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ABSTRACT

Members of HIV-1 group M are responsible for the vast majority of AIDS cases worldwide and have been
classified on the basis of their phylogenetic relationships into nine roughly equidistant clades, termed sub-
types. Although there are no known phenotypic correlates for these genotypes, the disproportionate spread
of certain of these lineages has been taken to indicate that subtype-specific biological differences may exist.
The subtype nomenclature thus remains an important molecular epidemiological tool with which to track the
course of the group M pandemic. In this study, we have characterized HIV-1 strains described previously as
unusual subtype A variants on the basis of partial sequence analysis. Six such strains from Cyprus (CY),
South Korea (KR), and the Democratic Republic of Congo (CD) were PCR amplified from infected cell cul-
ture or patient PBMC DNA, cloned, and sequences in their entirety (94CY017, 97KR004, 97CDKTB48, and
97CDKP58) or as half genomes (97CDKS10 and 97CDKFE4). Distance and phylogenetic analyses showed that
four of these viruses (94CY017, 97CDKTB48, 97CDKFE4, and 97CDKS10) were closely related to each other,
but quite divergent from all other HIV-1 strains, except for subtype A viruses, which represented their clos-
est relatives. In phylogenetic trees from gag, pol, env, and nef regions, the four newly characterized HIV-1
strains formed a distinct sister clade to subtype A, which was as closely related to subtype A as subsubtypes
F1 and F2 are to each other. According to current nomenclature rules, this defines a subsubtype, which we
have tentatively termed A2. The two other viruses, 97KR004 and 97CDKP58, as well as a full-length HIV-1
sequence from the sequence database (ZAM184), were found to represent complex A2/D, A2/G, and A2/C re-
combinants, respectively. These results indicate that HIV-1 subtype A is composed of two subsubtypes (A1
and A2), both of which appear to have a widespread geographic distribution. The A2 viruses described here
represent the first reference reagents for this new group M lineage.
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INTRODUCTION

GLOBALLY CIRCULATING STRAINS of human immunodefi-
ciency virus type 1 (HIV-1) exhibit an extraordinary de-

gree of genetic diversity and have been classified on the basis
of their phylogenetic relationships into distinct viral lineages,

termed groups, subtypes, and subsubtypes.1–3 Groups refer to
the distinct HIV-1 lineages M (main), N (non-M/non-O), and
O (outlier), which are the result of three independent cross-
species (zoonotic) transmissions of chimpanzee viruses
(SIVcpz) into the human population.4,5 Members of these
groups are highly divergent from each other, differing on av-
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erage in 30% and 47% of their Gag and Env protein sequences,
respectively. Subtypes refer to the major clades within HIV-1
group M, which each probably resulted from the expansion of
founder viruses early in the group M epidemic.6 Nine such
clades, termed A–D, F–H, J, and K, have thus far been identi-
fied, and these differ on average in 15% and 22% of Gag and
Env protein sequences, respectively.1–3,7,8 Most recently, a sub-
subtype classification scheme has been proposed in order to dis-
tinguish HIV-1 group M viral lineages that form sister clades
to established subtypes, but are not divergent enough to justify
a new subtype designation.2,3,9 Examples are subsubtypes F1
and F2 (Refs. 8 and 9) as well as “subtypes” B and D, which
were initially misclassified, but have not been renamed as sub-
subtypes to avoid confusion with the existing literature.2,3

Members of the different subsubtypes differ on average in 10%
and 17% of their Gag and Env protein sequences, respectively.

The classification of HIV-1s into phylogenetically distinct
lineages is not only of academic interest, but has provided a
powerful tool with which to track the course of the global AIDS
epidemic.8,10–17 Molecular epidemiological studies have shown
that there is considerable heterogeneity in the prevalence and
geographic distribution of the various groups, subtypes, and
subsubtypes.6,11,13,16,18,19 For example, infections with groups
N and O viruses have been largely limited to persons from
West–Central Africa, and on a global scale have accounted for
only a small fraction of AIDS cases.19–21 By contrast, HIV-1
group M strains have infected millions of people worldwide and
have spread to more or less every country on the globe.1,10

Moreover, within group M there is considerable variation in the
dissemination of the various subtypes. For example, subtype C
viruses have spread to three different continents and are be-
lieved to represent about 56% of all circulating group M in-
fections, while subtype J viruses have thus far been described
only in a handful of individuals.7,10,22 Finally, even among sub-
subtypes there are geographical preferences. Subsubtype F1 has
been found in Brazil, Romania, and Cameroon,8,9,23,24 while
subsubtype F2 appears to be restricted to Cameroon.8,9 The rea-
sons for these differences in geographic dispersal are unknown
and could simply reflect epidemiological chance events. How-
ever, it is also possible that group- or subtype-specific viral
properties, including differences in infectivity, transmissibility,
and immunogenicity, play a role. A relationship between group
M subtypes and natural resistance against antiretroviral drugs
has been observed,25,26 as well as between subtypes and the ef-
ficiency of serological and molecular tests for HIV diagno-
sis.27–30 In the absence of natural history data, it will thus be
important to continue to survey the global distribution of HIV-
1 groups and subtypes.

