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GB virus B (GBV-B) is a virus of the family Flaviviridae that infects small primates (Saguinus sp. [tamarins])
and shows similarities to hepatitis C virus (HCV) in genome organization, protein function, tissue tropism, and
pathogenicity. This suggests the possibility of using tamarins infected by GBV-B or GBV-B/HCV chimeric
viruses as a surrogate animal model of HCV infection. To achieve the construction of such chimeric viruses,
it is essential to produce a complete and infectious GBV-B genomic RNA. We have identified a novel sequence
at the 3* end of the GBV-B genome and show that it can be arranged in a secondary structure resembling that
of the 3* end of the HCV genome, which is known to be essential for infectivity.

Hepatitis C virus (HCV) (22) is responsible for a widespread
form of hepatitis (1, 4, 38) that often evolves into cirrhosis and
hepatocarcinoma (23), for which neither a long-term effective
therapy nor a vaccine exists (19). The study of HCV infection
is also hampered by the lack of suitable experimental models.
The only animal model is the chimpanzee (7, 8, 14, 17, 37, 39),
a protected species whose use is inconvenient for pharmaco-
logical studies requiring large numbers of small animals. To
circumvent this problem, we are exploring the possibility of
establishing a surrogate animal model for HCV by infecting
tamarins (monkeys of the genus Saguinus) with GB virus B
(GBV-B) or with recombinant viruses in which the GBV-B
genome is used as a scaffold for insertion of HCV targets of
interest.

GBV-B belongs to a small group of flaviviruses that also
includes GBV-A and GBV-C/HGV. GBV-A and GBV-B were
recently shown to be associated with GB agent hepatitis (18,
31), originally described by Deinhardt and coworkers (6). It
was subsequently shown that only GBV-B causes hepatitis (28,
29). In spite of the human origin of the initial inoculum, it is
not yet clear whether GBV-B is indeed a human pathogen.
Though immune reactivity against GBV-B recombinant pro-
teins in humans has been detected (21), probably due to cross-
reactivity to antigens of the related human virus GBV-C/HGV
(16, 30), attempts to detect GBV-B sequences in human reac-
tive plasma have been unsuccessful (30). Moreover, in contrast
to GBV-A (3), no GBV-B isolate has ever been identified in
wild tamarins. In summary, there is a lack of information about
the host range of GBV-B in nonexperimental infections, and
only one genomic sequence for this virus is available (GenBank
accession no. U22304).

In spite of the limited information in the literature, GBV-B
appears to be particularly interesting as a candidate for estab-
lishing an animal model for HCV infection, since it not only
causes hepatitis in small monkeys (32, 41) but also shows a
genome organization that actually parallels that of HCV (18,
20). A colinearity between the polyprotein coding regions of
the two viruses exists, and amino acid residues of catalytic sites

and of other functional motifs are conserved in individual
proteins. Beyond the structural similarity, the two viruses share
functional characteristics, as we have observed for key en-
zymes: the NS3 protease (26), which is essential for processing
of the viral polyprotein; the NS3 helicase (9); and the NS5B
polymerase (35), which is involved in replication of the viral
genome. The 59 untranslated region (UTR) of HCV, including
an internal ribosomal entry site, is shorter than the correspond-
ing region of GBV-B; nonetheless, the nucleotide homology is
higher than in the rest of the viral genome, reaching about 70%
in the 100 nucleotides (nt) preceding the open reading frame
(ORF). Furthermore, the 59 UTRs of the two viruses can be
modelled in very similar secondary and tertiary structures, in-
cluding the presence of peculiar features such as a pseudoknot
immediately upstream of the ATG translation start codon (10,
15), which suggests a functional similarity.

While the ORFs of HCV and GBV-B are colinear and the 59
UTRs of the two viruses can be arranged in strikingly similar
secondary structures, the published GBV-B 39 UTR is surpris-
ingly different from that of HCV, not only in length and pri-
mary sequence but also at the level of potential secondary
structures (13, 18). These observations led us to consider the
possibility that part of the information about the GBV-B ge-
nome could be missing in the published genomic sequence.
With the aim of constructing a complete GBV-B genomic
molecule capable of sustaining infection in animals, we de-
cided to determine the sequence of the very 39 end of the viral
genome. We found that the GBV-B genome includes an ex-
tension of 259 nt, which we named 39Y. In addition, the inser-
tion of a C base after position 9137 of the published sequence
was found. Together, our results indicate that the GBV-B
genome is 260 nt longer than originally determined.

Animals. Captive-outbred Saguinus fuscicollis and Saguinus
oedipus tamarins were housed at the Max-von-Pettenkofer-
Institut of Munich University, Munich, Germany, and at the
Biomedical Primate Research Centre, Rijswik, The Nether-
lands, respectively. Animals were maintained under conditions
that fulfilled all ethical and scientific requirements for animal
use.

