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New outbreaks of human immunodeficiency virus type 1 (HIV-1) among injecting drug users (IDUs) are
spreading in China along heroin trafficking routes. Recently, two separate HIV-1 epidemics among IDUs were
reported in Guangxi, Southern China, where partial sequencing of the env gene showed subtype C and
circulating recombinant form (CRF) AE. We evaluated five virtually full-length HIV-1 genome sequences from
IDUs in Guangxi to determine the genetic diversity and the presence of intersubtype recombinants. Sequence
analysis showed two geographically separated, highly homogeneous HIV-1 strains. B/C intersubtype recombi-
nants were found in three IDUs from Baise City, in a mountainous region near the Yunnan-Guangxi border.
These were mostly subtype C, with portions of the capsid and reverse transcriptase (RT) genes from subtype
B. The subtype B portion of the capsid was located in the N-terminal domain, which has been shown to
influence virus core maturation, virus infectivity, and binding to cyclophilin A, whereas the subtype B portion
of RT was located in the palm subdomain, which is the active site of the enzyme. These BC recombinants
differed from a BC recombinant found in Xinjiang Province in northwestern China. CRF AE strains were found
in IDUs from Nanning, the capital of Guangxi, and in IDUs from Pingxiang City near the China-Vietnam
border. The AE and BC recombinants were both remarkable for their low interpatient diversity, less than 1%
for the full genome. Rapid spread of HIV-1 among IDUs may foster the emergence of highly homogeneous
strains, including novel recombinants in regions with multiple subtypes.

In China, human immunodeficiency virus type 1 (HIV-1)
infection was first documented in 1985 in a tourist with AIDS
and in four Chinese hemophiliac patients (35). The first HIV-1
epidemic occurred among injecting drug users (IDUs) in 1989
in Yunnan Province, a southwestern province of China that
shares a border with Myanmar (Burma), one of the significant
heroin-producing countries (27, 31, 36). Later, HIV-1 infection
spread to IDUs outside Yunnan, accounting for more than
50% of new HIV-1 infections in China from 1995 to 1997 (21).
During 1996 to 1997, an HIV-1 outbreak was reported among
IDUs from two distinct regions of Guangxi Province: Baise
City, which borders Yunnan, and Pingxiang City, which bor-
ders northern Vietnam (32, 33). Among the four transmission
routes of HIV infection, injecting drug use, sexual and perina-
tal transmission, and blood transfusion, injecting drug use is a
leading cause in China. By the end of 1997, a total of 9,333
HIV-1 infections were reported, and injecting drug use ac-
counted for more than 70% of all infections (21). The rapid

spread of HIV-1 infection in China among IDUs has been
associated with needle sharing, which is commonly practiced
among drug traders and users along routes of heroin trafficking
(1, 32). Guangxi is a major transit area for heroin export from
Myanmar and Laos to Hong Kong and, eventually, to the West
(1, 32). Heroin transported by road from Yunnan must pass
through the Yunnan-Guangxi border city of Baise and through
Nanning City, the capital city of Guangxi (1, 32). Another
route of heroin trafficking into Guangxi is from Myanmar and
Laos to northern Vietnam and then across the China-Vietnam
border to Pingxiang City (1, 32).

Multiple introductions of different HIV-1 subtypes have
been reported in the southwest of China. The HIV-1 epidemic
among IDUs in Yunnan was initiated in 1989 by subtype B
strains, both North American-like subtype B strains and the
Thailand variant of subtype B (B9 or Thai B) (31). Subse-
quently, subtype B9 began to predominate, from 20% of all
subtype B in 1990 to 90% in 1996 (12, 28, 30). In 1992, subtype
C strains similar to Indian subtype C (17) were first identified
among IDUs in Yunnan (20). In late 1994, a circulating re-
combinant form (CRF) AE was found in women who had
returned to Yunnan after commercial sex work in Thailand (6).
Since 1995, HIV infection has rapidly spread beyond Yunnan
(21); new cases had been reported in Guangxi, Sichuan, and
Xinjiang provinces (5, 29; Y. Shao, P. Pan, X. Fan, Y. Feng, Y.
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Zhang, G. Qin, and Y. Zhang, Abstr. 5th Int. Congr. AIDS
Asia Pacific, abstr. 428, 1999). A B/C intersubtype recombinant
was found along the drug trafficking route from Yunnan to
Sichuan, Gansu, Ninxia, and Xinjiang provinces in the west
and far northwest of the country (1; L. Su, M. Graf, H. van
Briesen, H. Xing, J. Kostler, H. Melzl, H. Wolf, Y. Shao, and
R. Wagner, submitted for publication).

