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Human immunodeficiency virus type 1 isolates of envelope genotype E are contributing substantially to the
global pandemic. These strains appear to be mosaics, with the gag gene from clade A and the envelope from
clade E; the parental clade E strain has not been found. Here we report the first full genomic sequence of one
such mosaic virus, isolate CM240 from Thailand. Multiple breakpoints between the two parental genotypes
have been found in a CM240 virus. The entire gag-pol region and most, if not all, of the accessory genes vif, vpr,
tat, rev, and vpu appear to derive from clade A. The genotype switches to E shortly after the signal peptide of
the envelope and back to clade A near the middle of gp41; thus, the portion of the envelope that lies on the
cytoplasmic side of the membrane appears to be principally derived not from clade E, as previously thought,
but from clade A. Another small segment not belonging to any recognized clade and presumably also contrib-
uted by the parental E strain has been found in the long terminal repeat. It may be significant that the implied
virion structure resembles a pseudotype virus with the matrix and core from one clade and the outer envelope
from another. In the long terminal repeat, differences were observed between CM240 and other clades in the
number of NF-kB binding sites, the sequence of the TATA box, and the putative secondary structure of the
transactivation response region stem-loop. The mosaic structure of a CM240 virion is suggestive of phenotypic

differences which might have contributed to the emergence of this variant.

Two independent reports in 1992 identified a new variant of
human immunodeficiency virus type 1 (HIV-1) in Thailand
(33, 41). This virus defied classification from the beginning. In
the established phylogeny, which at the time included HIV-1
genotypes A through D, the envelope gene sequence of the
new variant was equidistant from the other four and was called
genotype E (36). Surprisingly, the gag gene, encoding the ma-
trix and core proteins of the virus, did not appear to form a new
clade, grouping instead with genotype A (31, 37). Such appar-
ent HIV-1 intersubtype mosaicism had been recognized on
only one previous occasion, in the Zairian isolate MAL (39);
mosaic forms were generally considered to be rare outliers and
were not expected to contribute substantially to the global
epidemic.

The HIV-1 epidemic in Thailand overturned these predic-
tions definitively. Although the first HIV-1 cases described in
Thailand were of genotype B, common in Europe and in the
Western Hemisphere, the envelope genotype E viruses, once
introduced into northern Thailand and spread through hetero-
sexual contact, virtually swept the country in a few years (49,
52, 55, 56). Genotype B viruses remain the minority strain in
Thailand and are even losing ground to envelope genotype E
where they initially predominated (28, 54), in injecting drug
users. It is now estimated that more than 500,000 people are
infected with the envelope clade E virus in Thailand alone, and
evidence is accumulating for the wider spread of this genotype
in Southeast Asia and in the Western Hemisphere (1, 7, 21,
57).
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The origin of the envelope clade E virus has been an impor-
tant subject of investigation, given its demonstrated potential
for the establishment of new epidemics. Paradoxically, the viral
strain that contributed the E portion of this virus has not come
to light, despite genetic analysis of more than 700 HIV-1 iso-
lates from international locations (9, 27, 30, 37). If the Thai-
land variant arose through recombination between an A and
an E virus, the clade E parental strain either has remained
exceedingly rare and geographically circumscribed or has since
disappeared. Two countries in central Africa have yielded
HIV-1 viruses which also classify as genotype E in envelope
and, to the extent that they have been analyzed, are genotype
A in gag (35, 40). Thus, the putative recombination event(s)
probably occurred before the spread of this variant outside of
Africa.

Genetic characterization of the envelope clade E viruses has
been proceeding vigorously since they were discovered in 1992.
The analyses have included a large number of isolates but have
been limited to the gag and envelope (env) genes, which to-
gether comprise less than half of the genome. Here (and in the
report by Gao et al. [20]), the first complete genomic analyses
of these apparently mosaic HIV-1 strains are provided.

MATERIALS AND METHODS

Viral isolate. HIV-1 strain CM240, which is the subject of this report, is a virus
which was isolated from a 21-year-old man in northern Thailand. His HIV-1-
positive serostatus was determined after selection by lottery for service in the
Royal Thai Army in 1990. In a face-to-face interview, his only reported risk factor
for HIV-1 infection was contact with female commercial sex workers. He was
asymptomatic at the time a blood sample was obtained and transported from
Thailand to Rockville, Md., for virus isolation. Peripheral blood mononuclear
cells were separated on Ficoll-Hypaque and were cocultivated with phytohem-
agglutinin-stimulated donor peripheral blood mononuclear cells as described
previously (8). DNA from the p24 antigen-positive culture was the source of
proviral DNA.