Identification of a novel sequence in the GBV-B genome. To
identify the 39 end of the GBV-B genome, RNA was prepared
from the serum of an infected Saguinus oedipus tamarin and
subjected to the procedure described below. Figure 1 shows
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the GBV-B 39 UTR organization and the oligonucleotides
used in this study. RNA (10 ml) extracted from 28 ml of serum
of a GBV-B-infected tamarin, was mixed with 10 ml of 59-
phosphorylated, 39-blocked (NaIO4-oxidized) RNA oligonu-
cleotide 96-934 and with 6.5 ml of sterile water. After 3 min at
90°C, the mix was quickly chilled by immersion in an ice-water
bath and briefly centrifuged at 4°C. The following components
of the ligation reaction mixture were then added in amounts
suitable to reach the indicated concentrations in a final volume
of 30 ml: 10% dimethyl sulfoxide, 50 mM HEPES (pH 7.5), 20
mM MgCl2, 3 mM dithiothreitol, 10 mg of bovine serum albu-
min per ml, 20 units of RNasin (Promega), 0.1 mM ATP, and
23.8 units of RNA ligase (Gibco-BRL). The reaction mixture
was prepared in a cold room (4°C) with the sample on ice. The
ligation reaction was performed by incubating the mixture at
4°C for 24 h. The reaction was stopped by incubation at 75°C
for 10 min, extracted once with phenol-chloroform and once
with chloroform, and ethanol precipitated in the presence of
0.3 M Na acetate (pH 5) and glycogen as a carrier. After a
wash with 70% ethanol, the sample was dried and resuspended
in 20 ml of sterile water. Ten microliters of this sample was
used for subsequent first-strand cDNA synthesis by using as an
antisense primer the DNA oligonucleotide 98-094, which is
complementary to part of the sequence of the RNA oligonu-
cleotide 96-934. cDNA was amplified by PCR with primer
98-094 in combination with primer SGB56, of opposite polar-

ity. PCR products were analyzed on an agarose gel, and a faint
but sharp band was visualized (data not shown). The band was
eluted and cloned, and the DNA from nine colonies was se-
quenced (25) with primers annealing to the vector. In all
clones, the sequence of primer SGB56 was followed by the
published GBV-B genome sequence (accession no. U22304)
showing an extra C after position 9137. This sequence was
followed by a new segment of 259 nt, which we named 39Y, and
by the sequence of the RNA oligonucleotide 96-934. In Fig. 2,
the GBV-B genome sequence is shown spanning the portion
downstream of the poly(U) tract and including the whole novel
sequence. The GBV-B 39Y sequence was used to search the
most recent available release of the nucleotide sequences in
the GenBank and EMBL databases, by using the FASTA and
BLAST programs, without finding any significant homology to
known sequences (data not shown). All potential translation
products of the six frames in the novel sequence were used to
search the protein databases PIR-Protein and SWISS-PROT.
Moreover, the ORFs obtained by translating the nucleotide
sequences databases named above were compared to all of the
amino acid sequences that can be deduced from the nucleotide
novel sequence. In none of these cases was significant homol-
ogy found (data not shown).

Rescue of GBV-B genomic sequences by using a primer in
the 3*Y sequence. To confirm that the newly discovered se-
quence is actually part of the GBV-B genome, we performed

FIG. 1. Oligonucleotides used in this study. (Top) Schematic representation of the GBV-B genome showing the orientations and approximate positions of the
primers. (Bottom) Locations and sequences of the primers. Numbering refers to the GBV-B genomic sequence, including the C at position 9138, the 39Y (259 nt), and
a poly(U) tract of 27 nt, as in the U22304 sequence.

FIG. 2. Sequence of the 39 UTR of the GBV-B genome following the poly(U) tract. nt 9138 and 9145 to 9403 (39Y), not present in the published sequence of the
GBV-B genome (GenBank accession no. U22304), are underlined. For numbering, see the legend to Fig. 1.
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reverse transcription-PCR experiments with one of the primers
annealing in the new sequence. The sequences and positions of
the primers are shown in Fig. 1. An antisense primer (98-145)
complementary to the 39Y sequence was used to produce
cDNA from RNA of the liver and serum of infected tamarins.
PCR was performed with this primer together with the sense
primer SGB54, annealing in the published GBV-B sequence.
RNAs from noninfected animals and from human serum were
used to perform negative control reactions. Negative controls
were also run with the sense primer SBG54 in combination
with the antisense primer complementary to the RNA oligo-
nucleotide originally used in the RNA ligation experiment
(primer 98-094). Sequencing of a number of clones obtained
from independent amplification products invariably confirmed
the presence of the 39Y fragment and of the C at position 9138
(data not shown). Analogous results were obtained by synthe-
sizing cDNA from the negative strand of the GBV-B RNA
genome with primer SGB54 and then performing PCR with
primers SGB54 and 98-145. The poly(U) tract was heteroge-
neous in length, as in HCV genome (13), varying from 9 to 30
nt.

