
JOURNAL OF VIROLOGY, May 2007, p. 4492–4500 Vol. 81, No. 9
0022-538X/07/$08.00�0 doi:10.1128/JVI.02050-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Extensive Intrasubtype Recombination in South African Human
Immunodeficiency Virus Type 1 Subtype C Infections�

Christine M. Rousseau,1* Gerald H. Learn,1 Tanmoy Bhattacharya,2 David C. Nickle,1 David Heckerman,3
Senica Chetty,4 Christian Brander,5 Philip J. R. Goulder,5,6 Bruce D. Walker,5,7

Photini Kiepiela,4 Bette T. Korber,2 and James I. Mullins1

Department of Microbiology, University of Washington, Seattle, Washington 98195-80701; Los Alamos National Laboratory, Los Alamos,
New Mexico 875452; Machine Learning and Applied Statistics Group, Microsoft Research, Redmond, Washington 980523;

HIV Pathogenesis Program, Doris Duke Medical Research Institute, University of KwaZulu-Natal, Durban 4015, South Africa4;
Partners AIDS Research Center, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts 021295;

Nuffield Department of Medicine, The Peter Medawar Building for Pathogen Research, Oxford University,
Oxford OX1 3SY, United Kingdom6; and Howard Hughes Medical Institute, Chevy Chase, Maryland 208157

Received 19 September 2006/Accepted 14 February 2007

Recombinant human immunodeficiency virus type 1 (HIV-1) strains containing sequences from different
viral genetic subtypes (intersubtype) and different lineages from within the same subtype (intrasubtype) have
been observed. A consequence of recombination can be the distortion of the phylogenetic signal. Several
intersubtype recombinants have been identified; however, less is known about the frequency of intrasubtype
recombination. For this study, near-full-length HIV-1 subtype C genomes from 270 individuals were evaluated
for the presence of intrasubtype recombination. A sliding window schema (window, 2 kb; step, 385 bp) was used
to partition the aligned sequences. The Shimodaira-Hasegawa test detected significant topological incongru-
ence in 99.6% of the comparisons of the maximum-likelihood trees generated from each sequence partition, a
result that could be explained by recombination. Using RECOMBINE, we detected significant levels of
recombination using five random subsets of the sequences. With a set of 23 topologically consistent sequences
used as references, bootscanning followed by the interactive informative site test defined recombination
breakpoints. Using two multiple-comparison correction methods, 47% of the sequences showed significant
evidence of recombination in both analyses. Estimated evolutionary rates were revised from 0.51%/year (95%
confidence interval [CI], 0.39 to 0.53%) with all sequences to 0.46%/year (95% CI, 0.38 to 0.48%) with the
putative recombinants removed. The timing of the subtype C epidemic origin was revised from 1961 (95% CI,
1947 to 1962) with all sequences to 1958 (95% CI, 1949 to 1960) with the putative recombinants removed. Thus,
intrasubtype recombinants are common within the subtype C epidemic and these impact analyses of HIV-1
evolution.

Human immunodeficiency virus type 1 (HIV-1) genetic
diversity is generated during viral replication and is caused
by error-prone reverse transcription, host-mediated hyper-
mutation, and recombination. Recombination has been es-
timated to occur approximately 2.8 times per genome per
viral replication cycle (61). Detectable recombination re-
quires simultaneous infection with more than one virus at
the cellular level. In a previous report, an average of three
to four distinct proviral genomes were found in infected
spleen cells (21), indicating that conditions do exist for
extensive recombination between different viral genomes.
Indeed, numerous intersubtype recombinants resulting in
both unique forms found in single individuals and circulating
forms have been observed (http://hiv-web.lanl.gov/content/hiv-db
/CRFs/CRFs.html). Furthermore, recombination among se-
quences from the same subtype, or intrasubtype recombi-
nation, has also been observed within individual patients (36,
47, 59).

