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Abstract

Variations in the HIV genome influence HIV/AIDS epidemiology. We report here a novel HIV-1 unique
recombinant form (URF) isolated from an HIV-infected female (NACMR092) in Cameroon, based on the
analyses of near-full-length viral genome (partial gag, full-length pol, env, tat, rev, vif, vpr, vpu, and nef genes,
and partial 3¢-long terminal repeat). Phylogeny, recombination breakpoints, and recombination map analyses
showed that NACMR092 was infected with a mosaic URF that had eight breakpoints (two in gag, one in pol,
one in vpr, two in env, and two in the nef regions), nine subgenomic regions, and included fragments that had
important similarities with HIV-1 subtypes A1, CRF02_AG, and CRF01_AE. This novel mosaic URF un-
derscores complex recombination events occurring between HIV-1 subtypes circulating in Cameroon. Con-
tinued monitoring and detection of such recombinants and accurate classification of HIV genotype is important
for tracking viral molecular epidemiology and antigenic diversity.
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The human immunodeficiency virus (HIV) is charac-
terized by a very high genetic variability, due to the lack of

DNA proofreading activity of the reverse transcriptase (RT)
enzyme and pharmacological selective pressure.1,2 This has
resulted in mutations, high rates of intra- and intermolecular
recombination within infected hosts, and very high clade di-
versity. HIV-1 accounts for >95% of all infections and includes
four groups: M (major), O (outlier), N (non-M non-O), and P.3,4

HIV-1 group M accounts for the vast majority of infections
globally and includes nine pure subtypes (A–D, F–H, J, and K),
sub-subtypes (A1 and A2, F1 and F2), about 96 circulating
recombinant forms (CRFs), and several unique (unclassified)
recombinant forms (URFs).4,5 CRFs include CRF01_AE that is
prevalent in Southeast Asia, and CRF02_AG that is prevalent
in West and Central Africa.5 Some CRFs have originated from
a recombination of three or more parental viral strains and are
termed complex CRFs or CRF_cpx.5

The epidemiology of HIV/AIDS in Cameroon is charac-
terized by a high genetic diversity, with the predominance of

CRF02_AG but also the presence of individuals infected
with pure subtypes (A, D, F2, G, H, and K) and other CRFs,
including CRF01_AE, CRF22_01A1, CRF09_cpx, CRF11_
cpx, and CRF13_cpx.6 Recombination between these sub-
types following superinfections can result in the formation
of new epidemiologically important recombinant founder
strains. Our previous analysis of Tat sequences from HIV-
infected persons in Cameroon showed an individual (ID#
NACMR092) infected with a novel URF Tat HIV-1
CRF22_01A1/CRF01_AE.7 However, sequencing of other
genomic regions of this viral isolate was required for its full
characterization and classification. Therefore, our goal in the
present study was to sequence the full-length or near-full-
length genome of that novel recombinant isolate and fully
characterize its probable parental origin. Near-full-length
genome analyses demonstrated that this person was infected
with a novel HIV-1 URF that had genomic fragments with
similarities to subtype A1, CRF01_AE and CRFO2_AG
viruses.
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The sample analyzed in this study was collected in 2008 as
part of a cross-sectional study aimed at analyzing the influ-
ence of HIV genetic diversity on viral neuropathogenesis.
This study was performed in accordance with the guidelines
of Helsinki Declaration and was approved by the Cameroon
National Ethics Committee, as well as the institutional review
board of the University of Nebraska Medical Center
(UNMC). Written informed consent was obtained from the
study participants, and data were processed using unique
identifiers to ensure confidentiality. Blood sample was col-
lected in 2008 from a 39-year-old female in Yaoundé, Ca-
meroon. At the time of specimen collection, she was
antiretroviral therapy-naı̈ve, her plasma viral load was
1,780,208 (6.25 log) copies/mL, and her CD4+ T cell count
was 134 cells/lL.