Detection of the 3*Y sequence in GBV-B-infected tamarin
RNA by Northern blotting. To obtain a PCR-independent con-
firmation of the presence of the novel sequence in the GBV-B
genome, we performed Northern blot experiments. RNA ex-
tracted from the liver of two animals infected with GBV-B was
subjected to electrophoresis, blotted, and probed with DNA
corresponding to the 39Y fragment or, as a positive control
probe, to a fragment of the published sequence (nt 8800 to
9068). As a negative control, RNA from a noninfected animal
liver was used. The results (Fig. 3A) showed that the 39Y probe
hybridizes specifically to an RNA of the size expected for the
GBV-B genome. To evaluate whether the novel sequence was
also present in the negative strand of the GBV-B RNA, RNA
from the liver of an infected animal was probed with strand-
specific RNA probes, 39Y-antisense and 39Y-sense, of opposite
and identical polarities, respectively, compared to the strand of
the 39Y sequence shown in Fig. 2. Positive controls were run
with probes, control-antisense and control-sense, annealing in
the published sequence (nt 8800 to 9068) and complementary
to positive and negative GBV-B RNA strands, respectively. A
band coincident with the viral RNA size was visualized by each
of the probes (Fig. 3B), thus demonstrating that the novel 39Y
is located in both the positive and negative strands of GBV-B
RNA. The signal was stronger when the RNA probes 39Y-
antisense and control-antisense were used. The ratio of the
intensity of the signals obtained with the two 39Y probes of
opposite polarity was the same as that obtained with the two
control probes, hybridizing to the positive and negative strands
of GBV-B RNA, respectively. This result is a confirmation of
the specificity of the radioactive signal and a strong indication
that the bands visualized with the 39Y-antisense and control-
antisense probes correspond to the same molecular species,
that is, GBV-B positive-strand RNA.

In addition to the viral genome band, the probes specific for
the 39Y region annealed to a low-molecular-weight RNA not
detected by the control probes when infected tamarin liver
RNA was blotted (Fig. 3A and B). The size of this RNA
molecular species is similar to that of the 39Y region itself. The
abundance of this low-molecular-weight species with respect toFIG. 3. Detection of the 39Y sequence in GBV-B-infected tamarin liver

RNA and lack of detection of the 39Y sequence in noninfected tamarin genomic
DNA. (A) Northern blot of tamarin liver RNA. RNA samples: lanes 1 and 4,
uninfected tamarin RNA; lanes 2 and 5, GBV-B-infected S. fuscicollis tamarin
RNA; lanes 3 and 6, GBV-B-infected S. oedipus tamarin RNA. DNA probes:
lanes 1 to 3, 39Y probe; lanes 4 to 6, control probe. (B) Northern blot of
GBV-B-infected S. oedipus tamarin RNA. RNA probes: lane 1, 39Y-antisense;
lane 2, 39Y-sense; lane 3, control-antisense; lane 4, control-sense. The solid
arrows indicate the viral genomic RNA band; the open arrows indicate the

low-molecular-weight RNA species. (C) Southern blot of noninfected S. oedipus
tamarin genomic DNA. Lane 1, GBV-B 39Y probe; lane 2, GBV-B control
probe; lane 3, tamarin gene probe.
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the genomic RNA may be apparent only because of the higher
blotting efficiency of molecules of that size, which are about 40
times shorter than those of the viral genome. This RNA is
probably encoded by the GBV-B genome and generated as an
endonucleolytic processing product or a degradation product.
It could not, however, be excluded a priori that this RNA is a
mobile element encoded by the tamarin genome and tran-
scribed upon infection with GBV-B. In both cases, GBV-B
genomic RNA would exist in two forms, with and without this
element. Unfortunately, the resolution of the gel does not
allow discrimination between two molecular species of more
than 9,000 nt that differ by only 200 to 300 nt.

Search for the 3*Y sequence in tamarin genomic DNA. In
order to ascertain that the low-molecular-weight band identi-
fied with 39Y probes in Northern blots of tamarin liver RNA
from infected animals was not the transcript of a host gene
induced by GBV-B infection, we performed a Southern blot-
ting experiment (Fig. 3C). Genomic DNA was prepared from
whole blood (24) of a noninfected S. oedipus tamarin and
digested with BglII. Digested DNA (10 mg) was separated on a
0.8% agarose gel, blotted, and hybridized with the 39Y DNA
fragment used in Northern blotting. As a negative control, the
DNA fragment of the published GBV-B sequence (nt 8800 to
9068), corresponding to the positive control probe of the
Northern blots, was used. A positive control for hybridization
was performed with a 300-nt DNA probe corresponding to a
gene fragment from S. oedipus (27). The stringency of all
hybridization steps was comparable to that of the Northern
blot experiments. The results of this experiment (Fig. 3C)
showed that hybridization was obtained only with the tamarin
gene probe; even with an exposure time much longer than that
shown, neither GBV-B probe give any signal, indicating that
the 39Y sequence is not encoded by tamarin DNA. Whether
the low-molecular-weight species of RNA is only a degradation
product of the GBV-B genome or plays some role in the
GBV-B life cycle is an interesting issue which, at the moment,
is only a matter of speculation.

