
an individual patient (patient H) in the NS5B region.
Using several of the models, regression analyses with the
entire US cohort indicated the mean evolutionary rate of
all codon substitutions within the combined genomic

Fig. 1 A phylogenetic tree of HCV NS5B region. The tree-enforced
molecular clock (right) was constructed by PAUP (phylogenetic
analysis using parsimony) on the basis of the NJ (neighbor-joining)
tree (left). The distances from the ancestral sequence of the most
recent common ancestor (ZERO) to each strain were estimated for
evolutionary analyses. Modified with permission from Tanaka
et al. [19]. Copyright 2002, National Academy of Sciences, USA

regions was 0.67x107> (0.53-0.79x107>) per site per year
and the rate of synonymous substitutions was 1.32x107°
(1.00—1.74x1072) per site per year [19].

Divergence time of HCV

The constant molecular clock of HCV can be used to
determine the divergence time of HCV in the US and
Japan. Given a phylogenetic tree and assuming a stable
and linear molecular clock, one can plot the total branch
length from the tips of the branches to the ancestral
node against the year of sampling and then fit a
regression. Using this approach, the divergence time of
the most recent common ancestor of genotype la in the
US was estimated to be approximately 1910 (Fig. 3).
This estimate lies well within the 95% significance data
(1894-1912) of the divergence time estimated by most
models [19]. It is possible that HCV was introduced into
the US population during the Spanish-American war in
1898 to 1900, when soldiers infected with the virus
returned to the US from endemic areas. Additionally,
the divergence time of the most recent common ancestor
of this blood-borne virus in the US is consistent with the
introduction of modern blood transfusion practice
following the discovery of blood types by Landsteiner in
1900.
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Fig. 2 Molecular clock within an individual in the NS5B region.
Using the Pamilo-Bianchi-Li model, linear regression showed that
the molecular clock in patient H remained within a well-defined
range (rate 2.17x107> per site per year, P=0.005). Modified with
permission from Tanaka et al. [19]. Copyright 2002, National
Academy of Sciences, USA

Based on similar molecular evolutionary rates
between genotype la and 1b in our analysis, the diver-
gence time of the most recent common ancestor of HCV
genotype 1b in Japan was estimated to be prior to 1882,
i.e. approximately 30 years earlier than in the US.

Spread time of HCV strains between the US and Japan

Another approach to the study of HCV evolution is the
use of coalescent theory which details the history of
changes in effective number of HCV infections inferred
from a phylogenetic tree reconstructed on nucleotide
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Fig. 3 Divergence time of HCV genotype la in combined regions.
The regression analysis with serial samples of US HCV genotype la
indicated the mean evolutionary rates. The divergence time of the
most recent common ancestor of US genotype la was estimated to
have occurred around 1910. Modified with permission from
Tanaka et al. [19]. Copyright 2002, National Academy of Sciences,
USA
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sequences of the virus genome [16, 17]. Using the figure
for the mean molecular clock based on US genotype la
sequences, the effective number of HCV infections in the
US proportional to the actual population number was
estimated and compared with the corresponding
Japanese population infected with HCV. This analysis
indicated that the growth of the US HCV genotype
la-infected population occurred around 1960, at least
30 years later than the widespread introduction of
genotype 1b into the Japanese population (Fig. 4) [19].
The spread of HCV in Japan may be linked to two
distinct events: the widespread treatment of schistoso-
miasis with intravenous antimony sodium tartrate which
began in 1923 [8], and the use of intravenous stimulants
during and after World War II. Of note, the spread of
genotype 1b in the Japanese population began to
decrease around 1995, whereas the HCV genotype 1a in
the US is still growing exponentially (Fig. 4) [4, 11]. The
growth time of the HCV-infected population in the US is
consistent with the spread time estimated by individual
molecular clocks.

These analyses thus indicate that both the divergence
time and the spread time for HCV in Japan occurred
decades before these same events in the US. If the dif-
ference in HCC prevalence between the US and Japan
simply reflects the longer duration of the endemic in
Japan, the calculated time disparity would predict an
increase in the disease burden of HCC in the US over the
next two to three decades.

An increase in the HCC prevalence has already been
reported in the US over the past two decades, with
younger age groups mainly affected [6]. El-Serag and
Mason [7] reported a threefold increase in the age-
adjusted incidence of HCV-associated HCC (2.3 per
100,000 between 1993 and 1995 to 7.0 per 100,000
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Fig. 4 Effective population size of HCV in the US relative to the
population size in Japan over the past century. The growth of the
US HCV genotype la population was estimated to have occurred
around 1960, at least 30 years later than the spread time of
genotype 1b population in Japan. Modified with permission from
Tanaka et al. [19]. Copyright 2002, National Academy of Sciences,
USA
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between 1996 and 1998), whereas age-adjusted rates for
primary liver cancer due to HBV and alcoholic cirrhosis
remained stable. More recently, Nair et al [12] have
reported a marked increase in US deaths related to HCC
over the past three decades. Such data support the
hypothesis that HCC incidence is related to HCV
exposure time within a population.

Conclusion

Analysis of long-term serial samples from individual
subjects produced a unique and reproducible molecular
clock estimate for the HCV strain infecting each indi-
vidual. The mean molecular clock suggests that the most
recent common ancestor of HCV in the US occurred
around 100 years ago and that it was widely transmitted
in the 1960s. In contrast, in Japan, the recent common
ancestry point occurred more than 100 years ago and
the virus was widely disseminated approximately
30 years earlier than in the US. As Japan has a much
higher HCC prevalence than that of the US [10, 13, 18],
it is predicted that an increase in HCC prevalence will
occur in the US over the next two to three decades.
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