In 1996, subtype B9 was detected in commercial blood do-
nors in Guangxi (5). More recently, based on partial envelope
sequencing, subtype C and CRF AE detected among IDUs in
Guangxi were segregated in two different geographic regions
(32, 33). Only subtype C was found in Baise, a city in a moun-
tainous subtropical area, whereas only CRF AE was found in
Pingxiang on the plain (32, 33). The CRF AE strains found in
Pingxiang were related to the HIV-1 epidemic in northern
Vietnam (13, 32).

Intersubtype recombination in HIV-1 may occur in areas
like Yunnan, where more than two subtypes of HIV-1 strains
circulate in a high-risk population such as IDUs. In fact, B/C
intersubtype recombinants were recently identified in Yunnan
and other provinces in the west and northwest (L. Su, M. Graf,
H. van Briesen, H. Xing, J. Kostler, H. Melzl, H. Wolf, Y.
Shao, and R. Wagner, submitted for publication). However,
whether similar recombinants are circulating in Guangxi, one
of the major transit areas of drug trafficking from Yunnan,
remains to be studied. New recombinants may complicate the
development of effective vaccines to limit the HIV-1 epidemic.

To determine the genetic diversity of HIV-1 strains and the
possibility that intersubtype recombinants are present among
IDUs in Guangxi, China, we collected viral isolates from three
cities located along the route of heroin trafficking in Guangxi
and sequenced the full-length HIV-1 genome. We have found
a new, unique BC recombinant different from the one recently
found in Xinjiang and also CRF AE strains that are commonly
found in southeast Asia. Both the BC and CRF AE strains are
remarkable for their low interpatient diversity throughout the
genome.

MATERIALS AND METHODS

Clinical samples. Seventy-nine IDUs from Baise City (a city near the Yunnan-
Guangxi border), 148 IDUs from Pingxiang City (a city bordering northern
Vietnam), and 1 IDU from Nanning City (the capital city of Guangxi Province)
were recruited from the city heroin detoxification centers between July 1996 and
July 1997, as described previously (32). The protocols conformed to guidelines
for human experimentation of the U.S. Department of Health and Human
Services. All subjects provided informed consent and gave their blood for HIV
testing. Heparinized blood samples were drawn and transported to the United
States within 48 h of collection. Peripheral blood mononuclear cells (PBMCs)
from HIV-1-positive individuals were separated on Ficoll-Hypaque (Pharmacia,
Piscataway, N.J.) density gradient centrifugation. CD81 T cells were depleted
using Dynal beads (Dynal Inc., Lake Success, N.Y.). PBMCs from HIV-negative
donors were stimulated with phytohemagglutinin (10 mg/ml) (Sigma-Aldrich
Inc., St. Louis, Mo.) for 3 days. For virus isolation, CD81 T-cell-depleted PBMCs
from HIV-1-positive individuals were cocultured with phytohemagglutinin-stim-
ulated PBMCs from HIV-negative donors in RPMI 1640 plus 20% fetal calf
serum and interleukin-2 (10 U/ml) as previously described (34). Virus production
was detected with an HIV-1 p24 capture enzyme-linked immunosorbent assay
(Dupont, N. Billerica, Mass.). Five viral isolates were selected from samples of
IDUs for full genetic analysis. Three samples were from Baise, one was from
Pingxiang, and one was from Nanning.

PCR amplification. DNA was extracted from HIV-1-infected phytohemagglu-
tinin-stimulated PBMCs by Capture Column (Gentra Systems Inc., Minneapolis,
Minn.). The procedure for nested PCR amplification of virtually full-length
HIV-1 genomes has been described (26). Briefly, the template DNA was limit
diluted and amplified by using the Expand Long Template PCR system (Boehr-
inger Mannheim GmbH, Mannheim, Germany). The outer primers annealing to
the 59 long terminal repeat (LTR) (msf12b: 59-AAATCTCTAGCAGTGGCGC
CCGAACAG-39) and the 39LTR (ofm-r1: 59-TGAGGGATCTCTAGTTACCA
GAGTC-39) were used in the first-round PCR. The nested primers annealed to
the 59LTR (f2nst: 59-GCGGAGGCTAGAAGGAGAGAGATGG-39) and the
39LTR (NL1/OFM19: 59-GCACTCAAGGCAAGCTTTATTGAGGCTTA-39)
were used in the second-round PCR to obtain one contiguous 9-kb-long segment.

The nested primers are located at nucleotide positions 141 through 165 and 8957
through 8985, respectively, in HIV-1RL42.

DNA sequencing. The PCR product served as a template for direct DNA
sequencing with fluorescent dye terminators and an Applied Biosystems (Foster
City, Calif.) model 373A automated DNA sequencer. Templates were fully
sequenced on both strands, and all ambiguities were resolved. DNA sequences
were assembled by Sequencher 3.1 software (Genecodes Inc., Ann Arbor,
Mich.).

