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ABSTRACT

The existence of various highly divergent HIV-1 lineages and of recombination-derived sequence tracts of indeterminate origin
within established circulating recombinant forms (CRFs) strongly suggests that HIV-1 group M (HIV-1M) diversity is not fully
represented under the current classification system. Here we used a fully exploratory screen for recombination on a set of 480
near-full-length genomes representing the full known diversity of HIV-1M. We decomposed recombinant sequences into their
constituent parts and then used maximum-likelihood phylogenetic analyses of this mostly recombination-free data set to iden-
tify rare divergent sequence lineages that fall outside the major named HIV-1M taxonomic groupings. We found that many of
the sequence fragments occurring within CRFs (including CRF04_cpx, CRF06_cpx, CRF11_cpx, CRF18_cpx, CRF25_cpx,
CRF27_cpx, and CRF49_cpx) are in fact likely derived from divergent unclassified parental lineages that may predate the current
subtypes, even though they are presently identified as derived from currently defined HIV-1M subtypes. Our evidence suggests
that some of these CRFs are descended predominantly from what were or are major previously unidentified HIV-1M lineages
that were likely epidemiologically relevant during the early stages of the HIV-1M epidemic. The restriction of these divergent
lineages to the Congo basin suggests that they were less infectious and/or simply not present at the time and place of the initial
migratory wave that triggered the global epidemic.

IMPORTANCE

HIV-1 group M (HIV-1M) likely spread to the rest of the world from the Congo basin in the mid-1900s (N. R. Faria et al., Science
346:56 – 61, 2014, http://dx.doi.org/10.1126/science.1256739) and is today the principal cause of the AIDS pandemic. Here, we
show that large sequence fragments from several HIV-1M circulating recombinant forms (CRFs) are derived from divergent pa-
rental lineages that cannot reasonably be classified within the nine established HIV-1M subtypes. These lineages are likely to
have been epidemiologically relevant in the Congo basin at the onset of the epidemic. Nonetheless, they appear not to have un-
dergone the same explosive global spread as other HIV-1M subtypes, perhaps because they were less transmissible. Concerted
efforts to characterize more of these divergent lineages could allow the accurate inference and chemical synthesis of epidemio-
logically key ancestral HIV-1M variants so as to directly test competing hypotheses relating to the viral genetic factors that en-
abled the present pandemic.

All HIV-1 group M (HIV-1M) viruses that infect humans clus-
ter phylogenetically within a clade of SIVcpz sequences sam-

pled in southern Cameroon, leading to the conclusion that it is
likely that Cameroon was the site of the cross-species transmission
event that gave rise to HIV-1M (1, 2). Consistent with the hypoth-
esis that the Congo basin region was the epicenter of the epidemic,
the greatest genetic diversity of HIV-1M in terms of both numbers
of subtypes and degree of genetic diversity within subtypes has
been observed in this region (3–7). The different subtypes that
today account for the vast majority of HIV-1M infections world-
wide likely moved out from this region, each to populate different
parts of the world, during the 1950s and 1960s (8, 9).

The HIV-1M classification system that we presently employ is
based largely on the order in which these various pandemic
HIV-1M lineages were discovered. Viruses discovered early on
tended to be classified as belonging to “pure” subtypes, and there
has been an understandable tendency for more recently discov-
ered viruses with inconsistent degrees of similarity across their
genomes to these pure subtypes to be classified as “recombinant

forms” (10). While some of these recombinant forms have only
ever been sampled from a single individual (in which case they are
called unique recombinant forms [URFs]), others have been sam-
pled from multiple unlinked individuals and are thus called cir-
culating recombinant forms (CRFs). This classification system has
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been both consistent with what is known epidemiologically about
the global spread of HIV-1M and a functionally useful means of
characterizing subepidemics in parts of the world where only one
or a few HIV-1M lineages are circulating; an illustrative example is
Cuba, where distinctly Cuban subtype B and subtype G lineages
are cocirculating and have yielded a variety of distinctly Cuban
CRFs, including CRF20, CRF23, and CRF24 (11).