Most HIV-1 strains group consistently in phylogenetic trees,
indicating that they fall into the same group, subtype, or sub-
subtype regardless of which region of their genomes is ana-
lyzed. However, increasingly HIV-1 strains are identified that
are mosaic, that is, represent the product of recombination
events.1,31,32 Numerous intersubtype recombinants have been
described, some of which have demonstrated their biological
fitness by becoming major circulating recombinant forms
(CRFs). Examples include CRF01_AE and CRF02_AG, which
circulate epidemically throughout Southeast Asia and Africa,
respectively.11,12,15 Moreover, recombination events have gen-
erated complex hybrids that are composed of multiple group M

subtypes,31,32 as well as hybrids between HIV-1 groups M and
O.33,34 Such viruses could be envisioned to acquire different bi-
ological properties, including drug resistance, altered tropism,
and enhanced virulence. Such viruses could also evade sero-
logic detection or even susceptibility to vaccines that are based
on one particular virus subtype or group. The frequency by
which recombinants are generated and their impact on the
global epidemic thus remain an important aspect of molecular
epidemiological monitoring.

Subtype A has been estimated to constitute 23% of all cir-
culating group M subtypes and is most prevalent in Africa.10

Moreover, subtype A portions have been identified in numer-
ous recombinants, including in all but one35 circulating recom-
binant form (CRF_01-CRF_04)11,36–39 and both intergroup
(M/O) hybrids.33,34 Thus, both nonrecombinant and recombi-
nant subtype A strains appear to be of molecular epidemiolog-
ical importance. In this article, we have molecularly character-
ized HIV-1 strains from Cyprus, South Korea, and the
Democratic Republic of Congo (DRC; formerly Zaire) that were
previously classified as subtype A variants on the basis of par-
tial sequence analysis (Refs. 16 and 40, and our unpublished
data). Phylogenetic analysis of two nearly full-length and two
half-genomes revealed the existence of a new HIV-1 group M
lineage that clustered as a sister clade to prototypic subtype A
viruses. Sequences belonging to this new clade were also found
in two newly derived full-length recombinants from the DRC
and South Korea, and a previously reported Zambian strain
(ZAM184).40a These results indicate that subtype A is com-
posed of at least two distinct sublineages. In accordance with
a recent HIV-1 nomenclature proposal,2,3 we propose to call
these subsubtypes A1 and A2.

MATERIALS AND METHODS

HIV-1 strains

The HIV-1 strains characterized in this study were either de-
rived from primary isolates (94CY017 and 97KR004) or am-
plified from patient peripheral blood mononuclear cells
(PBMCs) without interim culture (97CDKTB48, 97CDKFE4,
97CDKS10, and 97CDKP58). Available epidemiological in-
formation about the study subjects is summarized in Table 1.
Isolate 94CY017 has been reported previously.40 Briefly, this
HIV-1 strain was obtained in 1994 from a 35-year-old female
AIDS patient (HO17) from Nicosia, Cyprus. Her virus was
characterized as part of a molecular epidemiological study of
HIV-1 in Cyprus, which also identified her husband and child
as well as the husband’s sexual partner as infected with HIV-
1. The infection route of the index case is unknown, but may
have occurred in the United Kingdom, where the family lived
for some time.40 Isolate 97KR004 was obtained from a 33-year-
old female sex worker who lived in Yosoo, a major seaport in
South Korea. She was first diagnosed with clinical AIDS in
February 1997 (CD41 cell count ,30 cells/mm3) and died in
October 1997. She had multiple sexual contacts with sailors
from many continents, including Africa. A virus isolate ob-
tained by cocultivation of patient PBMCs with normal donor
PBMCs yielded a syncytium-inducing (SI) phenotype on cocul-
tivation with MT-2 cells. Blood samples from subjects 97CD-
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KTB48, 97CDKFE4, 97CDKS10, and 97CDKP58 were col-
lected as part of a molecular epidemiological survey conducted
in April 1997 in the Democratic Republic of Congo (CD).16 All
four individuals were residents of Kinshasa (K). Sample 97CD-
KTB48 was derived from a tuberculosis (TB) patient, 97CD-
KFE4 from an asymptomatic pregnant woman (FE),
97CDKS10 from an AIDS patient (S), and 97CDKP58 from a
female sex worker (P). Blood samples were obtained before the
outbreak of the civil war in the DRC in 1997 and the arrival of
foreign troops from other African countries. The four HIV-1
strains from Kinshasa thus reflect strains that were endemic in
the DRC before 1997.