PCR amplification and cloning. Using a recently described procedure for PCR
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amplification of virtually full-length HIV-1 genomes (47), we obtained most of
the provirus in one continuous segment. The PCR primers were positioned to
amplify all but 73 bp of the HIV-1 long terminal repeat (LTR), but the segment,
once cloned, proved to have deletion near its 3’ end. A single PCR clone
contained 8,193 nucleotides (nt) of the 9,203-nt genome. Smaller, overlapping
fragments containing the nef and LTR regions of the genome were PCR ampli-
fied and cloned separately, using PCR primers as described previously (2, 34).
The three separate clones were completely sequenced, and overlapping seg-
ments, which corresponded with virtual identity, were used to assemble a full-
length genomic sequence.

DNA sequencing. Template DNA for automated sequencing was prepared as
described previously (47). Clones were fully sequenced on both strands by using
fluorescent dye terminators and an Applied Biosystems (Applied Biosystems
Inc., Foster City, Calif.) model 373A DNA sequencer. DNA sequences were
assembled by using DNAStar (DNAStar Inc., Madison, Wis.) or Sequencher
(Genecodes Inc., Ann Arbor, Mich.) software on Macintosh computers. All
sequence ambiguities were resolved, and the final sequence, assembled from the
three independent clones, spanned 9,203 nt and represented the entire HIV-1
genome. Previously, gag and env genes from isolate CM240 were PCR amplified
separately and sequenced (our unpublished data, compiled in reference 37), and
these genes were used in some analyses.

Analysis. A multiple alignment of the newly derived CM240 full-length ge-
nome with available full-length HIV-1 genomes of other clades was generated.
Reference isolates included U455 (Uganda, 1990, clade A), MN and NL4-3
(United States, 1986 to 1988, clade B), ELI, NDK, and Z2Z6 (Zaire, 1986 to
1989, clade D), C2220 (Ethiopia, 1986, clade C [46]), and 90CR402 (Central
African Republic, 1990, clade E [20]). The multiple alignment was broken into 37
overlapping segments of equal length, and each segment was analyzed separately
and by two independent methods. First, the CM240 genome was analyzed for
parental genotypes and for breakpoints by bootscanning as described previously
(45). Briefly, phylogenetic trees were constructed from each segment by using
maximum parsimony (Phylip package, version 3.52c [17]), and the bootstrap
value (16) for inclusion of isolate CM240 in clade A was determined. A bootstrap
value of 95% or above was considered definitive. For the second analysis, genetic
distances between each pair of isolates were calculated by using maximum like-
lihood (15), and the distance of isolate CM240 to isolates of other clades was
considered for each segment. A similar analysis was applied to the envelope gene
in an alignment containing additional HIV-1 isolates. The nucleotide positions of
breakpoints are designated with respect to reference isolate HIVygy (GenBank
accession number M17449).

Nucleotide sequence accession number. The full-length sequence of isolate
CM240 is available under GenBank accession number U54771.

RESULTS

The CM240 genome. The full-length sequence of isolate
CM240 is presented in Fig. 1. First, the gag and env genes were
analyzed, as these segments are the best described among
HIV-1 isolates (37). Table 1 shows a distance matrix compar-
ing gag and env of CM240 with those of reference strains from
other clades. The gag and env genes of isolates CM240 and
90CR402 were the most closely related, with distances of 6.4
and 7.1%, respectively. The env gene of CM240 was virtually
equidistant from those of the isolates of clades A, B, C, and D,
reiterating this isolate’s previous classification as envelope
clade E. The gag gene was distant from those of clades B, C,
and D but was closer to that of clade A than to those of other
clades (9.7% versus 14.9 to 16.0% [Table 1]). These relation-
ships confirm that the full-length sequence of CM240, like the
shorter sequences of other envelope clade E HIV-1 isolates
from Thailand and Africa, appears to be a separate clade by
envelope analysis but groups (albeit loosely) with clade A in
the gag gene. The close similarity of isolates CM240 and
90CR402 in both gag and env lends support to their inclusion
in a single clade.

