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Objectives: To investigate the molecular epidemiology and genetic structure of
HIV-1s causing the epidemic in Central Myanmar and to explore the genesis of HIV
epidemic in this area.

Design: A molecular epidemiological investigation was conducted in 1999–2000 in
the city of Mandalay among high-risk populations and the structural features of
circulating HIV-1s were analyzed.

Methods: HIV-1 genotypes of 59 specimens were screened based on gag (p17) and
env (C2/V3) regions. Near full-length nucleotide sequences of HIV-1 isolates with
subtype discordance were determined and their recombinant structures were charac-
terized.

Results: Three lineages of HIV-1 strains, including CRF01_AE (27, 45.8%), subtype B9
(Thailand variant of subtype B) (15, 25.4%) and subtype C (8, 13.6%), were distributed
in Mandalay, while substantial portions (9, 15.3%) of specimens showed various
patterns of subtype discordance in different regions of HIV-1 genomes. The study on
six HIV-1 isolates with subtype discordance revealed that they were highly diverse
types of unique recombinant forms (URFs) comprised of various combinations of three
circulating subtypes. One URF was a particularly complex mosaic that contained 13
recombination breakpoints between three HIV-1 subtypes. Approximately half of
recombinants showed ‘pseudotype’ virion structures, in which the external portions of
envelope glycoproteins were exchanged with different lineages of HIV-1 strains,
suggesting the potential selective advantage of ‘pseudotype’ viruses over parental
strains.

Conclusion: The study revealed the unique geographical hot spot in Central Myanmar
where extensive recombination events appeared to be taking place continually. This
reflects the presence of highly exposed individuals and social networks of HIV-1
transmission. & 2003 Lippincott Williams & Wilkins
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Introduction

The extensive genetic diversity is a hallmark of human
immunodeficiency viruses (HIVs). The high error rate
of reverse transcriptase (3 3 10�5 sites/genome/replica-
tion cycle) [1,2], coupled with an in vivo virus produc-
tion rate exceeding 109 per day and persistent nature of
infections [3–5], provides tremendous scope of genera-
tion of viral diversity. Second mechanism for acquiring
sequence diversity is genetic recombination. This can
occur when a cell that is dually infected with different
viruses produces progeny virions with genomic RNAs
from each virus, and strand-switching takes place
during the next round of reverse transcription [6–8].
Unlike the incremental accumulation of sequence
changes by copying errors, recombination has the
potential to introduce large numbers of genetic changes
simultaneously, accelerating the genetic diversity and
the adaptive evolution of HIVs [9]. As increasing
numbers of full-length viral sequences become avail-
able, the number of recombinant or mosaic viruses is
being recognized more frequently. Some recombinant
strains disseminate widely in the human populations,
becoming circulating recombinant forms (CRFs) [10]
(http://hiv-web.lanl.gov/CRFs/CRFs.html).

In addition to CRFs that play a major role in global or
regional HIV spread, a variety of HIV-1 unique
recombinant forms (URFs), that are so far identified
only in a single individual without evidence of epi-
demic spread, have been reported in various regions in
the world, including Eastern Africa (A/D and A/C
recombinants) [11–15], India (A/C) [16], Thailand
(B/CRF01_AE) [17], and Yunnan Province of China
(B/C) [18]. URFs are often recognized among high-
risk individuals who acquired HIV relatively recently in
the regions where multiple HIV-1 subtypes are co-
circulating.

In Myanmar, HIV-1 infection was first reported in
1989 among injecting drug users (IDUs) and subse-
quently spread rapidly into various risk populations
[19–21]. Approximately 30 % of HIV cases are
attributed to injecting drug use and 68% to hetero-
sexual transmission. The 1999 UNAIDS estimates
indicated approximately 530 000 HIV cases in Myan-
mar, the second largest number in South-east Asia,
only after Thailand. Of Asian countries, Myanmar has
one of the highest prevalence of HIV-1 [22], especially
in the city of Mandalay in Central Myanmar [20,23].
The epidemic has included the spread of three HIV-1
strains, including subtypes B9 (Thailand variant of
subtype B) and C and CRF01_AE, that are likely to
have originated in the surrounding regions [23]. To
gain a comprehensive picture of the HIV-1 diversity in
Myanmar, we have characterized the genetic structure
of HIV-1 strains from Central Myanmar and found that
substantial portions of HIV-1 isolates were URFs that

were distinct from any known recombinants. The
present study describes the identification of a unique
geographical hot spot in Central Myanmar where the
extensive recombination events are taking place con-
tinually, leading to the generation of diverse forms of
HIV-1 intersubtype chimeras with unique structural
features.