Specimen collection, HIV serology, CD4 cell count, and
viral load quantification were performed as previously de-
scribed.7 HIV-1 RNA was extracted from plasma using
QIAamp Viral RNA mini kit (Qiagen, Inc., Germantown,
MD) per manufacturer’s protocol. Purified RNA (500 ng)
was reverse-transcribed in a total volume of 20 lL containing
500 mM dNTP, 2.5 mM primer, 1 · RT buffer, 5 mM MgCl2,
10 mM Dithiothreitol, 40 U RnaseOUT, and 400 U Super-
ScriptTM III RT (Life Technologies, Grand Island, NY). RNA
was mixed with primers, dNTPs, incubated at 65�C for 5 min,
snap-chilled (2 min on ice), and the remaining reaction
components added. Reverse transcription was carried out at
50�C for 1 h followed by incubation at 70�C for 10 min. The
resulting cDNA was cryopreserved at -80�C until further use.

The near-full-length genomic sequence was generated us-
ing a modified version of a previously reported protocol.8 The
HIV-1 genome was amplified using three overlapping am-
plicons and a nested PCR strategy. The first amplicon covered
nucleotides 769–3338; the second amplicon spanned nucle-
otides 2483–6231; and the third amplicon spanned nucleo-
tides 5861–9500 of HXB2 reference sequence.9 Each PCR
was carried out in a total volume of 50 lL containing 5 lL
cDNA, 25 lL 2 · KAPA HiFi HotStart ready mix (KAPA
Biosystems, Wilmington, MA), and 10 pmol of forward and
reverse primers. For the second-round nested PCR, cDNA
was replaced with 5 lL of the first-round PCR amplicon.
The thermal cycling condition for each PCR round was 95�C,
5 min, followed by 10 cycles of 98�C, 20 s; 60�C, 30 s; 72�C,
3 min; and then 25 cycles of 94�C, 10 s, 55�C, 30 s;
68�C, 3 min; and an extension step at 72�C, 10 min. Ampli-
cons were detected by agarose (1%) gel electrophoresis.

PCR products were purified using PureLink Quick PCR
Purification Kit (Invitrogen, Carlsbad, CA) and subjected to
double-strand DNA sequencing to cover the entire amplicon
using a set of sequencing primers (Table 1). Sequencing re-
actions were carried out using the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA)
per manufacturer’s instructions, followed by capillary elec-
trophoresis performed on an Applied Biosystems PRISM
3730 Genetic Analyzer at the UNMC DNA Sequencing Core
Facility. The primers used for PCR amplifications and DNA
sequencing are described in Table 1.

Raw sequence data were manually edited, spliced, and
assembled by Sequencher v4.9 to generate the final contig.
Multiple sequence alignment of the near-full-length HIV-1
sequence was performed with all known HIV-1 group M
reference sequences, using Clustal W.10 The phylogenetic

tree of the near-full-length sequence and subregion trees were
constructed using the neighbor joining method, as well as the
maximum likelihood method and general time reversible
model, by testing 1,000 bootstrap replications, using
MEGA.v.6.0 software.11 All reference sequences were ob-
tained from the Los Alamos HIV Sequence Database and
included HIV isolates from 17 different countries (Camer-
oon, China, Thailand, France, Democratic Republic of
Congo, Sweden, Republic of Korea, Central African Re-
public, Saudi Arabia, Australia, Rwanda, Uganda, Brazil,
Belgium, Afghanistan, Liberia, and Nigeria). Recombination
breakpoints relative to HXB2 numbering were determined by
boot scanning analysis using Simplot v3.5.1.12 The reliability
of plot topologies was assessed by bootstrapping with 100
replicates, 800 bp window, a step size of 50 bp.12 The recom-
bination map was created using the Los Alamos Recombinant
HIV-1 Drawing Tool (https://hiv.lanl.gov/content/sequence/
DRAW_CRF/recom_mapper.html).