Recombination can distort the phylogenetic signal. In phy-
logenetic analyses, the variant sites in the recombinant por-
tions of the genome will appear as parallel evolution (ho-
moplasy) instead of a single lineage. This can cause longer
branch lengths, overestimate the substitution rate heterogene-
ity, and cause false rejection of molecular clock hypotheses (26,
44). Furthermore, this effect can confound studies involving
the association of viral evolutionary changes and other factors
such as host genetics (3, 32). As a result of greater sequence
similarity, it is more difficult to detect intrasubtype recombi-
nation than intersubtype recombination and the true amount
of intrasubtype recombination is unknown. For these reasons,
intrasubtype recombination is commonly ignored in phyloge-
netic analyses of HIV-1 sequences.

Subtype C is the most prevalent HIV-1 subtype worldwide
and, thus, a critical target for vaccine design. Phylogenetic
analysis of viral sequences at the host population level can
allow for the estimations of ancestral sequences, rates of viral
evolution, and geographic clustering, which may be important
for the design of an effective vaccine. The presence of intra-
subtype recombination within subtype C genomes may impact
these analyses. This study addresses the prevalence of intra-
subtype recombinants among near-full-length subtype C ge-
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nomes at the host population level and their impact on phylo-
genetic analyses.

MATERIALS AND METHODS

Selection of sequences. Sequences were selected from the Los Alamos HIV-1
sequence database (http://hiv-web.lanl.gov/content/hiv-db/mainpage.html) in
August 2005 (n � 118) and from sequences obtained as part of our studies of
South African subjects (n � 152) from KwaZulu-Natal Province, South Africa
(42). The South African sequences we obtained were collected as part of a study
approved by the University of Washington and University of KwaZulu-Natal
internal review boards, and all subjects gave informed consent. The country of
origin and the year of sample collection were available for most sequences from
the Los Alamos database. In addition, viral load and CD4 T-cell counts were
available for the 145 South African subjects (22). All subtype C sequences of �8
kb were included in the final data set. A total of 270 subtype C sequences were
collected for analysis. All sequences were evaluated for intersubtype recombi-
nation using REGA (7) and RIP 3.0 (http://www.hiv.lanl.gov/content/hiv-db
/RIP3/RIP.html). Two were found to be dissimilar intersubtype recombinants
and were confirmed with bootscanning as implemented in SimPlot (27) using
consensus sequences for subtypes A to H, followed by the informative site test
(39). Both of these sequences were removed from the data set. Both were unique
recombinants between subtypes C and A and were not similar to any known
circulating recombinant form (GenBank accession numbers DQ351238 and
DQ093606). Five sequences were found to be hypermutated by using the pro-
gram Hypermut (41) and were also removed, leaving 263 sequences for analysis
(Table 1 and http://mullinslab.microbiol.washington.edu/HIV/Rousseau2007
/TableS1.html). Sequences were aligned using ClustalW, version 1.83 (55), and
MacClade, version 4.08 (28), and regions of uncertain positional homology were
removed (i.e., repetitious elements and the internal regions of the env variable
loops). The total sequence length of the final alignment was 7,701 bp.

Phylogenetic analysis. Maximum-likelihood trees were inferred using PHYML
(15) as follows: 100 bootstrap trees were generated from BIONJ (9) start trees;
the bootstrap trees were used in turn as starting trees for a final maximum-
likelihood analysis with PHYML (15). Since the results of phylogenetic analyses
using heuristic searching algorithms depend on the starting trees, we used the
bootstrap trees to provide a variety of starting conditions. This method was
validated by using a set of 45 sequences encompassing the C2V5 region of env
(549 nucleotides) (data not shown) and comparing the results of the above-
described method to those of two alternate methods: (i) a maximum-likelihood
tree using a single BIONJ start tree in PHYML (15) and (ii) a maximum-
likelihood tree from PAUP*, version 4.0b10 (53), calculated with tree-bisection-
reconnection rearrangement from both 10 random-addition orders and a neigh-
bor-joining start. The best tree from the original method always produced a
higher likelihood score than those from the two alternate methods.

