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Abidjan, Côte d’Ivoire3; Medical Research Council Laboratories, Fajara, The Gambia4; and Department of Pathology,

New York University School of Medicine, New York, New York5

Received 4 June 2003/Returned for modification 25 September 2003/Accepted 24 December 2003

We have developed and validated an oligonucleotide probe hybridization assay for human immunodeficiency
virus type 1 (HIV-1) circulating recombinant form (CRF) CRF02_AG. In the p17 coding region of the gag gene,
a CRF02_AG-specific signature pattern was observed. Five working probes were designed to discriminate
CRF02_AG infections from infections by all other documented subtypes and CRFs in an enzyme-linked
immunosorbent assay-based oligonucleotide probe hybridization assay. Nucleic acids were extracted from a
panel of HIV-1-positive plasma samples from Cameroon, Bénin, Côte d’Ivoire, Kenya, Zambia, and Belgium
and from blood spots from The Gambia. CRF02_AG (n � 147) and non-CRF02 (n � 100) samples were
analyzed to evaluate and validate the oligonucleotide probe hybridization assay. The CRF02_AG-specific
oligonucleotide probe hybridization assay has a high sensitivity and specificity, with good positive and negative
predictive values in regions of high and low prevalence. A validation of the assay with West and West Central
African samples indicated a sensitivity of 98.4% and a specificity of 96.7%. The oligonucleotide probe hybrid-
ization assay as a diagnostic tool will allow for rapid screening for CRF02_AG. This could be used to track the
HIV epidemic in terms of documenting the real prevalence of CRF02_AG strains and will complement efforts
in vaccine development. Moreover, this technology can easily be applied in laboratories in developing countries.

Genetic variation is the hallmark of retroviruses and is also
apparent in human immunodeficiency virus type 1 (HIV-1).
HIV-1 displays important genetic variability which is driven by
the high error rate of the reverse transcriptase (23), the pres-
ence of viral RNA as a dimer, allowing recombination to occur
(12), the high turnover rate of HIV-1 in vivo (24), and selective
immune responses.

By genetic analyses, HIV strains collected from around the
world have been shown to have substantial diversity. Repre-
sentatives of different “pure” (nonrecombinant) subtypes,
namely subtypes A, B, C, D, F, G, H, J, and K, and of 15
circulating recombinant forms (CRF), namely CRF01 to
CRF15, were proposed based on a near-full-length genome
analysis (http://hiv-web.lanl.gov/). The epidemiology of HIV-1
subtypes and CRFs is characterized by their differential distri-
butions and varying levels of significance as driving causes of
the pandemic on a regional and global basis. The largest pro-
portion of HIV-1 infections in the year 2000 was due to sub-
type C strains (47.2%), followed by subtype A and CRF02_AG
(27%) and subtype B strains (12.3%) (20).

Discrimination between subtype A and CRFs comprising
fragments of subtype A is hampered by relatively small genetic
distances between the parental subtype A virus and the respec-

tive subtype A fragments in CRFs. This often results in low-
confidence classification when sequences of suboptimal length
are phylogenetically (re)analyzed. In addition, it has not been
possible to discriminate subtype A from CRF02_AG by env
heteroduplex mobility assays (HMAs), and alternate experi-
mental conditions are needed to discriminate between subtype
A, CRF01_AE, and CRF02_AG by gag HMA (9).

The prototype strain of CRF02_AG, HIV-1 IbNG, was ini-
tially reported as a new subtype A isolate from Ibadan, Nigeria
(11). An analysis of the full-length sequence revealed that
HIV-1 IbNG was an A/G recombinant (4). Recent and retro-
spective molecular epidemiology studies indicated that in West
and West Central Africa, CRF02_AG infections represent 50
to 70% of the circulating strains (1, 5, 15, 16, 17, 19, 21, 27, 28).
In contrast to the high CRF02_AG prevalence in the West
African and West Central African countries Cameroon, Ga-
bon, and Equatorial Guinea, CRF02_AG infections are scarce
in the Republic of Congo (26), the Democratic Republic of
Congo (31), and Eastern and Southern African countries (3).
Outside Africa, CRF02_AG has been introduced in Europe (8,
10, 18, 25, 29), and to a minor extent, in the United States (13).

