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enetic exchange through recombination. Despite the pandemic spread of HIV-1
recombinants, their times of origin are not well understood. We investigate the epidemic history of a HIV-1
circulating recombinant form (CRF) by estimating the time of the recombination event that lead to the
emergence of CRF33_01B, a recently described recombinant descended from CRF01_AE and subtype B. The
gag, pol and env genes were analyzed using a combined coalescent and relaxed molecular clock model,
implemented in a Bayesian Markov chain Monte Carlo framework. Using linked genealogical trees we
calculated the time interval between the common ancestor of CRF33_01B and the ancestors it shares with
closely related parental lineages. The recombination event that generated CRF33_01B (trec) occurred
sometime between 1991 and 1993, suggesting that recombination is common in the early evolutionary
history of HIV-1. The proof-of-concept approach provides a new tool for the investigation of HIV molecular
epidemiology and evolution.

© 2009 Elsevier Inc. All rights reserved.
Introduction
RNA viruses are characterized by their capacity to generate and
accumulate large numbers of genomic mutations (Holland et al.,
1982). Many RNA viruses are also capable of exchanging genetic
material with one another by homologous recombination (Lai,
1992) — contributing to viral evolution and survival by generating
genetic variation and creating new viruses (Hahn et al., 1988).

Human immunodeficiency virus (HIV) is among the most
genetically variable human viruses and is characterized by high
rates of mutation, viral replication and recombination (Ho et al., 1995;
Perelson et al., 1996; Robertson et al., 1995). Separate cross-species
transmission of simian immunodeficiency virus in chimpanzees
(SIVcpz) to humans has resulted in the diversification of HIV type 1
(HIV-1) into three groups, denotedM, N and O (Keele et al., 2006; Van
Heuverswyn et al., 2006), with the major pandemic group M viruses
being further divided into subtypes and subsubtypes (A to D, F to H, J
and K). In addition to pure subtypes, HIV-1 circulating recombinant
forms (CRFs) are generated by recombination between distinct
subtypes and/or other CRFs and are spreading at epidemic rates in
various parts of the world (Robertson et al., 2000). HIV-1 evolves
particularly quickly, resulting in the generation and accumulation of
significant numbers of mutations over short timescales. Many studies
have exploited this rapid evolution and used statistical methods to
ll rights reserved.
reconstruct the origins and evolutionary dynamics of HIV from viral
sequence data (Korber et al., 2000; Lemey et al., 2003; Salemi et al.,
2001; Tee et al., 2008;Worobey et al., 2008; Zhu et al., 1998). However,
the molecular evolution and epidemic history of HIV-1 recombinants
have not been fully explored – despite the dramatic expansion of CRFs
worldwide – possibly due to a lack of statistical methods that can
reliably reconstruct the evolutionary dynamics of sequences with
recombination. HIV-1 CRF33_01B, for example, is a recently emerged
recombinant in Southeast Asia descended from CRF01_AE and
subtype B (Tee et al., 2006, 2005a,b). Thought to be originated in
Malaysia, CRF33_01B has been expanding and found commonly
among HIV-infected individuals fromvarious risk groups in the region
(Lau et al., 2008; Tee et al., 2006, in press; Wang et al., 2007). In this
study, we attempt to assess the age of the putative recombination
event that gave rise to CRF33_01B by incorporating a relaxed clock
Bayesian phylogenetic model into a classical framework of reticulate
evolution. This straightforward, proof-of-concept approach provides a
practical and robust evolutionary biology method for estimating the
so-called “date of birth” of recombinant lineages for which closely
related non-recombinant lineages have been sampled.

Results

Estimation of recombination history

The shared ancestry of a population that is derived from a
recombination event or events (e.g. a recombinant lineage of viruses)
can be represented in the form of an ancestral recombination graph, as
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illustrated in Fig. 1. This graph is drawn on a real calendar timescale,
such that the vertical branch lengths represent time in months or
years. The graph results from the combination of two phylogenies,
representing the two parental clades, x and y, and includes the
putative xy recombinant generated by recombination between a
member of clade x and a member of clade y. In the graph we can
discern the time of the most recent common ancestor (tMRCA) of the
xy recombinant (denoted txy) and the divergence times of the most
closely-related x and y parental lineages with the recombinant,
denoted tx and ty, respectively. Assuming there is a single recombina-
tion event, the time of origin of the xy recombinant (denoted trec) can
be estimated as the interval between txy and the most recent of either
tx or ty. For example, in Fig. 1, the divergence time of clade x and the
recombinant is more recent than that of clade y, hence in this instance
trec is defined as the interval between tx and txy.