PCR amplification and subcloning

Genomic DNA was extracted from short-term PBMC 
cultures (94CY017 and 97KR004) or from uncultured pa-
tient PBMCs (97CDKTB48, 97CDKFE4, 97CDKS10, and
97CDKP58). A near full-length genome of 94CY017 was ob-
tained by long polymerase chain reaction (PCR) amplification
using techniques and primer pairs described previously.39,41 For
97KR004, 97CDKTB48, and 97CDKP58, complete genome se-
quences were obtained by amplifying four overlapping PCR
fragments. For 97CDKFE4 and 96CDKS10, half-genome se-
quences were amplified spanning gag/pol and pol/nef regions,
respectively. PCR primers and conditions are available on re-
quest. PCR products were visualized by agarose gel elec-
trophoresis, purified with a Qiagen PCR purification kit (Va-
lencia, CA), and directly cloned into vector pCR2.1 or pCR
XL-TOPO (InVitrogen, Carlsbad, CA).

Sequence analysis

Amplification products were sequenced by the primer walk-
ing method. Sequences were obtained for both strands of DNA,
using an automatic sequencer (ABI 377; Applied Biosystems,
Foster City, CA) and contigs were assembled and edited with
Sequencer 3.1 (Gene Codes, Ann Arbor, MI). GenBank acces-
sion numbers for all newly characterized sequences are listed
in Table 1.

Subtype distance tool

Genetic distance comparisons were performed with the Sub-
type Distance Tool (SUDI) available at the Los Alamos Na-
tional Laboratory website (http://hiv-web.lanl.gov). This online
tool creates plots of pairwise distance values between strains of
unknown subtype classification and a set of reference se-
quences. Query sentences (labeled as U) and reference se-
quences (labeled with their subtype or subsubtype designation)
are entered as an alignment file, which is then used to construct
a neighbor-joining tree using the F84 model of nucleotide sub-
stitution.42 The program generates within-subtype, between-
subsubtype, and between-subtype distances for the reference se-
quences and indicates which subtype is the closest relative to
the query sequences. Pairwise distances are generated by sum-
ming up all branch lengths between end-point taxa in the tree.
We used SUDI to generate plots independently for gag, pol,
and env nucleotide sequences, using the following reference se-
quences: subtype A (Q23CXCCG, SOSE7253, TZSE8538,
UGSE6594, UGSE7535, UGSE8891, 92UG037, U455, and

UG273A); subtype B (HAN, CAM1, JH32, MN, NY5CG,
P896, RF, SF2, and YU2); subtype C (94BR025, BW96-
BW0502, DJ259A, ETH2220, 301904, 301905, 301999,
SE364A, and UG268A2); subtype D (SE365A2, 94UG1141,
C971412, UG266A2, UG274A2, 84ZR085, JY1, NDK, and
Z2Z6); subsubtype F1 (93BR020.1, BZ126A, BZ163A, and
FIN9363); subsubtype F2 (MP255 and MP257); subtype G
(DRCBL, HH8793, LBV217, 92NG083, and SE6165); subtype
H (90CF056, VI991, and VI997); subtype J (SE91733 and
SE92809); subtype K (EQTB11 and MP535); and an outgroup
sequence (SIVcpzGAB1). As recommended,2,3 genetic dis-
tances between subtype B and D, as well as subsubtypes F1 and
F2, were used as intersubsubtype references.

Phylogenetic analysis

Phylogenetic relationships of the newly characterized viruses
were estimated from sequence comparisons with previously re-
ported HIV-1 subtype and subsubtype reference sequences from
the Los Alamos database.2,3,43 Sequences were added to an ex-
isting master alignment, using the profile alignment option of
CLUSTAL W (Thompson et al.44) and adjusted manually when
necessary with the alignment editor MASE (Faulkner and 
Jurka45). Sites where there was a gap in any of the sequences,
as well as areas of uncertain alignment, were excluded. Pair-
wise evolutionary distances were estimated by using the Kimura
two-parameter model.46 Phylogenetic trees were constructed by
the neighbor-joining method,47 and the reliability of topologies
was estimated by performing bootstrap analysis with 1000 repli-
cates. Phylogenetic relationships were also determined by us-
ing the maximum likelihood approach, implemented with the
program DNAML from the PHYLIP package.48 Treetool was
used to visualize the phylogenetic trees (ftp://ftp.cme.msu.edu/
pub/RDP/programs/TreeTool/).