To date, there have been few systematic large-scale attempts
to characterize HIV isolates, and especially CRFs, emerging
from different parts of the world. As such, our knowledge of
the distribution of HIV strains in different populations and
about changes in that distribution over time is rather limited. A
major challenge in the design and evaluation of efficacious
subtype-dependent candidate HIV-1 vaccines is the develop-
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ment of techniques for large-scale HIV genetic characteriza-
tion to document the true prevalence rates of HIV subtypes
and CRFs in developing countries.

Here we describe the design and potential use of a
CRF02_AG-specific oligonucleotide probe hybridization assay
for large-scale monitoring of the prevalence of CRF02_AG
variants.

MATERIALS AND METHODS

Samples. A reference panel of 25 plasmids, containing the complete gag gene
of HIV-1 strains belonging to group M subtypes A to H, CRF01_AE, and
CRF02_AG, was available (14). An evaluation panel of plasma samples (Bénin,
n � 59; Cameroon, n � 53; Kenya, n � 50; Zambia, n � 10; Belgium, n � 80)
were selected based on subtype information obtained in previous studies (9, 16,
17). A validation panel of plasma samples (Côte d’Ivoire, n � 30; Cameroon, n
� 60) and dried blood spot samples (The Gambia, n � 10) were obtained from
HIV-1-positive individuals from whom samples were generally taken in 2000-
2001. As the “gold standard,” phylogenetic classification of the gag probe target
fragment was used.

RNA extractions and RT-PCR. RNA extractions were performed as previously
described (2). Reverse transcription-PCR (RT-PCR) (Access RT-PCR; Pro-
mega, Leiden, The Netherlands) was performed according to the manufacturer’s
recommendations (10 pmol of each primer, 10 mM dNTP mix, 25 mM MgSO4).
The primers and primer positions (according to the HIV-1 HXB2 numbering)
(HIV Sequence Database [http://hiv-web.lanl.gov/]) were as follows:
H1GHMA101, 5�-TAGTATGGGCAAGCAGGGAG-3� (HXB2 positions 890
to 909); and H1Gag1844, 5�-ACAGCATGCTGTCATCATTTCTTCTAGTG-3�
(HXB2 positions 1814 to 1843). The cycle protocol was 45 s at 48°C (cDNA
reaction), followed by 2 min at 94°C; 40 cycles of 94°C for 30 s, 50°C for 30 s, and
68°C for 90 s; and 1 cycle for 7 min at 68°C. Amplified DNA (1 �l) was subjected
to a second-round PCR using primers PGF1 (5�-ATAGAKRTAAAAGACAC
CAARGAAGC-3�) (HXB2 positions 1063 to 1088) and BHGHMA625 (5�-B-C
ATTCTGCAGCTTCCTCATTGAT-3�) (HXB2 positions 1402 to 1424; biotin
labeled). Cycling conditions were 2 min at 94°C and 35 cycles of 94°C for 30 s,
52°C for 30 s, and 72°C for 60 s, followed by 1 cycle of 7 min at 72°C. Nested
PCRs were carried out in a 50-�l reaction mixture containing 10 pmol of each
primer, 20 mM dNTP mix, and 25 mM MgSO4.

Oligonucleotide probe hybridization assay procedure. (i) Streptavidin-coated
MTP binding and detection. The oligonucleotide probe hybridization assay was
performed in streptavidin-coated 96-well microtiter plates (MTPs). All wash
steps were done in a volume of 230 �l, with the plates being incubated for 2 min
at room temperature, unless mentioned otherwise. All incubations at 37°C were
done in an air incubator. All incubations at 65°C were done on a Multi-Blok
Heater 2004-ICE (Lab-Line Instruments, Melrose Park, Ill.).

(ii) Tris buffer-based binding protocol. MTPs were equilibrated by washing
three times with Tris wash buffer (100 mM Tris-HCl [pH 7.5], 150 mM NaCl,
0.05% Tween 20). One hundred microliters of Tris binding buffer (500 mM
NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM EDTA) was added to each well. For each
sample, 2 �l of PCR product 1 (�100 to 250 ng) was added per well and per
probe (combination) to be tested. Allowing for appropriate controls (see below),
a maximum of 21 samples could be loaded per MTP. MTPs were incubated for
30 min at 37°C, followed by 15 min at room temperature. MTPs were then
washed twice with Tris wash buffer.