Materials and methods

Study subjects and specimens
EDTA-treated blood samples were collected from 59
asymptomatic HIV-positive consenting patients from
various risk populations, including 21 male IDUs, 16
female commercial sex workers (fCSW), 12 sexually
transmitted disease (STD) patients (11 male and one
female), and 10 heterosexuals (seven male and three
female), in the city of Mandalay and the vicinity in
Central Myanmar during the period between Decem-
ber 1999 and December 2000. The participants in-
cluded 39 males with an age range of 21–46 years
(mean: 31.2 � 6.2 years old) and 20 females with an
age range of 16–32 years (mean: 21.0 � 4.0 years old).
All 59 specimens were serologically determined as
HIV-1 infections. No HIV-2 infections were detected.
The peripheral blood mononuclear cells (PBMCs) were
separated on Ficoll-Hypaque (Pharmacia, Piscataway,
New Jersey, USA) density gradient centrifugation. For
virus isolation, PBMCs from HIV-1-positive indivi-
duals were co-cultured with phytohemagglutinin
(PHA, 1 �g/ml)-stimulated CD8+ T-cell-depleted
PBMCs from HIV-negative healthy donors in RPMI
1640 containing 10% fetal calf serum and interleukin-2
(20 U/ml). Virus production was detected by virion-
associated reverse transcriptase (RT) assay as described
previously [24]. Plasma were saved for genotype
screening based on the nucleotide sequence determina-
tion of virion HIV-1 RNAs [18].

Screening of HIV-1 genotypes
The nucleotide sequences of 432-bp gag (p17) and 336-
bp env (C2/V3) regions were determined for the
primary screening of HIV-1 genotypes, as described
previously [18,23]. All the nucleotide sequences ob-
tained in the present study were screened by the
BLAST 2.0 program (National Center For Biotechnol-
ogy Information, USA.) to search for sequence simila-
rities to previously reported sequences in the databases,
and to rule out potential laboratory errors.

Isolation of near full-length HIV-1 molecular
clones
DNAs were extracted from CD8-depleted PHA-stimu-
lated PBMCs infected with respective HIV-1 isolates.
The near full-length (approximately 9.1 kb) HIV-1
genomes were amplified by polymerase chain reaction
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(PCR) and cloned as described previously [25,26].
Positive clones with near full-length HIV-1 inserts
were selected and the nucleotide sequences of HIV-1
genomes were determined on both strands by direct
sequencing method with fluorescent dye terminators in
an automated ABI PRISM310 DNA sequencer (Ap-
plied Biosystems, Inc., Foster City, California, USA),
using the primer-walking approach.

Data analyses
The near full-length nucleotide sequences were aligned
with the HIV-1 reference strains (http://hiv-web.lanl.
gov/HTML/alignments.html), using CLUSTAL W ver-
sion 1.4 [27], and corrected manually to ensure that
gaps did not alter the reading frame. Phylogenetic trees
were constructed by the neighbor-joining method [28]
based on Kimura’s two-parameter distance matrix with
100 bootstrap replicates [29] using PHYLIP, version
3.573 [30]. Bootscanning analysis [31] were performed
on neighbor-joining trees for a window of 500 nucleo-
tides moving along the alignment in increments of 100
nucleotides, using two different sets of reference
sequences: A_92UG037, B9_RL42, C_95IN21068,
D_NDK and CRF01_93TH253; A_Q23, B_HXB2,
C_92BR025, D_94UG1141, and CRF01_90CF402.
The analyses were implemented by the SIMPLOT 2.5
program [32]. To further define the precise boundaries
of intersubtype recombination, informative site analysis
was performed as described previously [33,34]. Con-
firmatory tree analyses were then carried out to explore
the subtype origins of respective HIV-1 segments.
Briefly, using the co-ordinates for the recombination
breakpoints estimated by informative site analysis and
bootscanning plots, HIV-1 genomes of the putative
recombinants were divided into segments. Each seg-
ment was subjected to separate phylogenetic analyses
using the neighbor-joining method to confirm the
subtype or CRF origin of each segment. The ‘pre-
dicted’ parental sequences (B9_RL42, C_95IN21068

and CRF01_93TH253) for bootscanning and informa-
tive site analyses were selected based on the data
obtained from confirmatory tree analysis.