Diversity plot and bootstrap plot analysis

Sequence alignments were also used for diversity and boot-
strap plot analyses as described previously.39,41 The percent di-
versity between selected pairs of sequences was determined by
moving a window of 400 bp along the genome alignment in
10-bp increments. The diversity values for each pairwise com-
parison were plotted against the midpoint of the window used
along the genome. Bootstrap plots were performed on neigh-
bor-joining trees by using SEQBOOT, DNADIST (with the
Kimura two-parameter correction), NEIGHBOR, and CON-
CENSE from the PHYLIP package48 for a window of 400 bp
moved along the alignment in 50-bp increments. Only a subset
of reference sequences was used to reduce computing times.
One thousand bootstrap replicates were evaluated for each phy-
logeny. The program ANALYZE from the bootscanning pack-
age49 was used to examine the clustering of a putative inter-
subtype hybrid with representatives of the subtypes presumed
to have been involved in the recombination event. The boot-
strap values for these sequences were plotted at the midpoint
of each window along the genome.

Exploratory tree analysis

Exploratory tree analysis was performed by the bootstrap plot
approach described above, except in this case representatives
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of all nearly full-length, nonrecombinant subtype reference se-
quences were used and the increment for each sliding window was
100 bp. Each neighbor-joining tree was viewed with Treetool.

Informative site analysis

To estimate the location and significance of recombination
cross-overs, each putative hybrid sequence was compared with
a representative of each of the two subtypes inferred to have
been involved in the recombination event, and an appropriate
outgroup. Recombination breakpoints were mapped by exam-
ining the linear distribution of phylogenetically informative
sites supporting the clustering of the hybrid with each of the
two parental subtypes as previously described.32,41

RESULTS

Molecular cloning and sequence analysis of six
subtype A variants

The purpose of this study was to molecularly characterize
HIV-1 strains previously classified as subtype A variants on the
basis of partial sequence analysis (Refs. 16 and 40, and our un-
published data). Six such strains were available for study (Table
1): two as primary isolates (94CY017 and 97KR004) and four
as uncultured patient PBMCs (97CDKTB48, 97CDKFE4,

97CDKS10, and 97CDKP58). Four of these were completely
sequenced, one after amplification and cloning of a nearly full-
length genome by long PCR methods (94CY017.41) and three
after amplifying and cloning overlapping PCR fragments
(97KR004, 97CDKTB4, and 97CDKP58). The remaining two
strains were characterized by amplifying and sequencing half-
genomes. A 5100-bp fragment spanning gag and pol was am-
plified for 97CDKFE4, and a 5323-bp fragment spanning the
region between pol and nef was amplified for 97CDKS10 (am-
plification of a complete genome equivalent was not possible
because of limited patient material). Inspection of the deduced
protein sequences of major gene products revealed that all
clones contained inactivating mutations due to substitutions,
deletions, or insertions. Alignment of Env protein sequences
also identified an unusual cysteine residue in the cytoplasmic
domain of gp41 (position 774 in the HXB2 Env sequence) of
97CDKTB48, 94CY017.41, 97CDKS10, 97KR004, and
97CDKP58. This additional cysteine residue was also present
in three other previously characterized Env protein sequences
(ZAM184, ZAM174, and Z321), but was absent from the re-
maining 210 Env sequences in the sequence database.

Identification of a new subsubtype within the HIV-1
subtype A radiation

The newly characterized sequences were first compared with
reference sequences from the database, using a diversity plot

GENETIC VARIANTS OF HIV-1 679

FIG. 1. Diversity plots comparing the sequence relationships of two newly characterized nearly full-length “subtype A vari-
ants” (94CY017.41 and 97CDKTB48) with each other and with reference sequences from the Los Alamos HIV Sequence Data-
base. 94CY017.41 is compared with sequences listed at the bottom (reference sequences for subtypes A–D, F–H, J, and K were
obtained from the database1; all sequences are color coded). Distance values were calculated for a window of 400 bp moved in
steps of 10 nucleotides along the genome. The x axis indicates the nucleotide positions along the alignment (gaps were stripped
from the alignments). The positions of the start codons of the gag, pol, vif, vpr, env, and nef genes are shown. The y axis de-
notes the distance between the viruses compared (0.05 5 5% divergence).

http://www.liebertonline.com/action/showImage?doi=10.1089/088922201750236951&iName=master.img-000.jpg&w=420&h=287
http://www.liebertonline.com/action/showImage?doi=10.1089/088922201750236951&iName=master.img-000.jpg&w=420&h=287
http://www.liebertonline.com/action/showImage?doi=10.1089/088922201750236951&iName=master.img-000.jpg&w=420&h=287


approach. This provided a distance measure as well as a first
screen for evidence of recombination. Figure 1 depicts an exam-
ple of such an analysis for the full-length Cyprus isolate
94CY017.41. The results show that over the entire length of its
genome, 94CY017.41 is very distant from all database reference
sequences, except for A_92UG037.1, to which it appears to be
relatively more closely related. By contrast, 94CY017.41 is
closely related to 97CDKTB48, a second newly characterized
strain from the DRC, and these two strains exhibit a distance pro-
file typically observed for members of the same subtype. These
results suggested that 97CDKTB48 and 94CY017.41 represent
nonmosaic members of a new lineage that is relatively more
closely related to subtype A than to any of the other subtypes.
Similar results were also observed for 97CDKFE4 and
97CDKS10 half-genomic sequences (data not shown). By con-
trast, 97KR004 and 97CDKP58 exhibited diversity profiles that
strongly suggested that they are recombinants. These two full-
length sequences were thus analyzed separately (see below).