Previously uncharacterized segments of a CM240 genome
were then analyzed (Fig. 1). The organization of the accessory
gene regions and the fine structure of the LTR are of particular
interest, since these differ among primate lentivirus lineages
(12, 23). The organization both of the midgenomic accessory
genes and of the nef/env region are like those of previously
described HIV-1 isolates, with a vpu gene instead of vpx and
with vpr overlapping vif. The open reading frames for env and
nef are not overlapping, as in other HIV-1 genomes and in

J. VIROL.

distinction to HIV-2 and simian immunodeficiency virus (SIV).
Translation of the open reading frames in this CM240 se-
quence provides an opportunity to evaluate all of the encoded
proteins. Figure 1 shows that the reading frames for gag, pol,
vif, vpr, tat, rev, env, and nef encode proteins of the expected
lengths and are without obvious inactivating defects. The vpu
gene is interrupted by an in-frame stop codon at amino acid
position 23. The sequences of the gag and env genes which were
previously PCR amplified separately and sequenced (our un-
published data, compiled in reference 37) differ from their
counterparts in the full-length sequence by 0.5 and 0.4%, re-
spectively (data not shown). The complete sequence reported
here appears to be representative of viruses from isolate
CM240 and, with repair of the defect in vpu and assembly of
the component clones, may provide a full-length, infectious
molecular clone for further characterization.

In the LTR, the configuration of the core promoter/en-
hancer region was analyzed (Fig. 2). Primate lentiviruses typ-
ically possess three SP1 binding sites, and isolate CM240 is
normal in this regard. In the HIV-1 lineage, available se-
quences from subtypes A, B, and D have two sites for NF-«kB
binding upstream of the SP1 sites. Evidence for diversity
among HIV-1 clades in the number of NF-kB binding sites
emerged with the first sequence from clade C, which possesses
an additional site (46). In contrast to clades A, B, C, and D,
isolate CM240 has only one canonical NF-kB binding site.
Furthermore, the TATA box of this virus is TAAAA as in
HIV-1,,,, and the SIV 5\, vervet and grivet isolates, instead
of the TATAA of other HIV-1, HIV-2, and the SIV, gum
sabaeus isolates.

Additional atypical features were observed in the transacti-
vation response (TAR) stem-loop structure of isolate CM240.
This structure, located at the 5’ end of the genomic RNA,
regulates transcription by forming a binding site for the viral
protein Tat and cellular proteins (4, 11, 19, 32). It has been
shown that the critical regions for binding are the bulge on the
side of TAR and the tip of the loop (4, 18). As shown in Fig.
2, CM240, consistent with the A clade, differs from the B, C,
and D clades in having a two-base bulge instead of a three-base
bulge. The tip of the TAR loop also differs by one base from
those of HIV-1 clades A through D, being CCGGG instead of
CTGGG.

Whatever recombination or other processes contributed to
the development of this CM240 genome structure, an overall
HIV-1-like genome organization was maintained. Some alter-
ations, however, differentiate this isolate (and, conceivably,
envelope clade E viruses in general; see reference 20) from the
HIV-1 isolates sequenced to date in the promoter/enhancer
region, in the TATA box, and in the TAR stem-loop structure.

The mosaic structure of CM240. We next determined which
segments of this CM240 genome derived from the two appar-
ent parental genotypes, clade A and clade E. Two methods of
analysis were used, and they provided highly congruent results
(Fig. 3). Using the maximum likelihood DNA distance algo-
rithm (15), we constructed a matrix of pairwise distances. The
between-clade range, that is, the maximum and minimum dis-
tance of the only available fully sequenced clade A strain,
U455, to isolates of clades B, C, and D, was plotted for each
subsegment; the distance of isolate CM240 to isolate U455 was
plotted similarly (Fig. 3A). The CM240-U455 distance is
smaller than the distance between clades until the beginning of
envelope, whereupon the distance widens to a between-clade
distance. The distance to U455 narrows after the membrane-
spanning domain of gp41 and widens to a between-clade dis-
tance near the beginning of the U3 region of the LTR. A small
segment comprising the 3’ portion of vif and the 5’ portion of
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FIG. 1. Nucleotide sequence of isolate CM240. The complete sequence of the viral RNA genome is shown, beginning and ending with the R region of the LTR.
The sequence is 9,203 nt in length and contains reading frames for gag, pol, vif, vpr, tat, rev, vpu, env, and nef; the translated protein sequences are indicated below the
corresponding genes. Transcription control regions in the U3 region of the LTR are identified below the putative sequences.
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TABLE 1. Genetic distances between HIV-1 gag and env genes

Distance to CM240”

Isolate” Clade
gag eny
90CR402 Envelope E 6.4 7.1
U455 A 9.7 18.7
MN B 15.2 18.7
C2220 C 16.0 20.5
ELI D 14.9 20.0

“ gag and envelope (gp160) genes from full-length genomes were extracted and
aligned. Reference isolates were from reference 20, from the Los Alamos data-
base (isolates U455, MN, and ELI), or from reference 46.

