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Hepatitis C virus (HCV) evolution is thought to proceed by mutations within the six genotypes. Here, we
report on a viable spontaneous HCV recombinant and we show that recombination may play a role in the
evolution of this virus. Previously, 149 HCV strains from St. Petersburg had been subtyped by limited
sequencing within the NS5B region. In the present study, the core regions of 41 of these strains were sequenced
to investigate the concordance of HCV genotyping for these two genomic regions. Two phylogenetically related
HCV strains were found to belong to different subtypes, 2k and 1b, according to sequence analysis of the 5�
untranslated region (5�UTR)-core and the NS5B regions, respectively. By sequencing of the E2-p7-NS2 region,
the crossover point was mapped within the NS2 region, probably between positions 3175 and 3176 (according
to the numbering system for strain pj6CF). Sequencing of the 5�UTR-core regions of four other HCV strains,
phylogenetically related to the above-mentioned two strains (based on analysis within the NS5B region),
revealed that these four strains were also recombinants. Since a nonrecombinant 2k strain was found in St.
Petersburg, the recombination may have taken place there around a decade ago. Since the frequency of this
recombinant is now high enough to allow the detection of the recombinant in a fraction of the city’s population,
it seems to be actively spreading there. The reported recombinant is tentatively designated RF1_2k/1b, in
agreement with the nomenclature used for HIV recombinants. Recombination between HCV genotypes must
now be considered in the classification, laboratory diagnosis, and treatment of HCV infection.

Hepatitis C virus (HCV) is the major agent of parenterally
transmitted non-A, non-B hepatitis worldwide (1). HCV is an
enveloped virus classified in the family Flaviviridae. It has a
single-stranded, positive-sense, nonsegmented RNA genome
of approximately 9,500 nucleotides (nt) with a single, long
open reading frame encoding a polyprotein of �3,030 amino
acids with the gene order C-E1-E2-p7-NS2-NS3-NS4A-NS4B-
NS5A-NS5B. The structural proteins are C (core) and E1 and
E2 (envelope glycoproteins). The function of the p7 gene prod-
uct is presently unknown. The NS2 through NS5 regions en-
code putative nonstructural proteins (2).

HCV is characterized by a high degree of genetic heteroge-
neity. Its variability is, however, distributed unequally within
the genome, and some regions, such as NS3 and NS5B, are
considerably conserved. HCV is classified into six genotypes
and an increasing number of subtypes based on degree of
genomic sequence divergence (26, 27). Evolution of HCV is
believed to be mediated by point, insertion, or deletion muta-
tions. Another mechanism for viral evolution is through re-
combination. There has so far been little evidence of recom-
bination between HCV strains of different genotypes (38), and
it has been suggested that these events are rare in vivo and that
the resultant recombinants are usually not viable (26, 28, 34).

Relatively short subgenomic regions within the 5� untrans-
lated region (5�-UTR), core (C), E1, or NS5, which have been
shown to be conserved within a given HCV genotype, are used
for the classification of HCV strains (26, 27). Presently, iden-

tification of HCV genotypes is based on single subgenomic
regions and does not take into consideration recombination.
Sequence analysis is not presently employed for routine deter-
mination of HCV genotypes but is used as a reference for the
evaluation of other genotyping procedures. Most methods for
direct HCV genotyping include amplification of subgenomic
fragments, such as the 5�UTR, core, E1, and NS4, by PCR with
type-specific primers or by restriction fragment length poly-
morphism analysis of PCR products (15, 17, 29, 30). Indirect
HCV genotyping may be achieved by demonstration of type-
specific antibodies by enzyme-linked immunosorbent assay (3,
25).

In a previous study, we subtyped 149 HCV strains from St.
Petersburg by limited sequencing within the NS5B region (10).
In order of decreasing frequency, subtypes 3a, 1b, 1a, 2a, 2c,
and 4a were found. In the present study, that work was ex-
tended to include also sequencing of the core regions of some
of these HCV strains to investigate the concordance of HCV
genotype determinations among the different regions of the
genome.