To further define the phylogenetic position of the new se-
quences, exploratory tree analysis was performed, using an

alignment that contained the two new full-length “A-like” se-
quences 97CDKTB48 and 94CY017.41, as well as two refer-
ence sequences for each known group M subtype (A, B, C, D,
F, G, H, J, and K) and the subsubtypes F1 and F2, respectively.
Phylogenetic trees were constructed for windows of 400 bp
(moved in 100-bp increments along the alignment) and exam-
ined (an example of such a tree spanning the region between
nucleotides [nt] 2101 and 2500 is shown in Fig. 2). This anal-
ysis showed that in the great majority of regions, the two newly
derived viruses clustered together and formed a distinct mono-
phyletic clade. Moreover, this clade formed a sister clade to
subtype A, similar to F1 and F2, and B and D clades. In some
small regions in gag and pol, other subtype sequences joined
these sister clades; however, even in these regions, 94CY017.41
and 97CDKTB48 were still more closely related to prototypic
subtype A sequences than to those from other subtypes. Ex-
ploratory tree analyses including the two half-genome se-
quences showed that 97CDKFE4 and 97CDKS10 also clustered
with 94CY017.41 and 97CDKTB48 with significant bootstrap
values. Thus, all four of the newly characterized viruses formed
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FIG. 2. Exploratory tree analysis. Neighbor-joining trees were constructed for 400-bp windows moved in increments of 100
bp along a multiple genome alignment including the HIV-1 sequences indicated. A representative tree from the pol region is
shown (positions 2101–2500). Brackets identify known subtypes and subsubtypes; a question mark denotes the lineage formed
by the newly characterized sequences (boxed). Numbers at the nodes indicate the percentage of bootstrap values with which the
adjacent cluster is supported (only values of 80% or higher are shown). Branch lengths are drawn to scale. The scale bar repre-
sents 0.10 nucleotide substitution per site.

http://www.liebertonline.com/action/showImage?doi=10.1089/088922201750236951&iName=master.img-003.png&w=303&h=354


a new lineage within the group M radiation that was relatively
more closely related to subtype A.

To determine whether this new lineage represented a new
subtype or subsubtype, we used the SUDI (Subtype Distance)
program developed specifically for this purpose by investiga-
tors at the Los Alamos National Laboratory.2,3 This subtype
distance tool, which is available on the Los Alamos website
(http://hiv-web.lanl.gov), generates plots of distance measure-
ments between a set of query and reference sequences. Figure
3 depicts an output of this program for env nucleotide sequence
distances. Consistent with previous reports,2,3 analysis of the
reference set yielded intersubtype distances (plotted in orange)
that ranged from 18 to 20%, intersubsubtype distances (plotted
in blue) that ranged from 14 to 18%, and intrasubtype distances
(plotted in green) that ranged from 5 to 12%. For three newly