Nucleotide sequence accession numbers
The near full-length nucleotide sequences reported in
this article are available under the database accession
numbers AB097865 to AB097873.

Results

High prevalence of HIV-1 strains with subtype
discordance in Central Myanmar
HIV-1 genotypes of 59 specimens from Central Myan-
mar were determined by phylogenetic tree analyses
based on the nucleotide sequences of gag (p17) and env
(C2/V3) regions, using plasma HIV-1 RNAs. The
distribution of HIV-1 genotypes in this population was
as follows: 27 CRF01_AE (45.8%); 15 subtype B9
(Thailand variant of subtype B) (25.4%); eight subtype
C (13.6%). The remaining nine specimens (15.3%)
showed the discordance between gag (p17) and env
(C2/V3) subtypes (Table 1). The samples with subtype
discordance were found most frequently among IDUs
(six of 21, 28.6%) and fCSWs (two of 16, 12.5%),
whereas none was detected among STD patients (none
of 12) (Table 1).

To investigate the detailed structural features of HIV-1
strains in Mandalay, a total of 27 HIV-1 strains were
isolated from these 59 HIV-1 samples. The relatively
low isolation rate of HIV-1 (27 of 59, 45.8%) was due
to the long-distance transportation of specimens. The
genotype screening of these 27 isolates based on gag
(p17) and env (C2/V3) regions identified 11
CRF01_AE (40.7%), seven subtype B9 (26.0%) and
four subtype C (14.8%), whereas the remaining five
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Table 1. Summary of primary screening of HIV-1 genotypesa in Central Myanmar.

RFb

Number

Risk factor subtyped B9 C CRF01_AE RFb B9/C B9/01 C/B9 C/01 01/B9

IDU 21 7 4 4 6 1 1 1 2 1
(33.3%) (19.0%) (19.0%) (28.6%)

Person with 38 8 4 23 3 0 1 1 0 1
sexual exposure (21.1%) (10.5%) (60.5%) (7.9%)
CSW 16 2 0 12 2 0 0 1 0 1
STD 12 3 2 7 0 0 0 0 0 0
Hetero 10 3 2 4 1 0 1 0 0 0

Total 59 15 8 27 9 1 2 2 2 2
(25.4%) (13.6%) (45.8%) (15.2%)

aHIV-1 genotypes: HIV-1 subtype B9, B9; subtype C, C; CRF01_AE, 01. b RF indicates the HIV-1 samples that
show the discordance between gag (p17) and env (C2/V3) subtypes. The columns under RF show the
breakdowns of the specimens with different profiles of subtype discordance. For example, B9/C indicates the
HIV-1 sample that belongs to subtype B9 in gag (p17) region and subtype C in env (C2/V3) region. IDU, injecting
drug user; CSW, commercial sex worker; STD, sexually transmitted diseases; Hetero, heterosexual.
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strains (18.5%) showed the diverse patterns of discor-
dance between gag (p17) and env (C2/V3) subtypes,
including gag subtype B9 and env subtype C (99MM-
mIDU106), B9 and CRF01_AE (00MM-mIDU502),
C and B9 (00MM-mCSW503), C and CRF01_AE
(99MM-mIDU107), and CRF01_AE and B9 (99MM-
mCSW104). Moreover, the additional genotyping
based on nucleotide sequences of 39-long terminal
repeats (LTRs) found that one strain (99MM-
mIDU103) assigned as subtype B9 in the primary
screening harbored the LTR of subtype C origin (see
below). Taken together, our genotype screenings iden-
tified a total of six strains with subtype discordance
(22.2%) among 27 isolates from Central Myanmar.

