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Human immunodeficiency virus (HIV) presents an unprecedented genetic variability within infected
individuals and across geographical locales. Sub-Saharan Africa accounts for almost 70% of all HIV
infections worldwide and represents the region with the highest diversity of genetic variants of the
virus. This review looks at the current approaches and techniques for the determination of HIV genetic
diversity. In addition, the rationale for a continuous periodic monitoring of the genetic landscape due to
the implications of shifting genetics on the efficacy of diagnostics, treatment and prevention strategies
is highlighted.
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INTRODUCTION
Infection with human immunodeficiency virus (HIV) is a
world wide public health concern. The global spread of
HIV has been rapid and several countries are dealing
with huge health burdens due to HIV. The United Nations
Joint Programme on AIDS (UNAIDS) estimated that 33.2
million people were living with HIV, with 2.5 million newly
infected, whereas 1.3 million people died from AIDS in
2007
(UNAIDS,
2008;
http://www.unaids.org/en/KnowledgeCentre/HIVData/Glo
balReport/2008/).
Sub-Saharan Africa remains by far the worst-affected
region, with an estimated 22.5 million people infected
with HIV at the end of 2007, and prevalence vary
between regions. Southern Africa is the hardest hit
region, with adult prevalence rates exceeding 15% in
most countries, reaching 30% in Swaziland and Botswana. Eastern Africa also experiences relatively high
levels of prevalence with estimates above 10% in some
countries, although there are signs that the pandemic is
declining in this region, notably in Uganda. Elsewhere,
signs of decline have been noted in Zimbabwe and Bot-
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swana. West Africa on the other hand has been much
less affected by the pandemic. Several countries in West
Africa reportedly have prevalence rates around 2-3% and
no country has yet reached rates above 10%. However,
in two of the regions most populous countries, Nigeria
and Côte d’Ivoire, between 5 and 7% of their populations
respectively are reported to be infected by the virus
(UNAIDS, 2008).
HIV
TYPES,
RECOMBINANTS

GROUPS,

SUBTYPES

AND

Phylogenetic and evolutionary studies have shown that
HIV, the causative agent of acquired immune deficiency
syndrome (AIDS), (Barr-Sinousi et al., 1983; Clavel et al.,
1986), is a zoonotic infection. HIV type 1 (HIV-1) is a cross
species variant of simian immunodeficiency virus (SIVcpz)
from chimpanzees (Pan troglodytes troglodytes) of West and
Central Africa; and HIV-2 is a variant of SIV from sooty
mangabeys monkeys (SIVsm) (Cercocebus atys) common
in West Africa (Hirsh et al., 1989; Gao et al., 1992; 1999).
Three groups of HIV-1 namely major group M
consisting of 9 distinct subtypes (A-D, F-H, J and K),
group O and group N viruses have been identified in
humans, on the basis of differences in the envelop (env),
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group associate antigens (gag), and the polymerase (pol)
genes. Detailed analysis reveals subtypes A and F as
comprising sub-subtypes A1, A2, F1 and F2. In addition,
the epidemic in certain geographic regions is mostly
driven by circulating recombinant forms (CRF), which are
intersubtype recombinants and variants with mosaic
genomes. To date 43 CRF have been described
(www.hiv.lanl.gov/content/sequence/HIV/CRFs/CRFs.htm
l). Recombinant viruses that are not epidemiologically
linked, and do not constitute a significant amount of
infections in a particular geographic locale are not
considered CRF. Several cases of known circulating
recombinant forms that recombine with known subtypes
or other CRF have been identified and are referred to as
unique recombinant forms (Delgado et al., 2008; Wang et
al., 2008).
HIV-1 group M viruses are responsible for the
worldwide epidemic, and over 50% of global infections
are attributed to HIV-1 subtype C (Esparza and
Bhamarapravati, 2000; Kantor and Katzenstein, 2004).
Group O and N viruses with very low prevalence (Vergne
et al., 2003; Roques et al., 2004) are mainly restricted to
Cameroon, although group O viruses have been
identified in several European countries and North
America mainly from African immigrants (Sullivan et al.,
2000; Barin et al., 2007). Apart from inter-subtype genetic
differences, which could attain for example 35% in the
envelope protein, strains of the same subtype can differ
by as much as 20%.
Various HIV-1 subtypes have been isolated in all
indigenous populations of the world with varying degrees
of endemicity. For example, HIV-1 subtype B is mostly
found in the Americas, Japan, Australia, the Caribbean
and Europe; subtype A and D predominate in West and
Central Africa, East Africa and subtype C in Southern
Africa, India and China. CRF01_AE (a CRF) is
predominant in the Central African Republic, Thailand
and other countries of Southeast Asia. Subtype F is
common in Brazil and Romania, while G and H are
predominant in Russia and Central Africa; and
CRF04_cpx (a CRF) is the main variant in Cyprus.
HIV-2 has a 50% homology with HIV-1 in the envelope
gene sequence. In HIV-2 the accessory gene vpx
replaces vpu present in HIV-1. Phylogenetic analysis
delineates 7 groups of viruses (A-F) within HIV-2. It is
estimated that each group arose as a result of an
independent and separate sooty mangabey to human
transmission (Santiago et al., 2005). Circulation of HIV-2
is restricted to West Africa, although cases have been
reported in Europe (Barin et al., 2007; Costarelli et al.,
2008). Although HIV-1 is responsible for the global
epidemic (Gao et al., 1994; Hu et al., 1996; Hahn et al.,
2000), sub-Saharan Africa represents one of the regions
with the highest number of circulating HIV-1 subtypes,
and intersubtype recombinants (Janssens et al., 1994;
Nkengasong et al., 1994; Haesevelde et al., 1994; Simon et
al., 1998; Corbet et al., 2000; Baldrich-Rubio et al.,
2001), with subtypes C and A predominating (Nkenga-
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song et al. 1994; Janssens et al., 1994; Kostrikis et al.,
1995; Carr et al., 1996; Simon et al., 1998; Roques et al.,
1999; Morris et al., 2000; Ayouba et al., 2001).
GENERATION OF HIV GENETIC VARIANTS
Genetic diversity is the hallmark of HIV biology. Several
factors are known to contribute to the generation of new
variants and influence the speed with which these
variants evolve. Of note is the error prone nature of the
viral reverse transcriptase (RT), which lacks proofreading
functions, 3’-5’ exonuclease activity, and introduces
-5
substitutions at a rate of approximately 3x10 nucleotide
changes per site per replication cycle. A second factor is
10
the high rate of virus production of up to 10 virions per
day, and the large number of replication cycles of
approximately 300 per year that sustains HIV-1 infection
in vivo. A third factor is in vivo selection pressure, due to
host immune response and treatment interventions,
which is responsible for the rapid emergence of immune
escape mutants and drug resistant strains. Together,
these mechanisms generate viral variants at extraordinary rates and represent a major force driving HIV-1
evolution in infected populations worldwide (Gao et al.,
1996, Jetzt et al., 2000). Recombination may occur in
vivo in tissues such as lymph nodes and spleen, whose
viral burden is higher than those of other tissues. The
high rate of mutation and the recombination that follows
may generate quasi-species, a mixture of closely related
viruses, in an infected individual or defined population. In
a patient infected with multiple HIV-1 strains, recombination can produce more diverse viruses than can
mutation (Zhu et al., 1995; Kuwata et al., 1997) and
evidence suggests that recombination among highly
divergent HIV-1 strains may occur quite frequently,
indicating that this process also contributes importantly to
HIV-1 diversification (Sabino et al., 1994; Diaz et al.,
1995; Gao et al., 1996; Burke, 1997; Salminen et al.,
1997; Takehisa et al., 1999).
METHODS FOR
VARIANTS