Phylogenetic and recombinant analyses. The virtually full-length genome se-
quences of unknown isolates were aligned with reference sequences of HIV-1
subtypes A through J using Clustal V as implemented in the PHYLIP package
(9) and gap stripped. The alignment was optimized by hand. Phylogenetic trees
were constructed via the neighbor-joining method in the distance methods of the
PHYLIP package (9), and the consistency of branching order was evaluated
using bootstrapping (8). A bootstrap value equal to or greater than 70% was
considered definitive. The reference isolates of subtype A (92UG037 and SE6594
from Uganda and Q2317 from Kenya), subtype B (MN, RF HAT3, and SF2
from the United States; OYI from Gabon; and CAM1 from the United King-
dom), subtype B9 (RL42 from China), subtype C (93IN301999, 93IN301904,
93IN301905, 94IN11246, and 95IN21068 from India; 92BR025 from Brazil; and
ETH2220 from Ethiopia), subtype D (NDK, Z2Z6, and ELI from Zaire
and 94UG1141 from Uganda), CRF AE (CM240 and 93TH253 from Thailand
and 90CR402 from Central African Republic), subtype F (VI850 from Zaire and
FIN9363 from Kenya), subtype G (SE6165 from Zaire and HH8793 from Ke-
nya), subtype A/G (IBNG from Nigeria and DJ264 and DJ263 from Djibouti),
subtype H (VI991 from Belgium), and subtype J (SE9173 and SE9280 from
Zaire) were used (15).

Interpatient genetic distances were calculated using the Kimura two-parame-
ter distance measurement in the DNA DIST part of the PHYLIP package (9) to
determine the HIV-1 diversity and expressed as the average genetic distance for
all pairwise combinations of nucleotide sequences from patients within each
group. Genetic distances between groups were expressed as a mean. Two groups
of reference strains were included in the analysis of interpatient HIV-1 diversity
across the entire genome or individual genes: I included subtype C strains from
eight patients with heterosexual transmission in Gaborone, Botswana (24) and II
included subtype A strains from six Africans in Sweden who were infected in
Uganda (n 5 4), Somalia (n 5 1), and Tanzania (n 5 1) by heterosexual contact
(3).

Distance scanning was performed to calculate genetic distances between the
unknown sequence and the reference sequences using the algorithm of maximum
likelihood with a sliding window of 300 nucleotides, overlapping by 50 nucleo-
tides, and a transition-transversion ratio of 2.0 (4). The reference sequences
for subtype A (92UG037), subtype B (MN), subtype B9 (RL42), subtype C
(95IN21068), subtype D (NDK), CRF AE (CM240), subtype F (VI850), subtype
G (SE6165), subtype H (VI991), and subtype J (SE9173) were used in the
distance scanning (15).

Bootscanning (25) using the algorithm of maximum parsimony with a sliding
window of 300 nucleotides overlapping by 50 nucleotides was performed to
identify the putative recombination breakpoints. The reference sequences of
subtype B9 (RL42), subtype C (95IN21068), CRF AE (CM240), and subtype J
(SE9173) were used in the bootscanning (15). The nucleotide positions of break-
points were designated with respect to reference strain HIVRL42 (GenBank
accession number U71182) as previously described (12). The segments between
the recombination breakpoints were used for building a phylogenetic tree via the
neighbor-joining method with bootstrapping to confirm the disparate subtype
origin of the different segments (8).

Identification of subtype signature sequences in the RT region of BC recom-
binants. It appeared that the BC recombinants from Guangxi and Xinjiang (Su
et al., submitted for publication) may have most of the subtype B segment in the
coding region for reverse transcriptase (RT) in common. Subtype B or C signa-
tures in the RT coding region were used to map the recombination breakpoints
more precisely. We defined subtype signatures as those for which all reference
strains of a given subtype have the same nucleotide in that position. Since we only
used subtypes B and C as references, the presence of a subtype B or C signature
in that position was mutually exclusive. The signatures were identified from 200
bp upstream and to 300 bp downstream of the putative recombination break-
points in the RT coding region (from nucleotide positions 2044 to 2836 of
HIV-1RL42). The reference strains of subtype B were MN, P896, WR27, LAI,
RL42, 3202A12, OYI, CAM1, MANC, BCSG3, D31, RF HAT3, HAN, SF2,
YU2, NY5CG, and JRCSF7 (HIV sequence database, http://hiv-web.lanl.gov).
The reference strains of subtype C were 93IN301999, 93IN301904, 93IN301905,
94IN11246, 95IN21068, 92BR025, and ETH2220 (HIV sequence database web-
site cited above).

Nucleotide sequence accession number. The five virtually full-length sequences
of our isolates (97CNGX-2F, -6F, -7F, -9F, and -11F) described in this article are
available under GenBank accession no. AY008714 through AY008718.