Highly diverse forms of unique intersubtype
recombinants in Central Myanmar
To analyze the genome structures of these six HIV-1
isolates, we cloned and determined the near full-length
nucleotide sequences of their proviral genomes. Three
representative HIV-1 isolates form Central Myanmar
that are presumably non-recombinant forms of subtypes
B9 (99MM-mSTD101) and C (99MM-mIDU101) and
CRF01_AE (99MM-mCSW105) were analyzed in
parallel for comparison. The 9.1 kb near full-length
clones of six HIV-1 strains with subtype discordance
were designated 99MM-mIDU106.18, 99MM-mCSW
104.16, 99MM-mIDU107.34, 00MM-mIDU502.6,
00MM-mCSW503.2, and 99MM-mIDU103.10, and
those of putative non-recombinant forms of HIV-1
subtypes B9 and C and CRF01_AE strains are termed
99MM-mSTD101.8, 99MM-mIDU101.3 and 99MM-
mCSW105.18, respectively. Whereas 99MM-
mIDU101.3 carried a frame-shift mutation in the gag
gene, other eight molecular clones had intact open
reading frames for all nine HIV-1 genes.

The near full-length nucleotide sequences of these
Mandalay isolates were subjected to recombination
identification programs. The bootscanning analyses,
using the reference strains of HIV-1 subtypes A
(92UG037), B9 (RL42), C (95IN21068), and D
(NDK) and CRF01_AE (93TH253), revealed that all
six HIV-1 strains with subtype discordance were highly
diverse forms of unique recombinants comprised of
various combinations of the segments derived from
HIV-1 subtypes B9 and C and CRF01_AE (Fig. 1a–f),
whereas 99MM-mSTD101.8, 99MM-mIDU101.3 and
99MM-mCSW105.18 were indeed non-recombinant
forms of HIV-1 subtypes B9 and C and CRF01_AE,
respectively (Fig. 1g–i). Similar results were obtained
with an alternative set of reference sequences (A_Q23,
B_HXB2, C_92BR025, D_94UG1141, 01_90CF402)
(data not shown). To further define the recombination
breakpoints, the informative site analysis was performed
with predicted parental strains, including B9_RL42,
C_95IN21068, and CRF01_93TH253. The informa-

tive site analysis gave high statistical support (P,
0.001) for all breakpoints (data not shown).

Next, we carried out the confirmatory tree analysis to
examine the phylogenetic position of these newly
identified recombinants in the respective HIV-1 seg-
ments and to estimate the origin of the viruses that
have been involved in the recombinations (Fig. 2). The
exact coordinates for the breakpoints relative to HXB2
were given in parentheses in Fig. 2. As shown in Fig.
2, the subtype structure deduced from confirmatory
tree analysis was consistent with the results obtained
from bootscanning (Fig, 1) and informative site analyses
(data not shown). The deduced subtype structures are
illustrated at the bottom of each panel in Figure 1. The
confirmatory tree analysis also revealed that most of
subtype B parts in these recombinants indeed belonged
to subtype B9 cluster and that the subtype C parts were
closely-related phylogenetically to subtype C sequences
from India (Fig. 2). However, the sequences in some
fragments in 99MM-mIDU107.34 (Fig. 2e) and
00MM-mCSW503.2 (Fig. 2f) did not clearly cluster
with the reference sequences for Indian subtype C
(CIN) and for CRF01_AE of Thai origin (01TH). This
is probably due to the poor resolution in the tree
analysis because the fragments were too short (Fig. 2e
and f). Alternatively, a few breakpoints may not be
correctly identified. In fact, informative site analysis
indicated that small patches of different subtypes
appeared to be inserted in some segments (data not
shown), although the analyses gave high statistical
support for estimated subtype boundaries (P , 0.001).
Of note, 00MM-mCSW503.2 was a particularly com-
plex chimera that contained at least 13 recombination
breakpoints between subtypes B9 and C and
CRF01_AE (Figs 1f and 2f). This would be one of the
most complex chimeras ever reported.