DETERMINATION

OF

GENETIC

Common methods used for the detection of HIV genetic
variants include peptide enzyme linked immunosorbent
assays; heteroduplex mobility and heteroduplex tracking
assays; and sequencing and phylogenetic analysis.
Peptide enzyme linked immunosorbent assays
Peptide enzyme linked immunosorbent assay (PEIA) is
used as a screening tool to obtain baseline information of
the existing HIV-1 subtypes. The method makes use of a
standard ELISA principle in which peptides are coated
unto wells of a microtitre plate followed by incubation with
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serum or plasma under investigation, with subsequent
conjugation and substrate reactions. In this method viral
peptides corresponding to the envelope, gag or polymerase genes could be generated and employed
(Nkengasong et al., 1998; Engelbretch et al., 1999;
Simparak et al., 2005). PEIA has been used to monitor
the changing patterns of the circulating variants in
specific locations (Nyombi et al., 2008). It is a fairly high
throughput method and requires basic ELISA equipment.
A limitation of PEIA is cross-reactivity among closely
related viral strains, which may give an overestimate of
known circulating subtypes. Nevertheless, cases of
cross-reactivity can be specifically followed-up with other
methods to determine the genetic make-up of the
isolates. Lack of correlation between V-3 loop peptide
enzyme immunoassay and sequencing has been
reported (Nkengasong et al., 1998).
Heteroduplex mobility and the heteroduplex tracking
assays
The heteroduplex mobility assay (HMA) is a technique
devised by Delwart and Coworkers (1995) to classify
unknown HIV-1 Group M isolates based on the envelope
gene sequence, by comparing with known reference
subtypes. Subtyping by HMA is based on evaluating the
mobility of heteroduplexes formed between DNA
fragments from the test sample and a subtype reference.
Nested reverse transcriptase PCR is used to generate
the required gene fragment from the uncharacterized
HIV-1 strain. PCR products are then checked for the
appropriate product length and size by agarose gel
electrophoresis. Duplexes are then formed when test
DNA strands anneal unto themselves (homoduplexes) or
with DNA strands from the reference strains (heteroduplexes) following mixing and denaturing in a buffered
environment. The mobilities of the duplexes formed
(homoduplexes and heteroduplexes) are analyzed by
electrophoresis on a 5% polyacrylamide gel.
Heteroduplexes formed between the unknown sample
and the most closely related sequences are expected to
exhibit the fastest mobilities upon electrophoresis. If the
closest relatives are all from a single genetic subtype, the
likely subtype of that strain is thus determined.
Heteroduplexes formed when two non-identical but
closely related single stranded DNA fragments anneal
exhibit structural distortions at mismatch base pairs and
at unpaired bases, where an insertion or a deletion in the
nucleotide sequence has occurred. The structural
distortions are the causes of the slower migration of the
heteroduplexes compared to the homoduplexes during
polyacrylamide gel electrophoresis. The extent of this
retardation has been shown to be proportional to the
degree of divergence between the two sequences. The
presence of an unpaired base is known to influence the
mobility of a heteroduplex more than a mismatched
nucleotide. In order to properly assign a subtype to an