To investigate the origin and recombination history of HIV-1
CRF33_01B (a recombinant derived from CRF01_AE and subtype B)
partial CRF33_01B genome sequences were obtained and formed the
basis of three alignments with different parental subtypes:
CRF01_AEgag, CRF01_AEgag–env (a concatenated alignment of
CRF01_AEgag and the env genes), and subtype Bgag–pol (Fig. 2A).
Phylogenetic reconstruction of the three non-overlapping regions
showed that contemporary CRF33_01B isolates grouped as a distinct
monophyletic cluster within each tree, demonstrating its descent
from the parental subtypes of Southeast Asian origin (Kalish et al.,
1995; Ou et al., 1993) (Supplementary Fig. 1). Further evolutionary
analysis was performed on CRF01_AE and subtype B reference
sequences with known sampling dates, spanning 17 and 23 years,
respectively. Table 1 summarizes the evolutionary parameters
estimated from these data sets using a Bayesian MCMC relaxed
clock approach. To check that our results are robust to model
specification, we obtained posterior distributions under different
nucleotide substitution and demographic models. The estimated
evolutionary rates under the GTR substitution and constant size
population model (expressed in 10−3 substitutions/site/year) for
each genome region were as follows: 2.6 (95% credible region [CR]:
2.4–2.7) for CRF01_AEgag; 3.4 (95% CR: 3.1–3.6) for CRF01_AEgag–env;
3.7 (95% CR: 3.5–4.0) for subtype Bgag–pol. The estimated values of
the coefficient of variation parameter were well above zero, in line
with previous estimates for HIV-1 (de Oliveira et al., 2006),
indicating that the data exhibit significant variation in evolutionary
rate among lineages. The relaxed clock analysis was used to
Fig. 1. An ancestral recombination graph representing the classical model of reticulate evolu
and y generates the recombinant xy, which shares the evolutionary histories of both paren
specific subgraph (i.e. phylogeny) is estimated using a molecular clockmodel, then the coales
xy diverged from its most closely-related ancestral lineages can be estimated (denoted tx an
recombination event must have occurred. See text for further descriptions.
estimate the date of the common ancestor of CRF33_01B and its
parental lineages. As shown in Table 1 and Fig. 2B, the mean estimated
dates for the MRCA of CRF33_01B were similar among the three
alignments (CRF01_AEgag, CRF01_AEgag–env and subtype Bgag–pol),
ranging from 1992.5 to 1993.8. This concordance among estimates
obtained from different genome regions indicates that the sampled
CRF33_01B isolates did share a single common ancestor. To obtain a
consensus MRCA date for CRF33_01B, we used the average of the three
MRCA estimates, which was 1993.1 (denoted tMRCACRF33). We also
estimated the time at which CRF33_01B diverged from the most
closely-related parental lineages sampled, which was 1985.5 and
1986.6 for the CRF01_AE parental clade, and 1991.1 for the subtype B
parental clade. Therefore, given the reference strains available, we
were able to estimate a more recent divergence for CRF33_01B and
subtype B than for CRF01_AE and CRF33_01B. Following the model
described above (Fig.1), we conclude that trec – the “date of origin” – of
CRF33_01B occurred sometime between 1991.1 and 1993.1. The most
conservative estimate possible for the date of CRF33_01B origin can be
obtained bymeasuring between the lowest lower limit and the highest
upper limit of the 95% credible regions of the relevant divergence
dates, which for our data is 1987.3 and 1997.1. Additional analyses
performed using the HKY substitution model were parallel to those
obtained under the GTR model (shown in Supplementary Table 2). Of
note, the exponential demographic model did not fit these data sets
well, as indicated by unreasonable effective sample size (ESS) scores
(data not shown), suggesting that there could be insufficient
information in the data to accommodate a complex tree model.

Discussion

We have demonstrated that the time of an HIV recombination
event, representing the date of genesis of a recombinant lineage, can
be estimated by using relaxed molecular clock models to enforce a
timescale onto linked phylogenies. As an example, we have
attempted to estimate the origin time of a recently identified HIV-1
recombinant, CRF33_01B, which is derived from two well-character-
ized HIV-1 clades, namely CRF01_AE and subtype B. Thought to be
originated and endemic in Malaysia, CRF33_01B has been spreading
among various risk populations (Tee et al., 2006). Using a Bayesian
MCMC phylogenetic framework in the context of a simple model of
reticulate evolution, we investigated the evolutionary history of
CRF33_01B (Fig. 1). Given HIV-1 sequence data with known dates of
tion. In a recombinogenic virus population, intertypic recombination between clades x
t lineages, thus generating a closed loop (or ‘reticulation’) in the graph. If each clade-
cence time of the xy recombinant clade (txy) can be estimated. In addition, the time that
d ty). Taken together, these times can be used to define an interval during which the xy