A potential shortcoming of the present HIV-1M classification
system, however, is its capacity to accurately capture the genetic
complexity of the HIV-1M epidemics in regions of Africa where
large numbers of different subtypes and recombinant forms have
been cocirculating for 60 years or more. Many of the recombinant
forms that have been found infecting people in such regions have
parental viruses belonging to three or more different subtypes.
These viruses, termed “complex” CRFs (CRF_cpx) often also con-
tain genome segments that do not phylogenetically cluster with
homologous sequences derived from any of the classified HIV-1M
subtypes. Crucially, although many of the CRFs (and possibly also
many of the URFs) that have been sampled in the Congo basin are
circulating at low frequencies, some, such as CRF02_AG in Cam-
eroon, are among the most common HIV-1M variants that are
found circulating within particular regions (5, 12).

Another potential shortcoming of the existing HIV-1M classi-
fication system is that it has likely been at least partially impacted
by sampling biases that have arisen due to both the orders in which
lineages were discovered and the undersampling of lineages in the
Congo basin HIV-1M diversity hot spot. Further compounding
this problem is the fact that it is often very difficult to accurately
identify the breakpoint locations and parental subtypes of recom-
binant sequences (13). Illustrative examples of potential misclas-
sifications having arisen through such issues include subtype G,
CRF02_AG and CRF01_AE. It has been proposed that subtype G
might be the complex recombinant offspring of subtype A, sub-
type J, and CRF02_AG parental viruses (14), a possibility that, in
the absence of additional lines of evidence, has remained unre-
solved (15, 16). It has been proposed that CRF01_AE is the
recombinant offspring of a subtype A parental virus and an
unsampled (and possibly extinct) “subtype E” parent (17) or,
alternatively, is a unique nonrecombinant subtype (18). Fur-
thermore, CRF04_cpx, CRF13_cpx, CRF18_cpx, and several
URFs contain fragments of sequence that, while closely related
among these recombinants, are seemingly not derived from any of
the known HIV-1M subtypes, suggesting that all these viruses
contain segments that are likely derived from a (formerly) com-
mon unsampled (and possibly extinct) parental lineage (19).

The probable existence of multiple epidemiologically relevant
but undescribed HIV-1M lineages has previously been suggested
(20). In rural Cameroon, where rates of HIV-1M infection are
relatively low, Carr and coworkers found a high prevalence of
URFs containing genome fragments that had apparently been de-
rived from subtype F, J, H, and K parental viruses (20). Without
invoking the existence of numerous undiscovered divergent
HIV-1M lineages, it is difficult to explain either how viruses be-
longing to these apparently low-prevalence parental subtypes
have contributed sequences to so many of the HIV-1M recombi-
nant forms that are found in the Congo basin or how intersubtype
recombination rates could apparently be so high in rural areas that
have such low HIV-1M prevalences. Such mosaic lineages and the
presence of sequences of indeterminate origin within some estab-
lished CRFs provide strong evidence that HIV-1M diversity might

not be adequately represented under the current classification sys-
tem. Concerted efforts to discover and characterize these diver-
gent lineages could allow accurate inference of epidemiologically
key ancestral HIV-1M variants so as to directly test competing
hypotheses relating to the viral genetic factors that enabled the
present pandemic.

In an effort to better characterize HIV-1M diversity within the
Congo basin, we reanalyzed the phylogenetic and recombina-
tional relationships of all available near-full-length genome se-
quences from this region, together with a set of viruses carefully
selected to represent as fully as possible the known diversity of
HIV-1M found in the rest of the world. From this analysis, we
conclude that some of the CRFs from the Congo basin region
show strong evidence that they are at least partially derived from
major previously unidentified HIV-1M lineages that were likely
important components of the early HIV-1M epidemic and which
may, even today, be making an epidemiologically relevant contri-
bution to the ongoing diversification of HIV-1M.