unknown isolate, it is advisable to include several
references of the known subtypes circulating in the
geographic region of the unknown isolate. For example, if
subtype B and C are found in a particular region, to avoid
unambiguous results more than one reference of subtype
B and C should be included among the reference strains
(Upchurch et al., 2000).
Some isolate may be difficult to subtype with HMA. This
difficulty may be due to large deletions or insertions such
as may occur in the V1-V2 or V4-V5 regions, which are
prone to largely significant length variations (Delwart et
al., 1995). A non-subtypable isolate may also indicate a
genetic outlier within a known subtype, a new subtype or
a recombinant virus derived from parental viruses of
different subtypes (Delwart et al., 1993; Bobkov et al.,
1994). The degree of variation required for good
discrimination of heteroduplexes in a non-denaturing
polyacrylamide gel is within a wide range of 3-20% based
on mismatches. The degree of mismatches expected to
be encountered should also guide the choice of fragment
to use for HMA. This technique has been adapted to
determine subtypes based on the gag and gp41 gene
sequences (Heyndrickx et al., 2000; Agwale et al., 2001).
HMA is not a definitive method in assigning subtypes
when compared to sequencing and phylogenetic
analysis. However, it is a very important alternative
epidemiological tool for determining and monitoring the
rapidly evolving HIV-1 in the course of its epidemic and
infection in individuals, since it is rapid, sensitive,
inexpensive and applicable in a relatively large scale
(Loussert-Ajaka et al., 1998; Heyndrickx et al., 2000; Tatt
et al., 2000; Upchurch et al., 2000; Sahni et al., 2008). A
combination of gag and env HMA provides a good
estimate of the prevalence of various genetic subtypes,
as well as recombinants of HIV-1 on the gag and env
regions (Bredell et al., 2000; Bessong et al., 2005). HMA
reagents are freely available through the National
Institutes of Health, AIDS Research and Reference
Reagent Programme (www.aidsreagent.org).
An adaptation of HMA called heteroduplex tracking
assay (HTA) is also used to identify viral subtypes and
rapidly detect recombinant genomes (Schroeder et al.,
2005). Probes that target several regions of the genome
are employed and in this way intersubtype recombinants
on the basis of heteroduplex mobility patterns can be
identified. HTA is suitable for studies of HIV-1 diversity in
areas where multiple subtypes circulate and the
propensity for recombination is relatively high. HTA can
resolve viruses that account for as low as 1-3% of the
total viral population. However, the tool is limited since it
can only be used for screening purposes. A variant of
HTA incorporating biotinylated probes also allows for the
detection of minority viruses within a quasi-species.
A very important application of the adaptation is that it
can be used to detect drug resistant mutants which would be
missed in population-based (bulk) sequence analysis which
has a low sensitivity in identifying minority viruses
(Schnell et al., 2008). Depending on the approach, the
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use of radioactive isotopes and dedicated equipment is a
limitation for poorly-resourced laboratories in terms of
waste disposal and procurement of supplies.
Sequencing and phylogenetic analysis
Sequencing and phylogenetic analyses are to confirm
subtype assignment either for selected regions of the
genome or the full-length genome. In general, population
based sequencing is performed, which identifies the
majority variant among the quasi-species of an infected
individual, against single genome sequencing which
attempts to identify even minority populations in the
quasi-species (Palmer et al., 2005). Rapid subtype
assignment of partial sequences or full sequences of
gene regions could be done by submitting the nucleotide
sequences to an interactive database with reference sequences. Some of the subtyping programmes have
features that enable the detection of recombinant
sequences if the query sequence is of adequate length
required for the recombination analysis. Examples of
rapid
subtyping
programmes
include
REGA
(http://www.bioafrica.net/virus-genotype),
and
the
subtyping tools available on the HIV sequence database
(http://www.hiv.lanl.gov).
In phylogenetic analysis, the sequences are completely
aligned with reference sequences of known subtypes and
recombinants using an appropriate programme. The
mean genetic distances between and among the
sequences under investigation and reference sequences
are calculated. Sequences (tests and references) with
similar genetic distances are clustered by the neighbour
joining technique or other techniques and an evolutionary
tree is generated. Usually, the phylogenetic tree is
subjected to bootstrapping of at least 500 replicates in
order to judge the reliability of the evolutionary patterns of
the tree. A bootstrap value of more than 70% at a node is
usually considered of high reliability. The generated tree
is visualized with the TreeView programme (Figure 1).
Examples of programmes used to perform phylogenetic
analyses include BioEdit, ClustalX and MEGA. Despite
the almost certainty of subtype attribution of samples
under investigation at least for the investigated gene
regions, drawbacks of sequencing include cost, and
expertise in sequence editing and analysis.
Other genotyping tools
Other tools in fairly common use include restriction
fragment length polymorphism (RFLP) and hybridization.
In RFLP, advantage is taken of unique restriction sites on
gene regions to classify different genotypes. Janini and
colleagues (1996, 1998) have used this tool to detect
single and dual infections. Using predefined PCR
generated pol and gag DNA fragments, the electropho-
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retic migration pattern of endonuclease digestion products are visualized by ethidium bromide staining or by
radiolabeled probes are determined on a 10% polyacrylamide gel. A single restriction pattern indicated single
infection, while two or more patterns indicated more than
one type of infection.
A multi-region hybridization assay that is capable of
detecting co-infection and recombinants in East Africa
were subtypes A, C, D and their recombinants cocirculate has been developed by Hoelscher et al. (2002).
In this method viral DNA is classified through a real-time
PCR approach using fluorescent subtype-specific probes.
By targeting different regions of the genome of each
sample recombinants are detected. Samples reacting
with more than one subtype-specific probe in a given
gene region may be an indication of dual infection.
Subsequent cloning and sequencing are employed to
determine suspected dual infections. The method has a
high throughput advantage and can be adapted to suit
other regions with a different mix of co-circulating viruses,
and recombinant forms.
Choice of genotyping tools
The decision as to which genotyping approach to be
adopted will depend on the goal of the investigation,
availability of resources and the required skilled personnel. Methods such as peptide enzyme immunoassays
(PEIA), and HMA are less expensive and less technically
demanding. Since one or two gene regions are
employed, these tools provide a broad overview of the
genetic landscape, but may not be suitable if a high
accuracy of the variability of the genetic subtypes
circulating in a particular region is needed for vaccine
development
and
evaluation.
Sequencing
and
phylogenetic analyses provide more detailed information
at the molecular level which are essential for the
determination of virus transmission patterns, genetic
evolution over time and the selection of genes for the
construction of candidate vaccines, and the formulation of
reagents for immunological assays (Nkengasong et al.,
1998; Smith et al., 2005; Holguin et al., 2008a). An added
advantage of the availability of nucleotide sequences is
the possibility to determine intra-subtype genetic
variability through mean genetic distance calculations.
For countries or regions with a predominant circulating
variant, subtyping tools such as HMA or partial genome
sequencing followed by phylogenetic analysis could be
adopted for screening purposes. In areas where there is
co-circulation of different subtypes, recombinant forms
and unique recombinant forms the multi-region
hybridization assay should be adopted for screening
purposes. However, full-length genome sequencing is the
gold standard to definitely describe the genetic profile of
viruses and to provide necessary data for the selection of
genes for vaccine development and evaluation.
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Figure 1. A representative phylogenetic analysis of HIV protease sequences to
determine their subtype. In the neighbour joining tree the test sequences (shown in
bold) are interspersed and clustered with reference HIV-1 subtype C protease
sequences (sequences with accession numbers beginning with AY). The clustering
shows that the test sequences are HIV-1 subtype C at least on the protease gene.
A bootstrap value of 86% defines the reliability of the HIV-1 subtype C cluster. The
tree is rooted with an outlier SIV protease sequence (X52154_CPZGAB), and the
tree indicates a lineage of the test sequences to the SIV isolate.
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THE NEED FOR MONITORING THE HIV GENETIC
LANDSCAPE
Genetic analyses of HIV is important not only for vaccine
development purposes, but also to guide treatment
strategies, track the emergence of new genetic variants
and to ensure that diagnostic assays are continuously
able to detect circulating and emerging variants.
Implications of diversity on pathogenesis
The correlation of viral genotypes with disease progression is well known for several viral infections. This
also applies to HIV. The viral set point (RNA copies/ml)
for HIV-2 after seroconversion is lower than that of HIV-1
and this has been proposed as one of the reasons why
individuals infected with HIV-2 progress to AIDS more
slowly than individuals infected with HIV-1 (Andersson et
al., 2000; MacNeil et al., 2007; Leligdowicz and RowlandJones, 2008). Replication is also slower for HIV-2 than
HIV-1 with significantly lower viral DNA load in the former
than the later (Gueudin et al., 2008). Evidence also points
to the different rates of disease progression even within
the HIV-1 group M variants. HIV-1 subtype A is
indicatively less virulent than subtype D (Kaleebu et al.,
2001). Kiwanuka et al. (2008) have also shown that
generally disease progression is influenced by subtype.
HIV-1 subtype C currently accounts for more than 50% of
total global infections with increasing subtype C infections
being reported in South America and India (Siddapa et
al., 2004; Sanchez-Merino et al., 2003; Carrion et al.,
2004). The reasons for the apparent high transmissibility
are not understood but it is known that C viruses have
genetic differences from other HIV-1 subtypes such as
the possession of an extra NFKB binding site in the long
terminal repeat which may enhance gene expression.
Other properties include enhanced protease stability and
catalytic activity, a prematurely truncated rev protein and
a relatively high diversity in the protease cleavage sites in
the gag, gag-pol and nef proteins of HIV-1 subtype C
viruses. This attributes impact on regulation of viral cycle
and disease progression (Gordon et al., 2003). The
increasing evidence that genetic variants of HIV
influences the rate of disease progression may impact on
the expectations by health care providers on when
treatment may likely be needed taking into consideration
the impact of the infecting subtype on disease
progression markers such as viral load and CD4 counts
or the presentation of opportunistic infections.
Implications of diversity on diagnostics
The importance and relevance of HIV genetic diversity is
underscored in the initial failure to diagnose infections
due to HIV-1 group O viruses in patients who showed
clinical signs and symptoms of AIDS. The initial serolo-
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gical tests did not contain specific antigens of HIV-1
group O and consequently antibody-based laboratory
diagnosis was not possible (Reviewed in QuinonesMateu et al., 2000). Despite progress in optimizing
antibody detection assays for type O infections, difficulties in diagnosing type O viruses continue to be
encountered (Zouhair et al., 2006; Henguell et al., 2008).
Delays in diagnosis definitely complicate patient management. Also of note is the identification of HIV-1 subtype B
variants which could not be detected by a fourth generation immunoassay (Gaudy et al., 2004). Since, the
identification of infected persons is directly linked to
prevention efforts through counselling in order to stem
transmission, it is imperative that all infections are
detected. The implication is that immunoassays need to
be updated as soon as possible to capture aberrant
strains causing new infections. Molecular-based laboratory diagnostic tools have also been reported to perform
poorly with HIV-1 type O infection (Henguell et al., 2008).
In addition, diagnostic tests for viral RNA measurements
are needed for patient monitoring under treatment or to
determine when to initiate treatment. There is evidence
that not all HIV genetic variants, even among the major
group of HIV-1, are reliably quantified by current plasma
RNA determination technologies (Gueudin et al., 2007;
Holguin et al., 2008b).