Mandalay URFs with ‘‘pseudotype’’ virion
structures
Intriguingly, some of recombinant strains identified in
the present study showed ‘pseudotype’ virion struc-
tures, in which the external portions of the envelope
glycoproteins were exchanged with that of different
lineage of HIV-1 strains. The most distinct examples
were a pair of 00MM-mIDU502.6 (Fig. 1b) and
99MM-mCSW104.16 (Fig. 1c), that showed reciprocal
patterns of recombination between subtype B9 and
CRF01_AE. The 00MM-mIDU502.6 was a subtype
B9 strain recombined with CRF01_AE in the external
portion of the envelope glycoprotein (Fig. 1b). In
contrast, the 99MM-mCSW104.16 was a CRF01_AE
strain recombined with the external portion of the
envelope glycoprotein of subtype B9 (Fig. 1c). Simi-
larly, the 99MM-mIDU106.18, that was comprised
mostly of subtype B9, was recombined with the
external portion of the envelope glycoprotein of
subtype C origin (Fig. 1d). Although the subtype
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Fig. 1. Bootscanning plots and deduced subtype structures of near full-length genome sequence of HIV-1 isolates from
Mandalay (Central Myanmar). The bootscanning plots, depicting the relationship of Mandalay isolates to the reference strains of
HIV-1 subtypes A (92UG037), B’ (RL42), C (95IN21068), and D (NDK) and CRF01_AE (93TH253) (indicated in the inset at the
bottom left) are shown. The bootstrap values are plotted for a window of 500 bp moving in increments of 100 bp along the
alignment. The deduced subtype structure is illustrated at the bottom of each panel. The regions of the respective subtypes are
shown in different colors indicated at the bottom right. The long terminal repeat (LTR) region of 99MM-mIDU106.18 was found
to contain small subtype C segment in the enhancer–promoter region (see text). The exact coordinates for the recombination
breakpoints are given in the parenthesis in Fig. 2.
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structure was less simple, 99MM-mIDU107.34, that
was comprised mainly of subtype C, was recombined
with CRF01_AE in env region (Fig. 1e). Even in the
most complex chimera, 00MM-mCSW503.2, we saw
a similar trend. In 00MM-mCSW503.2, the external
portion of the envelope glycoprotein of subtype B9
origin appeared to be recombined with a chimeric
genome with highly complex subtype composition
(Fig. 1f and 2f). One exception was 99MM-
mIDU103.10, that was a chimera comprised mostly of
subtype B9 with a small segment (approximately
200 bp) derived from subtype C in LTR region (Fig.
1a and 2a, see below).

Phylogenetic relationship of HIV-1 strains from
Central Myanmar
The neighbor-joining tree analysis based on near full-
length nucleotide sequences revealed that HIV-1 inter-
subtype chimeras were the ‘outliers’ placed outside the
clusters of known HIV-1 subtypes or CRFs, whereas
three putative non-recombinant forms of HIV-1 strains
formed monophyletic clusters with subtypes B9 and C
and CRF01_AE, respectively (Fig. 3). The locations of
HIV-1 recombinants in the phylogenetic tree appeared

to reflect the proportion of the length of each subtype
segment in respective HIV-1 chimera. For instance,
00MM-mIDU502.6 and 99MM-mIDU107.34 and
99MM-mCSW104.16 which were made up mainly of
subtype B9, C and CRF01_AE (Fig. 1) were located
near the clusters of subtype C and CRF01_AE,
respectively (Fig. 3). In contrast, the highly complex
chimera, 00MM-mCSW503.2, that was made up of
multiple segments of subtypes B9 and C and
CRF01_AE, branched out from the central part of the
tree (Fig. 3). Of note, a subtype C strain from Central
Myanmar (99MM-mIDU101.3) was most closely re-
lated to those of Indian origin (95IN21068 and
93IN905) (Fig. 3) [23].

Discussion

The present study revealed that substantial portions of
HIV-1 strains circulating in the city of Mandalay in
Central Myanmar were URFs with diverse profiles of
intersubtype recombinations (Fig. 1, Table 1). They
were not related each other nor to any known
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recombinants, indicating that they had arisen indepen-
dently. The prevalence of URFs among high risk
population in Central Myanmar is approximately 10 %
in CSWs and 20–30 % in IDUs (Table 1) [20,23,35].
Since our screening system for HIV-1 genotypes relied
on the nucleotide sequencing of gag (p17) and env (C2/
V3) regions, the actual numbers of HIV-1 intersubtype
recombinants in Central Myanmar could be greater
than we reported in the present study. Indeed, by
additional genotype screening based on 39-LTR, we
identified one B9/C recombinant (99MM-
mIDU103.10) (Fig. 1a) among four HIV-1 isolates that
were originally assigned as subtype B9. Obviously, the
more HIV-1 segments are analyzed, the more recombi-
nants are likely to be recognized in this study site. As
seen in 00MM-mCSW503.2 (with 13 recombination
breakpoints) (Fig. 1f) and 99MM-mIDU107.34 (with
seven recombination breakpoints) (Fig. 1e), some Man-
dalay URFs were highly complex chimeras between
multiple lineages of HIV-1 strains. These findings,
taken together, suggest that extensive recombination
events are taking place in an ongoing fashion and new
recombinants appeared to be arising continually in this
area. Similar phenomenon was observed in Central
Africa, where the proportion of discordant gag/env
samples account for up to 40% [36].