MATERIALS AND METHODS
Selection of sequences. We selected a set of 480 near-full-length ge-
nome sequences representative of the known diversity of HIV-1M.
These included (i) 423 sequences from 76 taxonomically recognized
subtypes/CRFs (21) obtained from the Los Alamos National Labora-
tory (LANL) database, (ii) 12 sequences classified as “U” (May 2014)
and also from the LANL database, and (iii) 45 genetically divergent
sequences from GenBank (May 2014). The 423 sequences representa-
tive of the known subtype and CRF lineages were specifically selected
to include the broadest diversity of sequences previously identified as
belonging to these subtypes/CRFs (22). In brief, this was achieved by
constructing maximum-likelihood (ML) trees from all available near-
full-length sequences for each subtype and CRF using FastTree 2 (23),
as implemented in RDP4 (24), and selecting one sequence from each of
the up to 20 most basal lineages from the root nodes of these subtype/
CRF clades. Along every one of the 10 most basal lineages, we explicitly
chose sequences from the most populated branches of these lineages.
For subtypes and CRFs with fewer than 16 available near-full-length
sequences, all available sequences were included. For the selection of
divergent sequences, we retrieved from GenBank all sequences from
Angola, Cameroon, the Central African Republic, the Republic of
Congo, Zaire, the Democratic Republic of Congo (DRC), Equatorial
Guinea, and Gabon. We then constructed an initial ML tree (with
FastTree2) with these sequences together with the 435 sequences re-
trieved from LANL and selected 45 sequences from GenBank that both
branched basal to the known subtype/CRF clades (i.e., did not cluster
within the sequences of these clades) and were not identical to any of
the sequences retrieved from the LANL database.

Recombination analyses. Sequences between the first 5= codon of gag
and the last 3= codon of nef were extracted from the 480 near-full-length
genomes and aligned using MUSCLE (25). This alignment was manually
edited using IMPALE (http://www.cbio.uct.ac.za/�arjun/). A blinded
fully exploratory screen for recombination using RDP4 (24) was per-
formed using this data set. RDP4 uses multiple approaches both to
identify recombination signals (the RDP, BOOTSCAN, GENECONV,
MAXCHI, CHIMAERA, SISCAN, and 3SEQ methods), and to differen-
tiate between recombinant and parental sequences (the VidRD, PHYL-
PRO, and EEEP methods); all methods are described in detail in reference
26. In addition, RDP4 employs a recursive fully exploratory recombina-
tion screening approach that effectively identifies and erases all evidence
of individual detectable recombination events within an input nucleotide
sequence alignment. The program was used to sequentially test every se-
quence in our alignment for evidence of recombination irrespective of
whether these had formerly been identified as pure subtypes, CRFs, or
URFs. This recombination screen was carried out with default RDP4 set-
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tings, and recombination events detected by at least two different methods
were taken as credible evidence of possible recombination. Recombina-
tion signals arising due to probable misalignment artifacts were identified
as outlined previously (26, 27). Briefly this involved realigning pairs of
recombinant and parental sequences and then using 2 � 2 �2 tests (with a
�2 cutoff of 1.96) to detect significant differences in the matched/mis-
matched status of aligned nucleotide pairs between the individual pair-
wise alignments and the multiple-sequence alignment.

All the recombinationally derived genome sequence fragments thus
identified were then removed to leave just the fragments of sequence
within each individual recombinant that were derived from its predomi-
nant parental virus (defined here as the parent that contributed most to
the genetic material found within a recombinant) (see Fig. S1A in the
supplemental material). An ML phylogenetic tree was constructed from
these sequences with 1,000 full ML bootstrap replicates using RAxML
version 8 (28) as implemented in CIPRES (29). Although RAxML is lim-
ited to the use of general time-reversible (GTR)-based nucleotide substi-
tution models (GTRGAMMA in our case), it has been specifically de-
signed to accurately infer phylogenies from alignments containing large
amounts of missing data, a factor ideally suited to the analysis of our
recombination-free alignment (28, 30). The tree was not rooted in order
to best separate the known subtypes from one another while ensuring that
the branch distances from the branch tips to the root are kept as low as
possible for the majority of sequences in the tree (so as to minimize the
amount of white space in Fig. 1).

Divergent sequences within the phylogenetic tree produced by
RAxML were defined as either (i) those residing on isolated branches
outside subtrees containing previously defined HIV-1 subtype or CRF
lineages or (ii) those forming basal branches within subtrees containing
previously defined HIV-1 subtypes or CRF lineages. The phylogenetic
placement of the latter group of divergent sequences might be due to their
being descended from a lineage that diverged close to the origin of their
associated subtype or CRF lineages.