RESULTS

Chinese isolates. Chinese isolates of HIV-1, 97CNGX-2F,
-6F, -7F, -9F, and -11F, were from five unrelated male IDUs
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(mean age, 26.4 years; range, 21 to 32 years). Three isolates
(97CNGX-6F, -7F, and -9F) were from IDUs in Baise. Isolate
97CNGX-2F was from an IDU in Pingxiang. Isolate 97CNGX-
11F was from an IDU in Nanning who had close contact with
IDUs in Pingxiang. All subjects were in the asymptomatic
phase of HIV-1 infection when samples were collected in July
1997. Since the Chinese surveillance system discovered that the
epidemic of HIV-1 infection in Guangxi occurred during 1996
to 1997 (21), we estimated that the duration of infection in
these five subjects was probably less than 2 years. All subjects
had a history of needle sharing.

Phylogenetic relationships of Chinese isolates. The five vir-
tually full-length genome sequences of HIV-1 isolates were
about 8.8 kb in length, extending from the beginning of gag to
the early part (186 bp) of the 39LTR. All isolates had intact
open reading frames except 97CNGX-7F and 97CNGX-11F,
which had stop codons in the middle of vpu. The sequences of
the Chinese isolates were aligned with reference sequences
from HIV-1 subtypes A to J, and phylogenetic trees were
constructed by the neighbor-joining method with bootstrap-
ping (Fig. 1A). Three isolates (97CNGX-6F, -7F, and -9F)
from Baise were clustered in the subtype C strains, with a
bootstrap value of 100% and a mean interpatient genetic dis-
tance of 0.37% (range, 0.28 to 0.45%). These isolates were only
4.75% divergent from subtype C strains found in India,
whereas they were 8.50 and 9.28% divergent from subtype C
strains 92BR025 from Brazil and ETH2220 from Ethiopia,
respectively. Two isolates (97CNGX-2F and -11F) from Ping-
xiang and Nanning were grouped with the CRF AE, with a
bootstrap value of 100% and an interpatient genetic distance
of 0.89%. These isolates were grouped closer to CRF AE
isolates CM240 and 93TH253 from Thailand (mean genetic
distance between groups, 3.29%) than to CRF AE isolate
90CR402 from Central African Republic (mean genetic dis-
tance between groups, 6.14%).

Interpatient HIV-1 diversity. We investigated the degree to
which low interpatient diversity was maintained in different
structural and regulatory genes. The interpatient genetic dis-
tances across the entire genome or individual genes among
Chinese IDU isolates were compared with HIV-1 sequences
from patients with heterosexual transmission (Fig. 1B). While
both Chinese BC and CRF AE strains were remarkable for
their low interpatient diversity in all structural and regulatory
genes (0.37 and 0.89%, respectively), the reference strains of
subtype C from Botswana (23) and subtype A from Uganda,
Somalia, and Tanzania (3) had a very high degree of interpa-
tient diversity (7.6 and 8.1%, respectively).

Detection of a novel BC recombinant. Since subtypes B and
C have been detected in Guangxi (5, 32, 33), we examined
these strains for evidence of recombination. The genetic dis-
tances between isolate 97CNGX-6F and each subtype were
calculated in a sliding window of 300 bp overlapping by 50 bp
using the maximum-likelihood distances (Fig. 2A). The dis-
tance scan showed alternating regions close to subtypes B and
C. The isolate was mostly subtype C, accounting for its initial
classification as subtype C, but three regions were far from
subtype C and closer to subtype B: these regions were located
in the p24 domain of gag, the RT domain of pol, and the nef
gene. We investigated whether isolate 97CNGX-6F was a B/C
intersubtype recombinant. Since isolates 97CNGX-6F, -7F,
and -9F were nearly identical, the distance scans between iso-
lates 97CNGX-7F or -9F and each reference subtype were
similar to that shown Fig. 2A (data not shown).

Next, bootscanning was performed to further investigate the
possibility of recombination. Bootscanning using maximum
parsimony showed results similar to distance scanning; there

were three B/C intersubtype recombination sites at the p24
domain of gag, RT domain of pol, and nef gene (Fig. 2A). The
phylogenetic trees constructed from subregions defined by
these breakpoints confirmed the shifted subtype between sub-
type B and subtype C in gag and pol (bootstrap values 5 96 and
96%, respectively). Due to the short segment and low boot-
strap value of 50%, we could not definitely assign the nef
region to subtype B. The positions of the recombination sites
were approximately at nucleotides 475 to 925 and 2200 to 2500
of the multiple sequence alignment (Fig. 2A) or at nucleotide
positions 604 to 1054 and 2241 to 2538 (corresponding to
amino acid residues 17 to 165 of p24 and 102 to 200 of RT) of
reference strain HIV-1RL42 (12), respectively. In all of these
analyses, the subtype C portions were closest to the Indian
isolates 93IN301904, 93IN301905, 93IN301999, 94IN11246,
and 95IN21068 (17), and the subtype B portions were closest to
isolate RL42 from Yunnan, China (12).