Implications of diversity on treatment
Anti-HIV drugs are modelled mostly against HIV-1
subtype B. Although it is expected that other HIV variants
should be sensitive to these therapies, it well established
that this may not always be the case as not all known HIV
genetic variants have similar sensitivities to available
treatment regimens. HIV-1 group O and HIV-2 viruses
are naturally resistant to the non-nucleoside reverse
transcriptase inhibitors with poor treatment outcomes
(Drylewicz et al., 2008). In like manner, the efficacy of
protease inhibitors to HIV-2 is poor (Reynolds et al.,
2007; Menéndez-Arias and Tözsér, 2008). The protease
gene of non HIV-1 subtype B viruses is highly variable,
with indications that this may influence the efficacy of protease inhibitors. The potential impact of polymorphisms
on protease inhibitors of non-B subtypes especially
subtype C which is driving the epidemic in Southern
Africa and responsible for more than 50% of infections
worldwide, has been commented on (Bessong, 2008). In
the same vein, the generation of escape mutants due to
drug pressure ultimately lead to drug failure, and complicate the management of AIDS both at the individual
level, and at the population level if the drug resistant
variants are transmitted to drug inexperienced persons.
There is evidence that HIV-1 subtype C viruses may
generate resistant mutants along different genetic pathways compared to HIV-1 subtype B viruses (Grossman et
al., 2001; 2004).
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Implications of diversity on prevention
The golden tool to halt the spread of HIV quickly and
cheaper is a vaccine to prevent new infections or to
moderate disease progression for those already infected.
One of the major obstacles in the development of an
effective vaccine is the enormous variability among and
between independent HIV isolates, and the propensity for
continuous and unpredictable diversification trends.
Observations of super-infection also indicate the
necessity of a vaccine with broad cross neutralizing
antibody or cellular immunity elicitation properties
(Piantodosi et al., 2007; Bezemer et al., 2008; Holguin et
al., 2008a). In as much as epitopes need to be identified
for vaccine development, it is imperative that analysis of
circulating variants be performed to characterize across-theboard epitopes for humoral or cell-mediated responses
which could be used in vaccine development. And this is
more important where the aim is geared towards a
polyvalent construct. This means, a vaccine of global
significance should be able to prevent new infections of
all HIV types, groups, subtypes and viruses with mosaic
genomes. This is a daunting task taking into consideration the need to generate sterilizing immunity for all
variants. In addition, data on the viral genetic landscape
are useful in the choice of populations and sites for
vaccine efficacy trials.
From the epidemiological perspective, the detection of
infections with new variants hitherto unknown in a
particular geographical locale may indicate the need to
improve or modify existing prevention strategies. As mentioned under the section on diagnostics, it is imperative
that as individuals are encouraged to opt for testing which
are usually performed with simple/rapid tests, the tests
should be able to detect all infections no matter the
infecting genetic variant.
CONCLUSION
The development of an effective vaccine against a
particular virus needs to take into account the circulating
genetic variants in order to ensure protection for all
infected individuals with any variant of that virus. This is
more pertinent in the case of HIV which has a high
propensity to mutate and generate complex mosaic
genomes. The evolution of new variants capable of
escaping immune surveillance is an indication that
diagnostic tests particularly those based on antibody
detection can be compromised. The introduction and
spread of variants such as HIV-1 group O and HIV-2 into
regions where different HIV-1 subtypes predominate will
compromise the treatment regimen if the newly introduce
variant is not detected early. There is continuous diversification and redistribution of HIV variants worldwide.
Therefore, it is important that each country or region
devises a strategy to monitor the genetic landscape of
HIV in order to detect the introduction of new variants as
well as shifts in the genetic diversity of circulating viruses