RESULTS
Identification of new highly divergent HIV-1M lineages within
CRFs. We first set out to create a set of representative reference
sequences that were specifically selected to include the broadest
diversity of HIV-1M sequences that had previously been identified
as belonging to taxonomically recognized HIV-1 group M sub-
types and CRFs (as described in reference 22). Briefly, this selec-
tion involved the construction of maximum-likelihood (ML)
trees from all available full-length sequences for each subtype (A,
B, C, D, F, H, J, and K) and CRF (01 through 72, except for CRF30
and CRF66 to CRF71, which were not included in the Los Alamos
National Laboratory database by the time of data collection) and
selecting one sequence from each of the up to 20 most basal lin-
eages from the root of these clades, or all sequences if fewer than 16
were initially available. Along every one of the 10 most basal lin-
eages we explicitly chose sequences from the most populated
branches. This approach to selecting subtype and CRF reference
sequences ensured both that the selected sequences represented
the broadest diversity of taxonomically classified HIV-1M se-
quences and that we did not include in our subsequent analyses
too many superfluous sequences that contributed little to the
overall diversity of the data set. In addition to these reference
sequences, all 12 near-full-length HIV-1M sequences classified as
“U” in the Los Alamos National Laboratory sequence database
(May 2014) and 45 genetically divergent near-full-length HIV-1M
sequences from GenBank (May 2014) originating from countries
in the Congo basin were also included in the analysis. This ap-
proach resulted in the collation of a set of 480 near-full-length
genome sequences.

We analyzed this sequence set by performing a fully explor-
atory screen for recombination using RDP4 (24), which decom-
posed recombinant viruses into their constituent parts (the ap-
proach is depicted in Fig. S1A in the supplemental material and
described in more detail in reference 26). For further analyses, we
retained the major parental segment representing �50% of
genomic nucleotides for 96% (461/480) of the analyzed se-
quences. The resulting alignment was then used to construct a
mostly intersubtype recombination-free ML phylogenetic tree us-
ing RAxML (28). Phylogenetic analyses of this mostly recombina-
tion-free HIV-1M sequence data set indicated that the major pa-
rental sequences of many of the CRFs (including those of
CRF04_cpx, CRF06_cpx, CRF11_cpx, CRF18_cpx, CRF25_cpx,
CRF27_cpx, and CRF49_cpx) are not classifiable within the cur-
rently established HIV-1M subtypes (Fig. 1; see Fig. S2 in the sup-
plemental material).

Specifically, one of the parental sequences of CRF49_cpx is
most closely related to but clusters phylogenetically basal to sub-
type J and might therefore reasonably be considered to be either a
very divergent subtype J sequence (perhaps an as-yet-undiscov-
ered J2 lineage) or a virus that either existed or diverged prior to
the diversification of subtype J (Fig. 1). It is similarly apparent that
the supposedly subtype J-like parent of CRF06_cpx likely diverged
prior to the split of the subtype J/CRF49_cpx lineage. Similarly,
the parental lineage from which CRF11_cpx and CRF27_cpx de-
rived the largest portion of their genomes apparently diverged
before the most recent common ancestor (MRCA) of CRF06_cpx/
J/CRF49_cpx, to which they are more closely related than other
named subtype/CRF groups (Fig. 1). Importantly, the major pa-
rental viruses of CRF04_cpx and CRF18_cpx do not phylogeneti-
cally cluster close to any of the named subtype or CRF groupings
(Fig. 1; see Fig. S2 in the supplemental material). Finally, the major
parent of CRF25_cpx was apparently either a subtype G-like virus
(although this is not phylogenetically well supported) or a virus
that diverged shortly prior to the diversification of the subtype G
lineage (Fig. 1).

As has been shown for a number of Cameroonian URFs (20,
22), our phylogenetic analyses also indicate that the parental vi-
ruses of many HIV-1M genetic variants found in individuals ei-
ther in or originating from the Congo basin (indicated by bold
italic text in Fig. 1 and in Fig. S2 in the supplemental material)
contain fragments of sequence that do not cluster phylogenetically
within any of the taxonomically recognized HIV-1M subtypes.
Specifically, these fragments of sequence are divergent and branch
basal to the named HIV-1M subtypes rather than being nested
within these subtypes. This suggests either that the recombination
events that gave rise to these lineages predated the divergence of
the subtypes from one another or that they occurred more re-
cently but involved a variety of currently unsampled divergent
HIV-1M lineages that are therefore possibly still circulating at low
frequencies within the region.