MATERIALS AND METHODS

Serum samples. Forty-one HCV strains from St. Petersburg were arbitrarily
selected from the previously studied 149 strains for the characterization of the
5�UTR-core region. Fifteen strains derived from injection drug users, and five
derived from hemodialysis patients of different hospitals. Two of the investigated
strains showed discordant results of genotyping within the 5�UTR-core and the
NS5B regions. Therefore, the 5�UTR-core regions of four additional strains were
sequenced, since these strains formed a cluster with the two previously men-
tioned strains in a dendrogram based on the NS5B region (10). In addition, the
NS5B and the 5�UTR-core regions of one subtype 2k strain, from a patient with
chronic hepatitis C, sampled among 17 other patients in St. Petersburg during
January 2001, were sequenced.
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RNA extraction and cDNA synthesis and amplification. HCV RNA was ex-
tracted from 100-�l serum samples by the guanidinium isothiocyanate-phenol-
chloroform method, performed mainly by the procedure of Garson et al. (J. A.
Garson, C. Ring, P. Tuke, and R. S. Tedder, letter, Lancet 336:878–879, 1990).
After ethanol precipitation at �70°C overnight, total RNA was dissolved in 20 �l
of distilled water. cDNA synthesis was performed with 100 U of reverse tran-
scriptase (Superscript II; GIBCO-BRL, Gaithersburg, Md.) and 0.1 U of random
hexamer primer (Boehringer Mannheim) in a total volume of 20 �l at 42°C for
2 h. Amplification within the NS5B and 5�UTR-core regions by PCR was per-
formed as previously described (13). Primer pairs 105/106 (14) and univ-1/186
(16, 29) were used for nesting of the NS5B and 5�UTR-core fragments, respec-
tively (Fig. 1).

Amplification of long PCR fragments. The core-to-NS2 and E2-to-NS3 regions
(positions 342 to 3485 and 2089 to 3741, respectively, according to the numbering
system for reference strain pj6CF) of six HCV strains (N747, N796, N611, N674,
N687, and N589) were amplified using the Expand Long Template PCR System
(Roche Diagnostics GmbH). Six-microliter volumes of cDNA were subjected to
first-round PCR with Expand PCR buffer, 2.5 U of Expand Long Template
enzyme mixture (thermostable Taq DNA polymerase and a proofreading poly-
merase), 0.5 mM each nucleotide, and 50 nM outer primer pairs 140 (16)/NS3-
2AS at position 3485 for the core-to-NS2 region and 2089S/3741as for the
E2-to-NS3 region. The thermal profile of the first PCR included an initial
denaturation at 93°C for 2 min; 10 cycles of denaturation at 93°C for 30 s,
annealing at 56°C for 30 s, and elongation at 68°C for 3 min; and 30 cycles with
denaturation and annealing as in the first 10 cycles but elongation at 68°C for 3
min, with a 20-s increase for each cycle. A final elongation was performed at 68°C
for 10 min. Six microliters of the first PCR product was nested under the
conditions that were employed for the first-round PCR, except that 50 nM inner
primer pairs 256 (16)/NS2-2as at position 3450 for the core-to-NS2 region and
E2-2S (at position 2500)/3741as for the E2-to-NS3 region and an annealing
temperature of 57°C were used.

DNA sequencing and sequence analysis. All PCR products were purified by
using GFX PCR DNA and Gel Band purification kits (Amersham Pharmacia
Biotech). The sequencing reactions were carried out with BigDye Terminator
Cycle Sequencing Ready Reaction kits (PE Biosystems; version 2.0) and 4 pmol
of sequencing primer. PCR products amplified within the NS5B region were
sequenced with hep-105; those amplified within the 5�UTR-core region were
sequenced with primers univ-1 (29) and 186 (16). The core-to-NS2 and E2-to-
NS3 regions were sequenced with primers 140, 256, and COREs1 (at position
800); E2-as1 (at position 2000); 2089S, E2-2S, and p7-2as (at position 2600);
NS2-s1 (at position 3250); NS2-2as; NS3-2AS; and 3741as (Fig. 1). An ABI
PRISM 3100 genetic analyzer (Applied Biosystems) was used for electrophoresis
and data collection. The sequences obtained were edited, assembled, and ana-
lyzed as described previously (10). Similarity and bootscanning analyses were
performed with the SimPlot program (version 1.2.2 for Windows 95/NT; avail-

able from the author, S. C. Ray, online [http://www.welch.jhu.edu/�sray
/download])and a bootscanning program package using the PHYLIP package for
phylogenetic analysis (22).