derived sequences for which env sequences were available
(97CDKTB48, 94CY017.41, and 97CDKS10), subtype A was
identified as the closest relative. As expected, distances between
the three query sequences and subtype A sequences fell within
the intrasubtype range (data not shown). However, distance val-
ues derived from comparisons between the new sequences and
prototypic subtype A sequences fell within the subsubtype range
(14 to 15%; plotted in red in Fig. 3). Similar results were also
obtained from analysis of gag and pol sequences, although pol
distances between the newly characterized and subtype A se-
quences were slightly higher (i.e., closer to intersubtype dis-
tances; data not shown). These data suggested that the newly
derived HIV-1 sequences comprised a subsubtype within the
subtype A radiation. Of note, SUDI analysis of B/D and F1/F2
genetic distances yielded similar results, except that env dis-
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FIG. 3. Subtype distance analysis of three newly derived viruses of unknown subtype origin in the envelope region. Intrasub-
type (green), intersubsubtype (blue), and intersubtype (yellow) distances were determined from a set of reference sequences that
included representatives of subtypes A, C, F, G, H, J, and K as well as subsubtypes B, D, F1, and F2, respectively, using the
Subtype Distance (SUDI) program available at the Los Alamos HIV Sequence database website (http://hiv-web.lanl.gov). Enve-
lope nucleotide sequences of three newly derived viruses of unknown subtype origin (94CY017.41, 97CDKTB48, and 97CDKS10)
were then compared with the corresponding sequences from the same reference set. The subtype sequences representing the clos-
est relatives were identified (in this case subtype A) and the corresponding distances plotted that fell into the subsubtype range
(red). The x axis indicates nucleotide sequence distances (0.1 5 10%). The y axis indicates the percentage of pairwise compar-
isons that yielded the same nucleotide sequence divergence.
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FIG. 4. Phylogenetic relationships of newly characterized viruses (highlighted) to representatives of all major HIV-1 group M
subtypes in gag, pol, and env regions. Trees were constructed from near full-length gag (lacking p17 sequences) as well as full-
length pol and env nucleotide sequences, using the neighbor-joining method and rooted with SIVcpzGAB1 as an outgroup (see
text for details). Horizontal branch lengths are drawn to scale (the scale bar represents 0.05 nucleotide substitution per site). Ver-
tical separation is for clarity only. Values at the nodes indicate the percent bootstraps in which the cluster to the right was sup-
ported (bootstrap values of 80% and higher are shown). Brackets at the right denote the major subtypes and subsubtypes of HIV-1
group M.
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FIG. 5. Diversity and bootstrap plots of three recombinants containing fragments of subsubtype A2. The newly derived nearly
full-length 97KR004 and 97CDKP58 sequences as well as the previously reported genomic sequence ZAM18440a were aligned
with HIV-1 subtype reference sequences (gaps were stripped from the alignment). Distance plots of 97KR004 (A), 97CDKP58
(C), and ZAM184 (E) were calculated as described39,41 (see legend to Fig. 1 for greater detail). Bootstrap plots depict the rela-
tionships of 97KR004 (B), 97CDKP58 (D), and ZAM184 (F) to subsubtype A2 (green) as well as representatives of subtypes D
(blue), G (brown), and C (pink), respectively. Trees were constructed from the multiple genome alignment, and the bootstrap val-
ues supporting the clustering of the tentative recombinants with their parental viruses were plotted for a window of 400 bp moved
in increments of 50 bp along the alignment. The x axis indicates the nucleotide positions along the alignment (the start codons
of the gag, pol, vif, vpr, env, and nef genes are shown). The y axis denotes the percentage of bootstrap values. Points of cross-
over of the two curves indicate recombination breakpoints.
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tances for subtypes B/D were slightly higher, and gag and pol
distances for subtypes B/D and F1/F2 were slightly lower (i.e.,
closer to the intrasubtype distances; data not shown).

In a final set of experiments, we constructed phylogenetic
trees from near full-length gag (lacking 400 bp from the 59 end),
and complete pol and env nucleotide sequences of the new
viruses as well as a selected group of reference sequences (Fig.
4). This analysis illustrated again that the new sequences formed
a tight clade in all three genomic regions, which was supported
by 100% bootstrap values. The trees also confirmed that this
clade was significantly more closely related to subtype A than
to any of the other subtypes, and that the distance between the
two sister clades was comparable to distances seen between
F1/F2 and B/D clades. According to current nomenclature rules,
we have thus tentatively designated this new lineage as sub-
subtype A2, with prototypic subtype A viruses now represent-
ing subsubtype A1.

Identification of A2 recombinant genomes

Since initial analyses suggested that the remaining two full-
length sequences 97KR004 and 97CDKP58 were likely mosaic,
we used a combination of distance and phylogenetic approaches

to characterize them in greater detail (Fig. 5). These analyses
confirmed that both strains represented complex recombinants
containing portions of subsubtype A2 as well as fragments from
other subtypes. 97KR004 was found to be almost entirely com-
posed of subsubtype A2. However, three clear-cut cross-overs
in the bootstrap plot indicated that it also contained portions of
subtype D. Similarly, diversity and bootstrap plot analyses iden-
tified 97CDKP58 to be mainly composed of subtype G, but also
to contain portions of A2 in the 59 and 39 regions of its genome.

Since full-length nonmosaic reference sequences for sub-
types D and G are available, we performed informative site
analysis to characterize the location of the recombination break-
points in greater detail. NDK (subtype D) and 94CY017.41
(subsubtype A2) were used as parental sequences for the anal-
ysis of 97KR004, and 94CY017.41 and 92NG083.2 (subtype
G) were used for the analysis of 97CDKP58 (90CF056.1 served
as an outgroup). By examining the distribution of informative
sites that supported the clustering of 97KR004 with either sub-
type D or subsubtype A2, we identified a total of seven re-
combination breakpoints (Table 2, top). Two of these defined
small subtype D fragments, 143 and 132 bp in length, respec-
tively (indicated by asterisks in Table 2). Because of their short
length, they could not be confirmed by phylogenetic tree anal-