Analysis of CRF AE. Two Guangxi strains clustered with the
AE recombinant strains, and we evaluated their relationship to
CRF AE throughout the genome. The genetic distances be-
tween isolate 97CNGX-2F and each subtype were calculated
by using distance scanning (Fig. 2B). Since the distance be-
tween 97CNGX-2F and CRF AE (CM240) was shortest, this
suggested that 97CNGX-2F grouped with CRF AE throughout
the genome. The bootscanning (Fig. 2B) and phylogenetic
analysis of subregion (data not shown) also confirmed that
97CNGX-2F was a CRF AE strain. Since isolates 97CNGX-2F
and -11F were nearly identical, the distance scanning and
bootscanning results between 97CNGX-11F and other refer-
ence subtypes were similar to those in Fig. 2B (data not
shown). Phylogenetic analysis of the envelope gene also found
that our CRF AE strains from Pingxiang and Nanning were
very close to the CRF AE strains from Vietnam (data not
shown).

Comparison of amino acid alignments of subtype B, subtype
C, and BC recombinant. The BC recombinant 97CNGX-6F
contained two segments from subtype B inserted into the back-
bone of subtype C. The first subtype B segment was located in
the N-terminal domain of p24, which included a cyclophilin A
binding motif and a major homology region (Fig. 3A). The
N-terminal domain (residues 1 to 151) of p24 is important for
virus core maturation and influences virus infectivity, while the
C-terminal domain (residues 152 to 231) is important for pro-
tein-protein interaction and critical for virus assembly (7, 11).
The second subtype B segment was located in the palm sub-
domain of RT (Fig. 3B), which contained three conserved
aspartate residues at positions 110, 185, and 186 that form the
active site of the enzyme (14). Thus, we determined the effect
of the B/C intersubtype recombination on the protein se-
quence of 97CNGX-6F. We compared amino acid alignments
of BC recombinant 97CNGX-6F, subtype B RL42 (12), and
subtypes C from India (17) in the region of p24 (Fig. 3A) and
RT (Fig. 3B). The comparison was done in the fragments
extending from 200 bp upstream and to 200 bp downstream of
the putative recombination breakpoints of 97CNGX-6F in the
gag and pol genes (from nucleotide positions 404 to 1254 and
2040 to 2738 of HIV-1RL42, corresponding to amino acid res-
idue 82 of p17 matrix to residue 232 of p24 capsid and residues
36 to 267 of RT, respectively). The reference strain RL42 is the
subtype B9 prevalent in southern China (12). The consensus
sequence of subtype C was derived from Indian subtype C
strains (93IN301904, 93IN301905, 93IN301999, 94IN11246,
and 95IN21068) using the Sequence Consensus IUPAC method
in the PHYLIP package (9, 17). 94IN11246 was randomly
chosen to represent Indian subtypes C (17). 97CNGX-6F had
four nonconservative mutations in p24 and two mutations in
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FIG. 1. (A) Phylogenetic analysis of virtually full-length genome sequences. The tree was constructed by the neighbor-joining method, and the number at each node
indicates the percent bootstrap support from 100 bootstrap resamplings. The Chinese sequences (97CNGX-2F, -6F, -7F, -9F, and -11F) are shown in boldface. Subtype
designations are shown in capital letters (A to J). The scale bar represents 10% difference. (B) Bar plot showing interpatient HIV-1 diversity across the entire genome
or individual genes among Chinese isolates from IDUs compared with HIV-1 sequences from patients with heterosexual transmission. The interpatient genetic distances
were calculated using the Kimura two-parameter distance measurement in the DNA DIST part of the PHYLIP package and are expressed as the average genetic
distance for all pairwise combinations of nucleotide sequences from patients within each group. AE-IDU (horizontal) were Chinese CRF AE strains (97CNGX-2F and
-11F) from two IDUs in Pingxiang City and Nanning City, and BC-IDU (vertical) were Chinese BC recombinants (97CNGX-6F, -7F, and -9F) from three IDUs in Baise
City. Two groups of reference strains were included: C-Heterosexual (diagonal) were subtype C strains from eight patients with heterosexual transmission in Gaborone,
Botswana (24), and A-Heterosexual (grid) were subtype A strains from six Africans in Sweden who were infected in Uganda, Somalia, and Tanzania by heterosexual
contact (3).
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FIG. 2. Detection of (A) novel BC recombinant 97CNGX-6F and (B) CRF AE 97CNGX-2F by distance scanning and bootscanning. The genetic distances between
unknown isolate and each reference subtype were calculated for distance scanning with maximum likelihood. The x axis is the nucleotide position in the multiple
alignment of the full-length HIV-1 sequences, and the y axis is the genetic distance. The distances between the unknown and the reference subtype A (green), subtype
B (yellow), subtype B9 (red), subtype C (blue), subtype D (orange), CRF AE (brown), subtype F (light orange), subtype G (light green), subtype H (gray), and subtype
J (black) were plotted. The reference subtypes are indicated in the box. The bootscanning of the unknown isolate and the reference subtypes was performed using the
algorithm of maximum parsimony. The x axis is the nucleotide position in the multiple alignment of the full-length HIV-1 sequences, and the y axis is the bootstrap
value (percent). The reference subtype B9 (red), subtype C (blue), CRF AE (brown), and subtype J (black) are indicated in the box. The recombination breakpoints
were used to deduce the subtype structure of the virus as shown below the bootscan. The phylogenetic trees of the segments between the breakpoints (designated
segments I to VI) of 97CNGX-6F were constructed by the neighbor-joining method with bootstrap values (percent) at the nodes with the unknown isolate.
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RT segments that were similar to subtype B but different from
subtype C. One of the four mutations in p24 was in the cyclo-
philin A binding motif.