& Maximum likelihood distances (percent difference) between each isolate and
isolate CM240.

vpr approached the lower boundary of a between-clade dis-
tance and may also be of clade E. However, this assignment is
not as definitive as for other regions by this analysis. Thus,
most, if not all, of isolate CM240 appears to derive from clade
A except the external portion of the envelope (gp120 and the
external portion of gp41) and a segment of the LTR.

Figure 3B shows results of bootscanning (45) using maxi-
mum parsimony. The bootstrap value (100 iterations) of the
node joining isolates CM240 and 90CR402 with the clade A
virus U455 is plotted for each segment of the genome. As
before, CM240 joins U455 with high bootstrap values until the
beginning of envelope, where the value falls and remains low
until the membrane-spanning domain. Inclusion in clade A
continues until the beginning of the LTR. A slight dip in the
bootstrap value occurred in the 5’ portion of vif, but it was not
as definitive as that seen in the envelope and LTR regions.
Thus, a portion of vif remains unresolved by this analysis,
leaving open the possibility of a small clade E segment in this
region. These results are largely in accord with the distance
matrix analysis described above.

Examples of the 37 phylogenetic trees from the bootscan-
ning analysis are shown in Fig. 4. The bootstrap values of the
nodes establishing whether CM240 and 90CR402 group with
U455 are indicated. Bootstrap values of 95% or higher estab-
lish inclusion in clade A, while low bootstrap values draw the
interpretation that isolates CM240 and 90CR402 cannot be

J. VIROL.

assigned to clade A. The trees shown in Fig. 4 demonstrate that
adjacent 500-nt segments yield trees with dramatically differing
topologies. The breakpoints between clade A and non-clade A
genetic material cannot be mapped precisely by our tech-
niques, but we place the breakpoints within approximately 200
nt of their indicated locations in Fig. 4. A more detailed anal-
ysis of the envelope gene, using additional clade A isolates and
smaller fragment sizes, confirmed these results (data not
shown).

These analyses provide evidence that the CM240 genome
has multiple breakpoints between genomic segments from dif-
ferent clades. Breakpoints near the beginning of env, at the
membrane-spanning domain of gp41, and in the LTR have
been identified by two independent methods and are conclu-
sively established. The presence of additional breakpoints in
viflvpr is also a possibility, but the segments identified by par-
simony and distance methods were disparate, precluding a
definitive assignment. With the available data, it is not possible
to determine whether the same parental strain (the putative
clade E virus) contributed both the envelope and the LTR
portions of the genome, but our analyses do establish that both
segments are not derived from clades A through D; the sim-
plest interpretation would be that they both come from a single
parental strain. The remainder of the genome, about 75% of
the genetic material, can be assigned to genotype A by inde-
pendent methods of analysis; a segment in vif/ypr remained
unresolved (but see reference 20).

Distribution of breakpoints and virion structure. Interclade
recombinant HIV-1 strains are known to arise at appreciable
frequency in the global epidemic (24, 29, 43), but for most,
complete genomic sequence is unavailable. The detailed de-
scription of the mosaic genome found in isolate CM240 affords
an opportunity to consider the full structure of the virion and,
in turn, to open inquiry into the possible selective advantages
associated with the pattern of breakpoints observed.

