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Abstract. With the aim of elucidating evolutionary
features of GB virus C/hepatitis G virus (GBV-C/HGV),
molecular evolutionary analyses were conducted using
the entire coding region of this virus. In particular, the
rate of nucleotide substitution for this virus was esti-
mated to be less than 9.0 × 10−6 per site per year, which
was much slower than those for other RNA viruses. The
phylogenetic tree reconstructed for GBV-C/HGV, by us-
ing GB virus A (GBV-A) as outgroup, indicated that
there were three major clusters (the HG, GB, and Asian
types) in GBV-C/HGV, and the divergence between the
ancestor of GB- and Asian-type strains and that of HG-
type strains first took place more than 7000–10,000 years
ago. The slow evolutionary rate for GBV-C/HGV sug-
gested that this virus cannot escape from the immune
response of the host by means of producing escape mu-
tants, implying that it may have evolved other systems
for persistent infection.
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Introduction

GB virus C/hepatitis G virus (GBV-C/HGV) was discov-
ered as a putative agent of non-A-E hepatitis (Simons et

al. 1995a; Linnen et al. 1996), although disease associa-
tion of this virus remains to be clarified. The genome of
this virus is a positive-stranded RNA, in which nine
genes (E1, E2, p7, NS2, NS3, NS4a, NS4b, NS5a, and
NS5b) are encoded as a single long open reading frame
(Erker et al. 1996). The genomic organization and se-
quence of GBV-C/HGV suggested that it was a member
of the family Flaviviridae, though it seemed to lack the
nucleocapsid (core) protein (Simons et al. 1995a; Leary
et al. 1996; Linnen et al. 1996).

The phylogenetic analyses for GBV-C/HGV have
shown that there were three major clusters in this virus,
and they were named the HG, GB, and Asian types
(Mukaide et al. 1997). In addition, the phylogenetic
analysis for viruses belonging to the familyFlaviviridae
suggested that GB virus A (GBV-A) was the most
closely related virus to GBV-C/HGV (Zuckerman 1996).

From the evolutionary point of view, it is of impor-
tance to estimate the evolutionary rate of GBV-C/HGV,
particularly for elucidating the evolutionary origin and
history of this virus. The analysis of the sequence vari-
ability for GBV-C/HGV isolated from various locations
in the world indicated that the genomic sequence of this
virus was highly conserved compared with that of hepa-
titis C virus (HCV) (Okamoto et al. 1997), suggesting
that the evolutionary rate for GBV-C/HGV might be
slower than for HCV.

Masuko et al. (1996) and Nakao et al. (1997) esti-
mated the rate of nucleotide substitution for this virus by
dividing the proportion of nucleotide difference between
two sequences obtained from single patient, by the dif-
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ference in their sampling times. Then the rate was esti-
mated to be (0.8–1.9) × 10−3 (Masuko et al. 1996) and
3.9 × 10−4 (Nakao et al. 1997) per site per year, indicat-
ing that GBV-C/HGV evolved with an extremely high
rate. In fact, it was a rate similar to or slightly slower than
that of HCV ((0.22–7.51) × 10−3 (Ina et al. 1994)).

However, we have recently reported that GBV-C/
HGV may have originated from Africa and was trans-
mitted along with human migrations, which began about
100,000 years ago, by a phylogenetic analysis of nucleo-
tide sequences for the NS3 and NS5a regions (Tanaka et
al. 1998). Although we did not mention the evolutionary
rate of GBV-C/HGV in that report, we noted that the rate
of nucleotide substitution should be of the order of 10−6

to 10−7 per site per year, with the assumption that GBV-
C/HGV diverged 100,000 years ago. Thus, the rate of
nucleotide substitution for GBV-C/HGV might be much
slower than the value obtained in the above estimation.

For obtaining the correct rate of nucleotide substitu-
tion for GBV-C/HGV, the estimation by Masuko et al.
(1996) and Nakao et al. (1997) had two serious problems
in their methodology. First, they did not make correction
for multiple substitutions in the comparison of nucleotide
sequences. However, this might have a small effect on
the estimation, because the sequence divergence between
nucleotide sequences compared was relatively small (Nei
1987). The second problem was much more severe. In
their estimation, it was implicitly assumed that the virus
from the earlier serum sample was the direct ancestor of
the virus from the later sample. However, this assump-
tion should not always hold, particularly when polymor-
phism had already existed in the viral sequence of the
earlier serum sample. If this was the case, the assumption
may result in overestimation of the substitution rate, be-
cause sequences compared may have diverged before the
sampling time of the earlier serum.