It is still an open question whether recombinant viruses offer
any advantages over their parental viruses during transmission.

The fact that our BC recombinant contained the N-terminal
domain of capsid from subtype B and C-terminal domain from
subtype C is consistent with the idea that these domains are
functionally distinct and rather flexible (7). Two nonconserva-
tive mutations near a highly conserved aspartate residue (po-

FIG. 3. Alignments of the deduced amino acid sequences of a BC recombinant (97CNGX-6F), subtype B, and subtype C in the region of (A) p24 capsid and (B)
RT. The comparison was done for fragments extending from 200 bp upstream to 200 bp downstream of the putative recombination breakpoints of 97CNGX-6F in the
gag and pol genes (from nucleotide positions 404 to 1254 and 2040 to 2738 of HIV-1RL42, corresponding to amino acid residue 82 of p17 matrix to residue 232 of p24
capsid and residues 36 to 267 of RT, respectively). RL42 is the subtype B9 prevalent in southern China (12). The consensus sequence of subtype C was derived from
Indian subtype C strains (93IN301904, 93IN301905, 93IN301999, 94IN11246, and 95IN21068) (17). 94IN11246 was randomly chosen to represent Indian subtypes C
(17). Dashes represent identity with the consensus sequences of subtype C. Dots represent gaps. X indicates the nonconsensus amino acid of Indian subtype C. Amino
acids of 97CNGX-6F that were similar to RL42 but different from consensus subtype C are shown in boldface. Amino acid positions are shown above the protein
sequences. Empty boxes indicate subtype B segments between the recombination breakpoints of 97CNGX-6F estimated by bootscanning. The cyclophilin A binding
motif (vertical gray box) and major homology region (horizontal gray box) of p24 capsid and highly conserved aspartate residues 110, 185, and 186 of RT (gray box)
are shown.
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FIG. 4. (A) Deduced subtype structure of the full-length HIV-1 genome of BC recombinants from Guangxi and Xinjiang provinces. 97CNGX-6F from Guangxi was
mostly subtype C (gray) with portions of gag (p24 capsid) and pol (RT) genes from subtype B (vertical), whereas c54 from Xinjiang was subtype C with portions of gag
(p6-protease), pol (RT), and vpr-env genes from subtype B. (B) Recombination breakpoints of BC recombinants in the region of RT estimated by bootscanning and
subtype signature identification. B, subtype B (vertical); C, subtype C (gray); ND, undetermined fragment indicating the subtype switching zone (diagonal). Nucleotide
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sition 110) of RT were aspartate and lysine residues (positions
121 and 122). This may influence the efficiency and/or accuracy
of reverse transcription.

Comparison of BC recombinants from Guangxi and Xin-
jiang provinces. Su et al. (submitted for publication) recently
found recombinant HIV-1 between subtypes B and C in five
provinces located in the southwest, northwest, and far north-
west parts of China. By full genome sequencing, it was deter-
mined that isolate c54, found in Xinjiang Province, was a BC
recombinant and was mostly subtype C with portions of gag (p6
region), pol (RT), and vpr-env from subtype B. The positions of
the recombination sites in c54 were approximately at nucleo-
tide positions 1478 to 1908, 2365 to 2613, and 5102 to 5818 of
reference strain HIV-1RL42 (Fig. 4A). The BC recombinant
from Xinjiang was different from the BC recombinant found in
Guangxi in that our recombinant was mostly subtype C with
portions of gag (p24) and pol (RT) from subtype B.