Fig. 2. (A) Genome structure of HIV-1 CRF33_01B. In this recombinant lineage, subtype B fragments are found within the gag–pol gene region, in a genomic background that
matches CRF01_AE. Mosaic genome structure was determined and confirmed by bootscanning and by informative-sites plus sub-region tree analyses, as described elsewhere
(Tee et al., 2006). We created three non-overlapping alignments from CRF33_01B: CRF01_AEgag, subtype Bgag–pol (concatenated) and CRF01_AEenv. To achieve a sufficient level of
phylogenetic signal, the CRF01_AEgag and CRF01_AEenv data sets were concatenated (CRF01_AEgag–env) for subsequent analyses. Nucleotide positions corresponding to HXB2
prototype strain (accession number K03455) are indicated. (B) Phylogenetic reconstructions of HIV-1 CRF33_01B and the closely related parental lineages belonging to clades
CRF01_AE and subtype B. Maximum clade credibility phylogenies were obtained using BEAST v1.4 (Drummond and Rambaut, 2007) from alignments that represent the regions
CRF01_AEgag (HXB2 790–2052), CRF01_AEgag–env (HXB2 790–2052 and 6882–7637) and subtype Bgag–pol (HXB2 2065–2840). Reference sequences belonging to CRF01_AE (gag
and env) and subtype B (gag–pol) were obtained from the HIV sequence database (www.hiv.lanl.gov) (only closely-related parental lineages are shown in this figure — see
Supplementary Fig. 1 for larger phylogenies). Monophyletic clusters (P≥0.9) of CRF33_01B sequences are colored. Tree branches are scaled in units of time. Dates of the most
recent common ancestor (MRCA) of CRF33_01B and the divergence times of closely-related parental lineages (as estimated using BEAST) are indicated on the respective nodes.
Estimated evolutionary parameters obtained for these data sets are provided in Table 1.
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sampling, we estimated that the recombination event that generated
CRF33_01B occurred betweenyear 1991.1 and 1993.1. (Fig. 2B, Table 1),
with a conservative interval between 1987.3 and 1997.1. This period
Table 1
Bayesian Markov Chain Monte Carlo (MCMC) evolutionary parameters for HIV-1 CRF33_01

Data sets Rate of evolution Coefficient of variati

gag (CRF01_AE) 2.6 (2.4, 2.7) 0.4 (0.2, 0.6)
gag and env (CRF01_AE, concatenated) 3.4 (3.1, 3.6) 0.4 (0.3, 0.6)
gag and pol (subtype B, concatenated) 3.7 (3.5, 4.0) 0.5 (0.3, 0.6)

Posterior distributions are estimated using a relaxed molecular clock model (Drummond
distributed among-site rate variation (GTR+γ4) and a constant-sized demographic model.
highest posterior densities (HPDs) are shown in parentheses.
coincidedwith the early phase of the HIV epidemic inMalaysia, during
which annual incidence was increasing rapidly (Fig. 3A). Although the
simple and robustmethod is practical for estimating the date of birth of
B

on Date of MRCA of CRF33_01B (year) Date of divergence of CRF33_01B
closely-related parents (year)

1993.1 (1990.6, 1995.5) 1986.6 (1983.0, 1989.3)
1992.5 (1989.8, 1995.1) 1985.5 (1983.8, 1987.0)
1993.8 (1990.6, 1997.1) 1991.1 (1987.3, 1995.0)

et al., 2006). The general time-reversible substitution model was used with gamma-
Nucleotide substitution rates are expressed in 10−3 substitutions per site per year. 95%

http://www.hiv.lanl.gov


Fig. 3. (A) Epidemiological dynamics of HIV-1 prevalence in Malaysia from the 1980s to 2007 (source: AIDS/STI Unit, Ministry of Health Malaysia). The time of recombination event
between HIV-1 CRF01_AE and subtype B that gave rise to CRF33_01B (trec) is depicted as a vertical bar. This 2-year period coincides with the early stages of the HIV epidemic in
Malaysia. Dotted vertical lines indicate the most conservative possible date range for CRF33_01B origin (1987.3 to 1997.1, see text for details). (B) Bayesian skyline plot (Drummond
et al., 2005) for the CRF01_AE clade circulated throughout Southeast Asia. Population dynamics were estimated using the GTR+γ4 parameter in BEAST 1.4. See Materials and
methods for full analysis details. Note that the y-axis is proportional to effective population size, which reflects prevalence. The black line represents the median estimate and the
shaded region represents the 95% highest posterior density (HPD) credible region. The plot indicates that Asian CRF01_AE first emerged in 1979.6 (95% CR: 1976.4–1982.7) and later
established in Southeast Asia around mid-1980s, followed by a second but less significant “wave” a decade later. The time of recombination event that generated CRF33_01B (trec) is
also depicted as a vertical bar.
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recombinant viruses, the analysis could be affected by several factors:
(i) poor sampling, (ii) complex mosaic genomes structures of CRFs,
(iii) low diversity genome regions (e.g. the polymerase gene), and (iv)
difficulty in estimating genetic distance at saturated sites inwhich too
many mutations occur at the same site.