In this study, the rate of nucleotide substitution for
GBV-C/HGV was estimated by reconstructing phyloge-
netic trees, avoiding the above two problems, with the
entire coding region of this virus. The results obtained
supported our idea of a slow evolutionary rate for GBV-
C/HGV. Moreover, a phylogenetic analysis of GBV-C/
HGV using GBV-A as outgroup was conducted to in-
vestigate the evolutionary history of GBV-C/HGV.

Materials and Methods

Sequence Data

The sequence data of the entire coding region for GBV-C/HGV and
GBV-A were collected from the international DNA databanks (DDBJ/
EMBL/GenBank) with accession numbers AB003288–AB003293 (Ta-
kahashi et al. 1997), AB008342, AF006500, D87255 (Shao et al.
1996), D87262, D87263 (Nakao et al. 1997), D90600, D90601 (Oka-
moto et al. 1997), U36380 (Leary et al. 1996), U44402, U45966 (Lin-
nen et al. 1996), U63715 (Erker et al. 1996), U75356, AB008335,

AB008336, and D87708–D87714 (Katayama et al. 1998) for GBV-C/
HGV and U22303 (Simons et al. 1995b) and U94421 (Leary et al.
1997) for GBV-A.

The data for GBV-C/HGV included two pairs of sequences which
were obtained from two patients at different times. These patients were
called patients A and B throughout this paper. From patient A, D87714
and AB008335 were obtained, where D87714 was sampled 4.9 years
earlier than AB008335 (Katayama et al. 1998). D87262 and D87263
were obtained from patient B, where D87262 was sampled 8.4 years
earlier than D87263 (Nakao et al. 1997).

The route of viral transmission for patient A was completely un-
known, because patient A had never received blood transfusions (Ka-
tayama et al. 1998). Patient B was considered to be infected through
blood transfusions, according to the medical history (Nakao et al.
1997). These patients did not receive any blood transfusions during the
interval period of serum samplings.

Data Analysis

Nucleotide sequences were aligned with each other, using the computer
program CLUSTAL W (Thompson et al. 1994). The evolutionary dis-
tance for the entire coding region between different GBV-C/HGV iso-
lates was estimated by the one-parameter method (Jukes and Cantor
1969) and the method of Nei and Gojobori (1986), in order to estimate
the variance of branch lengths in the phylogenetic tree by the method
of Nei and Jin (1989). Note that the entire coding region consisted, in
total, of 8340 nucleotide sites excluding gaps. The phylogenetic tree
was reconstructed by the neighbor-joining method (Saitou and Nei
1987) with 10,000 times of bootstrap resampling (Felsenstein 1985).

To estimate the rate of nucleotide substitution for GBV-C/HGV, the
reference sequence was taken into account, in addition to the sequences
which were derived from a single host. Let us designate the two se-
quences derived from a single host as S1 and S2, their sampling times
as t1 and t2, their last common ancestor as O, and the branch lengths
from S1 to O and S2 to O as b1 and b2, respectively (Fig. 1). The rate
was calculated using (b1 − b2)/(t1 − t2) (Li et al. 1988). The method of
Nei and Jin (1989) was used for estimating the variance of branch
lengths, which was then used for estimating the variance of rates.

The evolutionary origin and history of GBV-C/HGV was investi-
gated by reconstructing a phylogenetic tree for GBV-C/HGV by using
GBV-A as outgroup. The entire coding regions for GBV-C/HGV and
GBV-A, which consisted of a total of 6567 nucleotide sites excluding
gaps, were used for this purpose.

Results

The phylogenetic tree reconstructed for the entire coding
region of GBV-C/HGV indicated that there were three
major clusters in GBV-C/HGV: they were the HG, GB,
and Asian types, as proposed by Mukaide et al. (1997)
(Fig. 2). The geographical region where these strains
were obtained was biased; namely, 21 out of 27 se-
quences were derived from Japan. However, the 27 se-
quences included all genotypes which have been re-
ported all over the world. Therefore, these sequences
were considered to be representatives of the GBV-C/
HGV sequences disseminated worldwide.

