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Background: Analysis of partial pol and env sequences have indicated a high diversity
of HIV-1 genetic forms in Cuba, including two potential novel circulating recombinant
forms (CRF): UP°Y/H®"Y and DP°/Ae™ .

Objectives: To determine whether UP®'/H™ recombinant viruses from Cuba, detected
in 7% of samples, represent a novel HIV-1 CRF, and to identify non-Cuban viruses
related to this recombinant form.

Methods: Near full-length genome amplification was carried out by nested polymerase
chain reaction in four overlapping DNA segments of two epidemiologically unlinked
viruses in uncultured peripheral blood mononuclear cells. The sequences were
analysed phylogenetically. Recombinant structures and phylogenetic relationships
were analysed by bootscanning and by maximum likelihood. Searches for related
viruses in databases were initially based on sequence homology and sharing of
signature nucleotides.

Results: Both Cuban viruses clustered uniformly in bootscans all along the genome
with each other and with a virus from Cameroon, CM53379, indicating that all three
represent the same recombinant form. Their genome comprised multiple segments
clustering with subtypes A1, F, G, H and K, as well as segments failing to cluster
with recognized subtypes. The newly defined CRF, designated CRF18_cpx, was
phylogenetically related in partial segments to CRF13_cpx, CRFO4_cpx and 36
additional viruses, most of them from Central Africa. One of the viruses from Cameroon,
sequenced in the near full-length genome, was a CRF18_cpx/subtype G secondary
recombinant.

Conclusions: A novel HIV-1 complex circulating recombinant form (CRF18_cpx) has
been identified that is circulating in Cuba and Central Africa.
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Introduction HIV-1 [1]. Subsequently, HIV-1 strains belonging to the

group responsible for the pandemic (main or M group)
HIV-1 derives from at least three independent introduc- have diversified extensively into numerous variants through
tions into humans from chimpanzees in Central Africa, high rates of mutation [2], recombination [3—5] and viral
each originating one of the three phylogenetic groups of turnover [6,7]. Some of the variants have propagated
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epidemically and are known as subtypes and circulating
recombinant forms (CRF) [8]. Currently, nine subtypes
and 16 CRF are recognized [9]. In addition, unique
recombinant forms (URF), generated in individuals
infected with two or more HIV-1 clades (including
subtypes, CRF or groups), are frequently found in areas
where multiple variants are circulating [10]. In the
Americas, subtype B is the predominant genetic form,
although CRF12_BF and related URF are highly pre-
valent in Argentina and Uruguay [11-14], and subtypes
F and C, as well as recombinants between these subtypes
and subtype B, are relatively common in Brazil [15-18].
In the Caribbean area, subtype B is also predominant [19];
however, recently, we have identified high diversity of
genetic forms in Cuba by analysis of partial pol and env
sequences, including seven subtypes, two probably novel
CREF and diverse URF [20]. One of the putative CRE
detected in 21 of 105 samples, grouped in pol with
subtype D and in env with subtype A, and the other,
detected in 7 of 105 samples, failed to group with known
subtypes in pol and grouped with subtype H in env. Three
UREF derived from recombination between both mosaic
forms, and six between either of them and subtypes B or
G, were also identified. Several viruses from Central
Africa grouped in env with the UP?/H®™ Cuban
recombinants. One of them, CMb53379, a complex
mosaic virus from Cameroon [21], grouped with the
Cuban recombinants both in env and pol, which suggests
an African ancestry of the Cuban viruses.

The present study focused on the genetic analyses of
near full-length genomes of UP?/H®™ recombinants.
Previous analyses of partial segments already supported
their common ancestry and their circulation in Cuba,
based on their clustering with 100% bootstrap support
and on secondary recombination, in at least six occasions,
with other genetic forms circulating in this country [20].
Here we extend those findings by defining a novel HIV-1
CREF with a highly complex structure that circulates in
Cuba and in Central Africa.

Materials and methods

Samples

Lysates from peripheral blood mononuclear cells of two
Cuban HIV-1-infected individuals were used for poly-
merase chain reaction (PCR) amplification. CU14 was
from a heterosexually infected woman from Havana City,
diagnosed with HIV-1 infection in 1995. CU76 was from
a homosexual man from the province of Villa Clara, who
first tested HIV-1 seropositive in 1996. Samples were
collected in 1999. Both subjects acquired HIV-1 in Cuba
since they had not travelled outside the country prior to
their HIV-1 diagnosis. The epidemiological question-
naire did not reveal a direct epidemiological link between
the individuals.