We further investigated the epidemic history of CRF01_AE in
Southeast Asia by estimating a Bayesian skyline plot for the
CRF01_AEgag–env data set, which depicts the change in effective
population size through time (Drummond et al., 2005) (Fig. 3B). The
plots show that the CRF01_AE epidemic in Southeast Asia beganwith a
rapid exponential increase in effective population size. The plot also
suggests a more modest second epidemic “wave” a decade later;
however this second increase is not statistically significant given the
confidence limits obtained. The CRF01_AE epidemic has since
matured and, to date, accounts for more than 80% of all infections in
South and Southeast Asia (excluding India) (Hemelaar et al., 2006).
Moreover, the population genetic data correlate with the epidemic
timeline of CRF01_AE across the region (Weniger et al., 1994); for
example, the first cases of HIV/AIDS inMalaysiawere reported around
1986 (Goh et al., 1987). To our knowledge, this is the first genetic
evidence that specifically defines the emergence and dynamics of
CRF01_AE in Southeast Asia.

During the early phase of the HIV epidemic in Southeast Asia,
CRF01_AE and subtype B were circulating relatively independently
among patients who acquired infections through heterosexual contact
and injecting drug use, respectively (Weniger et al., 1994). However,
dual infection as a result of co-infection or super-infection by multiple
HIV-1 strains within a single host was not uncommon among high-
risk groups (Xin et al., 1995; Zhu et al., 1995). This presents an ideal
environment for the in vivo “mixing” of distinct viral types, leading to
cross-clade recombination (Ramos et al., 2002; Takebe et al., 2003).
The recombinant virus could have had disseminated widely beyond a
single host when conditions that favor viral spread arose within the
drug injection or sexual transmission networks. Accordingly, our
analyses indicate that recombination may be common during the
establishment phase of an HIV-1 outbreak, perhaps a few years after
the first founding virus appears (Fig. 3A), and, as in the case of
CRF33_01B, was associated with complex networks of persons at risk
in Southeast Asia in the early 1990s (Weniger et al., 1991).

In summary, we have shown that date of a CRF-generating HIV-1
recombination event can be estimated using a simple phylogenetic
model. This approach could be applied to investigate the spatiotem-
poral history of other HIV-1 circulating recombinant forms. Further-
more, it could be extended to other recombinant virus species that
contain highly prevalent recombinant lineages, including members of
the retroviruses, flaviviruses, picornaviruses and alphaviruses.