(iii) Denaturation and hybridization. Bound PCR products were denatured by
the addition of 230 �l of 0.15 M NaOH and incubation at room temperature for
10 min. Washes with 0.15 M NaOH were repeated three times, with incubation
times of 5, 2, and 2 min. MTPs were then washed three times with Tris neutral-
ization buffer (100 mM Tris-HCl [pH 7.5]), followed by washing once with
hybridization buffer (0.6 M NaCl, 20 mM NaxPO4 [pH 7], 1 mM EDTA, 1�
Denhardt’s solution, 1% Ficoll 400 [F-4375; Sigma-Aldrich, St. Louis, Mo.], 1%
polyvinylpyrrolidone 360 [Sigma-Aldrich], 1% bovine serum albumin [B-4287;
Sigma-Aldrich]). Three microliters of fluorescein isothiocyanate (FITC)-labeled
probes (1 pmol/�l) was added to 100 �l of hybridization buffer in each well.
MTPs were incubated for 2 h at 65°C on a Multi-Blok heater. The hybridization-
probe solution was immediately discarded after hybridization.

(iv) Stringent washes. MTPs were washed twice for 5 min each with 6� SSC
(1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.1% sodium dodecyl
sulfate buffer at 37°C in an air incubator and then were washed twice for 30 min
each at 65°C with 1.8� SSC. The wash buffer was immediately discarded after
each step.

(v) Tris buffer-based detection. MTPs were blocked with antibody incubation
buffer (100 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% [wt/vol] blocking reagent
[1096176; Roche Diagnostics Belgium]) for 10 min at room temperature. The
antibody incubation buffer was then discarded. One hundred microliters of
diluted antibody (1/2,500; anti-fluorescein-AP antibody) (1426346; Roche Diag-
nostics Belgium) was transferred to each well. MTPs were incubated for 45 min
at 37°C, followed by 15 min at room temperature. MTPs were washed four times
with Tris wash buffer. The wash buffer was discarded. (Alternatively, the Tris
wash buffer was not discarded at the last wash, and the MTPs were stored at 4°C
overnight.) The hybridized oligonucleotide-antibody complex bound to the MTP
was incubated with 190 �l of the colorimetric substrate para-nitrophenylphos-
phate (pNPP) (i.e., one Tris buffer tablet [T-8790; Sigma] and one pNPP tablet
[N-2770; Sigma] dissolved at room temperature in 20 ml of sterile water) in each
well. pNPP is hydrolyzed to p-nitrophenol upon addition to the complex, and
p-nitrophenol is yellow and can be detected at 405 nm. At 405 nm, both absor-
bance and scattered light is measured, and at 650 nm, only scattered light is
measured, so the latter was subtracted from the former to eliminate errors due
to scattering. Absorbance readings were measured immediately by using an
enzyme-linked immunosorbent assay reader, whereby the kinetics were moni-
tored every 5 min over a period of 2 h. The Kincalc program was used to
automatically calculate the optical density (OD) of each sample’s reaction to the
probe(s).

(vi) Controls on each MTP. As positive and negative controls for probe
reactivity, the probe target fragments of CRF02_AG and non-CRF02 samples,
respectively, were processed as indicated above. For each sample, the reactivity
of the PCR product with FITC-labeled PCR primer F-PGF1 was monitored as
an indication of the quality and quantity of the PCR product. Wells which
contained the probe and no PCR product, only a PCR product and no probe, or
no PCR product and no probe were scored as negative. As a control for the
binding of PCR products to the MTPs, FITC-labeled PCR products and no
probe were added and NaOH treatment was omitted, which resulted in a high-
level signal. As a control for denaturation, a FITC-labeled PCR product and no
probe were added, which resulted in no signal.