GAO ET AL.684

TABLE 2. INFORMATIVE SITE ANALYSISa

Informative sites

Subtype A2 Subtype D Outgroup
Sequence Region Subtype (94CY017.41) (NDK) (90CF056.1)

97KR004 1–273 D 2 15 6
303–2040 A2 53 11 9

2094–2236 D* 1 5 1
2254–4568 A2 86 17 17
4597–4907 D 2 8 0
4936–6853 A2 83 19 15
6863–6994 D* 1 7 1
7047–8046 A2 48 11 17

Subtype A2 Subtype G Outgroup
(94CY017.41) (92NG083.2) (90CF056.1)

97CDKP58 1–1324 A2 35 13 5
1357–5438 G 21 145 28
5439–6319 A2 45 7 8
6431–8057 G 12 49 16

Subtype A2 Subtype C Outgroup
(94CY017.41) (92BR025.8) (90CF056.1)

ZAM184 1–1109 A2 39 7 4
1214–1282 C* 0 5 0
1286–2256 A2 35 3 2
2304–2441 C* 1 5 0
2466–5168 A2 100 13 15
5222–5498 C 2 17 4
5510–8042 A2 116 20 15

aTo determine the recombination breakpoints, each putative recombinant was compared with two parental sequences
(A2_94CY017.41 and D_NDK; A2_94CY017.41 and G_92NG083.2; or A2_94CY017.41 and C_92BR025.8) and an outgroup
(H_90CF056.1). Recombination breakpoints were mapped by examining the linear distribution of phylogenetically informative
sites supporting the clustering of the hybrid with each of the two parental subtypes. Asterisks indicate mosaic regions that could
not be confirmed by phylogenetic tree analysis because of their short length.



ysis; thus, their existence remains tentative. The other three
breakpoints, however, including one in gag and two in the ac-
cessory gene region, were well supported by phylogenetic tree
analysis, identifying 97KR004 unequivocally as an A2/D re-
combinant. Similarly, 97CDKP58 was found to contain three
breakpoints within its genome by informative site analysis
(Table 2, middle). These spanned sufficiently large regions that
clustered within their respective subtypes in phylogenetic trees
with significant bootstrap values. A schematic representation of
the mosaic patterns of these two viruses (with tentative regions
hatched) is shown in Fig. 6.

Finally, in a previous study, we had characterized HIV-1
strains that infected a Zambian woman and her spouse.40 A full-
length representative viral sequence (ZAM184) from the index
case was found to comprise a complex A/C recombinant with
six reported cross-overs.40a Interestingly, the subtype A por-
tions of this recombinant (as well as the subtype A portions of
additional viruses derived from this couple at different time
points) were only distantly related to prototypic subtype A se-
quences, but were closely related, in both gag and env regions,
to sequences derived from the Cypriot subject HO17, her hus-
band and child, as well as an epidemiologically linked sex part-
ner (a consensus sequence from these four subjects, used for
analyses, was termed “Acy” for subtype A variants from
Cyprus).40 This strongly suggested that the subtype A strain
that had given rise to the subtype A portions of ZAM184 be-
longed to subsubtype A2. To address this, we compared
ZAM184 with representatives of subsubtypes A1 and A2 inde-
pendently. As shown in Fig. 5E, the subtype A portions of
ZAM184 were most closely related to 94CY017.41 (green
curve) and not to 92UG037.1 (red curve). Bootstrap analysis

confirmed this (Fig. 5F), revealing in addition the interspersion
of subtype C portions consistent with previous results. Infor-
mative site analysis using 94CY017.41 as the A2 reference se-
quence identified six recombination breakpoints similar to those
previously reported (Table 2, bottom). However, again two of
these defined subtype C insertions at the gag/pol overlap and
in the pol gene were too short (69 and 138 bp after gap strip-
ping, respectively) to be confirmed by phylogenetic tree anal-
ysis. The same results were obtained with two other subtype C
parental sequences (data not shown). These data thus confirmed
and extended our previous results showing that ZAM184 rep-
resents an A2/C recombinant with at least two well-defined re-
combination cross-overs (Fig. 6).

DISCUSSION

The purpose of this study was to characterize a group of HIV-
1 strains that had previously been identified as subtype A vari-
ants. Sequence analysis of two full-length and two half-
genomes revealed the existence of a new lineage within the
group M radiation; viruses belonging to this lineage formed a
tight cluster in all regions of their genomes, but were quite di-
vergent from other HIV-1 strains. Of all known reference se-
quences, subtype A viruses were the closest relatives, but dis-
tance values between them and the subtype A variants exceeded
the intrasubtype range. In phylogenetic trees the newly charac-
terized HIV-1 strains formed a distinct sister clade to subtype
A, but were not divergent enough to warrant a new subtype des-
ignation. Finally, three full-length recombinant genomes were
identified to contain portions of this “subtype A-like” lineage.
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FIG. 6. Schematic representation of the mosaic genome structures of three A2 recombinants. The recombination breakpoints
were inferred from bootstrap and informative site analyses. Regions of different subtypes and subsubtypes are color coded. Frag-
ments of uncertain subtype origin are hatched (see text for details). LTR sequences were not analyzed and are thus shown as
hatched open boxes.
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According to current nomenclature rules,2,3 this defines a sub-
subtype, which we have tentatively termed A2.