Identification of reference sequences. The viral genome length alignment was
divided into a series of 16 partitions of approximately 2,000 bp, with a 1,615-bp

overlap. An average of 1,057 informative sites were present in each partition
(range, 855 to 1,251). The partition and overlap sizes were designed to balance
the need for sufficient sequence to generate an accurate tree and to be small
enough to allow topological variation based on small regions of recombination.
Each partition was used to generate a maximum-likelihood phylogenetic tree as
described above. Reference sequences (n � 23) were identified by comparing the
trees generated from each of the partitions to each other and to the tree
generated from the full-length alignment. Sequences that were in clusters with
�70% bootstrap support in the tree from the full-length alignment and that were
in the same topological position in each of the partition trees were defined as
reference sequences. The most recent common ancestor of clusters consisting of
three or more reference sequences was selected to represent those clusters.

Identification of recombination. Each nonreference sequence was compared
to the reference set using two passes of bootscanning as implemented in SimPlot
(27). The first pass consisted of a comparison of the query sequence to the full
set of reference sequences. A second-pass bootscan was performed comparing
the query to a subset of references that appeared to be parental sequences based
on the first pass. Putative breakpoints were identified, and the informative site
test was used to evaluate the significance level supporting recombination (39).
Two methods of evaluating the statistical significance of the informative site
distributions were used. The first involved a chi-square value with Yates’ cor-
rection. The values with a false discovery rate of �0.05 (2) were considered to
provide significant evidence of recombination. The second method involved
Fisher’s exact test followed by the calculation of the q value (52), a number that
indicates the proportion of false-positive results expected among the total sig-
nificant results. Sequences with q values of �0.05 were considered to have
significant evidence of recombination.

The 16 partitions of the full-length alignment were modified by removing the
first and second codon position sites for nonoverlapping coding regions. In
parallel, the complete sequence alignment was also divided into coding regions
corresponding to p17, p24, p2/p7, protease, reverse transcriptase, RNase H,
integrase, Vif, Vpr, Tat/Rev exon1, Tat/Rev exon2, Vpu, gp120, gp41, and Nef.
The Shimodaira-Hasegawa test (46) was performed to compare the topologies of
the phylogenetic trees from the 16 partitions of the near-full-length sequence, the
16 partitions of the third-codon-position sites, and the coding region partitions by
using PAUP*.

Other statistical analysis. The Slatkin-Maddison test (48) was performed to
evaluate geographic clustering by using MacClade, version 4.08 (28). The asso-
ciation of recombinants with terminal branch lengths was evaluated using mul-
tivariate linear regression with year of sample as a covariate. The most recent
common ancestors (MRCAs) were estimated using PAUP* (53) based on the
evolutionary model estimated using PHYML (15). The estimates of the year of
origin of the subtype C epidemic, the year of origin of the three sample recom-
binants (TV002, 00BW192113, and 98IN012), and the divergence rate were
attained using previously described methods (24) which were adapted for use
with sampling times known to the nearest day, month, or year. Clinical and
demographic associations were evaluated in Stata 8.0 (StataCorp, College Sta-
tion, TX) using linear regression and the chi-square test. The rate of recombi-
nation was estimated using RECOMBINE, version 1.4.1 (25). Because it would
be computationally too intensive to analyze the complete data set with RECOM-
BINE, five sets of 20 sequences were randomly selected without replacement
using the Random function in Microsoft Excel (version 11.2.3) and each of these
sets was used for the estimation of the recombination rate.