Nucleotide sequence accession numbers. The sequences reported herein have
been deposited in GenBank under accession no. AY070167 through AY070215).

RESULTS

Phylogenetic analysis within the NS5B and 5�UTR-core re-
gions. A dendrogram based on the NS5B regions of the 46 St.
Petersburg HCV strains and another 55 strains from GenBank
was obtained by the neighbor-joining method (Fig. 2A). Sub-
types 1b, 2a, and 3a were represented by 23, 2, and 17 St.
Petersburg strains, respectively, while there was one strain
each of subtypes 1a, 2c, 2k, and 4a.

The 5�UTR-core regions of all 46 HCV strains could be
amplified. Six strains, subtyped as 1b in the NS5B region, were
related to subtype 2k in the 5�UTR-core region (Fig. 2B).
These six strains formed a distinct cluster with one Moldova
and one St. Petersburg subtype 2k strain (Fig. 2B). However, in
the dendrogram based on the NS5B region, the same six strains
formed a distinct cluster within subtype 1b (Fig. 2A). For the
other 40 St. Petersburg strains there was no discrepancy be-
tween genotyping results based on the NS5B and the 5�UTR-
core regions.

Identification of the recombination point. Since the same six
strains from different patients formed a distinct cluster on
comparison of the two different regions but in branches be-
longing to different genotypes, there was unequivocal evidence
for the presence of a recombinant. To identify the crossover
point, five recombinant strains (747, 796, 611, 674, and 687)
and one nonrecombinant strain (589) were chosen for se-
quencing from the E2 region downstream since the NS2 region
was considered a likely spot for recombination. A large frag-
ment covering the core to the NS3 region (positions 342 to
3485) of each of these strains was amplified and subjected to
direct sequencing (Fig. 1). To identify the recombination point,
SimPlot and bootscan analyses were performed on the ob-

FIG. 1. Strategy used for amplification and sequencing of overlapping PCR fragments. The nucleotide positions are numbered according to the
numbering system for the subtype 2a strain pj6CF. Locations of sequencing primers are shown above the PCR products. Arrows indicate primer
polarity.

VOL. 76, 2002 HCV INTERGENOTYPIC RECOMBINANT 4035



FIG. 2. Phylogenetic analysis of 102 HCV strains, performed on 280 nt within the NS5B region (A) and on 548 nt in the 5�UTR-core region
(B) by the neighbor-joining method with GBV-B (accession no. NC 001655) as the outgroup. Sequences of 55 HCV isolates from GenBank are
defined by the name of the relevant strain or clone (Table 1). Recombinant strains are indicated by the letter R and are shown in bold. Bootstrap
values are given on the branches as percentages from 300 replicates. USA, United States of America.
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FIG. 2—Continued.
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tained sequences, which included the core-NS2 and parts of
the NS3 and NS5B regions (Fig. 3). The whole 5�UTR-to-p7
sequence of the recombinant strains was similar to that of the
subtype 2k genome. The corresponding sequence of the non-
recombinant strain (589) was, as expected, similar to that of
the subtype 1b genome. While the 5� part of the NS2 sequence
of the recombinant strains was similar to that of subtype 2k, the
3� part of this region was similar to that of subtype 1b. Com-
parison of these sequences with those of two strains from

GenBank, k1-s2 (subtype 1b) and Vat-96 (subtype 2k), allowed
mapping of the crossover point within the NS2 region, up-
stream of a stretch of 12 nt encoding the conserved region
Tyr-Asp/Asn-His-Leu encompassing the His-952 residue of the
cysteine protease (Fig. 4). Nucleotide substitutions within this
stretch of 12 bases were all synonymous and did not give
definite information regarding the crossover point (Fig. 4A),
although the sequences were consistent with the same single
recombination site for the five recombinant strains being com-

TABLE 1. Sequences of HCV strains retrieved from GenBank and used in the phylogenetic analysis

Strain or clone Origin Genotype EMBL accession no.