with the view of optimizing diagnostic and treatment
management algorithms, as well as tailors the choice of
genes and reagents for vaccine development and
evaluation.
ACKNOWLEDGEMENTS
Research support to POB is acknowledged from the
South African AIDS Vaccine Initiative; the National
Research Foundation, South Africa; the South African
National Department of Health, and the International
Society for Infectious Diseases, USA. The opinions
expressed herein are solely those of the authors. The
criticisms of the anonymous reviewers are appreciated.
REFERENCES
Agwale SM, Robbins KE, Odama L, Saekhou A, Zeh C, Edubio A,
Njoku OM, Sani-Gwarzo N, Gboun MF, Gao F, Reitz M, Hone D,
Folks TM, Pieniazek D, Wambebe C, Kalish ML (2001). Development
of an env gp41 based heteroduplex mobility assay for rapid human
immunodeficiency virus type 1 subtyping. J. Clin. Microbiol. 39(6):
2110-2114.
Andersson S, Norrgren H, da Silva Z, Biague A, Bamba S, Kwok S,
Christopherson C, Biberfeld G, Albert J (2000). Plasma viral load in
HIV-1 and HIV-2 singly and dually infected individuals in GuineaBissau, West Africa: significantly lower plasma virus set point in HIV2 infection than in HIV-1 infection. Arch. Inn. Med. 160: 3286-3293.
Ayouba A, Mauclere P, Martin PMV, Cunin P, Mfoupouendoun J, Njinku
B, Souquières S, Simon F (2001). HIV-1 group O infection in
Cameroon, 1986-1998. Emerg. Infect. Dis. 7(3): 466-467.
Baldrich-Rubio E, Anagonou S, Stirrups K, Lafia E, Candotti D, Lee H,
Allain JP (2001). A complex human immunodeficiency virus type 1
A/G/J recombinant virus isolated from a seronegative patient with
AIDS from Benin, West Africa. J. Gen. Virol. 82(5): 1095-1106.
Barin F, Cazein F, Lot F, Pillonel J, Brunet S, Thierry D, Damond F,
Brun-Vézinet F, Desenclos JC, Semaille C (2007). Prevalence of
HIV-2 and HIV-1 group O infections among new HIV diagnoses in
France: 2003-2006. AIDS 21: 2531-2533.
Barre-Sinoussi F, Chermann JC, Rey F, Nugeyre MT, Chamaret S,
Gruest J, Dauguet C, Axler-Blin C, Vezinet-Brun F, Rouzioux C,
Rozenbaum W, Montagnier L (1983). Isolation of a T-lymphotropic
retrovirus from a patient at risk for acquired immune deficiency
syndrome (AIDS). Science 220: 868-71.
Bessong PO (2008). Polymorphisms in HIV-1 subtype C proteases and
their potential impact on protease inhibitors. Trop. Med. Int. Health
13: 141-152.
Bessong PO, Obi CL, Cilliers T, Choge I, Phoswa M, Pillay C,
Papathanasopoulos M, Morris L (2005). Characterization of human
immunodeficiency virus type 1 from a previously unexplored region of
South Africa with a high HIV prevalence. AIDS Res. Hum.
Retroviruses 21(1): 103-109.
Bezemer D, van Sighem A, de Wolf F, Cornelissen M, van der Kuyl AC,
Jurriaans S, van der Hoek L, Prins M, Coutinho RA, Lukashov VV
(2008). Combination antiretroviral therapy failure and HIV superinfection. AIDS 22(2): 309-11.
Bobkov A, Cheingsong-Popov R, Garaev M, Rzhaninova A, Kaleebu P,
Beddows S, Bachmann MH, Mullins JI, Louwagie J, Janssens W
(1994). Identification of a new env G subtype and heterogeniety of
HIV-1 strains in the former Soviet Union. AIDS 8(12): 1649-1655.
Bredell H, Hunt G, Morgan B, Tiemessen C, Martin D, Morris L (2000).
Identification of HIV type 1 intersubtype recombinants in South Africa
using env and gag heteroduplex mobility assay. AIDS Res. Hum.
Retroviruses 16(5): 493-497.
Burke DS (1997). Recombination in HIV: An important viral evolutionary
strategy. Emerg. Infect. Dis. 3(3): 253-259.

Bessong et al.

Carrion G, Eyzaguirre L, Montano SM, Laguna-Torres V, Serra M,
Aguayo N, Avila MM, Ruchansky D, Pando MA, Vinoles J, Perez J,
Barboza A, Chauca G, Romero A, Galeano A, Blair PJ,
Weissenbacher M, Birx DL, Sanchez JL, Olson JG, Carr JK (2004).
Documentation of subtype C HIV type 1 strains in Argentina,
Paraguay and Uruguay. AIDS Res. Hum. Retroviruses 20: 10221025.
Clavel F, Guyader M, Guetard D, Salle M, Montagnier L, Alizon M
(1986). Molecular cloning and polymorphism of the human immune
deficiency virus type 2. Nature 324: 691-695.
Corbet SS, Muller-Trutwin M, Versmisse P, Delarue S, Ajuouba A,
Lewis J, Brunak S, Martin P, Brun-Vezinet F, Simon F, BarreSinoussi F, Mauclere P (2000). Env sequences of simian
immunodeficiency virus from chimpanzees in Cameroon are strongly
related to those of human immunodeficiency virus group N from the
same geographical area. J. Virol. 74(1): 529-534.
Costarelli S, Torti C, Rodella A, Baldanti F, Paolucci S, Lapadula G,
Manca N, Quiros-Roldan E, Izzo I, Carosi G (2008). Screening and
Management of HIV-2-Infected Individuals in Northern Italy. AIDS
Patient Care STDS. 22: 489-494.
Delgado E, Ampofo WK, Sierra M, Torpey K, Pérez-Alvarez L, Bonney
EY, Mukadi YD, Lartey M, Nyarko C, Amenyah RN, Thomson M,
Nájera R (2008). High prevalence of unique recombinant forms of
HIV-1 in Ghana: molecular epidemiology from an antiretroviral
resistance study. J. Acquir. Immune Defic. Syndr. 15: 599-606.
Delwart EL, Herring, B, Rodrigo Ag, Mullins JI (1995). Gentic subtyping
of human immunodeficiency virus using a heteroduplex mobility
assay. PCR Meth. Appl. 4: S202-S216.
Delwart EL, Shpaer EG, Louwagie J, McCutchan FE, Grez M,
Bubsamen-Waigmann H, Mullins JI (1993). Genetic relationships
determined by a DNA heteroduplex mobility assay: analysis of HIV-1
env genes. Science 262: 1257-1261.
Diaz RS, Sabino EC, Mayer A, Mosley JW, Busch MP and the
Transfusion Study Group (1995). Dual human immunodeficiency
virus type 1 infection and recombination in a dually exposed
transfusion recipient. J. Virol. 69: 3273-3281.
Drylewicz J, Matheron S, Lazaro E, Damond F, Bonnet F, Simon F,
Dabis F, Brun-Vezinet F, Chêne G, Thiébaut R (2008). Comparison
of viro-immunological marker changes between HIV-1 and HIV-2infected patients in France. AIDS 22: 457-468.
Engelbrecht S, Smith TL, Kasper P, Faatz E, Zeier M, Moodley D, Clay
CG, van Rensburg EJ (1999). HIV type 1 V3 domain serotyping and
genotyping in Gauteng, Mpumalanga, KwaZulu-Natal and Western
Cape Provinces of South Africa. AIDS Res. Hum. Retroviruses 15:
325-328.
Esparza J, Bhamarapravati N (2000). Accelerating the development and
future availability of HIV-1 vaccines: why, when, where, and how?
Lancet 355: 2061-2066.
Gao F, Bailes E, Robertson DL, Chen Y, Rodenburg CM, Michael SF,
Cummins LB, Arthur LO, Peeters M, Shaw GM, Sharp PM, Hahn BH
(1999). Origin of HIV-1 in the chimpanzee Pan troglodytes
troglodytes. Nature 397: 436-41.
Gao F, Yue L, White AT, Pappas PG, Barchue J, Hanson BM, Greene
PM, Sharp GM, Shaw, Hahn B. H (1992). Human infection by
genetically diverse SIVSM-related HIV-2 in West Africa. Nature 358:
495-9.
Gao F, Robertson DL, Morrison SG, Hui H, Graig S, Decker J, Fultz PN,
Girard M, Shaw GM, Hahn BH, Sharp PM (1996). The heterosexual
human immunodeficiency virus type 1 in Thailand is caused by an
intersubtype (A/E) recombinant of African origin. J. Virol. 70:70137029.
Gao F, Yue L, Robertson DL, Hill SC, Hui H, Biggar RJ, Neequaye AE,
Whelan TM, Ho DD, Shaw GM, Sharp PM, Hahn BH (1994). Genetic
diversity of human immunodeficiency virus type 2: Evidence for
distinct sequence subtypes with differences in virus biology. J. Virol.
68(11): 7433-7447.
Gaudy C, Moreau A, Brunet S, Descamps JM, Deleplanque P, Brand D,
Barin F (2004). Subtype B human immunodeficiency virus (HIV) type
1 mutant that escapes detection in a fourth-generation immunoassay
for HIV infection. J. Clin. Microbiol. 42: 2847-2849.
Gordon M, De Oliviera T, Bishop K, Coovadia HM, Madurai L,
Engelbrecht S, Janse van Rensburg E, Mosam A, Smith A, Cassol S