RESULTS

Geographic clustering. The maximum-likelihood phyloge-
netic tree of the near-full-length sequences revealed several
clusters with �70% bootstrap support (Fig. 1). Several of the
well-supported clusters corresponded to geographic regions
and thus presumably resulted from founder events. There was
significant evidence of overall geographic clustering (P �
0.0001) but no evidence of geographic clustering within South
Africa (P � 0.23). Significant clusters consisting of sequences
from a single geographic region included a cluster with se-
quences from Ethiopia, South America, India, and Botswana
as well as several clusters of sequences from South Africa.

Recombination in the data set. The percent difference in log
likelihoods of the tree topologies given the sequence data for

TABLE 1. Geographic origin of sequences

Country No. of
sequences

South Africa.......................................................................................159
Botswana ............................................................................................ 50
Tanzania ............................................................................................. 18
India.................................................................................................... 10
Brazil................................................................................................... 8
Ethiopiaa............................................................................................. 6
Zambia................................................................................................ 3
Australia ............................................................................................. 2
Argentina............................................................................................ 1
Kenya .................................................................................................. 1
Myanmar ............................................................................................ 1
Senegal................................................................................................ 1
Somalia ............................................................................................... 1
Uruguay .............................................................................................. 1
Yemen ................................................................................................ 1

Total....................................................................................................263

a Includes five sequences from Israel that originated in Ethiopia (40).
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each of the 16 sliding window partitions were compared to
each other and to that of the tree generated from the full-
length alignment. A total of 272 comparisons were performed
(Table 2). Ninety-one percent of the comparisons showed a
significant difference in likelihood, suggesting that these re-
gions evolved along different topologies. The tree topologies of
each genetic region were similarly compared, and 99.6% of the
comparisons were significant (data not shown). The presence
of recombination in the data set is one explanation for the
observed high levels of divergence. Because convergent evolu-
tion due to parallel replacement of amino acids may also lead
to incongruence in phylogenetic tree topologies, the same
analysis was repeated with only the third position of each
codon included (data not shown), as it is less likely to be under
selective pressure. Similarly, 90% of comparisons were found
to be significant, suggesting that recombination was likely to
have taken place among the sequences in this data set and that
recombination takes place throughout the genome.

The rate of recombination was estimated for five sets of 20
randomly selected sequences. The 95% confidence interval
(CI) of each estimate did not overlap zero, providing further
evidence for the presence of recombination among this set of
sequences. The per-site ratio of the recombination rate to the
mutation rate ranged from 0.0023 (95% CI, 0.0010 to 0.0044)
to 0.0067 (95% CI, 0.0039 to 0.010). Using these recombina-
tion rates, an average divergence value of 0.3170 in our tree,
and a previously reported mutation rate of HIV (2.5 � 10�5)
(29), we calculated an expected 5.6 to 16.4 recombination
events per genome.

Identification of recombinants. A total of 23 reference se-
quences (including ancestral states) that maintained consistent
topological positioning in the 16 partition trees were identified.

Nonreference sequences (n � 167) were compared to the
reference set using two passes of bootscanning, followed by the
informative site test (Fig. 2). The number of informative sites
matching each parental sequence was used in a contingency
table, and either a Yates-corrected chi-square test or a Fisher
exact test was performed to determine whether significant ev-
idence of recombination existed. At a false discovery rate of
�0.05, the Yates-corrected chi-square values showed that 77
(47%) of the sequences had significant evidence of recombi-
nation while the Fisher exact test showed the same 77 se-
quences plus an additional 40 (25%), for a total of 72%, with
a q value of �0.05. Among the 77 putative recombinants de-
fined from both analyses, 16% had putative parental sequences
that were ancestors from the South American cluster, Indian
cluster, or Ethiopian cluster. From the estimated time of origin
of the parental fragments (regions flanking the most significant
breakpoints) (Fig. 2), the recombination events were estimated
to have taken place after 1982 for TV002, after 1980 for
00BW192113, and after 1974 for 98IN012.