Materials and methods

Study subjects, PCR and sequencing

One hundred eighty four HIV-1 infected patients who acquired
infection through various risk practices (injecting drug user, hetero/
bisexual, men who have sex with men) were recruited between July
2003 and August 2005 in Kuala Lumpur, Malaysia, where CRF33_01B
is endemic. HIV-1 molecular subtypes/CRFs were screened using the
gag, polymerase (pol) and envelope (env) genes from plasma or
peripheral blood mononuclear cells (PBMCs). Briefly, HIV-1 RNA was
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extracted from plasmawith High Pure Viral RNA Kit (Roche Diagnostic
GmBH, Mannheim, Germany) according to the manufacturer's
instructions. To amplify the gag, pol and env genes, reverse transcrip-
tion PCR was performed using TaKaRa One Step RNA PCR Kit (AMV)
(TaKaRa, Shiga, Japan) followed by nested PCR by Premix Taq (Ex Taq
Version) (TaKaRa). Three overlapped regions were amplified encom-
passing the gag and pol genes and primers were designed to obtain
sufficient number of overlapping nucleotides to ensure that recombi-
nants are not generated by assembling sequence fragments derived
from different HIV-1 subtypes amplified from an individual. PCR
primers used in primary and secondary (nested) amplifications are
listed in Supplementary Table 1. Primary thermocycling conditions
were 1 cycle at 50 °C for 30 min (reverse transcription); 1 cycle at
94 °C for 2 min; 30 cycles at 94 °C for 30 s, 55 °C for 30 s and 72 °C for
3min; and 1 cycle at 72 °C for 7min. Nested PCR in a 50 μl reactionwas
performed using 5 μl of amplicon generated from the first PCR. The
PCR cycling conditions were similar to the primary amplification
except for the single denaturation cycle, which was set at 94 °C for
1 min. Amplicons were purified and directly sequenced by an ABI
PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA).
For proviral DNA isolation, PBMCs fromHIV-1 patients were separated
by Ficoll–Hypaque density gradient centrifugation (Amersham Bios-
ciences AB, Uppsala, Sweden). PBMCs were co-cultured with
phytohemagglutinin-stimulated (1 μg/ml) CD8+ T cell-depleted
PBMCs (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) from
HIV-negative donors in RPMI 1640 supplemented with 10% fetal calf
serum and interleukin-2 (20 U/ml). Virus production was measured
by a virion-associated RT assay as described elsewhere (Kato et al.,
1999). HIV-infected PBMCswere then harvested and proviral DNAwas
extracted with guanidine detergent for near full-length viral DNA
amplification and sequencing, as described previously (Tee et al.,
2006). Recombination structures of HIV-1 CRF33_01B were deter-
mined by bootscanning and confirmed by informative-sites and sub-
region tree analyses described elsewhere (Tee et al., 2006, 2005a). In
this novel recombinant, two fragments of subtype B, each about
300 bp long, can be found in the gag–pol gene region. The remainder
of the genome is most closely related to CRF01_AE.

Phylogenetic reconstruction and Bayesian coalescent inference

Twelve CRF33_01B sequences with known dates of sampling
were selected for further phylogenetic and coalescent analysis. The
CRF33_01B genome was separated into three alignments, corre-
sponding to genome regions with different parent clades: (i)
CRF01_AEgag (HXB2 790–2052), (ii) subtype Bgag–pol (HXB2 2065–
2374 and 2541–2840), and (iii) CRF01_AEenv (HXB2 688–−7637).
The two short subtype B fragments in the gag–pol region were
concatenated to form a longer alignment in order to maximize
phylogenetic signal. Likewise, the gag and env genes of CRF01_AE
origin were also concatenated to achieve higher phylogenetic
resolution (CRF01_AEgag–env). For each sub-genomic or concatenated
alignment, the CRF33_01B sequences were combined with the most
closely related subtype B or CRF01_AE reference sequences (includ-
ing all sequences of Asian origin) for which the date of sampling
was known. Phylogenetic trees were estimated for each data set
using the maximum-likelihood approach implemented in PAUP⁎
v4.0 beta (Swofford, 2003). Reference sequences were obtained
from the HIV sequence database (www.hiv.lanl.gov).

Evolutionary rates could not be estimated directly from the
CRF33_01B sequences because they were not sampled over a
sufficiently wide range of dates. Therefore specific rates of evolution
for the different genome regions under study were estimated from
independent sets of ‘serially-sampled’ subtype B and CRF01_AE
sequences with known dates of sampling (retrieved from the HIV
sequence database). The gag and env CRF01_AE reference sequences
were sampled between 1990 and 2006 (n=37). The corresponding
gag–pol subtype B reference sequences were sampled between 1983
and 2005 (n=55). Evolutionary rates were obtained using the
Bayesian MCMC approach implemented in BEAST v1.4 (Drummond
and Rambaut, 2007). An uncorrelated lognormal relaxed molecular
clock was chosen, which assumes no a priori correlation between a
lineage's rate of evolution and that of its ancestor (Drummond et al.,
2006). During analysis, evolutionary rates and tree topologies were
analyzed using the general time-reversible (GTR) (Rodriguez et al.,
1990) and Hasegawa–Kishino–Yano (HKY) (Hasegawa et al., 1985)
substitution models with gamma distributed among-site rate varia-
tion with four rate categories (γ4) (Yang, 1994). Constant-sized and
exponentially growing coalescent models were used in each case
(Drummond et al., 2002) and each MCMC chain was run for 20–
30million states, sampled at every 10,000 states. Posterior probability
densities were calculated and chains were checked for convergence in
Tracer v1.4 (available from http://tree.bio.ed.ac.uk) with 10% of each
chain discarded as burn-in. Estimated posterior distributions of
evolutionary rates obtained from the serially-sampled data sets
were incorporated as prior probability distributions in subsequent
analyses in order to infer the timescale of CRF33_01B evolution (Pybus
et al., 2003). The sequences reported in this paper have been
deposited in the GenBank database (accession numbers EU785944-
EU785961 and DQ366659-DQ366661).
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