When we focused our attention on the sequences that
were obtained from a single patient to estimate the rate of
nucleotide substitution, it was found that the branch
length from D87714 to the common ancestor was longer
than that from AB008335 (Fig. 2). Since the serum for
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D87714 was sampled 4.9 years earlier than that for
AB008335, the rate of nucleotide substitution was esti-
mated as a negative value (−7.1 ± 1.5) × 10−4 per site per
year. The same situation was observed for D87262 and
D87263, where D87262 was sampled 8.4 years earlier
than D87263, with the rate of (−5.7 ± 7.7) × 10−5. These
results indicated the possibility that the ancestral se-
quences of AB008335 and D87263 have remained al-
most-unchanged during the total of 13.3 years.

It was possible that the negative values might be ob-
tained from incorrect estimation of the branch length in
the phylogenetic tree, which could be derived from the
following reasons; incorrect topology of the tree; selec-
tive pressure disturbing the constancy of the rate; and

some peculiar genes with abnormal modes of evolution.
To investigate whether these three possibilities actually
took place, we conducted the following analyses.

First, we estimated the rate of nucleotide substitution
for each patient adopting each of the other sequences as
a reference sequence, in order to exclude the influence of
the topology from estimation. For patient A, a negative
value was obtained in all cases using 25 reference se-
quences. For patient B, however, four sequences,
AB003291, AB008336, U36380, and U63715, supported
a positive rate ((1.7–10.3) × 10−5), but still at a much
slower rate than calculated previously (Masuko et al.
1996; Nakao et al. 1997). It should be noted, however,
that the sequences which were closely related to those

Fig. 1. Method for estimating the rate of
nucleotide substitution for GBV-C/HGV. The
rate was estimated by dividing the difference in
branch lengths from the sequences obtained from
the single host to their common ancestor, by the
difference in their sampling times.

Fig. 2. The phylogenetic tree reconstructed for the entire coding re-
gion (8340 nucleotides) of GBV-C/HGV. The geographical origins of
the isolates were indicated in parentheses. There were three major
clusters (the HG, GB, and Asian types) in GBV-C/HGV, with se-

quences which had an extra 12 amino acids in the NS5a protein des-
ignated as Indel type. Thenumberon each branch indicated the boot-
strap probability for the clusters supported by that branch.
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from patients A and B, namely, the sequences belonging
to the Asian type (Fig. 2), all supported a negative rate.
Thus, the negative rates estimated from Fig. 2 might not
be artifacts due to the incorrect topology of the phylo-
genetic tree.

Second, we estimated the rates of synonymous and
nonsynonymous substitutions for GBV-C/HGV. If selec-
tive pressure disturbed the constancy of the rate, the ef-
fect on the rate of nonsynonymous substitution should be
stronger than that of synonymous substitution, because
selection operates, in general, more severely on the
amino acid sequence level. The rates of synonymous
substitution for patients A and B were estimated to be
(−8.2 ± 3.4) × 10−4 and (−3.7 ± 2.7) × 10−4, respectively,
whereas those of nonsynonymous substitution were
(−6.6 ± 1.6) × 10−4 and (0.6 ± 4.3) × 10−5, respectively.
For both patients, the rate of synonymous substitution
had larger absolute values of negative sign than that of
nonsynonymous substitution, indicating the possibility
that selective pressure was not the cause of negative
values of the rate.

Third, we estimated the rate of nucleotide substitution
for each gene, to investigate whether some genes had
peculiar rates of nucleotide substitution. No gene sup-
ported a positive rate for patient A, whereas, for patient
B, the sign depended upon the gene ((−14.2∼26.8) ×
10−5). In the latter case, however, no statistically signifi-
cant difference was observed in the rate between any pair
of genes, indicating that the difference was possibly de-
rived from statistical fluctuations.