4781

(2003). Molecular characteristics of human immunodeficiency virus
type 1 subtype C viruses from KwaZulu-Natal, South Africa:
implications for vaccine and antiretroviral control strategies. J. Virol.
77: 2587-2599.
Grossman Z, Vardinon N, Chemtob D, Alkan ML, Bentwich Z, Burke M,
Gottesman G, Istomin V, Levi I, Maayan S, Shahar E, Schapiro JM,
Israel Multi-Center Study Group (2001). Israel Multi-Centre Study
Group. Genotypic variation of HIV-1 reverse transcriptase and
protease: comparative analysis of clade C and clade B. AIDS 15:
1453-1460.
Grossman Z, Paxinos EE, Averbuch D, Maayan S, Parkin NT,
Engelhard D, Lorber M, Istomin V, Shaked Y, Mendelson E, Ram D,
Petropoulos CJ, Schapiro JM (2004). Mutation D30N is not
preferentially selected by human immunodeficiency virus type 1
subtype C in the development of resistance to nelfinavir. Antimicrob.
Agents Chemother. 48: 2159-2165
Gueudin M, Bénard A, Chêne G, Matheron S, Simon F (2008).
Significant differences in DNA viral load between HIV-1 and HIV-2
infected patients. AIDS 31: 1519-1520
Gueudin M, Plantier JC, Lemée V, Schmitt MP, Chartier L, Bourlet T,
Ruffault A, Damond F, Vray M, Simon F (2007). Evaluation of the
Roche Cobas TaqMan and Abbott RealTime extraction-quantification
systems for HIV-1 subtypes. J. Acquir. Immune. Defic. Syndr. 44(5):
500-5.
Hahn BH, Sahw GM, De Cock KM, Sharp PM (2000). AIDS as a
zoonosis: scientific and public health implications. Science
287(5453): 607-614.
Heyndrickx L, Janssens W, Zekeng L, Musonda R, Anagonou S, Van
der Auwera G, Coopens S, Vereechen K, De Witte K, Van
Rampelberg R, Kahindo M, Morison L, McCutchan FE, Carr JK,
Albert J, Essex M, Goudsmit J, Asjo B, Salminem M, Buve A, Van der
Groen G (2000). Simplified strategy for detection of recombinant
human immunodeficiency virus type 1 group M isolates by gag/env
heteroduplex mobility assay. J. Virol. 74: 363-370.
Henquell C, Jacomet C, Antoniotti O, Chaib A, Regagnon C, Brunet S,
Peigue-Lafeuille H, Barin F (2008). Difficulties in diagnosing group o
human immunodeficiency virus type 1 acute primary infection. J. Clin.
Microbiol. 46: 2453-2456.
Hirsch VM, Olmsted RA, Murphey-Corb M, Purcell RH, Johnson PR
(1989). An African primate lentivirus (SIVsm) closely related to HIV-2.
Nature 339: 389-392.
Hoelscher M, Dowling WE, Sanders-Buell E, Carr JK, Harris ME,
Thomschke A, Robb ML, Birx DL, McCutchan FE (2002). Detection of
HIV-1 subtypes, recombinants, and dual infections in east Africa by a
multi-region hybridization assay. AIDS 16: 2055-2064.
Holguín A, López M, Molinero M, Soriano V (2008b). Performance of
three commercial viral load assys: VERSANT HIV-1 RNA bDNA v3.0,
COBAS AmpliPrep/COBAS TaqMan HIV-1 Test and NUCLISENS
HIV-1 EasyQ v1.2 testing HIV-1 non-B subtypes and recombinant
variants. J. Clin. Microbiol. (Epub ahead of print).
Holguín A, Lospitao E, López M, de Arellano ER, Pena MJ, del Romero
J, Martín C, Soriano V (2008a). Genetic characterization of complex
inter-recombinant HIV-1 strains circulating in Spain and reliability of
distinct rapid subtyping tools. J. Med. Virol. 80: 383-391.
Hu DJ, Timothy J, Dondero TJ, Rayfield MA, George JR, Schochetman
G, Jaff HW, Luo CC, Kalish ML, Weniger BG, Pau CP, Schable CA,
Curran JW (1996). The emerging genetic diversity of HIV: The
importance of global surveillance for diagnostics, research and
prevention. JAMA 275(3): 210-216.
Janini LM, Pieniazek D, Peralta JM, Schechter M, Tanuri A, Vicente AC,
dela Torre N, Pieniazek NJ, Luo CC, Kalish ML, Schochetman G,
Rayfield MA (1996). Identification of single and dual infections with
distinct subtypes of human immunodeficiency virus type 1 by using
restriction fragment length polymorphism analysis. Virus Genes 13:
69-81.
Janini LM, Tanuri A, Schechter M, Peralta JM, Vicente AC, Dela Torre
N, Pieniazek NJ, Luo CC, Ramos A, Soriano V, Schochetman G,
Rayfield MA, Pieniazek D (1998). Horizontal and vertical transmission
of human immunodeficiency virus type 1 dual infections caused by
viruses of subtypes B and C. J Infect Dis. 177: 227-231.
Janssens W, Heyndrinkx L, Fransen K, Motte J, Peeters M,
Nkengasong JN, Ndumbe PM, Delaporte E, Perret JL, Atende C, Piot

4780

Afr. J. Biotechnol.