Data analysis. Cutoff values (CO) were determined from the 5th percentile of
the OD distribution of true positives. The sensitivity was defined by the following
equation: sensitivity � number of true positives/(number of true positives �
number of false negatives), with true positives being CRF02_AG samples that
reacted positively with one or more of the probes (OD � CO). The specificity
was defined by the following equation: specificity � number of true negatives/
(number of true negatives � number of false positives), with true negatives being
non-CRF02_AG samples that did not react with any of the probes (OD � CO).
The equation positive predictive value � number of true positives/(number of
true positives � number of false positives) indicates the likelihood that a positive
test result actually means that a CRF02_AG infection was identified. The equa-
tion negative predictive value � number of true negatives/(number of true
negatives � number of false negatives) indicates the likelihood that a negative
test result actually means that a non-CRF02_AG infection was identified.

Nucleotide sequence accession numbers. The newly obtained nucleotide se-
quence data were deposited in the EMBL, GenBank, and DDBJ nucleotide
sequence databases under the following accession numbers: AJ606488 to
AJ606676.

RESULTS

Identification of a CRF02_AG-specific probe target region.
Based on sequences that are representative of all HIV-1 group
M subtypes and CRFs, available from the Los Alamos Na-
tional Laboratory HIV sequence database (http://hiv-web.lan-
l.gov/), a near-full-length genome alignment was generated
and screened for CRF02_AG-specific signature patterns. A
candidate probe target was identified in the HIV-1 gag p17
coding region (Fig. 1). Twenty-one of 2,330 sequences in the
1999 HIV-1 database (http://hiv-web.lanl.gov/) harboring the
gag p17 probe target were described as CRF02_AG. Of these,
19 and 2, respectively, matched two different types of probe
target (PAg17	 and PAg17
), which were representative of
two distinguished CRF02_AG subclades. Primers were de-
signed to amplify a 360-bp probe target region by nested PCR.
Five working probes were defined as follows (position numbers
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are according to HIV-1 strain HXB2 numbering [http://hiv-
web.lanl.gov/]): PAg17	1, 5�-CAGGAAGCAGCAGCCAAA
ATTACCC-3�; PAg17	2, 5�-CAGGAAGCAGCAGTCAAA
ATTACCC-3�; PAg17	3, 5�-CAGGAAGCAGTAGCCAAA
ATTACCC-3�; PAg17	4, 5�-CAGGAAGCGGCAGCCAAA
ATTACCC-3� (positions 1161 to 1187); and PAg17
, 5�-GCA
CAGGCTGCAGCCAAAATTACCC-3� (positions 1163 to
1187).

Optimization of the oligonucleotide probe hybridization as-
say with reference plasmids. For all samples of the reference
panel, positive PCR products were obtained. With all five
probes and the experimental conditions described above, all
CRF02_AG reference plasmids scored positive and all non-
CRF02_AG reference plasmids scored negative. To maximize
the number of samples that could be analyzed per plate, we
used probe combinations PAg17	1 plus PAg17	2 and

FIG. 1. Alignment of the conserved signature specific for CRF02_AG with all other subtypes and CRFs comprising fragments of subtype A.
Black boxes indicate amino acid insertions and deletions within different subtypes and CRFs compared to probes (in bold and italics) specific for
CRF02_AG.
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PAg17	3 plus PAg17	4, which were evaluated to be as sensi-
tive as the separate probes (data not shown).