We have definitively mapped three breakpoints between
segments of genetic material from different clades in CM240:
one between nt 6350 and 6550, another between nt 8350 and
8550, and a third between nt 9150 and 9350 (nucleotide posi-
tions are numbered according to reference strain HIV ;). An
interpretation of the CM240 virion structure is presented in
Fig. 5. It is striking that the matrix and core structure of the

a1 NF-kB II1 NEF-kB II IE)E-RB I S7EI 111 66SpI II
CM240 CTGACAA--~--- GGAAGTTTC TACTAG-AACTT-CCGCTGG GGACTTTCCHGGGG AGGTGTGGUC [GGGGCGGAGT
Consensus A CTGACAC----- AGAAGTTGC TGACARGGACTTTCCACTHG GGACTTTCUGAGREG AGGTGTGGT|T| TGGGCGGAGT]
Consensus B CTGACAT----- CGAGCTTTC TACAAGGGACTTTCCRCTHG GGACTTTCCOAGG-G AGGCGTGGQC | TGGGCGGGAC
Consensus D CTGACAC----- TACAAGGGACTTTCCRCTHG GGACTTTCCOAGG-|G AGGCGTGGAC | TGGGCGGGAC
C2220 CTGACACAGAClGGGACTTTCC GC--COGGGACTTTCOHACTG GGGCGTTCHAG-JG AGGAGGGGTIC| TGGGCGGGAQ
s6 Spl 1 40 Tata Box -2 1 TAR stem
CM240 TGGGGAGTAGC[TAACC CTCAGATGCTGCAJTA 5C AGCCGCTTTTCGCTTGTACT [GGGTCTCTCTIGITAG
Consensus A TGGGGAGTGGC[TAACC CTCAGATGCTGCAJTATAAGC AGCTGCTTTTCGCCTGTACT |GGGTCTCTCTTGTTAGACC
Consensus B TGGGGAGTGGCRAGCC CTCAGATGCTGCATATAAGC AGCTGCTTTTTGCCTGTACT |GGGTCTCTCTGGTTAGACC
Consensus D TGGGGAGTGGCTAACC CTCAGATGCTGCAJTATAAGC AGCTGCTTTTTGCCTGTACT [GGGTCTCTCTGGTTAGACC
C2220 TGGG-AGTGGCCAACC CTCAGATGCTGCATATAAIGC AGCTGCTTTTCGCTTGTACC |GGGTCTCTCTAGGTAGACC
20TARbulge TAR loop “ TAR stem
CM240 AGGTC-GAGCCCGGGAGCTC TCTGGCTAGCAAGGGAACCC
Consensus A AGATN-GAGCCTGGGAGCTC TCTGGCTAGCGAGGGAACCC
Consensus B AGATCTGAGCCTGGGAGCTC TCTGGCTAGCTAGGGAACCC
Consensus D AGATTTGAGCCTGAGAGCTC TCTGGCTAGCTAGGGAACCC
C2220 AGATCTGAGCCTGGGAGCTC TCTGGCTATCTGGGGAACCC

FIG. 2. Nucleotide sequence of the core promoter/enhancer region of the CM240 isolate. The nucleotide sequence of the core promoter/enhancer region of CM240
is shown aligned with the consensus sequences of clade A, clade B, and clade D viruses (39) and the C clade virus C2220 (45). Regulatory features are boxed and labeled

above the alignment.
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FIG. 3. Analysis of the mosaic structure of CM240. Thirteen full-length HIV-1 isolates (CM240, 90CR402, U455, MN, OY1, CAM1, HXB2, NL4-3, U23487, C2220,
ELI NDK, and Z276) (38) were aligned, and the alignment was sectioned into 500-nt segments with 250-nt overlaps. Each of the resulting 37 segments was analyzed
separately. Panel A shows the genetic distance calculated by using maximum likelihood between each pair of isolates. The shaded area indicated the range of distances
between clade A (U455) and isolates of clades B, C, and D, and the mean of that distance is plotted in the thin gray line. The solid dark line shows the distance between
clade A isolate U455 and isolate CM240. Panel B plots the bootstrap value for the node joining isolates U455, CM240, and 90CR402, out of 100 phylogenetic trees
built by using parsimony. The distance value (A) and the bootstrap value (B) for each segment were plotted at the midpoint of the segment. Three vertical lines
approximate the hypothesized breakpoints. The panel at the bottom shows a map of the open reading frames in the HIV-1 genome and indicates which segments of
the genome of CM240 were derived from the three clones used to assemble the complete sequence.

virus, including Gag, Pol, and the internal portion of gp4l,
derives from clade A, while the external proteins (gp120 and
the portion of gp4l N terminal to the membrane-spanning
domain) derive from clade E. The structure is highly reminis-
cent of those virus pseudotypes that bear the coat of one virus
and the core of another (5, 51), often with expanded host range
or cellular tropism as a result. It may be of significance that
three other recombinant viruses also contain an apparent
breakpoint in the cytoplasmic portion of gp41 (isolates KE124,
MAL, and VI525 [43]), particularly since these virus isolates
are from widely separated locations and from other HIV-1
clades. At present, however, too few completely sequenced,
recombinant forms are available to determine whether there
are independent occurrences of mosaic genomes approximat-
ing the structure of CM240.