Impact of the putative recombinants. The 77 putative re-
combinants identified using both methods of multiple compar-
ison were removed from the alignment, and the maximum-
likelihood phylogenetic tree was regenerated using PHYML
(15). Evidence of geographic clustering remained significant
(P � 0.0001), and clustering within South Africa remained
nonsignificant (P � 0.08). The MRCA estimated from the tree
generated from the complete set of sequences differed slightly
from the MRCA generated from the set of sequences with the
putative recombinants removed (0.23% nucleotide distance
and 0.43% amino acid difference). The consensus sequence of
the complete data set was less impacted by the removal of the

FIG. 1. Maximum-likelihood tree of the complete set of subtype C sequences. Terminal clusters with more than two sequences and �70%
bootstrap support are highlighted. Additional bootstrap values are given at the corresponding node. Clusters with sequences from a single
geographic region are labeled to the right of the cluster, with the letters corresponding to the nations represented according to the ISO3166 code
list (http://www.iso.ch/iso/en/prods-services/iso3166ma/02iso-3166-code-lists/list-en1.html). Dots indicate putative recombinant sequences. The
outgroup is indicated with a bracket. ZA, South Africa; IN, India; MM, Myanmar; TZ, Tanzania; BR, Brazil; AR, Argentina; UY, Uruguay; ET,
Ethiopia.

TABLE 2. Results of Shimodaira-Hasegawa test of log-likelihood scores of phylogenetic trees from 16 HIV-1 sequence alignment partitionsa

Topology
% Difference in log-likelihood scores between indicated topology and partition:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 Full

1 Bestb 0.7209 1.1930 1.9674 2.1753 2.2974 2.3512 2.6015 2.7271 2.7048 2.6335 2.7620 2.5882 2.6108 2.5713 2.5361 1.3891
2 0.5185 Best 0.2557 0.9859 1.1623 1.2799 1.7866 2.1588 2.6553 2.6878 2.5347 2.5648 2.3750 2.3361 2.1135 2.0083 1.1230
3 1.0678 0.5327 Best 0.6109 0.8745 0.9897 1.5571 2.4391 2.9920 2.9947 2.7849 2.9575 2.7233 2.7536 2.5049 2.4218 1.3669
4 1.0561 0.7319 0.2932 Best 0.2855 0.4307 0.8002 1.6009 2.5731 2.7184 2.5613 2.7427 2.6035 2.6045 2.4672 2.4265 1.2074
5 1.5933 1.0578 0.5012 0.2280 Best 0.0630 0.7739 1.6692 2.5656 2.7227 2.6942 2.9002 2.6727 2.7123 2.6138 2.5240 1.3184
6 2.0691 1.5322 0.8054 0.5802 0.2133 Best 0.5049 1.4456 2.3298 2.5709 2.4989 2.7465 2.5415 2.7267 2.5447 2.5870 1.3661
7 2.0241 1.9965 1.6533 1.3221 0.9574 0.6126 Best 0.4764 1.3834 1.6688 1.8100 2.3133 2.2885 2.4053 2.2186 2.1311 1.1313
8 2.0890 2.2356 2.2325 1.9515 1.5627 1.2564 0.4859 Best 0.7663 1.0350 1.2561 1.8467 2.1894 2.4730 2.2735 2.2648 1.1607
9 2.3840 2.7783 2.9452 3.0665 2.6967 2.3794 1.3562 0.5137 Best 0.2814 0.6077 1.2922 1.6419 2.4848 2.4826 2.3586 1.2749
10 2.3853 2.7809 2.7679 3.0004 2.5331 2.2114 1.1801 0.5814 0.1744 Best 0.3394 0.9424 1.2240 1.9605 2.0840 2.0594 1.0873
11 2.0515 2.3241 2.4578 2.7522 2.5574 2.3529 1.6246 1.0726 0.6188 0.3250 Best 0.4112 0.5662 1.1464 1.3853 1.6641 0.8758
12 1.9734 2.3448 2.4497 2.7742 2.7011 2.5509 2.0917 1.6131 1.1423 0.7546 0.2168 Best 0.0246 0.5643 0.7589 1.1675 0.7813
13 2.1229 2.4303 2.5165 2.8453 2.7626 2.6427 2.4491 2.3765 1.9560 1.5132 0.9095 0.5765 Best 0.5025 0.7633 1.1289 1.0132
14 2.3206 2.7398 2.8867 3.2141 3.1136 2.9320 2.7095 2.7783 2.7982 2.3112 1.4976 1.0486 0.4448 Best 0.3187 0.7565 1.1685
15 2.0514 2.3911 2.4271 2.8182 2.6858 2.4941 2.2069 2.2631 2.4310 2.1594 1.4966 1.2172 0.6932 0.3354 Best 0.3885 0.9242
16 2.2006 2.5360 2.5980 2.9949 2.8646 2.6873 2.3829 2.5254 2.6265 2.4253 2.0910 1.7298 1.2809 0.8847 0.3880 Best 1.0002
Full 0.7028 0.8927 0.8995 1.1256 1.0281 0.9316 0.5759 0.5808 0.6830 0.6131 0.4665 0.5974 0.5677 0.6368 0.4246 0.3091 Best