The HIV-1 near-full-length sequence generated from the
sample (NACMR092) was 8,524 bp in length, which corre-
spond to nucleotides 874–9403 of the HXB2 genome.9,13 The
sequence covered partial gag gene and full-length pol, env,
tat, rev, vif, vpr, vpu, and nef genes, as well as a partial 3¢-
long terminal repeat (LTR). The viral genome from this new
isolate had retained intact reading frames for all of its genes,
and no frameshift, insertion, or deletion mutation was ob-
served. A nucleoside/nucleotide similarity search in the
NCBI sequence database using BLAST14 returned three best
matches with >90% similarities with three HIV-1 sequences
belonging to different subtypes that had the following ac-
cession numbers: AF377955, KR017774, and KP718922—
all HIV-1 sequences originating from Cameroon.15–17 Phy-
logenetic analysis of the near-full-length HIV sequence from
NACMR092 performed with group M subtypes and CRFs,
using the maximum likelihood or the neighbor joining
method of the MEGA 6.0 software,11 gave similar results.
Figure 1 are the data obtained using the maximum likelihood
method. These data also showed that NACMR092 was dis-
tantly related to CRF02_AG, CRF36_cpx, subtype A1, and
CRF01_AE.

We further used boot scanning analysis with Simplot
v3.5.1 to predict recombinant breakpoint positions and in-
tervals. The results showed that NACMR092 is an unknown
recombinant form that had eight breakpoints dividing the
near-full-length HIV-1 genome into nine fragments (Fig. 2).
Fragments I, II, III, IV, V, VI, VII, VIII, and IX of the mosaic
genome correspond, respectively, to nucleotides 874–1526,
1527–1826, 1827–5029, 5030–5629, 5630–6629, 6630–
6862, 6863–8862, 8863–9106, and nucleotides 9107–9403 of
the HXB2 genome.

Nucleotides 874–1526 code for Gag amino acids (aa) 29–
246, and nucleotides 1527–1826 code for Gag aa 247–346.
Nucleotides 1827–5029 code for Gag aa 347–501, the com-
plete protease (PR, aa 1–99), RT (aa 1–440), RNase H (aa 1–
120), and the integrase (aa 1–267). Nucleotides 5030–5629
code for integrase C-terminal (aa 268–288), full-length viral
infectivity factor (Vif, aa 1–193), and viral protein R (Vpr, aa
1–24). Nucleotide 5630–6626 code for Vpr aa 25–98, the 5¢-
end of Tat (aa 1–72), Rev (aa 1–26), Vpu (aa 1–83), and
gp120 (aa 1–134). Nucleotides 6627–6862 code for gp120 aa
135–213. Nucleotides 6863–8862 code for gp120 aa 214–
511, gp41 aa 1–346, the 3¢-end of Tat (aa 73–102), Rev
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(aa 26–117), and Nef (aa 1–22). Nucleotides 8863–9106
code for Nef aa 23–104 and 5¢-end of the 3¢-LTR.
Nucleotides 9107–9403 code for partial 3¢-LTR (based on
Los Alamos HIV Sequence Locator; https://hiv.lanl.gov/
content/sequence/LOCATE/locate.html).

Recombinant breakpoint analyses also showed that
fragments I, III, V, and VIII had similarities with HIV-1
CRF02_AG; that fragments IV and VII had similarities with
subtype A1, while fragments II, VI, and IX had similarities

with CRF01_AE (Fig. 2A). The mosaic genomic map
(Fig. 2B) of the NACMR092 near-full-length HIV sequence
confirmed that this URF included parental fragments of HIV-
1 subtypes A1 (grey color), CRF02_AG (blue color), and
CRF01_AE (red color). The breakpoint positions/intervals of
the viral genomic segments (relative to HXB2; Fig. 2, blue
letters) are summarized in Table 2. This recombinant struc-
ture does not match with any known CRFs or URFs previ-
ously reported in public databases.

Table 1. Primers used for the Amplification and Sequencing of Near-Full-Length HIV-1 Genome
8

Primer Positiona Sequence (5¢ to 3¢)

Fragment 1, first PCR
msf12b (+/+) 623–649 AAATCTCTAGCAGTGGCGCCCGAACAG
RT3474R (+/-) 3477–3453 GAATCTCTCTGTTTTCTGCCAGTTC

Fragment 1, second PCR
f2nst (+/+) 769–793 GCGGAGGCTAGAAGGAGAGAGATGG
proRT (+/-) 3338–3308 TTTCCCCACTAACTTCTGTATGTCATTGACA