Amplification and sequence analysis

Near full-length genome amplification was carried out by
nested PCR in four overlapping segments and subsequent
direct sequencing of the amplified products, as previously
described [12,13]. Sequence electropherograms were
corrected and assembled with Seqman (DNASTAR,
Madison, Wisconsin, USA). Sequences were aligned
with those of subtype reference viruses using Clustal X
[22], and alignments were manually edited with Bioedit
(Tom Hall, http://www.mbio.ncsu.edu/BioEdit/bioedit.
html), considering the predicted amino acid sequences.
Analyses of the phylogenetic relationships of the
recombinants along the genome with each other and
with African viruses, and of their mosaic structures, used
bootscanning [23] with Simplot 3.2 beta [24]. In these
analyses, the bootstrap values supporting the phylogenetic
relationship (based on Kimura two-parameter distances
and neighbour-joining trees) of the recombinants with
each other or with subtype references within a window
sliding along the alignment were plotted against the
nucleotide position in the genome. Bootstrap values
> 70% were considered definitive [25]. Phylogenetic
relationships corresponding to the partitions resulting
from the bootscan analysis were estimated independently
under the maximum likelihood framework. The best-fit
model of nucleotide substitution was selected using the
Akaike Information Criterion in Modeltest v.3.6 [26].
Maximum likelihood trees were obtained under the best-
fit model using the algorithm implemented in Phyml
v.2.4.1 [27], starting from a BION] tree [28]. One
thousand bootstrap replicates were used to assess
phylogenetic confidence [29]. In addition to bootstrap
values, the recently defined parameter termed the
branching index was used for subtype classification of
the segments [30]. The branching index defines the point
of divergence of the analysed sequence (sequence X)
relative to that of the subtype references. If a is the
distance between the origin of the subtype-defining
branch and the node of sequence X, and b is the distance
between this node and the node of the subtype references,
the branching index is defined as the ratio a/(a + b).
Based on branching indices calculated for subtype refer-
ences relative to other references of the same subtype,
a cut-off value of > 0.55 was proposed to classify a
sequence as belonging to a given subtype [30].

Non-Cuban viruses related to the Cuban recombinants
were searched in the Los Alamos HIV Sequence database
[9]. Initial screening was carried out with similarity
BLAST searches [31] of partial sequences and with
searches for sequences containing signature nucleotides
characteristic of the Cuban recombinants (nucleotides
conserved in the Cuban recombinants but absent or
highly unusual in reference viruses of HIV-1 subtypes or
CREF) in alignments retrieved from the Los Alamos HIV
Sequence Database. The phylogenetic relationships of the
database sequences with the Cuban recombinants was
analysed by bootscanning and by maximum likelihood as
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described above. The newly derived sequences are de-
posited in Genbank under accession numbers AY 586540
and AY586541.

Results

To determine whether the newly derived near full-length
genome recombinant sequences from Cuba represent the
same recombinant form, their phylogenetic relationship
was examined by a bootscan analysis in which both
viruses and reference viruses of all subtypes were
included. This analysis demonstrated uniform phyloge-
netic clustering of the Cuban recombinants with each
other all along the genome (not shown). Previously, we
had reported that a complex recombinant virus from
Cameroon, CM53379, sequenced in the near full-length

(a) CM53379

genome [22], clustered with the Cuban recombinants
both in partial pol and env sequences [21]. In bootscan
analysis, CM53379 clustered uniformly with CU14 and
CU76 along the entire sequence (Fig. 1a). These results
show that CU14, CU76 and CM53379 represent the

same recombinant form.

The mosaic structure of this recombinant form was
analysed by bootscanning with reference sequences of
known subtypes. In this analysis, CU14, CU76 and
CM53379, and the references of each subtype, were
considered as groups, each group comprising viruses
belonging to the same genetic form. The profile of the
bootscan plot showed that the recombinants formed
multiple segments that clustered with subtypes A, F G, H
and K, and other segments failing to cluster with
recognized subtypes (Fig. 1b). The relationship of these
segments with subtype references was confirmed in
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Fig. 1. Bootscan analyses of CU14, CU76 and CM53379. The horizontal axis represents the nucleotide position of the midpoint of
a window sliding along the alignment. Nucleotide numeration in the horizontal axis coincides with that of the HXB2 isolate. The
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percentage bootstrap values were based on 500 replicates of the nodes joining the analysed recombinants (a) with each other or (b)

with subtype references in each window. Bootscans were done with Simplot 3.2 beta. Trees were constructed with the neighbour-

joining method, based on Kimura’s two-parameter distances. Window width was 800 nucleotides (nt) in (a) and 400 nt in (b),

moving in 20 nt increments. References used were those included in the subtype reference alignments at the Los Alamos HIV
Sequence Database [9] and were considered as groups, each comprising viruses of the same subtype or subsubtype. CU14 and