Summarizing these results, it was concluded that the

ancestral sequences of AB008335 and D87263 have re-
mained almost-unchanged in patients A and B, respec-
tively. Therefore, it seemed impossible to estimate defi-
nitely the rate of nucleotide substitution for GBV-C/
HGV from the presently available data. However, we
could estimate the upper limit of the rate by the follow-
ing manner (Orito et al. 1989). In principle, the rate of
nucleotide substitution should be a positive value. If we
assumed that only one nucleotide substitution took place
in the entire coding region of GBV-C/HGV having 8340
nucleotides during the total of 13.3 years, the rate was
estimated to be 9.0 × 10−6 per site per year (1/8340/13.3).
In practice, however, no substitution was observed.
Therefore, the rate of nucleotide substitution for
GBV-C/HGV should be less than 9.0 × 10−6 per site per
year.

To investigate the evolutionary history of GBV-C/
HGV, a phylogenetic tree was reconstructed for GBV-
C/HGV by using GBV-A as outgroup. Similarly to the
phylogenetic tree that was reconstructed without GBV-
A, the sequences of GBV-C/HGV were divided into
three major clusters: the HG, GB, and Asian types (Fig.
3) (Mukaide et al. 1997). Moreover, the divergence be-
tween the ancestor of GB- and Asian-type strains and
that of HG-type strains first took place (Fig. 3). That was
supported by a reasonably high bootstrap probability
(84%) for the branch, indicating the clustering of the GB
and Asian types (Fig. 3). Assuming the rate of nucleotide
substitution for GBV-C/HGV to be less than 9.0 × 10−6

per site per year, the divergence time of GBV-C/HGV
was estimated to be more than 7000–10,000 years ago.

Fig. 3. The phylogenetic tree reconstructed for the entire coding region (6567 nucleotides) of GBV-C/HGV with GBV-A used as outgroup. See
the legend to Fig. 2 for more information.
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Discussion

It was concluded that the nucleotide sequence of GBV-
C/HGV have remained almost-unchanged during a total
of 13.3 years. It was highly possible that D87714 and
AB008335, and D87262 and D87263, were derived from
the constituents of polymorphism which had already ex-
isted at the sampling time of the earlier serum in patients
A and B, respectively. Indeed, it was known, from the
medical history, that patient B had received 4 U of blood
transfusions before the sampling of the earlier serum, and
the polymorphism was observed in that serum, including
a minor mutation which became dominant 8.4 years later
(Nakao et al. 1997).

In the present study, the rate of nucleotide substitution
for GBV-C/HGV was estimated to be less than 9.0 ×
10−6 per site per year. It was clear that the rates estimated
previously (Masuko et al. 1996; Nakao et al. 1997) were
overestimated by about 1000 times. This difference in
the rate of nucleotide substitution might give us a totally
different feature of evolutionary history for GBV-C/
HGV. In our previous study, it was reported that GBV-
C/HGV may have originated in Africa, and was trans-
mitted along with human migrations which began about
100,000 years ago (Tanaka et al. 1998). The result in the
present study was consistent with the above hypothesis,
because the divergence time of GBV-C/HGV was esti-
mated to be more than 7000–10,000 years ago. If this
divergence time were true, GBV-C/HGV may be useful
for clarifying the migration pattern of humans, as was the
case for human T-cell lymphotropic virus types I and II
(for review, see Suzuki and Gojobori 1998). This was
because GBV-C/HGV can easily be transmitted verti-
cally (Hino et al. 1998), and the parenteral transmission
due to the blood product was the relatively recent event.
The observation that the genotypes of GBV-C/HGV
were strongly correlated with their geographic distribu-
tion also supported that idea (Muerhoff et al. 1996).

The rate of nucleotide substitution for GBV-C/HGV
appeared to be much slower than for other RNA viruses
(Table 1). Some possible mechanisms could be consid-
ered from this observation. First, the RNA-dependent
RNA polymerase of GBV-C/HGV may have a higher