Evaluation of the CRF02_AG-specific oligonucleotide probe
hybridization assay. Plasma samples were selected from coun-
tries with a high CRF02_AG prevalence (Bénin and Cam-
eroon) and from countries with a low CRF02_AG prevalence
(Belgium, Kenya, and Zambia). The efficiency of PCR ampli-
fication for each cohort was as follows: Cameroon, 98% (52 of
53 samples); Zambia, 90% (9 of 10 samples); Benin, 89% (51
of 57 samples); Belgium, 85% (68 of 80 samples); and Kenya,
36% (18 of 50 samples). For evaluation of the CRF02_AG
oligonucleotide probe hybridization assay, a panel of PCR-
positive CRF02_AG (n � 85) and non-CRF02_AG (n � 71; 25
subtype A, 8 subtype B, 9 subtype C, 11 subtype D, 2 subtype
F, 9 subtype G, 4 subtype H, 1 CRF01_AE, and 2 CRF06_cpx)
samples were used (Table 1). As the gold standard, phyloge-
netic classification of the gag probe target fragment was used
(30). Comparisons of the phylogenetic classification of the
panel samples with the probe assay results (OD values) al-
lowed calculations of means, medians, and 5th and 95th per-
centiles. From these, we determined cutoff values for positivity
and negativity. A sample was considered to be CRF02_AG
when it reacted with an OD of �15.0 with either a probe or
probe combination. A sample was considered to be non-
CRF02_AG when all probes and probe combinations reacted
with OD values of �15.0. The OD distribution for the evalu-
ation panel samples is depicted in Fig. 2. The overall sensitivity
of the oligonucleotide probe hybridization assay evaluation
panel was 97.6% (83 of 85 samples). A 100% specificity result
was documented based on the fact that none of the 71 non-
CRF02 (subtypes A to H, CRF01_AE, and CRF06_cpx) sam-
ples reacted with the CRF02_AG-specific probes. Overall,
63.5% (54 of 85) of the CRF02_AG samples reacted with both
PAg17	 probe combinations; 12.9% (11 of 85) only reacted
with probe combination PAg17	3 plus PAg17	4; 1.2% only
reacted with probe combination PAg17	1 plus PAg17	2. For
West African countries, probe reactivity was only observed
with probe combinations PAg17	1 plus PAg17	2 and/or
PAg17	3 plus PAg17	4. In Cameroon, 61.7% (29 of 47) of the
CRF02_AG samples reacted with PAg17	 probes and 27.6%
(13 of 47) of the samples reacted with probe PAg17
. For

three Cameroonian CRF02_AG samples, reactivities to both
probe PAg17	 combinations and to PAg17
 were observed.
Two Cameroonian CRF02_AG samples did not react with any
of the probes.

Validation of the CRF02_AG-specific oligonucleotide probe
hybridization assay. Samples from Côte d’Ivoire (n � 30),
Cameroon (n � 60), and The Gambia (n � 10) had been sent
under code for validation of the oligonucleotide probe assay.
The efficiency of PCR amplification for each cohort was as
follows: Côte d’Ivoire, 90% (27 of 30 samples); Cameroon,
95% (57 of 60 samples); and The Gambia, 80% (8 of 10
samples). For the oligonucleotide probe hybridization assay,
CRF02_AG predictions for the validation panel of the differ-
ent cohorts were as follows: Côte d’Ivoire, 92.6% (25 of 27
samples); Cameroon, 57.9% (33 of 57 samples); and The Gam-
bia, 71.4% (5 of 7 samples). Subsequently, the code was re-
vealed and the assay results were compared with the subtype
classifications of the validation panel that were obtained by
HMAs and/or sequencing results for gag and/or env gene frag-
ments (Table 2). In cases of discrepant results, the probe target
fragment was sequenced and analyzed. All but one
CRF02_AG sample from Côte d’Ivoire were classified cor-
rectly as CRF02_AG infections by the oligonucleotide probe
hybridization assay, although the CRF02_AG-specific probe
target of the false-negative sample was conserved. No false-
positive samples were documented. The samples from The
Gambia were correctly identified as CRF02_AG or non-
CRF02_AG. For the Cameroonian cohort, one false-positive
sample was detected. Of 32 CRF02_AG samples, 9 (28.1%)
were reactive with the PAg17
 probe. For one Cameroonian
CRF02_AG sample, reactivities to both probe PAg17	 com-
binations and to PAg17
 were observed. The OD distribution
for the validation panel samples is depicted in Fig. 2. The
overall sensitivity for the validation panel was 98.4% (62 of 63
samples), the specificity was 96.3%, the positive predictive
value was 98.4%, and the negative predictive value was 96.3%.