This unusually high rate of detection of intersubtype
recombinants is not due to the technical artifacts,
including the possibility of the template switch during
the long PCR procedure. We scrutinized the recombi-
nation breakpoints by determining the nucleotide
sequences of original virus stocks and plasma samples in
separate experiments. The results were consistent with
the data obtained from near full-length DNA clones in
the present study.

The exploratory tree analysis gave further information
on the origin of the viruses that have been involved in
the recombinations. As shown in Figure 2, exploratory
analyses demonstrated that most of subtypes B and C
and CRF01_AE parts of recombinant genomes be-
longed to the clusters of subtype B9 (Thailand variant
of subtype B), subtype C of India origin, and Thailand
CRF01_AE, respectively, indicating that newly
emerged recombinants in Central Myanmar have been
generated by the mixing of subtype B9 and CRF01_AE
from Thailand and the subtype C strains from India
(Fig. 4).

A geographical hot spot of extensive HIV-1 intersub-
type recombination events has been recently identified
in the western part (Dehong Prefecture) of Yunnan
Province in China, near the border to Myanmar,
where approximately two-thirds of circulating strains
are URFs mainly comprised of subtypes B9 and C [18]
(Fig. 4). The high prevalence of URFs in Central
Myanmar and the western part of Yunnan Province of

China are likely to reflect the presence of highly
exposed individuals and social networks of HIV-1
transmissions in these areas [18]. The areas, including
western Yunnan and Central Myanmar, thus appear to
be the ‘melting pots’ where the diverse forms of HIV-1
recombinants are continually generated (Fig. 4).

As typically seen in CRF01_AE (env E in subtype A
backbone), and CRF14_BG (env B in subtype G
backbone), some CRFs exhibited ‘pseudotype’ virion
structures, in which the external portions of the
envelope glycoprotein were exchanged with that of
different lineage of HIV-1 strain. A similar tendency
was observed in other CRFs with more complex
recombinant structure, including CRF02_AG (env A in
subtypes A/G backbone), CRF06_cpx (env G in
subtypes A/J/K backbone), CRF011_cpx (env A in
subtypes A/E/G/J backbone), and CRF13_cpx (env A
in subtypes A/E/G/J/U backbone). Intriguingly, ap-
proximately half of Mandalay URFs (four of six)
identified in the present study displayed such ‘pseudo-
type’ virion structures (Fig. 1).

Tovanabutra et al. has identified one recombinant
(97TH.NP1623), in which the external portion of env
gene of CRF01_AE were exchanged with subtype B9
genome, in a multiply exposed individual in Thailand
[17]. Although the subtype structure of 97TH.NP1623
resembles that of 00MM-mIDU502.6, the precise loca-
tions of recombination breakpoints are not identical,
indicating that both recombinants have been generated
independently. This may also suggest that there are the
mechanism(s) to allow the convergent evolution of
recombinants with virtually identical configuration, al-
beit they seem to be generated independently in two
epidemiologically-unrelated individuals. It is thus tempt-
ing to speculate that such ‘pseudotype’ virion structures
might confer potential selective advantage on recombi-
nant viruses over parental viruses (e.g. to escape from host
immune surveillance), leading to the evolution of the
recombinants with nearly identical subtype structures.

In summary, the present study identified the unique
geographical hot spot in Central Myanmar where the
extensive recombinations appear to be taking place
continually. The presence of highly exposed individuals
and social networks of HIV-1 transmission could
quickly lead to the generation of highly diverse forms
of unique intersubtype recombinants. This provides
insights into the understanding the genesis of HIV-1
epidemic in this particular area in Asia.
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