Although different, we investigated whether the BC recom-
binants from Guangxi and Xinjiang could have a subtype B
segment in RT in common (Fig. 4B). We compared the ap-
parent breakpoints determined by bootscanning with patterns
of subtype signatures in the region. The number of subtype B
or C signatures over the total signature sites in that segment is
shown (Fig. 4B). Isolate 97CNGX-6F had the upstream recom-
bination breakpoint between nucleotide positions 2224 and
2254 and the downstream breakpoint between nucleotide po-
sitions 2551 and 2629. Isolate c54 had the upstream recombi-
nation breakpoint between nucleotide positions 2326 and 2374,
which was different from 97CNGX-6F, and the downstream
breakpoint between nucleotide positions 2551 and 2629, which
was the same as in 97CNGX-6F. Because of the overall differ-
ences in structure and the different upstream breakpoints in
the RT region, it appeared that 97CNGX-6F and c54 represent
independent BC recombinations. However, they had a com-
mon subtype B RT sequence of 173 to 275 bp. Phylogenetic
trees of the RT segments (173-bp segment from nucleotide
positions 2365 to 2538 and 275-bp segment from nucleotide
positions 2303 to 2578 of HIV-1RL42) were constructed (Fig.
4C). It showed that the BC recombinants found in Guangxi
and Xinjiang were grouped with subtype B with bootstrap
values of 45 and 89%, respectively. The common RT segment
in the BC recombinants would encode amino acid positions
144 to 200 of RT, which include aspartate residues at positions
185 and 186, thought to form the active site of the enzyme with
the aspartate residue at position 110 (Fig. 4B).

DISCUSSION

HIV-1 infection continues to spread in China primarily
through the IDU networks. The rate of infection has increased
about 80% per year over the past several years (21). Unlike
other HIV-1 epidemics which have spread from urban to rural
areas, infection began in rural areas of Yunnan in 1989 and is
spreading to urban sites along the route of drug trafficking (1,
29, 31). At least three outbreaks of HIV-1 infection among
IDUs in China are related to the activity of drug transportation
(Fig. 5), suggesting that both local traffickers and users may

play an important role in the expanding HIV epidemic (1).
Drug users test heroin purity through self-injection and share
needles with traders as part of their drug-purchasing behavior.

New outbreaks of HIV infections with subtype C and CRF
AE have been reported in Guangxi (5, 32, 33), and here we
report five virtually full-length genome sequences from these
IDUs. Phylogenetic analysis showed two geographically sepa-
rated, highly homogeneous HIV-1 strains. The BC recombi-
nants were found in Baise in the west of Guangxi. CRF AE
strains were found in Pingxiang near the southern border.
Meanwhile, both subtype C (5) and CRF AE strains were
found in Nanning, the capital of Guangxi, located halfway
between Baise and Pingxiang. The BC recombinants isolated in
Guangxi had two small segments of subtype B inserted in the
backbone of subtype C and were different from a BC recom-
binant, c54, found in Xinjiang (Su et al., submitted for publi-
cation). Rapid spread of multiple subtypes of HIV-1 including
novel recombinants among IDUs may complicate the vaccine
effort in China.

Yunnan borders the Golden Triangle region of southeast
Asia, composed of northern and eastern Myanmar and western
Laos. Yunnan is very vulnerable to HIV spread from eastern
Myanmar, across the border into Yunnan, then through
Guangxi, Hong Kong, and to Western countries (1, 32). Our
BC recombinants were detected in the city of Baise, located
along this major route shared with Yunnan. Su et al. reported
another BC recombinant (c54) found along the northwestern
route of drug trafficking. This heroin route begins in eastern
Myanmar, leads to Yunnan, and goes northwest to Sichuan
and Xinjiang provinces, and then across the Chinese border to
Kazakhstan (1). Since c54 had recombination breakpoints dif-
ferent from those that occurred in our BC recombinants, these
two recombinant strains may be generated in different groups
of IDUs, probably in Yunnan. The heroin traders and users
harboring these two different BC recombinant HIV-1 strains
may live in geographically separated areas and may not inter-
act socially. The third route of drug trafficking into China is
from Myanmar and Laos eastward, through northern Vietnam,
then to China at the China-Vietnam border city of Pingxiang
(1, 32). The CRF AE from Pingxiang and Nanning were very
close to the CRF AE strains from Vietnam, confirming that
this route is an important gateway of HIV entry into southern
Guangxi (13, 32). Injecting drug use plays a key role in the
spread of HIV-1 in this area. By combining data from this
report with other sources (1, 5, 32, 33; Su et al., submitted for
publication), it appears that such a drug trafficking route has its
own unique HIV-1 strain. Our discovery that each drug traf-
ficking route is associated with a different and sometimes
unique HIV-1 recombinant supports the association between
heroin trafficking and HIV spread in China. These findings
have important implications for preventive interventions.