a Full, full-length alignment. Different fonts indicate significance: boldface, P � 0.001; underline, P � 0.01; italic, P � 0.05; roman, not significant.
b Best indicates the comparison of trees generated from the same data.
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recombinant sequences (0.05% nucleotide distance and 0.09 to
0.17% amino acid difference).

To estimate the time of origin of the subtype C epidemic, we
used only the third position site from each codon, as this

position does not change the encoded amino acid as often and
is therefore under less selective pressure than the first and
second positions. The rate of HIV-1 divergence was then es-
timated with and without the 77 putative recombinants. The
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estimated rates were slightly shifted without the recombinants:
0.51%/year (95% CI, 0.39 to 0.53%) with all sequences versus
0.46%/year (95% CI, 0.38 to 0.48%) with putative recombi-
nants removed. The estimates of the year of origin of the
subtype C epidemic were slightly different between the two
groups: 1961 (95% CI, 1947 to 1962) with all sequences versus
1958 (95% CI, 1949 to 1960) with the recombinants removed.
These results were more dramatic when we removed the ad-
ditional 25% of the sequences that had been identified as
recombinants in the Fisher exact test with a q value of �0.05
(divergence rate, 0.37%/year [95% CI, 0.27 to 0.41%]; origin,
1954 [95% CI, 1932 to 1956]).

The 77 putative recombinant genomes that had been iden-
tified using both methods of correction for multiple compari-
sons were significantly associated with longer branch lengths
after we adjusted for the year of sampling (P � 0.001) but
were not significantly associated with any particular country,

year, or geographic region (P � 0.05). Nor were recombi-
nants significantly associated with viral load or CD4 T-cell
counts (P � 0.05).

DISCUSSION

This study demonstrates that intrasubtype recombination is
frequently detected among near-full-length HIV-1 subtype C
genomes. For observable recombination to take place in lenti-
viral infections, an individual must be infected with two differ-
ent viral strains (dual infection) and these strains must then
infect the same cell, be copackaged, and form an infectious
new virion. Dual infection with different subtypes or the same
subtype has been reported to be common (1, 5, 12–14, 17–19,
49, 54, 60), and newly generated recombinants have been ob-
served within some (8, 10, 31, 35, 36) but not all (4, 6, 23)
dually infected patients. Furthermore, recombination has been