Fragment 2, first PCR
POLoutF1 (+/+) 2253–2277 CCTCAAATCACTCTTTGGCARCGAC
VIF-VPUR1 (+/-) 6352–6324 GGTACCCCATAATAGACTGTRACCCACAA

Fragment 2, second PCR
POLinF1 (+/+) 2483–2509 AGGACCTACRCCTGTCAACATAATTGG
VIF-VPUinR1 (+/-) 6231–6207 CTCTCATTGCCACTGTCTTCTGCTC

Fragment 3, first PCR
ENVoutF1 (+/+) 5550–5574 AGARGAYAGATGGAACAAGCCCCAG
UNINEF7 (+/ -) 9632–9605 GCACTCAAGGCAAGCTTTATTGAGGCTT

Fragment 3, second PCR
ENVinF1 (+/+) 5861–5884 TGGAAGCATCCRGGAAGTCAGCCT
NefinR2 (+/-) 9555–9533 TCTACCTAGAGAGACCCAGTACA

Sequencing primers
F2NST (+/+) 769–793 GCGGAGGCTAGAAGGAGAGAGATGG
JL19 (+/-) 1270–1249 CTTCTATTACTTTTACCCATGC
HH (+/+) 1406–1426 ATGAGGAAGCTGCAGAATGGG
POLCLO1 (+/+) 2071–2096 GAGAGACAGGCTAATTTTTTAGGGAA
SP2AS (+/-) 2165–2147 GGTGGGGCTGTTGGCTCTG
SP4AS (+/-) 2723–2700 AGTATTGTATGGATTTTCAGGCCC
AZT9 (+/+) 2875–2893 TGGATGTGGGTGATGCATA
AZT4 (+/-) 3281–3261 TATAGGCTGTACTGTCCATTT
POLinF1 (+/+) 2483–2509 AGGACCTACRCCTGTCAACATAATTGG
DGPOLF7 (+/+) 3495–3521 GGAATATATTATGACCCATCAAAAGAC
POLSEQ3 (+/-) 3567–3546 GATATGWCCACTGGTCTTGCCC
POLI (+/+) 4116–4136 GAGCAGTTAATAAAAAAGGAA
POLI (+/-) 4169–4146 TTTGTGTGCTGGTACCCATGCCAG
POLK (+/+) 4602–4625 ACGGTTAAGGCCGCCTGTTGGTGG
SP1AS (+/-) 4776–4752 GGATGAATACTGCCATTTGTACTGC
ACC1 (+/-) 5219–5196 TTCAGAAGTATACATCCCACTAGG
VIFB (+/+) 5319–5340 ATATAGCACACAAGTAGACCCT
ACC6 (+/-) 5569–5545 GCTTGTTCCATCTRTCYTCTGTYAG
ED3 (+/+) 5957–5986 TTAGGCATCTCCTATGGCAGGAAGAAGCGG
ACC8R (+/-) 5989–5968 TCTCCGCTTCTTCCTGCCATAG
ZFF (+/+) 6559–6585 GGGATCAACGCCTAAAGCCATGTGTGA
AENVSEQ4 (+/-) 6838–6817 CAAGCTTGTGTAATGGCTGAGG
E15 (+/+) 7098–7121 GTAGAAATTAATTGTACAAGACCC
JL98 (+/-) 7374–7351 AGAAAAATTCCCCTCCACAATTAA
JL109 (+/+) 7666–7689 GTGAATTATATAAATATAAAGTAG
TUH (+/-) 7940–7914 GCCCCAGACTGTGAGTTGCAACAGATG
JL104 (+/+) 8292–8315 GGAGGCTTGATAGGTTTAAGAATA
E8 (+/-) 8445–8424 CTCTCTCTCCACCTTCTTCTTC
NEF7 (+/+) 8793–8818 TAAGATGGGTGGCAAGTGGTCCAAAA
JL89 (+/-) 9089–9064 TCCAGTCCCCCCTTTTCTTTTAAAAA