HC-J1 United States 1a D10749
HCV-H United States 1a M67463
HCV-A Australia 1b AJ000009
HCV-ad78 Germany 1b AJ132996
HD-1 Germany 1b U45476
HC-C2 China 1b D10934
HCV-HB China 1b L02836
HCV-L2 Korea 1b U01214
Hc 16362 Korea 1b U16362
U89019 Taiwan 1b U89019
HCJTa Japan 1b D11168
HCJTb Japan 1b D11355
HC4/83 Japan 1b D13558
MD 1-1 Japan 1b AF165045
MD 1-2 Japan 1b AF165046
MD 2-1 Japan 1b AF165047
MD 2-2 Japan 1b AF165048
MD 3-1 Japan 1b AF165049
MD 4-1 Japan 1b AF165051
MD 5-1 Japan 1b AF165053
MD 8-2 Japan 1b AF165060
J33 Japan 1b D14484
K1-R1 Japan 1b D50480
K1-R2 Japan 1b D50481
K1-R3 Japan 1b D50482
K1-S1 Japan 1b D50483
K1-S2 Japan 1b D50485
K1-S3 Japan 1b D50484
Hpvhcvn Japan 1b D63857
HCV-JS Japan 1b D85516
hpcpp Japan 1b D30613
hcv-n Japan 1b AF139594
RB — 1b AJ238799
S62220 — 1b S62220
hc-j4 — 1b AF054247
Ph77cv-j6s Chimera 1a/2a AF177037
pjkCF United States 2a AF177036
HC-J6 Japan 2a D00944
Md2b-1 — 2b AF238486
BEBE1 Japan 2c D50409
HCJK025 Jakarta 2e D49761, D49746
HCJK109 Jakarta 2e D49772, D49755
HCJK081 Jakarta 2f D49769, D49754
HCJK139 Thailand 2f D49777, D49757
VAT-96 Moldova 2k AB031663
CB Australia 3a AF046866
Hpccgpa Japan 3a D17763
HPCHK6 Japan 3a D28917
JK049 Jakarta 10a D49764
ED43 Middle East 4a Y11604
EUH1480 South Africa 5a Y13184
VN235 Vietnam 6d D21317, D84263
HCJK046 Jakarta 6e D49763, D63822
VN004 Vietnam 6h D21315, D84265
VN405 Vietnam 6k D21318, D84264
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FIG. 3. (A) Similarity plots for two recombinant strains and reference strains based on seven genomic regions: 5�UTR to NS3 (a) and NS5B
(b). The query sequence is the 2k/1b recombinant strain 796. An arrow indicates the crossover point at position 3175/3176. (B) Bootscan for 2k/1b
recombinant strain 796 based on 5�UTR-to-NS3 region. The parental genotypes are represented by the genotype 1b strain 589, from St. Petersburg,
and the genotype 2k strain Vat-96. The genotype 3a strain CB was used as the outgroup. The bootstrap values are based on 1,000 replicates.
Nucleotide positions are numbered as described in the legend to Fig. 1.
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pared, in the codon for Val/Ile upstream of the aforemen-
tioned four conserved codons.

To rule out the possibility of reverse transcription-PCR ar-
tifacts, large fragments from the same five recombinant strains
and one nonrecombinant strain, covering the middle of the E2
region to the beginning of the NS3 region (positions 2089 to
3741), were also sequenced (Fig. 1). The obtained sequences
were almost identical and verified the same recombination site.