FIG. 2. Phylogenetic, bootscan, and informative site analyses of three sample recombinant sequences: (A) TV002, (B) 00BW192113, and
(C) 98IN012. The maximum-likelihood phylogenetic trees, constrained on phylogenetically defined clusters based on the ancestral reference
sequences used in bootscanning (the ancestor to the Indian cluster [ancIN], the ancestor to the South American cluster [ancSAM], and ancestors
to other arbitrarily named clusters [ancD33, ancG3, ancQ4, ancT13, and ancT17]), are shown above regions flanking significant breakpoints. The
colors of the branches and constrained groups match the colors of the representative sequences in the bootscan analysis. The putative recombinant
sequence is labeled with a star. The bootscan analysis was performed using a window size of 400 bp and a step size of 20 bp. The graph represents
the bootstrap support for clustering with each of the putative parental sequences (ancIN, ancSAM, ancD33, ancG3, ancQ4, ancT13, ancT17, and
SK213). Putative recombination breakpoints are shown as black vertical lines. The number of informative sites of the query sequence matching
each putative parental sequence for each region is shown below the graph in the corresponding color. The Yates-corrected chi-square value and
the corresponding P value are shown below each breakpoint. The times of origin of the most recent ancestors to the recombinant sequences were
as follows: (A) 1982 (95% CI, 1963 to 1988) for the portion of TV002 most related to ancT13 and 1973 (95% CI, 1956 to 1977) for the portion
most related to SK213, (B) 1970 (95% CI, 1954 to 1976) for the central portion of 00BW192113 most related to ancT17 and 1980 (95% CI, 1968
to 1983) for the 3� portion most related to ancG3, and (C) 1974 (95% CI, 1943 to 1979) for the central portion of 98IN012 most related to ancIN
and 1970 (95% CI, 1960 to 1978) for the 3� portion most related to ancQ4.
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observed in multiply infected cells (21) and the observation of
circulating recombinant forms demonstrates that recombinant
HIV-1 genomes are capable of being transmitted (http://hiv-web
.lanl.gov/content/hiv-db/CRFs/CRFs.html). Thus, the results we
describe from our study are consistent with the biology and epi-
demiology of HIV-1.

Although we can conclude that recombination is extensive,
the rate of recombination does not need to be high for a high
number of recombinants to be present. Using the lowest re-
combination rate per mutation rate estimated in our study
(0.0023), we calculated at least 5.6 recombination events per
genome. This suggests that even with a low recombination rate,
most genomes are predicted to be recombinants. Furthermore,
our estimated recombination rate was much lower than the
mutation rate, despite the fact that we know that recombina-
tion occurs 2 to 3 times per replication cycle per genome, a
frequency 10 times greater than for the generation of point
mutations (20, 29, 61). We expect that we are not detecting all
recombinant genomes, as some of them may have parental
sequences that are genetically too similar to distinguish using
the methods employed in this report. Because recombination
between two very similar viral strains is difficult to detect, many
HIV-1 sequences will never be identified as recombinants. The
limiting factors in the identification of recombinants are thus
the occurrence of dual infection and the degree of divergence
of the dually infecting strains.

We demonstrated that recombination had a modest impact
on the inferred MRCA and a greater influence on the esti-
mated rate of HIV-1 evolution. Because recombinant regions
of a genome can be incorrectly scored as parallel evolution, it
is not surprising that our estimate of the rate of HIV-1 evolu-
tion with the recombinants removed was lower than that with
all sequences. Because of this, it was also not surprising that
the estimated date of origin of the subtype C epidemic with the
recombinants removed was earlier than that with all sequences.
From a previous analysis of envelope sequences, the MRCA of
the HIV-1 epidemic in humans is thought to have taken place
near 1930 (95% CI, 1913 to 1944) (24). Another report based
on an analysis of envelope and gag sequences showed the
estimated origin of the subtype C epidemic to have taken place
in 1962 (95% CI, 1956 to 1968 based on the full envelope
alignment and genetic distance) (56). Using the most conser-
vative definition of recombinant (resulting in 47% recombi-
nants), our estimate of the origin of the subtype C epidemic
(1958 [95% CI, 1949 to 1960]) places the date of origin of the
subtype C epidemic several years after the origin of the HIV-1
epidemic and within the 95% CI of the previous estimate of the
origin of the subtype C epidemic. Removing the more broadly
defined recombinant sequences (77%), we found that the es-
timate of the origin was even earlier (1954 [95% CI, 1932 to
1956]) and barely within the CI of the previous estimate based
on gag sequences. Both of our estimates of the divergence rate
for subtype C without the putative recombinants (0.46%/year
[95% CI, 0.38 to 0.48%] and 0.37%/year [95% CI, 0.27 to
0.41%]) were higher than that previously reported for all sub-
types (0.24%/year [95% CI, 0.18 to 0.28%]) (24). This may be
due to the use of different evolutionary models, third-site po-
sitions (versus all codon positions), and entire genome se-
quences (versus gp160). We conclude that the presence of
intrasubtype recombination has implications for future phylo-