aPositions according to HXB2 numbering system.
+/+, sense primer; +/-, antisense primer.
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Following phylogenetic analysis of the genomic region
spanning fragments I and III, NACMR092 sequences clus-
tered together with CRF02_AG (Fig. 3I, III). Analysis of the
genomic region spanning fragments II and IX (Fig. 3II, IX)
showed that NACMR092 sequence clustered together with
CRF01_AE. For the genomic region spanning fragment IV
(Fig. 3IV), NACMR092 clustered together with subtype A1
and CRF02_AG. For genomic regions spanning fragments V
and VI (Fig. 3V, VI), NACMR092 clustered together with
CRF01_AE and CRF02_AG. For the genomic region span-
ning fragment VII, NACMR092 clustered together with
subtype A1 (Fig. 3VII). For the genomic region spanning
fragment VIII, NACMR092 clustered together with
CRF01_AE, A1, and CRF02_AG (Fig. 3VIII).

Regarding the HIV replication cycle, the error-prone na-
ture of the RT enzyme during reverse transcription,18 pseu-
dodiploidy,19 and point mutations20 increase the risk of
variation in the viral genome, which can generate new URFs,
CRFs, and subtypes. We previously reported an individual
(NACMR092) in Cameroon infected with a novel URF HIV-
1 CRF22_01A1/CRF01_AE, based on the analysis of Tat
sequences.7 We now report a near-full-length sequence of
viral isolates from NACMR092, showing that this person was
infected with a mosaic URF that had eight breakpoints (two
in the gag, one in the pol, one in vpr, two in the env, and two
in nef regions). Phylogeny and bootscan-based recombinant
breakpoint analyses of this novel mosaic URF showed that it
is a complex inter-subtype recombinant that included frag-
ments of HIV-1 with similarities to subtypes A1 (30.5%),
CRF02_AG (59.83%), and CRF01_AE (9.67%).

Phylogeny using the maximum likelihood or neighbor
joining methods gave almost similar results. However,
whereas breakpoint analyses showed fragments II and VI to
be CRF01_AE, these two fragments clustered between
CRF01_AE and CRF02_AG in phylogenetic analyses. Si-
milarly, whereas breakpoint analyses showed fragments IV

and VII to be A1, phylogeny showed that these fragments
clustered between A1 and CRF02_AG. Whereas breakpoint
analyses showed that fragments V and VIII where CRF02_AG,
these two fragments clustered between CRF02_AG and
CRF01_AE in phylogeny analyses. These divergences could
be due to limitations in the current phylogeny tools. In fact,
there is evidence that current bioinformatics software used to
generate phylogenetic trees, including maximum likelihood
or neighbor joining methods, are built on the assumption that
recombination occurs between loci, which ignores within-
loci recombinations.21,22 It has been shown that within-loci
recombinations do occur and can introduce heterogeneities
that interfere with branch length estimates generated and
impact trees obtained with current phylogeny tools.21,22

Mutation rates also vary across different sites and different
regions of the genome, but most of the current phylogeny
software don’t take these variations into account.23,24 It has
been shown that the presence of heterogeneity in mutation
rates across the genome can influence the estimation of branch
lengths, as well as impact phylogenies and evolutionary time
scales.23,24 The accuracy of branch length estimation varies
with the length of that branch, and the use of longer datasets
with maximum likelihood improved estimates.25 Thus, our
analysis of all combined fragments (the entire near-full-length
genome) of NACMR092 likely represent an accurate estimate
of this URF; it showed that NACMR092 clustered with A1,
CRF01_AE, CRF02_AG, and a CRF36_cpx isolate.

From a GenBank database search, NACMR092 sequences
closely matched (>90% similarity) with sequences associated
with accession numbers AF377955, KR017774, and
KP718922. AF377955 corresponds to an HIV-1 CRF02_AG
that was isolated in 1997 from the peripheral blood mono-
nuclear cells of a 41-year-old male (ID# CM53658) in
Douala, Cameroon.15 KR017774 corresponds to an HIV-1
CRF36_cpx that was isolated in 2007 from the plasma of a
26-year-old male (ID# BS40) in Yaoundé, Cameroon.16