DISCUSSION

The aim of this study was to develop an oligonucleotide
probe hybridization assay for the identification of HIV-1
CRF02_AG infections. This assay was configured to distin-
guish CRF02_AG from all other subtypes and CRFs. The close
genetic distance between subtype A fragments in CRF02_AG
and subtype A strains hampered differentiation between
CRF02_AG and subtype A by env HMAs (7) as well as by a
one-tube real-time isothermal amplification subtyping method
described by de Baar et al. (6). A DNA enzyme immunoassay
genotyping method for the env gene developed by Plantier et
al. (22) showed a sensitivity of 86.6% (13 of 15 samples) for
identifying CRF02_AG infections. The newly developed oligo-
nucleotide probe hybridization assay showed high signal reac-
tions to probes, differentiating CRF02_AG from other sub-
types (A to H) and CRFs (CRF01 and CRF06). The
oligonucleotide probe hybridization assay was validated and
had a sensitivity of 98.4%, a specificity of 96.7%, a positive
predictive value of 98.4%, and a negative predictive value of
96.7%, which make the assay very reliable. The sensitivity of
PCR amplification of the probe target region depended on the
cohort studied.

TABLE 1. Summary of the probe assay results for the
evaluation panel

Genetic subtype
classification

No. of samples in cohort
No. of samples

with positive
probe assay

result/no.
tested

Belgium Benin Cameroon Kenya Zambia

CRF02 1 37 47 82/85
A 14 8 1 2 0/25
B 8 0/8
C 3 6 0/9
D 9 2 0/11
F 2 0/2
G 3 4 2 0/9
H 4 0/4
CRF01 1 0/1
CRF06 2 0/2

Total 45 51 50 4 6 82/156
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Four working probes (PAg17	1 to -	4) were sufficient to
identify all CRF02_AG isolates in the West African cohort; in
contrast, all five probes (PAg17	1 to -	4 and PAg17
1) were
needed to identify CRF02_AG isolates in the West Central

African cohort. This may indicate a further evolution of
CRF02_AG in Cameroon or a founder effect by one
CRF02_AG variant in West Africa.

The value of the probe assay for determining better esti-
mates of the prevalence of CRF02_AG will complement efforts
in vaccine development and evaluation. This assay will be a
rapid and economical tool for use in the large-scale screening
of this particular subtype at vaccine trial sites, especially in
West Africa. The high sensitivity and specificity of the test also
imply that there will be high positive and negative predictive
values in regions of high and low prevalence.

A common drawback of using probes for genotyping in the
context of HIV-1 is the huge diversity of viruses in place and
time. The creation of subtype-specific probes that allow for the
identification of a particular subtype by a difference of one
point mutation at the probe target region has been evaluated
for subtype C, with a disappointing sensitivity and specificity
(results not shown). The CRF02_AG probes were designed
based on a distinct signature whereby a deletion pattern com-
pared to other subtypes and CRFs is conserved. We realize the
shortcomings of the probe assay in terms of being representa-
tive of the results for the complete genome. There is a need for

FIG. 2. OD distribution of evaluation panel samples. Oligonucleotide probe hybridization assay results are depicted according to genetic
subtype classifications of CRF02_AG and non-CRF02_AG samples. A sample was considered to be CRF02_AG if it reacted with an OD value
of �15.0 with either a probe or probe combination. Only the highest OD value obtained with probe combination PAg17	1 plus PAg17	2 or
PAg17	3 plus PAg17	4 or with probe PAg17
 is indicated.

TABLE 2. Summary of the probe assay results for the
validation panel

Genetic subtype
classification

No. of samples in cohort
No. of samples

with positive
probe assay

result/no.
tested

Cameroon Côte d’Ivoire The Gambia

CRF02 31 26 5 61/62
A 16 1 1/17
B 0/0
C 0/0
D 2 1 0/3
F 2 0/2
G 2 0/2
H 3 0/3
CRF01 1 0/1
CRF06 1 0/1

Total 57 27 7 62/91
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continuous evaluation of the probe assay, since as HIV diver-
sity increases with time, new variants will arise that may require
adaptation of the CRF02_AG probes that are used. Therefore,
the aging of epidemics and cocirculation of other subtype
strains may influence, through mutation and recombination,
the representativeness of the probe assay result.

The actual future role of the CRFs in the global pandemic
must be monitored. The probe assay as a diagnostic tool will
allow rapid screening for CRF02_AG. This could be used for
tracking of the HIV epidemic in terms of documenting the real
prevalence of CRF02_AG virus infections. This finding may
have implications on future vaccine, diagnostic, and treatment
strategies, because with the extensive movement of people
between continents, the chance of recombinants becoming ep-
idemic outside of Africa increases.
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