DISCUSSION

The HIV-1 strains first identified in the epidemic in Thai-
land have been known to be of epidemiological significance for
some years, but a full genomic analysis has been hampered by

technical limitations. Most of the initial isolates were unable to
be adapted to continuous growth in T-cell lines, which has
previously been important for the recovery of full-genomic
clones. The development of long PCR (47) on the one hand
and the persistent application of genomic library construction
techniques using bacteriophage lambda (20) on the other have
yielded the first prototypic strains. It is highly significant that
the sequences obtained by different cloning methods and from
Asian and African isolates, respectively, are quite similar over
the entire genome. Indeed, isolates CM240 and 90CR402 were
tightly clustered in 37 of 37 individual phylogenetic trees con-
structed from overlapping segments of the entire genome (Fig.
4 shows selected examples). Thus, an HIV-1 with a multiply
mosaic genomic structure has established significant foci of
infection in both Asia and Africa and is continuing to spread
globally.

The genetic regulation of the expression of the HIV-1 virus
is closely controlled. One of the regulatory factors which con-
trol HIV-1 expression is the transactivating host protein
NF-«B (reviewed in references 22 and 48). All HIV-1 isolates
have binding sites for NF-kB upstream from the TATA box,
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FIG. 4. Changing topology of phylogenetic trees for different segments of the CM240 genome. Selected phylogenetic trees (numbers 5, 13, 24, 26, 29, 32, 34, and
37, respectively) for 500-nt segments of the CM240 genome are shown. These were generated by using maximum parsimony on 100 bootstrapped resamplings of the
data set. The clade A isolate, U455, is shown by the gray circle, and the envelope clade E isolates 90CR402 and CM240 are shown by black circles. The other isolates
were from clades B, C, and D. All trees were rooted on the single clade C isolate. The bootstrap values for the node, if any, which grouped isolates U455, CM240, and
90CR402 are indicated. The trees interpreted as assigning CM240 to clade A or to clade E are shown above or below the genome, respectively. The map of the HIV-1
genome shows portions of CM240 derived from clade A in gray and those apparently derived from clade E in black, with shading to indicate the range of uncertainty

with respect to the exact breakpoints.

but it is becoming clear that there are consistent differences
between the clades in the number of such sites present. Previ-
ous work has shown that viruses of the C clade have three sites
and that the A, B, and D clades have two sites, and it is now
shown that the E clade, as represented by CM240, has only one
site. The other clear difference in the CM240 transregulatory
domain is found in sequence changes which should alter the
structure of the TAR stem-loop. This RNA structure at the 5’
end of the viral genome forms a binding site for the viral
protein Tat and for host proteins. In contrast to clades B, C,
and D, CM240 has a two-base bulge on the side of the TAR
stem, the primary binding site for Tat (44). The arginine-rich
region of Tat, known to interact directly with the bulge and
mediate transactivation (10, 14), has four arginines in CM240
instead of five or six. It is possible that these and other differ-
ences have phenotypic implications in terms of host cell spec-
ificity, but additional experiments would be needed to establish
this directly.

Elements of the mosaic structure of CM240 that are firmly
established include (i) the association of gag, pol, tat, rev, vpu,
and the internal portion of the envelope with clade A and (ii)
the derivation of the external envelope, in both gp120 and gp41
subunits, from clade E. We were unable to fully interpret the
origin of the nef/LTR segment, other than establishing that it is
not compatible with a clade A origin. It could be from the
parental E strain or from another clade not available for com-
parison or could itself represent a multiply mosaic segment.
The region around the vif/vpr genes was not resolvable by using
the currently available clade A viruses, but it showed prelimi-

nary evidence suggestive of the presence of non-clade A seg-
ments. Availability of more clade A viral sequences will pro-
vide more power in this analysis.