Predicted secondary structure of the 3*Y sequence. A pre-
vision of the secondary structure of the GBV-B 39Y novel
sequence, showing a potential complex stem-loop structure,
was performed (data not shown). The 39-terminal part of this
structure (corresponding to nt 9320 to 9403 of the complete
genome sequence) is presented in Fig. 4, where the stem-loop
structures are designated according to the nomenclature of the
HCV 39X region. While the search in nucleic acid databases
with the whole GBV-B 39Y sequence did not give significant
homology results, by running comparison analyses on portions
of the 39Y sequence, an identity of 80% in a 39-nt segment was
found with the sequence of an isolate of GBV-A (GenBank
accession no. U22303), as well as of several isolates of GBV-
C/HGV (data not shown). The sequences of the 39-terminal 17
nt in this stretch are identical between the GBV-A and GBV-
C/HGV genomes, with only one difference with GBV-B se-
quence. The 39-nt homology region spans the 39-terminal
stem-loop structures 39-SL III and 39-SL II in the GBV-B
model; in particular, the stretch of 17 nt is arranged to form the
39-SL II structure of all three GB viruses, as shown in Fig. 4 for
GBV-A and GBV-B. This observation would suggest that sim-
ilar roles are played by this structure in all GB viruses, includ-
ing interaction with host proteins or viral factors necessary for
viral replication, polyprotein translation, or viral genome en-
capsidation, as has been proposed for the 39X region of HCV
(5, 12–14, 36). Even more interesting is the observation that, in
spite of the lack of sequence homology, the 39-SL I of the
GBV-B structure is remarkably similar to the analogous struc-
ture in the HCV genome (2, 11, 13, 33, 34), particularly for

features such as the distance between the two unpaired nucle-
otides in the stem and the lack of unpaired nucleotides at the
stem terminus. This finding may suggest that the 39-SL I struc-
tures are functionally equivalent in the two viruses. In experi-
mental infections of chimpanzees with HCV RNA, infectivity
has been obtained only with RNA genomic molecules tran-
scribed from clones including the 39X fragment (14, 39), whose
sequence is extremely conserved among different HCV geno-
types. Recent mutagenesis experiments (40) have also demon-
strated that the presence of 39-SL I is indispensable for obtain-
ing an infectious HCV RNA. The difference in the putative
secondary structures of 39-SL I between HCV and GBV-A
might either reflect a real difference or indicate that the avail-
able GBV-A sequences are incomplete.

Conclusions. We have identified a novel sequence in the
GBV-B genome located at its 39 end. The sequence is present
in GBV-B RNA extracted from the liver and serum of infected
tamarins of different species, both in the genomic positive-
strand RNA and in the replicative intermediate negative-

FIG. 4. Comparison of the putative secondary structures of the 39-end re-
gions of GBV-A, GBV-B, and HCV encompassing the 39 stem-loop structures
(39-SL I, 39-SL II, and 39-SL III). In 39-SL II of GBV-A and GBV-B, identical
nucleotides are indicated in white on circular black backgrounds. GBV-B and
HCV structures start at the nucleotide following poly(U); GBV-A, lacking a
poly(U) tract, starts at a position chosen to highlight the similarity with the
GBV-B structure. RNA secondary structure prediction was performed by run-
ning the program Mfold of the Wisconsin Package, version 9.1 (Genetics Com-
puter Group [GCG], Madison, Wis.). The output was produced by the program
Plotfold of the GCG package.
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strand RNA. This novel sequence might play roles analogous
to those of the HCV 39-end sequence as a region that is
indispensable for viral replication and/or assembly processes.
Based on this hypothesis, the inclusion of this sequence in a
GBV-B genomic cDNA molecule might be essential for ob-
taining in vitro-transcribed RNA capable of infecting tamarins
and for constructing viable chimeras between the HCV and
GBV-B genomes. Experiments to assess these points are in
progress.

Nucleotide sequence accession number. The nucleotide se-
quence of the 39 UTR of the GBV-B genome following the
poly(U) tract has been deposited in the DDBJ/EMBL/Gen-
Bank database under accession no. Y18973.
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