CU76 in (a) and both Cuban recombinants and CM53379 in (b) were analysed as groups.
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Fig. 2. Maximum likelihood trees for partial genome segments. Trees are numbered according to the partitions defined in the
bootscan analysis (Fig. 1b). Nucleotide positions in the HXB2 genome delimiting each analysed segment is shown on top of each
tree. Asterisks denote bootstrap values (BS) > 70% for the nodes to the right and below. Bootstrap values supporting the clustering
of the analysed recombinants with the corresponding subtype or subsubtype are denoted with their percentage numerical values.
Subtype references are those included in the reference alignment at the Los Alamos HIV Sequence Database [9]. Brackets denote
subtype or subsubtype clusters. Thick brackets denote subtype or subsubtype clusters that include Cuban recombinants supported

by > 70% bootstrap values.

maximum likelihood trees (Fig. 2), which supported the
subtype assignments made by the bootscan analysis,
except for a segment between positions 4131 and 4470
(partition VI), for which the subtype K affiliation
suggested by bootscanning failed to be confirmed, and
a segment between 6071 and 6300 (partition X), where
the subtype H affiliation was supported with only 53%
bootstrap value in bootscanning but with 87% in the
maximum likelihood tree. Additional observations were
derived from the maximum likelihood analyses: (a) those
confirming the bootscan results (Fig. 1a) in that CU14,
CU76 and CM53379 grouped in a monophyletic cluster
in each of the partitions, except partitions II and XIV (in
both partitions, however, several subtype and subsubtype
references also failed to group in clusters well supported
by bootstrap values); (b) the subtype A segments grouped
with references of subsubtype A1, although for the
segment between positions 8790 and 9442 in partition
XV the bootstrap value supporting the relationship with
subsubtype Al references was only 58%; (c) the subtype
F-related segment (partition VI) in pol branched outside
both F1 and F2 radiations; (d) the segment between
positions 4851 and 5710 in partition VIII, which could
not be assigned with confidence to any subtype in the
bootscan analysis, branched within a cluster comprising

subsubtypes Al and A2 and subtype G, with a 91%
bootstrap support; (e) the decrease in bootstrap values
supporting branching with subtype H around the env V3
loop region (Fig. 1b) was much less pronounced (to 59%)
in maximum likelihood trees estimated from segments of
400 nucleotides (nt) (in this region, the subtype H
reference VI991 also failed to cluster consistently with the
two other subtype H references in segments of 400 nt or
less; therefore, it is possible that the decrease in bootstrap
support for the clustering of the recombinants with
subtype H in this highly variable env segment is a con-
sequence of its derivation from a subtype H strain
divergent from the references, rather than of recombina-
tion with another subtype). Only in two partitions, of
subsubtype A1l in gag (partition I) and pol (partition IV),
the cluster formed by CU14, CU76 and CM53379
branched interspersed within the reference viruses. In the
remaining segments, the recombinants diverged basally to
the subtype references (partitions II and XIV) or formed a
sister clade with the corresponding subtype or subsubtype
clusters (partitions V, VII, IX-XIII and XV). To define the
subtype assignment for these segments further, the branch-
ing index was determined; this represents the point of
divergence of the recombinants in the subtype-defining
branch of the analysed segment relative to the subtype
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Fig. 3. Schematic depiction of the mosaic structure of CRF18_cpx, based on bootscan and maximum likelihood analyses (Figs 1b
and 2). Numeration of segments analysed by maximum likelihood (Fig. 2) and bootstrap values (BS) supporting subtype or
subsubtype classifications of each segment are shown at the top. Multisubtype clusters incorporating CRF18_cpx viruses, and BS

supporting such clusters, are shown in parentheses.

references [30]. The branching index was > 0.55 in most
segments, supporting the subtype affiliation indicated by
bootstrap values, except in the subtype F-related segment
(partition III; in which the recombinants branched