genetic analyses using these or other sequences, because taking
recombination into account may increase estimate accuracy.

Using additional data and analyses compared to previous
reports, we were also able to further identify evidence of geo-
graphic clustering within the subtype C epidemic (11, 16, 30,
33, 34, 37, 40, 43, 45, 51, 57, 58, 62). Vaccine candidates
designed on regional HIV-1 subtype C strains may be able to
provide greater sequence coverage than those designed on all
subtype C sequences detected to date. The impact of recom-
bination was negligible in the context of overwhelming evi-
dence of geographic clustering.

The primary limitation to recombination analysis is the dif-
ficulty in identifying a null distribution for comparison, as all
present-day viruses are recombinants at some level. The Fisher
exact test used in this study was a conservative test for evalu-
ating the distribution of informative sites surrounding a puta-
tive breakpoint. A conservative false discovery rate (q � 5%)
was then applied to the resulting P values as a mechanism to
take multiple comparisons into account. However, the chi-
square values adjusted with false discovery rate correction re-
sulted in a lower estimate of the number of recombinants (47%
versus 72%). In either case, a large proportion of the se-
quences were identified as intrasubtype recombinants. An al-
ternate method suggested by Maynard Smith (29a) was to
compare the results of the informative site analysis to those of
a distribution of identical tests performed on a set of nonre-
combinant genomes. Nonrecombinant genomes were simu-
lated by randomizing the nucleotide columns in the sequence
alignment. The identification of putative recombinants was
then repeated many times with the randomized data set to
establish a null distribution for comparison. An automated
version of this method is available that allows a single break-
point and equally spaced flanking regions (29a, 38). However,
our larger-scale analysis involved the selection of up to three
breakpoints that were spaced to maximize the chi-square
value. Establishing this type of null distribution with several
breakpoints is computationally more complex and not cur-
rently possible in an automated manner using the number of
sequences analyzed here. An additional inherent limitation to
intrasubtype recombination analysis is that recombinant se-
quences whose parental sequences were very similar or not
present in our data set would not have been detectable. De-
spite these limitations, our analysis using the best available
methods and conservative statistical correction clearly demon-
strates that intrasubtype recombinants are common among
HIV-1 subtype C genomes.

In this study, the space between two informative sites flank-
ing a putative breakpoint often spanned several hundred to
several thousand base pairs; thus, uncertainty existed in most
breakpoint estimates. Additional methods or more intensely
sampled sequences would be needed to better define these
breakpoints in order to compare them across genomes and
identify hot/cold spots of recombination. Such analyses may
provide additional information about the mechanism(s) of re-
combination.

Our study demonstrated that intrasubtype recombination
can be detected and is common among circulating HIV-1 sub-
type C strains throughout the genome. This work underscores
the importance of recombination as a significant contributor to
HIV-1 diversity as well as the value of taking intrasubtype
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recombination into account in phylogenetic analyses of HIV-1.
Accurate phylogenetic inferences may be important for future
vaccine designs based on most central or ancestral sequences.
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