Confirmation of highly divergent sequence fragments within
established CRFs. In an attempt to reconcile and further under-
stand the analytical issues causing differences between the estab-
lished genome structures of known recombinants and those de-
scribed during our exploratory recombination screen, we
reexamined CRFs that were apparently derived from parental vi-
ruses that are unclassifiable within the current HIV-1M taxon-
omy. ML trees were constructed using FastTree2 (23) imple-
mented in RDP4 (24) and were used to test whether segments of
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recombinationally derived sequence were from parental viruses
falling within the existing subtype classification system or, alter-
natively, whether the parental viruses were from divergent cur-
rently unclassified lineages (the scheme used for this analysis is
depicted in Fig. S1B in the supplemental material). Although these
trees were constructed using reference sequences from the same
subtypes as the reference sequences that were used in the literature
to initially characterize these viruses, the precise reference se-
quences that we used here were, as in our exploratory recombina-
tion screen described above, were selected to represent the full
breadth of currently known diversity within each subtype. Since it
is was not our intention to completely redefine the mosaic struc-
tures of any of the known CRFs (for the most part, previously
identified breakpoint locations within these sequences seem very

plausible), we opted to use the currently accepted CRF breakpoint
locations published in the Los Alamos HIV database (21) for all
further analyses of the likely origins of recombinationally derived
genome fragments.

The genomes of CRF04_cpx (Fig. 2A), CRF06_cpx (Fig. 2B),
CRF11_cpx (Fig. 2C), CRF18_cpx (see Fig. S3A in the supplemen-
tal material), CRF25_cpx (see Fig. S3B in the supplemental mate-
rial), CRF27_cpx (Fig. 2D), and CRF49_cpx (see Fig. S3C in the
supplemental material) viruses each contain more than 3,000 nu-
cleotides (nt) of sequence that was likely derived from divergent
parental viruses that branch phylogenetically outside the taxo-
nomically recognized HIV-1M subtypes. Eight out of 13 of the
recombinationally derived genome segments of CRF04_cpx, rep-
resenting approximately 4,660 nt of sequence, clustered basal to

FIG 1 Maximum-likelihood tree indicating the phylogenetic relationships between 480 HIV-1M near-full-length genomes from which all detectable evidence
of individual recombination events has been removed. These sequences represent all near-full-length published subtype, CRF, and unclassified sequences that
were available in the LANL database (http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html) in June 2014 together with a set of 45 divergent sequences
from GenBank (obtained in May 2014). Recombination analyses and the stripping from recombinant sequences of fragments of recombinationally derived
sequence were performed as stated in Materials and Methods. Some clades have been condensed for the sake of clarity. The tree is unrooted and was constructed
with 1,000 full maximum-likelihood bootstrap replicates using RAxML (28). Numbers associated with tree branches indicate degrees of bootstrap support for
these branches. Clades that do not cluster within the existing “pure” subtype-based taxonomy are colored in red, while those that cluster within are in blue.
Graphics represent the “parental” (i.e., nonrecombinant) segments (in dark gray) from the genome length of clades that do not cluster within the “pure” subtypes
and some major CRFs embedded in subtype A.
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FIG 2 Reanalysis of the origins of recombinationally derived sequence fragments within some CRFs from the Congo basin that have previously been described in the
literature. Maximum-likelihood trees indicating the phylogenetic relationships between segments of recombinationally derived sequence from these CRFs and different
HIV-1M subtypes are shown. ML trees were constructed from aligned sequences corresponding to these segments using FastTree 2 (23). Numbers at the tree branches
indicate support for these branches using the Shimodaira-Hasegawa-like branch support test. For the sake of clarity, only subtrees that included the divergent,
difficult-to-classify sequences were included, except in panel A, where all the subtrees are shown. The graphical genome maps of the CRFs analyzed here were obtained
from the Los Alamos HIV database (21) and represent the currently accepted breakpoint and parental subtype annotations for these CRFs.
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FIG 2 continued

Tongo et al.

2226 jvi.asm.org March 2016 Volume 90 Number 5Journal of Virology

http://jvi.asm.org


the subtypes (K, G, and H) that they were most closely related to
(Fig. 2A), suggesting that the viruses that donated these genome
segments were likely members of divergent HIV-1M lineages.