(a) 01CM-0989MO (CM)
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Fig. 4. Phylogenetic analyses showing the relationship of non-Cuban viruses to CRF18_cpx. (a—c) Bootscan analyses of near full-
length genomes of three recombinant viruses. Bootscan settings are as in Fig. 1 using a window width of 500 nucleotides. (d-I)
Maximum likelihood trees trees for partial genome segments. Only bootstrap values > 50%, are shown. Nucleotide positions in
the HXB2 genome delimiting each analysed segment is shown on top of each tree. Brackets denote clusters of viruses related to
CRF18_cpx in the corresponding segment. In (k), a subcluster of viruses from Cameroon more closely related to CM53379 is also

NN

outside the F1 and F2 references and, therefore, the
branching index could not be applied), in partition V
(branching index, 0.52), and in partition VII (branching
index, 0.53).
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bracketed. The two-letter code of countries of origin of the samples are shown in parentheses to the right of each isolate name.

When country of sample collection and of probable HIV-1 acquisition differ, both are shown separated by a dash. AO, Angola; BE,
Belgium; CD, Democratic Republic of Congo; CM, Cameroon; CY, Cyprus; FR, France; GA, Gabon; GR, Greece; LU,

Luxembourg; SE, Sweden; SN, Senegal; UG, Uganda.
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The results of the bootscan and maximum likelihood
phylogenetic analyses allowed a new HIV-1 CRF to be
defined [8]. According to the order of discovery and to its
complex mosaic structure, it was designated CRF18_cpx.
Its recombinant structure, together with bootstrap values
supporting the subtype assignment for each partition, is
schematically shown in Fig. 3.

The relationship of CRF18_cpx with other HIV-1
complex recombinant genomes (either CRF or URF)
sequenced in the near full-length genome and deposited
in Los Alamos HIV Sequence Database was analysed by
bootscanning with Simplot and confirmed by maximum
likelihood phylogenetic analysis. Segments of CRF13_
cpx, CRF04_cpx and several other unique recombinants
from Central Africa were phylogenetically related to
CRF18_cpx (Fig. 4). One of these viruses, 01CM-
0989MO, from Cameroon, is a CRF18_cpx/subtype G
secondary recombinant in which most of pol and
approximately 0.9 kb in env derive from CRF18_cpx
(Fig. 4a).

Several searches for other sequences related to CRF18_
cpx were completed. An initial screening was imple-
mented by identifying ‘signature’ nucleotides that were
conserved in the Cuban recombinants and CM53379 but
were absent or highly unusual in HIV-1 subtypes and
CREF references. The presence of those nucleotides was
searched for in aligned sequences retrieved from the
Los Alamos HIV Sequence Database. Similarities with
sequences of different genes, as well as with protease—
reverse transcriptase and env V3 segments, were also
searched by using the HIV-BLAST program available at
the Los Alamos HIV Sequence Database [9]. Sequences
containing two or more consecutive CRF18_cpx sig-
nature nucleotides or having high BLAST similarity
scores with CRF18_cpx viruses were subjected to
bootscan analyses, and phylogenetic relationships were
confirmed by maximum likelihood inference. In total,
40 viruses were found that clustered in partial segments
with CRF18_cpx viruses with bootstrap values > 70%
(Fig. 4); 30 of these were from Central Africa or of
known Central African origin (13 from the Democratic
Republic of Congo, nine from Cameroon, four from
Gabon and four from Angola).

Discussion

The main objectives of this study were to determine
whether HIV-1 Cuban recombinant viruses that grouped
in clusters of unknown subtype in pol and of H subtype
in env [20] represent a novel CRE and to define their
recombinant structures. A secondary objective was to
identify non-Cuban viruses related to the Cuban recom-
binants. To accomplish these objectives, we sequenced

approximately 9 kb of each of two epidemiologically
unlinked Cuban recombinants, CU14 and CU76. In
bootscan analysis, both viruses clustered uniformly along
the entire sequence with each other and with a complex
recombinant from Cameroon, CM53379 [22] (Fig. 1a),
confirming that all three viruses represent the same
genetic form and supporting the Central African origin of
the Cuban recombinants. Bootscan analysis and maxi-
mum likelihood phylogenetic trees indicated that CU14,
CU76 and CM53379 are complex recombinants con-
taining segments related to subtypes A (subsubtype A1), E
G, H and K, as well as segments of undefined subtype
(Figs 1b and 2). The subtype classification of each
segment was supported by bootstrap values > 70% join-
ing the recombinants with alternative subtype references.
It was also supported by branching indexes (see above)
> 0.55 in most segments apart from three: the subtype
F-related segment, for which a branching index could not
be determined because it branched outside the F1 and F2
subclusters; and two short subtype G and H segments, for
which branching indices were in the uncertainty zone
(0.52 and 0.53, respectively). The latter two segments
were classified as being of subtypes G and H, respectively,
based on bootstrap supports of 94% and 83% and on
the existence of other subtype G and H segments along
the genome well supported both by bootstrap and
branching index values. These results fulfil the require-
ments to define an HIV-1 CRE According to the
current nomenclature system, it has been designated
CRF18_cpx [8].