DISCUSSION

Phylogenetic analyses based on two different genomic re-
gions, 5�UTR-core and NS5B, suggested the existence of HCV
recombinant strains, since 2 of 41 randomly investigated strains
exhibited different subtypes, 2k and 1b, based on the 5�UTR-
core and NS5B regions, respectively. Sequencing of the core
regions of another four St. Petersburg HCV strains that, based

FIG. 4. Alignment of the nucleotide sequences within the NS2 region (A) and the amino acid sequences of the E2-p7 and p7-NS2 junctions
(B) of reference strains k1-s2, 589, and Vat-96 and recombinant strains 796, 747, 687, 611, and 674. Arrows show the crossover point. Vertical
broken lines show putative cleavage sites for the HCV polyprotein according to De Francesco (2). Nucleotide positions are numbered as for Fig.
1.
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on examination of the NS5B region, were closely related to two
recombinant strains indicated that they were all recombinants.
Previously discrepant results from genotyping in the same two
regions have been reported for two Honduran HCV strains
obtained from polytransfused patients, but it could not be
convincingly proven that this finding was not due to mixed
infections (38). Since concordant results from genotyping
HCV in different regions of the genome have been repeatedly
reported in the past, it has been commonly believed that re-
combination events are selected against or that they generally
do not generate viable strains (19, 26, 34). Resistance to su-
perinfection at the cellular level and infection-induced immu-
nity are other possible explanations for the rarity of natural
recombinants of HCV.

Phylogenetic analyses of some other viruses, such as human
immunodeficiency virus and hepatitis B virus, have revealed
different evolutionary histories for different genomic regions,

indicating that these organisms have undergone recombination
in the past (8, 14, 21). Further sequence analysis of the corre-
sponding genomes has allowed mapping of the crossover junc-
tions and confirmed the findings from limited sequencing of
different genomic regions.

Our observations from phylogenetic analyses of six strains,
within two different regions, support the theory that a sponta-
neous recombination of HCV genomes had occurred. The
identification of the recombination crossover point provided
the final proof of the existence of a natural recombinant HCV
strain. By direct sequencing of a large PCR fragment covering
the core-NS2 region, it was determined that the crossover
point was located downstream the NS2 region, possibly be-
tween nt 3175 and 3176 (according to the numbering system
for the pj6CF strain), within the codon encoding Val/Ile (res-
idue 949). His-952 is the first motif residue associated with the
enzymatic activity of the NS2-NS3 cysteine protease (6). Also,

FIG. 4—Continued.
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the conserved stretch corresponding to codons 950 to 953
downstream might facilitate recombination events.

An infectious HCV chimera, comprising the complete open
reading frame of a subtype 1b strain and the 5� and 3� termini
of a subtype 1a strain, has been constructed from two related
HCV subtypes (36). However, intergenotypic chimeric cDNA
clones constructed from infectious clones of subtypes 1a and 2a
were not infectious (37). A plausible explanation for this out-
come is that the chosen junction, just before or after the p7
region, was not optimal. Our mapping of the junction for a
spontaneous recombinant may promote the successful con-
struction of intertypic infectious HCV chimeras. This does not
necessarily imply that the identified site always allows the con-
struction of viable HCV hybrids or is the only site that allows
them, considering that the mechanism of recombination for
HCV is still unknown.

Recombination plays a significant role in the evolution of
RNA viruses by creating genetic variation, by reducing muta-
tional load, and by creating viruses with new properties (35).
Natural recombinants occur among nonsegmented plus-strand
RNA viruses, such as picornaviruses (4, 7) and alphaviruses
(12). More importantly, recombinants have recently been re-
ported to occur in other members of the Flaviviridae family,
such as dengue virus (9, 32), and in pestiviruses, such as bovine
viral diarrhea virus (20). The recombination breakpoints for
nonsegmented plus-strand RNA viruses, such as polioviruses
and other picornaviruses, as well as members of the family
Flaviviridae, are often located in the part of the genome en-
coding the first nonstructural protein but are sometimes in
genes encoding structural proteins (usually envelope proteins)
(4, 7, 32). Analysis of the crossover junction reported here
suggests that there exists an analogous site for recombination
in HCV.