The pattern of recombination breakpoints suggest a mech-
anism for the generation of at least part of the CM240 mosaic
virus. Retroviral reverse transcription occurs in a transcription
complex containing two viral genomes which are copackaged in
the virion (3, 6, 53). Presumably most recombinants result from
the copackaging of viral genomes from two different subtypes,
forming a heterodimer. Since the 5’ end of the CM240 viral
genome is from clade A and the 3’ end is not from clade A, it
is possible that during reverse transcription, the strong stop
DNA jumped from the 5’ end of a clade A genome to the 3’
end of a non-clade A genome. When this is permuted into the
proviral form, it produces a chimeric LTR with R and U5 from
clade A and U3 from a different clade, which is what is seen in
CM240. Additional strand switching would be needed to gen-
erate the other breakpoints seen in CM240.

Other HIV-1 mosaic genomes also contain multiple break-
points. The first described mosaic isolate, MAL, is a patchwork
of genetic material from clades A and D, possessing several
apparent breakpoints (43). A partial genomic analysis of other
recombinant strains showed that even when only gag or env
genes are considered, many contained multiple breakpoints
(43). Thus, the multiple crossover points detected in CM240
may reflect a common mechanism of frequent strand switching
by reverse transcriptase (26).

The process of reverse transcription may generate a myriad
of recombinants in those who are infected with two different
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FIG. 5. Proposed structure of the CM240 virion. An overview the HIV-1 viral particle is shown at the top. A clade A virus (right) and portions of CM240 (left) that
derive from clade A are depicted in light gray, while those portions that apparently come from clade E are shown in dark gray. In the expanded diagram of CM240,
the association of the clade A, internal cytoplasmic portion of the envelope (gp41) with clade A matrix (p17) is shown, along with the hypothetical location of clade
A core proteins including p7, p24, and p6. The entire portion of envelope external to the membrane (gp120 and the external domain of gp41) appears to be of a different
clade, with the breakpoint positioned, within resolution of the techniques used, at the membrane-spanning domain. Not shown is another portion of non-clade A genetic
material in the U3 region of the LTR. The structure may mimic that of viral pseudotypes, with the matrix and core of one virus and the envelope of another.

subtypes, but infectious virus would result only if the progeny
were viable. There are many functions of the virus which are
known to require interactions between and within different
regions of the viral nucleic acid and viral proteins, and prob-
ably many more not yet known. It is reasonable to assume that
some clade compatibility is required for these interactions.
One example of this is the fat and rev coding regions. The first
exons of fat and rev are in a clade A-derived region, as are the
second exons, as a result of a crossover right before the second
exons. It is possible that the amino acids encoded by the first
exons have to be clade compatible with those encoded by the
second exons. It would also be logical to expect compatibility
between the viral protein Rev and its target binding site, a
stem-loop structure on the Env-encoding RNA called the Rev-

responsive element (13). This binding is essential for proper
transport of the viral mRNA (25, 50). Interestingly, in this
CM240 mosaic the rev gene is derived from a clade A lineage
while the Rev-responsive element is clearly from a non-clade A
lineage. The cross-clade compatibility of Rev binding has not
been studied experimentally, but the existence of the CM240
isolate would suggest that there is compatibility, at least be-
tween clades A and the parental E.

The pseudotype structure of CM240 is suggestive of yet
another aspect of the genetic plasticity of HIV-1. It may be that
the exchange of the external envelope between clades confers
a selective advantage in some circumstances. This would seem
to be an evolutionary strategy far beyond the capability of
point mutations, however frequent, to generate variants of
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increased fitness. The variable configuration of NF-«B sites,
the alteration in the TATA box sequence, and the differences
in the TAR bulge and loop may be examples of genetic differ-
ences between HIV-1 clades which have the potential to pro-
duce significant biological or epidemiological effects. Full
genomic analysis of other mosaic HIV-1 genomes will be re-
quired determine whether the breakpoints found in CM240 are
recurrent and to discern whether other mosaic genomes pre-
dict virion alterations having relatively clear-cut functional im-
plications.

With the availability of the components for assembly of a
full-length infectious clone, the stage is set for a more complete
understanding of the biological properties of the HIV-1 variant
that predominates in Thailand. The speed with which these
variants established themselves may have resulted from a com-
bination of virologic, behavioral, and demographic factors, but
the continuing spread of these strains, both elsewhere in
Southeast Asia and more broadly, would suggest that this vari-
ant can establish itself successfully in a number of different
circumstances. Future study of more viral isolates will reveal
whether the mosaic pattern described for CM240 reflects a
common adaptive strategy for HIV-1.
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