To determine to what extent previously reported subtype A
viruses are representatives of this lineage, we have screened all
full-length HIV-1 gag (n 5 118) and env (n 5 238) sequences
available from the Los Alamos database by phylogenetic tree
analysis. Interestingly, no other A2-like virus was identified
(data not shown). Thus, it appears that the great majority of
molecularly characterized subtype A viruses, including all full-
length nonmosaic subtype A reference sequences as well as all
intersubtype and intergroup recombinants known to contain
subtype A sequences (except 97KR004, 97CDKP58, and
ZAM184), belong to what should now be referred to as sub-
subtype A1. However, it would be premature to reclassify all
previously reported subtype A sequences as A1 since there are
numerous subgenomic sequences that have not been formally
characterized. Indeed, in searching the literature, we found two
articles that described subtype A variants that clustered with
ZAM184 in trees constructed from partial env sequences (V2,
C2V3). Both of these subtype A variants (K976 and Q45-CxA)
were discovered in the context of independent molecular epi-
demiological surveys in Kenya.50,51 They fell within the A2 ra-
diation when analyzed together with our newly derived A2 ref-
erence sequences (data not shown). Finally, in a collaborative
study with CDC investigators, we most recently reported still
another A2 virus (98CM63) in a Cameroonian cohort of HIV-
1-seropositive individuals that was identified on the basis of
partial gag, pol, and env sequences. 96CM63 clustered with
94CY017.41 with significant bootstrap values in all regions an-
alyzed.52 Thus, small partial subtype A sequences should either
be reanalyzed, or more practically, should remain under the ter-
minology “subtype A” in the database to indicate an as yet un-
defined subsubtype origin.

The molecular epidemiology of subsubtype A2 is interesting
for several reasons. First, with documented A2 infections in
Cyprus,40 South Korea (this study), Cameroon,52 Zambia,40a

Kenya,50,51 and the DRC,16 it is clear that this subsubtype has
already spread to three different continents. However, despite
this widespread distribution, the overall prevalence of subsub-
type A2, particularly in countries with predominant A1 infec-
tions, appears to be exceedingly low. Except for the four strains
from the DRC, all other A2 infections represented either single
occurrences or a cluster of epidemiologically linked cases. For
example, the two Kenyan viruses (K976 and Q45-CxA) were
each identified as the only A2 representatives in two indepen-
dent molecular epidemiological surveys of 17 (Janssens et al.50)
and 22 (Poss et al.51) unrelated Kenyan individuals in
1990/1992 and 1993, respectively. Similarly, the Cameroonian
strain 98CM63 was the only A2 strain among 123 HIV-1 viruses
collected in Yaounde, Cameroon in 1998. In this case, 89 other
subtype A viruses were identified, 63 of which represented
CRF02_AG (IBNG-like) viruses, while 26 likely represented
A1 strains.52 94CY017 was 1 of 4 A2 viruses identified in a
survey of 25 HIV-1-infected individuals from Nicosia, Cyprus;
however, patient histories revealed that these four cases were
all epidemiologically linked.40 Finally, the Korean strain
97KR004 was the only A2 recombinant of 20 HIV-1 strains
characterized; however, in this case all other 19 viruses were
found to belong to subtype B (our unpublished data). Thus,
while the South Korean and Cyprus cases, and possibly also

the Cameroonian infection, could be explained by a more re-
cent arrival of A2 viruses in these countries, the documented
presence of A2 sequences in Zambia in 1990 (Salminen et
al.40a), in Kenya between 1990 and 1993 (Refs. 50 and 51), and
in the DRC before the onset of the civil war in 1997 (Vidal et
al.16) indicates that this lineage has been circulating in equato-
rial Africa for a considerable length of time. It will be inter-
esting to determine whether the relative frequency of A2 viruses
in these regions has been underestimated, in particular in East
Africa, where subsubtype A1 is believed to be predominant, or
whether it indeed represents a rather rare lineage. However,
even if the latter is the case, the recent arrival of A2 viruses in
countries outside Africa should not be ignored. After all,
CRF01_AE viruses that today comprise the most common HIV-
1 lineage in Southeast Asia have a similar epidemiological his-
tory.10,36,37
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