Similarly, six out of eight of the analyzed genome fragments
from the CRF06_cpx viruses, representing �5,369 nt of sequence,
clustered basal to subtypes G, K, and J (Fig. 2B); the parental
sequences that donated these fragments therefore likely originated
from a lineage that diverged prior to the diversification of the
MRCA of subtypes G, K, and J.

CRF11_cpx (Fig. 2C) was queried against all the standard ref-
erence lineages (A to D, F to H, J, K, and 01_AE), as was done
during the initial classification of this CRF (31). ML trees from the
12 recombinationally derived genome segments that constitute
CRF11 indicated that seven of these segments, representing
�5,663 nt of sequence, branch basal to the subtypes that they are
most closely related to (including one segment previously identi-
fied as coming from a subtype A parent; HXB2 nt 4040 to 6046)
(Fig. 2B); all of these segments could therefore plausibly have been
derived from one or more parents from divergent, currently un-
classified HIV-1M lineages.

Among the CRFs analyzed, CRF27_cpx (Fig. 2D) appears to
have a particularly interesting ancestry. During the initial analyses
of this CRF, it was queried not only against the standard reference
subtypes but also against CRF01_AE, CRF02_AG, CRF04_cpx,
CRF05_DF, CRF06_cpx, CRF09_cpx, CRF11_cpx, CRF13_cpx,
CRF18_cpx, CRF19_cpx, and strains Z321, MAL, and NOGIL3
(32). Eight out of 12 segments, representing 87% of the analyzed
genome of CRF27_cpx, branched phylogenetically basal to the
MRCAs of the named HIV-1M subtype or CRF groups to which
they were most similar (Fig. 2D), clearly suggesting that one or
more of its parental viruses were divergent unclassified HIV-1M
lineages (21).

Finally, 21 of the analyzed genome fragments comprising
CRF18_cpx (see Fig. 3A in the supplemental material),
CRF25_cpx (see Fig. S3B in the supplemental material), and
CRF49_cpx (see Fig. S3C in the supplemental material), repre-
senting �5,710, 5,233, and 3,965 nt of sequence, respectively,
branched basal to known subtypes, also indicating that the se-
quences within these segments likely originated from parental vi-
ruses that belonged to divergent unclassified HIV-1M lineages.

DISCUSSION

Our analyses imply that there is potentially a far more diverse
pool of HIV-1M sequences circulating among humans than the
current classified subtypes and CRFs might suggest. It is known
that after transmission to humans sometime before 1920 (6),
the progenitor of HIV-1M began to diversify extensively into
numerous variants and that the absence of geographical barri-
ers likely meant that these “proto-subtype” variants circulated
throughout the Congo basin region (33). This is well illustrated
by the large genetic distance between ZR59 and DRC60, two
sequences identified in the Democratic Republic of Congo
(DRC) that predated the global AIDS epidemic, which indi-
cates that there was already an extensive degree of HIV-1M
genetic diversity in the Congo basin as early as the late 1950s (6,
33, 34). Following this diversification, but before the global
spread of HIV-1M around 1970 (6, 35), it is likely that localized
epidemics occurred, and it is plausible that some of these epi-
demics have remained confined to this region within small
groups of infected people. The fact that five of the seven CRF

lineages analyzed here, and almost all similarly divergent URF
lineages, have been sampled in remote rural regions of the
Congo basin is entirely consistent with this hypothesis of mul-
tiple localized epidemics. This hypothesis, while not disputing
the notion that most of the subsequent global expansion of
HIV-1M originated from the region around Kinshasa, does
suggest that some HIV-1M lineages were “left behind” in the
Congo basin.