FIG. 1. Phylogenetic analysis of the near-
full-length genome sequence of the HIV-1
NACMR092 isolate. The maximum likeli-
hood phylogenetic tree was constructed
using MEGA 6.0, as described. The black
solid circle represents the test sample.
NACMR092 clustered together with HIV-1
CRF02_AG (marked by blue solid dia-
mond), URF KP718922 ( purple circle),
CRF36_cpx (green solid triangle), subtype
A1 (grey square), and CRF01_AE (red solid
circles). Bootstrap values of 1,000 replicates
(>70%) are shown at the corresponding
nodes. The scale bar represents 5% genetic
distance. Color images are available online.
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KP718922 corresponds to a URF isolated in 2007 from the
plasma of a 30-year-old male (ID# 663–13) in Cameroon.17

Proviral DNA from cells or molecular cloning can contain
integrated viral sequences that are defective.26 The near-full-
length HIV sequences reported in the current study were
generated by direct PCR amplification and sequencing of
virion RNA from the plasma of patient NACMR092. Thus,
the mosaic URF identified reflects a currently replicating
viral strain in this person, highlighting its pathogenic and
epidemiological significance. Our current data further con-
firm that Cameroon is a hotspot for HIV genetic recombi-
nation and emergence of new URFs and CRFs that contribute
to expanding global HIV diversity and driving the HIV/AIDS
pandemic. In fact, it is well established that new variants of
HIV resulting from genetic recombination are more likely to
evade immune control, have increased fitness and higher
transmission efficiency, and better adapt to a new host/
environment.27 Recombination of viral strains carrying drug
resistance mutations can also generate HIV-1 strains that are
resistant to different classes of antiretroviral drugs.28,29

Table 2. Breakpoint Nucleotide

Positions/Intervals in the NACMR092 Sequence

and Genomic Segments (Relative to HXB2)

Genomic
fragment

HXB2
Fragment
subtype

Percentage of
the near-full-

length genomeStart End

I 874 1526 CRF02_AG 7.63
II 1527 1826 CRF01-AE 3.52
III 827 5029 CRF02_AG 37.54
IV 5030 5629 A1 7.04
V 5630 6626 CRF02_AG 11.73
VI 6627 6862 CRF01-AE 2.35
VII 6863 8862 A1 23.46
VIII 8863 9106 CRF02_AG 2.93
IX 9107 9403 CRF01-AE 3.80

FIG. 2. Recombination events and breakpoints identified in NACMR092. (A) Recombinant breakpoint positions were
calculated by boot scanning analysis using Simplot v3.5.1, as described. The percentages of permuted trees (y-axis) of the
subtypes at each sequence position (x-axis) are shown. (B) Genomic map of the near-full-length sequence of NACMR092
(based on HXB2 numbering). The mosaic map was generated using the Los Alamos Recombinant HIV-1 Drawing Tool
(https://hiv.lanl.gov/content/sequence/DRAW_CRF/recom_mapper.html). The start (nucleotide 874) and end (nucleotide
9403) of the near-full-length sequence, as well as the breakpoints are shown. Genomic sequences originating from HIV-1
subtype A1 (grey color), CRF01_AE (red color), and CRF02_AG (blue color) are shown. LTR, long-terminal repeat; gag,
group-specific antigen; pol, polymerase; vif, viral infectivity factor; vpr, viral protein R; vpu, viral protein U; env, envelope;
tat, trans-activator of transcription; nef, negative factor. Color images are available online.
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An effective strategy for the development of anti-HIV
vaccine would require the ability to generate broad neutral-
izing antibodies that can be effective against many HIV
strains and subtypes, including CRFs and URFs. The novel
mosaic recombinant reported in this study shows complex
recombination events occurring between HIV-1 subtypes A1,
CRF02_AG, and CRF01_AE. Continued monitoring and
detection of such recombinants as well as accurate classifi-
cation of HIV genotypes and recombinant forms are impor-
tant for tracking viral molecular epidemiology and antigenic
diversity. Our subsequent studies will characterize the phe-
notypic properties of this HIV-1 isolate, including its repli-
cation fitness, co-receptor usage, and susceptibility to
antiretroviral drugs.

Sequence Data

The near-full-length HIV-1 genome sequence generated
from this study is available in the NCBI database, GenBank
accession number MH667256.
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