An interesting finding of our study is that the new BC re-
combinant HIV-1 strains detected among drug users in
Guangxi have low heterogeneity. It is unlikely that this result
was due to PCR contamination. The original patient PBMC
samples were divided into two parts. One part was used for
extracting DNA, PCR, and HIV-1 env sequencing, which was

positions are shown below the deduced subtype structure and refer to the position in reference strain HIV-1RL42 (12). Conserved aspartate residues 110, 185, and 186
of RT are marked D. The numbers of the subtype B or C signatures over the total signature site in that fragment are shown below the nucleotide positions. (C)
Phylogenetic trees of RT segments from BC recombinants and reference strains were constructed by the neighbor-joining method with bootstrap values at the nodes.
The 173-bp segment (between nucleotide positions 2365 and 2538 of HIV-1RL42) was the minimal overlapping region between 97CNGX-6F and c54 in the RT region.
The longer 275-bp segment (between nucleotide positions 2303 and 2578 of HIV-1RL42) was derived from the midpoint of upstream recombination breakpoints
(position 2241 of 97CNGX-6F and position 2365 of c54) and the midpoint of downstream breakpoints (position 2538 of 97CNGX-6F and position 2613 of c54). Isolates
97CNGX-6F and c54 are shown in boldface.
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published previously (32). The other part was used to isolate
HIV-1 viruses. These virus isolates were then used to infect
phytohemagglutinin-stimulated HIV-negative PBMCs. These
PBMC samples were used to generate the three full-length BC
recombinant HIV-1 sequences. When these sequences were
compared to HIV-1 env sequences derived from uncultured
PBMCs from the same three individuals, it was clear that the
full-length sequence from each individual viral isolate matched
that from the uncultured PBMC-derived env sequence from
the same individual. Furthermore, although the three BC re-
combinant full-length sequences are highly related, they are
not identical. Each full-length sequence has its own unique
pattern in the variable V4 loop of the Env sequences (data not
shown). These results clearly argue against the possibility of
PCR contamination.

HIV-1 infection among IDUs has another unique character-
istic: a very low genetic diversity among patients. The study of
HIV outbreaks among IDUs in countries of the former Soviet
Union, including Belarus, Ukraine, Kaliningrad, Latvia, and
Russia, showed that the mean interpatient genetic distances in
the C2-V3 region of the envelope were less than 2%, but a
study from Nepal showed two components, one of low diversity
(2, 10, 16, 18, 19, 22, 23). Meanwhile, the interpatient genetic
distances among HIV-1 patients with heterosexual transmis-
sion were much higher, about 8% (3, 23). Why these HIV-1

isolates from IDUs have low diversity remains unclear, but
some hypotheses can be advanced. (i) The virus circulating
among patients infected by heterosexual contact may be highly
selected for minor variants during mucosal transmission, while
virus circulating among IDUs has direct transmission into the
bloodstream, and the most abundant form may repeatedly
establish itself. (ii) A single introduction of HIV-1 into a clus-
ter of IDUs with a high transmission rate may cause a strong
founder effect, resulting in low genetic diversity. Our study
showed that BC recombinant and CRF AE from Guangxi were
highly homogeneous, with an interpatient diversity of 0.4 and
0.9%, respectively, and that this genetic restriction applied to
all structural and regulatory genes. This finding suggests that
BC recombinants from three IDUs in Baise may have a com-
mon ancestor in the very recent past. We speculate that this
ancestor might be in Yunnan, because subtypes B and C, based
on envelope sequencing, commonly circulated among IDUs in
Yunnan during the early 1990s (20, 30, 31), while subtype C
was first introduced into IDUs in Guangxi around 1996 to 1997
(5, 32, 33).

Although the BC recombinants from Guangxi and Xinjiang
had different parts of subtype B inserted into the backbone of
subtype C, they had most of a subtype B segment in the RT
region in common. However, the bootscanning and subtype
signature identification of these recombinants showed that the

FIG. 5. Heroin trafficking routes in southeast Asia. The dotted area indicates the opium-growing areas in Myanmar and Laos. The arrows indicate potential
drug-trafficking routes. At least three drug-trafficking routes were associated with HIV-1 infection in China: from Yunnan through the Yunnan-Guangxi border city
of Baise and through Nanning City, the capital city of Guangxi; from Myanmar and Laos to northern Vietnam, and then across the China-Vietnam border to Pingxiang
City; and from Yunnan to west and northwest China.
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recombination breakpoints in the RT region were not the
same, supporting the independent origin of the BC recombi-
nants and concerted selection for the subtype B RT segment.
Why these two strains picked up the same region of RT re-
mains to be explained, but possibly this subtype B RT segment
may influence the error rate of reverse transcription, leading to
a slower accumulation of mutations per replication cycle.

The reason for the low HIV-1 diversity in IDU epidemics
must be pursued. Further studies should focus on the serial
follow-up of IDUs with these unique BC recombinant strains.
Maintenance of a low within-patient diversity over time would
favor our hypothesis of a low RT error rate, while normal rates
of quasi-species diversification would suggest the transmission
mode as a key factor in limiting diversity. Comparative studies
with different subtypes and recombinants would be highly rec-
ommended in this regard.
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