Apparently, a clone resulting from recombination between
the widely distributed HCV subtype 1b and the recently de-
scribed subtype 2k is circulating in St. Petersburg. There re-
mains the question of when and where this recombination
occurred. Gene transfer from one genotype to another re-
quires physical cohabitation of both genotypes in the same cell,
which requires a mixed infection in a patient. To be further
spread, the recombinant not only must be viable but also must
have been selected for. Superinfection of patients carrying
another HCV strain or with mixed infections has been repeat-
edly reported (11, 24, 33). However, the frequency of such
infections is not well known. The occurrence of a novel in-
tergenotypic recombination will depend on the presence of
different genotypes in a population and the viability of the
hybrids generated. It is not surprising that one parental strain
was subtype 1b, since this has been the predominant subtype in
St. Petersburg in the past (10). It was, however, not anticipated
that the other parental strain would belong to the most diver-
gent genotype 2 and, moreover, to subtype 2k, which was
described only recently as a single strain from Moldova (23).
While six recombinant strains involving subtype 2k were found
in St. Petersburg, only one nonrecombinant 2k strain was en-
countered. Since this subtype rarely occurs in the population,
there is a low probability of occurrence of novel and indepen-
dent recombination events involving this subtype. Considering
the relative frequency of subtype 2k, the estimated rate of
mixed infection involving this subtype should thus be low.

Unless selected for, it is difficult to explain why one of the
parental viral strains had the rare 2k subtype. Phylogenetic
analysis showed that the subtype 2k strain from St. Petersburg
was not more similar to the recombinant than to the Vat-96
strain from Moldova. However, the subtype 1b parental strain
was similar to strains circulating in St. Petersburg. Although a
nonrecombinant 2k strain was found in St. Petersburg, the
small numbers of HCV strains that have been subtyped after
collection from other parts of Russia do not allow any definite
conclusions on the frequency of the 2k subtype in other parts
of that country. However, in the early 1990s, Moldovian and
other workers started to travel back and forth between
Moldova and St. Petersburg, so it is possible that the 2k strain
was introduced to St. Petersburg from Moldova. Therefore, the
recombination event may have taken place in St. Petersburg
around a decade ago, since some of the patients harboring
recombinants were known to be positive for anti-HCV already
in the mid-1990s. The finding of a 2k/1b recombinant strain in
5% of HCV-infected patients of St. Petersburg shows that this
particular recombinant HCV strain not only is viable but is
spreading in that city.

In conclusion, our observations support the concept that
natural recombinants of HCV do exist and that hybrid strains
may be not only viable but selected for. Although the recom-
binant is not necessarily more virulent, it will contribute to
HCV evolution. Thus, recombination may play a role in cre-
ating genetic diversity in HCV. This has previously unantici-
pated implications in terms of understanding the biology as
well as the control of HCV infections, with regard to both
laboratory diagnosis and treatment. The genotypes of HCV are
considered predictors of the outcome of interferon treatment
(39), and interferon resistance has been attributed to sequence
variability of the NS5A protein (amino acid residues 2209 to
2248) and of the E2 region (5, 18, 31). Our data indicate that
analysis of more than one subgenomic region is necessary to
avoid missing recombinant strains, and they show that geno-
typing within the core region may not always be a valid means
of predicting the response to interferon.

In the current system of classification, HCV strains are di-
vided into genotypes, subtypes, and quasispecies. Recombinant
strains have not yet been considered in this classification sys-
tem. In analogy with the nomenclature for human immunode-
ficiency virus, we suggest that an HCV recombinant strain be
designated as a “recombinant form” (RF). RF strains with the
same number are progeny resulting from the same recombi-
nation event and thus share an identical mosaic structure.
According to this nomenclature, we suggest the designation
RF1_2k/1b for the herein-described recombinant strains from
St. Petersburg. This means the first recombinant resulting from
an event involving the 5� end of subtype 2k and the 3� end of
subtype 1b which has the same recombination point within the
NS2 region.
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