In previously described analyses of some CRFs, many diver-
gent segments were found to be difficult to classify due to lim-
ited quantities of whole-genome sequence data that were avail-
able at the time of their discovery. For example, fragments of
CRF11_cpx and CRF13_cpx that were found to be most closely
related to subtype J sequences were found to be too different
from known subtype J sequences to be considered to belong to
subtype J, and it was therefore proposed that they be classified
as belonging to a hypothetical subtype J2 progenitor (36). This
particular case, however, is exceptional in that most other stud-
ies have tended to classify apparently recombinationally de-
rived genome segments as belonging to whichever subtype they
were most similar too, irrespective of whether these segments
clustered phylogenetically within the sequences of these named
subtypes or whether they branched basal to them. We are sim-
ply emphasizing here that when a newly discovered sequence
fragment is most closely related to those which have been clas-
sified as belonging to a particular known subtype, it does not
necessarily mean that the new sequence should also be classi-
fied as belonging to that subtype. It might therefore be better,
as done by Zhang et al. (36), to leave such fragments unclassi-
fied. We are also emphasizing that the choice of reference
clades for the classification of an unknown sequence (especially
from the Congo basin) should not be random; such references
should specifically include sequences representing the entire
breadth of diversity that exists within a specific clade. In addi-
tion, as we have found in our analysis of CRF27_cpx, the ref-
erence clades should in some cases also include the broadest
possible diversity of HIV-1M CRF sequences.

Accordingly, we hypothesize that CRF04_cpx, CRF06_cpx,
CRF11_cpx, CRF18_cpx, CRF25_cpx, CRF27_cpx, and CRF49_cpx
are largely (and in some cases predominantly) descended from what
were/are major previously unidentified HIV-1M lineages that were
likely epidemiologically relevant during the early stages of the
HIV-1M epidemic. It remains unclear why these divergent lin-
eages did not undergo the same explosive spread as the known
HIV-1M subtypes that are circulating in the Congo basin. One
possibility could be that these “missing subtypes” have become
extinct. Another possibility is that they are still circulating at low
frequencies in the human population but have not undergone the
explosive population expansion of the known subtypes either be-
cause they were not physically present in order to be part of the
initial migratory wave of variants that triggered the global epi-
demic or because they do not have the same degree of transmissi-
bility as globally circulating HIV lineages. The fact that many
CRFs and URFs from the Congo basin apparently have large pro-
portions of their genomes derived from divergent unclassified
HIV-1M lineages certainly suggests that large pools of undiscov-
ered HIV-1M genetic diversity likely exist throughout equatorial
west Africa.

At a very practical level, a fuller characterization of this diver-
sity is likely to strain the current HIV classification system to the
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point where it becomes misleading. Our study and some others in
recent years (13, 16, 37) indicate that it might be useful to at least
consider the establishment of some additional guidelines for the
classification of novel complex HIV-1M recombinants and diver-
gent sequences such as those which are continually being discov-
ered in equatorial west Africa (20, 22). Specifically, whenever a
novel URF or CRF is discovered, it should be recommended that
an effort be made to phylogenetically characterize the portions of
these genomes that are apparently derived from divergent paren-
tal lineages, using a well-defined standard (and preferably Los
Alamos HIV database-approved) set of representative reference
sequences. It would also be very illustrative if, in such studies,
attempts were made to distinguish (i) recombination events that
likely occurred close to (or even before) the time of the progeni-
tors of the major HIV-1M subtypes from (ii) recombination
events that likely occurred in recent times between well-charac-
terized circulating parental lineages. Properly representing such
viruses would obviously require a slightly more nuanced annota-
tion and naming tool kit than the A-to-K designator-based one
that is currently endorsed for HIV classification by the Interna-
tional Committee for Virus Taxonomy and the influential Los
Alamos HIV database. For example, a genome segment that has
apparently been derived from a virus that branches basal to sub-
type A might simply be annotated “a” rather than “A,” whereas a
parental lineage branching basal to subtypes J and H might be
annotated as j|h” rather than “U.” If, for example, this j|h fragment
was likely derived during an ancient recombination event, it might
additionally be annotated “(j|h)”.

There is much to be gained from properly characterizing the
fascinatingly complex HIV-1M variants that are consistently be-
ing discovered in the Congo basin. If nothing else, the mere exis-
tence of these sequences emphasizes the complexity of devising
suitable treatment programs and developing relevant vaccines for
this region. Besides being useful in efforts to understand and com-
bat HIV-1M at its geographical origin, viruses presently circulat-
ing in equatorial west Africa might also be the source of future
global multidrug resistance or vaccine evasion reemergence
events. Focused efforts in the Congo basin to discover and char-
acterize more of these highly divergent lineages, whether within
the context of genome fragments surviving within CRFs and URFs
or within actual novel HIV-1M subtypes, would be invaluable in
attempts both to discover the specific viral genetic factors that
enabled the initial emergence of HIV-1M and to assess the risks of
future reemergence events.
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