P, van der Groen G (1994). Genetic and phylogenetic analysis of env
subtypes G and H in Central Africa. AIDS Res. Hum. Retroviruses
10: 877- 879.
Jetz AE, Yu H, Klarmann GJ, Ron Y, Preston BD, Dougherty JP (2000).
High rate of recombination throughout the human immunodeficiency
virus type 1 genome. J. Virol. 74(3): 1234-1240.
Kaleebu P, Ross A, Morgan D, Yirrell D, Oram J, Rutebemberwa A,
Lyagoba F, Hamilton L, Biryahwaho B, Whitworth J (2001).
Relationship between HIV-1 Env subtypes A and D and disease
progression in a rural Ugandan cohort. AIDS 15: 293-299.
Kantor R, Katzenstein D (2004). Drug resistance in non-subtype B HIV1. J. Clin. Virol. 29, 152-159.
Kiwanuka N, Laeyendecker O, Robb M, Kigozi G, Arroyo M, McCutchan
F, Eller LA, Eller M, Makumbi F, Birx D, Wabwire-Mangen F,
Serwadda D, Sewankambo NK, Quinn TC, Wawer M, Gray R (2008).
Effect of human immunodeficiency virus Type 1 (HIV-1) subtype on
disease progression in persons from Rakai, Uganda, with incident
HIV-1 infection. J. Infect. Dis. 197: 707-713.
Kostrikis LG, Bagdades E, Cao Y, Zhang L, Dimitriou D, Ho DD (1995).
Genetic analysis of human immunodeficiency virus type 1 strains
from patients in Cyprus: identification of a new subtype designated I.
J. Virol. 71: 7088-7091.
Kuwata T, Miyazaki Y, Igarashi T, Takehisa J, Hayami M (1997). The
rapid spread of recombinants during a natural in vitro infection with
two human immunodeficiency type 1 strains. J. Virol. 71: 7088-7091.
Leligdowicz A, Rowland-Jones S (2008). Tenets of protection from
progression to AIDS: lessons from the immune responses to HIV-2
infection. Expert Rev. Vaccines 7(3): 319-331.
Loussert-Ajaka I, Menu E, Apetrei C, Peeters M, Damond F, Mauclere P
(1998). HIV type 1 diversity and the reliability of the heteroduplex
mobility assay. AIDS Res. Hum. Retroviruses 14: 877-883.
MacNeil A, Sarr AD, Sankalé JL, Meloni ST, Mboup S, Kanki P (2007).
Direct evidence of lower viral replication rates in vivo in human
immunodeficiency virus type 2 (HIV-2) infection than in HIV-1
infection. J. Virol. 81(10): 5325-5330.
Menéndez-Arias L, Tözsér J (2008). HIV-1 protease inhibitors: effects
on HIV-2 replication and resistance. Trends Pharmacol. Sci. 29: 4249.
Morris L, Williamson C, Gray C, Tiemessen C (2000). HIV-1 subtype C
as a major determinant of the global AIDS epidemic. S. Afri. J. Sci.
96: 339-342.
Nkengasong JN, Janseens W, Heyndrinkx L, Fransen K, Ndumbe PM,
Motte J, Leonaeres A, Ngolle M, Ayuk J, Piot P, van der Groen G
(1994). Genetic subtypes of HIV-1 in Cameroon. AIDS 8: 1405-1412.
Nkengasong JN, Willems B, Janssens W, Cheingsong-Popov R,
Heyndrickx L, Barin F, Ondoa P, Fransen K, Goudsmit J, van der
Groen G (1998). Lack of correlation between V3-loop peptide
enzyme immunoassay serologic subtyping and genetic sequencing.
AIDS 12: 1405-1412.
Nyombi BM, Nkya W, Barongo L, Bjune G, Kristiansen KI, Müller F,
Holm-Hansen C (2008). Evolution of human immunodeficiency virus
type 1 serotypes in northern Tanzania: a retrospective study. APMIS
116: 507-514.
Palmer S, Kearney M, Maldarelli F, Halvas EK, Bixby CJ, Bazmi H,
Rock D, Falloon J, Davey RT, Dewar RL, Metcalf JA, Hammer S,
Mellors JW, Coffin JM (2005). Multiple, linked human
immunodeficiency virus type 1 drug resistance mutations in
treatment-experienced patients are missed by standard genotype
analysis. J. Clin. Microbiol. 43(1): 406-13.
Piantadosi A, Chohan B, Chohan V, McClelland RS, Overbaugh J
(2007). Chronic HIV-1 infection frequently fails to protect against
superinfection. PLoS Pathog. 2007 Nov. 3(11): e177.
Piantadosi A, Ngayo MO, Chohan B, Overbaugh J. Examination of a
Second Region of the HIV Type 1 Genome Reveals Additional Cases
of Superinfection. AIDS Res Hum Retroviruses. 2008 Aug 26. [Epub
ahead of print]
Quiñones-Mateu ME, Ball SC, Arts EJ (2000). Role of Human
Immunodeficiency Virus Type 1 Group O in the AIDS Pandemic.
AIDS Rev. 2: 190-202.
Reynolds SJ, Bessong PO, Quinn TC (2006) Human Retroviral
Infections in the Tropics. In: Tropical Infectious Diseases: Principles,
Pathogens, and Practice. RL Guerrant, DH Walker, PF Weller (Eds).