The circulation of CRF18_cpx in Cuba is supported by
epidemiological data. All 14 infections with viruses
clustering at least in partial segments with CRF18_cpx
[20] were probably acquired in Cuba, since the indi-
viduals harbouring them did not report travel outside of
the country, and contact-tracing questionnaires failed to
find a direct link between any of these individuals.

Searches for homologous sequences in databases yielded
40 viruses phylogenetically related in partial segments to
CRF18_cpx, including CRF13_cpx and CRF04_cpx.
Of these, 30 viruses were from samples collected in
Central Africa or from individuals probably infected in
this area (mostly the Democratic Republic of Congo and
Cameroon, but also from Gabon and Angola). The
remaining viruses were from samples collected in Senegal
and five European countries. Except for the CRF04_cpx
viruses, circulating among injecting drug users in Greece
[32,33], epidemiological information is not available, and
these viruses might also have been acquired in Central
Africa. The bootscan analysis of one virus from
Cameroon, 01CM-0989MO, sequenced in the near
full-length genome, indicates that it is recombinant

between CRF18_cpx and subtype G (Fig 4a).

Two viruses from Cameroon, 01CM-MP-1544 and
01CMNYU6294, had separate segments in gag and env
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that clustered with CRF18_cpx with high bootstrap
values, and interdigitated between CM53379 and the
Cuban recombinants in the tree of the gag segments
(Fig. 4d,k); therefore, these are strong candidates to be
representatives of CRF18_cpx. Three other viruses that
grouped with CM53379 within a subcluster in the env V3
region were from Cameroon, and another Cameroonian
virus clustered with 100% bootstrap support with
CM53379 in nef. These results suggest that CRF18_cpx
is very probably circulating in Cameroon, a country
with a high diversity of circulating HIV-1 genetic forms,
including seven subtypes and four other CRF (01_AE,
02_AG, 11_cpx and 13_cpx) in addition to groups O and
N [21,34-36].

In summary, we have identified CRF18_cpx as a novel
HIV-1 circulating recombinant form: a complex mosaic
virus with segments of Al, E G, H and K, and undefined
subtypes. CRF18_cpx is circulating in Cuba but originat-
ed in Central Africa, where we have detected its presence
in Cameroon. We have also found multiple viruses
phylogenetically related to CRF18_cpx, at least in part of
their genomes, in the Democratic Republic of Congo,
Gabon and Angola. Our previously published results
indicate that, in addition to CRF18_cpx, at least three
other genetic forms, subtypes B and G and another
recombinant form (a novel CRF according to our
preliminary data), are also circulating in Cuba [20]. In
addition, we detected infections with five other subtypes
and a recombinant virus probably acquired in Africa [20].
The high HIV-1 genetic diversity in Cuba is especially
remarkable considering that the number of estimated
HIV-1-infected persons in this country was only 3300 at
the end of 2003 [37]. Its cause is presumably related to the
large numbers of Cubans that have stayed in various sub-
Saharan African countries, including soldiers involved
in local armed conflicts in the 1980s and early 1990s
and civilians participating in cooperation programmes

[38,39].

The list of HIV-1 CRF has been incessantly growing in
recent years and will certainly continue to increase, as a
consequence of both the discovery of presently circulat-
ing, but still unrecognised, CRF and the generation of
new CRE These may emerge in areas where diverse HIV-
1 genetic forms are cocirculating, where recombinant
viruses are continually being generated in persons
infected with two or more variants [10]. In addition to
its value in tracking the origin and spread of HIV-1
variants, the identification of novel CRF may have prac-
tical implications in the clinical management of patients
and in vaccine development, since differences between
HIV-1 genetic forms have been reported with respect
to the development of antiretroviral drug resistance
mutations [40—43], performance in drug-resistance geno-
typic tests [44,45], accuracy of viral load determinations
[46—48] and clade-specificity of immune responses

[49,50].
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