fidelity compared with those of other RNA viruses. Sec-
ond, the strong functional constraint may be operating at
the nucleotide sequence level of this virus. At any rate,
such a slow rate indicates that GBV-C/HGV cannot in-
fect the host persistently by means of producing escape
mutants against immune responses of the host. This hy-
pothesis is supported by the observation that patients
positive for anti-E2 antibody and those positive for
GBV-C/HGV RNA in their sera were well segregated
(Pilot-Matias et al. 1996a). Moreover, it has been known
that a hypervariable region was not detected in the ge-
nomic sequence of GBV-C/HGV (Erker et al. 1996) and
that most individuals seropositive for GBV-C/HGV pro-
duced antibodies against only a single antigen (Pilot-
Matias et al. 1996b). On the other hand, it has been
reported that some patients infected with GBV-C/HGV
did not appear to mount an immune response against this
virus (Pilot-Matias et al. 1996b), so that GBV-C/HGV
could establish persistent infection in humans (Linnen et
al. 1996). The viral particle of GBV-C/HGV has been
found to be covered with lipoproteins, and that was con-
sidered to be responsible for the lack of an immune re-
sponse in the host (Sato et al. 1996). Therefore, GBV-
C/HGV may have evolved its own system for persistent
infection in the host.

It has been known that there was a polymorphism in
the length of the NS5a protein for GBV-C/HGV, due to
an indel of 12 amino acids (Takahashi et al. 1997). The
isolates which had a longer NS5a protein were called
Indel type, and the others were called non-Indel type
(Tanaka et al. 1998). In our previous study, we proposed
that the Indel type first diverged from other GBV-C/
HGV, and the indel was derived from a deletion rather
than an insertion (Tanaka et al. 1998). In the present
study, however, the divergence between the ancestor of
GB- and Asian-type strains and that of HG-type strains
first took place, in which the indel was considered to be
derived from an insertion, from the viewpoint of parsi-
monious principle (Fig. 3). This was consistent with the
fact that a 12-amino acid sequence, which was similar to
the extra 12 amino acids observed in the Indel-type
strains, existed just downstream of the indel site in all
GBV-C/HGV isolates (Tanaka et al. 1998). This was
because, if we assumed that the indel was derived from
an insertion, the above observation was also explained
with smallest number of evolutionary steps. Therefore, it
was speculated that the ancestral sequence of extant
GBV-C/HGV strains may be the non-Indel type.

The discrepancy between our previous (Tanaka et al.
1998) and present results was probably derived from the
difference in the alignment and sequence length used for
the phylogenetic analysis. In fact, we excluded from the
present analysis almost all of the NS5a region which was
used previously, because we failed to make a reliable
alignment for that region with the present sequence set.

Table 1. Comparison of the rate of nucleotide substitution for GBV-
C/HGV with that of other RNA viruses and mammals

Species Rate (/site/year) Reference

GBV-C/HGV <9.00 × 10−6 This study
Hepatitis C virus (0.22–7.51) × 10−3 Ina et al. (1994)
Hepatitis D virus (0.35–1.64) × 10−3 Krushkal and Li (1995)
HIV-1a (3.92–13.08) × 10−3 Gojobori et al. (1990)
Influenza A virus (3.59–13.10) × 10−3 Gojobori et al. (1990)
Mammals (0.56–3.94) × 10−9 Li et al. (1985)

a Human immunodeficiency virus type 1.
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Moreover, 6567 nucleotide sites were used for recon-
structing the phylogenetic tree for GBV-C/HGV and
GBV-A in the present study, while a much smaller num-
ber of sites (489 and 462 nucleotide sites in the NS3 and
NS5a regions, respectively) was used in the previous
study. It has been reported for GBV-C/HGV that, for
phylogenetic analysis, a larger number of sites produced
a more accurate result, and the entire coding region pro-
duced a more reliable phylogenetic tree than the regions
which were used in our previous study (Smith et al.
1997). Thus, it seemed likely that the phylogenetic tree
reconstructed in the present study was more reliable than
the previous one.

In the present study, we could not estimate the rate of
nucleotide substitution for GBV-C/HGV definitely, be-
cause of the short interval period for serum samplings
compared with the slow evolutionary rate of this virus.
Nevertheless, we successfully showed that the rate was
slower than 9.0 × 10−6 per site per year, indicating that it
was approximately 1000 times slower than the rate cur-
rently believed. However, to obtain an unambiguous re-
sult for the rate of nucleotide substitution for GBV-C/
HGV, it was necessary to use more sequence data which
were sampled with several decades of time interval.
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