2nd Edition. Churchill Livingstone/Elsevier Publishers, Ireland. ISBN 0443-06668-X. Pp 852-883.
Roques P, Menu E, Narwa R, Scarlatti G, Tresoldi E, Diamond F,
Mauclere P, Dormont D, Chaouat G, Simon F, Barre-Sinoussi F
(1999). An unusual HIV type 1 env sequence embedded in a mosaic
virus from Cameroon: identification of a new clade. European
Network on the study of in-utero transmission of HIV-1. AIDS Res.
Hum. Retroviruses 15: 1585-1589.
Roques P, Robertson DL, Souquière S, Apetrei C, Nerrienet E, BarréSinoussi F, Müller-Trutwin M, Simon F (2004). Phylogenetic
characteristics of three new HIV-1 N strains and implications for the
origin of group N. AIDS 18: 1371-1381.
Sabino EC, Shpaer EG, Morgado MG, Korber BTM, Diaz SR, Bongertz
V, Calvacante S, Galvao-Castro B, Mullins JI, Mayer A (1994).
Identification of human immunodeficiency virus type 1 envelope
genes recombinant between subtypes B and F in two
epidemiologically linked individuals from Brazil. J. Virol. 68(10): 63406346.
Sahni AK, Kapila K, Gupta RM (2008). Divergent strains of human
immunodeficiency virus type 1 circulating in India, subtyped by
heteroduplex mobility assay. Ind. J. Pathol. Microbiol. 51: 353-359.
Salminen MO, Carr JK, Robertson DL, Hegerich P, Gotte D, Koch C,
Sanders-Buell E, Gao F, Sharp PM, Hahn BH, Burke DS, McCutchan
FE (1997). Evolution and probable intersubtype recombinant human
immunodeficiency virus type 1 in a Zambian couple. J. Virol. 71(4):
2647-2655.
Sanchez-Merino V, Herrero CC, Amorin-Nink A, von Briesen H, LopezGalindez C; World Health Organization-UNAIDS Network for Isolation
and Characterization (2003) Genetic analysis of culture-negative
UNAIDS subtype C samples. AIDS Res. Hum. Retroviruses 19: 4955.
Santiago ML, Range F, Keele BF, Li Y, Bailes E, Bibollet-Ruche F,
Fruteau C, Noë R, Peeters M, Brookfield JF, Shaw GM, Sharp PM,
Hahn BH (2005). Simian immunodeficiency virus infection in freeranging sooty mangabeys (Cercocebus atys atys) from the Taï
Forest, Côte d'Ivoire: implications for the origin of epidemic human
immunodeficiency virus type 2. J. Virol. 79: 12515-12527.
Schnell G, Ince WL, Swanstrom R (2008). Identification and recovery of
minor HIV-1 variants using the heteroduplex tracking assay and
biotinylated probes. Nucleic Acids Res. 2008, 1-8 Oct 23. [Epub
ahead of print] doi:10.1093.
Schroeder TL, Burger H, Weiser B, Bengualid V, Kimani J, Anzala AO,
Parker MM, Lamson D, Philpott SM (2005). Characterization of
intersubtype recombinant HIV type 1 genomes using a
nonradioactive heteroduplex tracking assay. AIDS Res. Hum.
Retroviruses 21: 314-318
Siddappa NB, Dash PK, Mahadevan A, Jayasuryan N, Hu F, Dice B,
Keefe R, Satish KS, Satish B, Sreekanthan K, Chatterjee R, Venu K,
Satishchandra P, Ravi V, Shankar SK, Shankarappa R, Ranga U
(2004). Identification of subtype C human immunodeficiency virus
type 1 by subtype-specific PCR and its use in the characterization of
viruses circulating in the southern parts of India. J. Clin. Microbiol. 42:
2742-2751.
Simon F, Mauclere P, Roques P, Loussert-Ajaka I, Muller-Trutwin MC,
Saragosti S, Georges-Courbot MC, Barre-Sinoussi F, Brun-Vizinet F
(1998). Identification of a new human immunodeficiency virus type 1
distinct from group M and O. Nat. Med. 4(9): 1032-1037.
Simparak W, Kositanont U, Sutthent R, Wasinrapee P, Chaowanachan
T, Wasi C (2005). HIV-1 subtyping using gag/env heteroduplex
mobility assay and peptide enzyme-linked immunosorbent assay.
Asian Pac. J. Allergy Immunol. 23: 143-152.
Sullivan PS, Do AN, Ellenberger D, Pau CP, Paul S, Robbins K, Kalish
M, Storck C, Schable CA, Wise H, Tetteh C, Jones JL, McFarland J,
Yang C, Lal RB, Ward JW (2000). Human immunodeficiency virus
(HIV) subype Surveillance of African-born persons at risk fo group O
and group N HIV infections in the United States. J. Infect. Dis. 181:
463-469.
Smith M, Geretti AM, Osner N, Easterbrook P, Zuckerman M (2005).
High levels of discordance between sequencing and serological
subtyping in a predominantly non-B subtype HIV-1 infected cohort. J.
Clin. Virol. 33(4): 312-318.
Takehisa J, Zekeng L, Ido E, Yamaguch-Kabata Y, Mboudjeka I,

Bessong et al.

Harada Y, Miura T, Kaptue L, Hayami M (1999). Human
immunodeficiency virus type 1 intergroup (M/O) recombination in
Cameroon. J. Virol. 73(8): 6810-6820.
Tatt ID, Barlow KL, Clewley JP (2000). A gag gene heteroduplex
mobility assay for subtyping HIV-1. J. Virol. Meth 87: 41-45.
UNAIDS. Global HIV epidemic update. 2008. Switzerland, Geneva.
Upchurch DA, Shankarappa R, Mullins JI (2000). Position and degree of
mismatches and the mobility of DNA heteroduplexes. Nucleic Acid
Res. 28(12): e69.
Vergne L, Bourgeois A, Mpoudi-Ngole E, Mougnutou R, Mbuagbaw J,
Liegeois F, Laurent C, Butel C, Zekeng L, Delaporte E, Peeter M
(2003). Biological and genetic characteristics of HIV infections in
Cameroon reveals dual group M and O infections and a correlation
between SI-inducing phenotype of the predorminant CFR02_AG
variant and disease stage. Virology 310(2): 254-266.

4783

Wang W, Jiang S, Li S, Yang K, Ma L, Zhang F, Zhang X, Shao Y
(2008). Identification of subtype B, multiple circulating recombinant
forms and unique recombinants of HIV type 1 in an MSM cohort in
China. AIDS Res. Hum. Retroviruses 24: 1245-1254.
Zhu T, Wang N, Carr A, Wolinsky S, Ho DD (1995). Evidence for
coinfection by multiple strains of human immundeficiency virus type 1
subtype B in an acute seroconverter. J. Virol. 69: 1324-1327.
Zouhair S, Roussin-Bretagne S, Moreau A, Brunet S, Laperche S,
Maniez M, Barin F, Harzic M (2006). Group O Human
Immunodeficiency Virus Type 1 Infection That Escaped Detection in
Two Immmunoassays. J. Clin. Microbiol. 44: 662-665.

