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Nucleotide sequences of the reverse transcriptase (RT) coding region have been compared in four new
human immunodeficiency virus type 1 (HIV-1) group O isolates. Phylogenetic analysis of this pol region
highlights a cluster of these four HIV-1 group O sequences with seven other group O isolates (5% intracluster
nucleotide sequence diversity) similar to clusters classified as subtypes in HIV-1 group M (an average of 4.9%
intrasubtype sequence diversity). Based on these analyses, this group O cluster has been designated subtype
A-O. A longitudinal study of a heterosexual couple infected with group O (ESP1 and ESP2) allowed a detailed
analysis of RT sequences (amino acids 28 to 219). Directed evolution and a slightly higher mutation frequency
was observed in the RT sequences of patient ESP2, treated with antiretroviral drugs, than that from the
untreated patient ESP1. Antiretroviral treatment also selected for specific substitutions, M184V and T215Y in
the RT coding region, conferring resistance to 3*-dideoxy-3*-thiacytidine and zidovudine, respectively. A Gly98
to Glu RT substitution identified in the treated patient suggests a possible reversion of a nonnucleoside RT
inhibitor-resistant phenotype. Using RT clones from this longitudinal study, both heteroduplex tracking assay
and cloning-sequencing techniques were employed for an extensive genetic analysis of pol gene quasispecies.
Amino acid substitutions (i.e., Phe-77 to Leu, Lys-101 to Glu, and Val-106 to Iso) associated with antiretroviral
resistance were identified in RT clones from HIV-1 group O-infected patients not subjected to drug therapy or
treated with unrelated drugs. Finally, phylogenetic relationships between RT clones of the treated ESP2 patient
and those of the untreated ESP1 patient show how drug pressure can direct evolution of viral pol gene
quasispecies independently of direct drug-resistant substitutions.

Human immunodeficiency virus (HIV) is subdivided into
two types, HIV type 1 (HIV-1) being the pathogen most om-
nipresent in the epidemic and exhibiting the highest degree of
genetic diversity. Based on genetic variability in the envelope
(env) gene, HIV-1 can be subdivided into at least 10 distinct
subtypes (designated A to J) responsible for separate geo-
graphic pandemics (39). Phylogenetic analyses have shown that
each subtype in this major group (group M) is approximately
equidistant from the others, as if arising from a common an-
cestor (33, 38, 39). In contrast, a few divergent HIV-1 strains
form a cluster distinct from group M and have been catego-
rized as members of the outlier group (group O) (7, 10, 19, 58).
Lack of a clearly defined phylogenetic tree topology for group
O viruses has prevented further division into subtypes as de-
scribed for group M (27, 30). Group O virus was first isolated
from HIV-1-infected individuals in West Central Africa (10,
19, 58) and has been subsequently identified in Europe (7, 10,
21, 25, 30, 55), throughout Africa (4, 19, 20, 22, 23, 35, 41, 44,
58), and, to a lesser extent, in the United States (5). Paradox-
ically, group O virus and not the predominant group M HIV-1
appears responsible for the earliest case of HIV-1 infection
reported in Europe (25).

Although similar in overall genomic arrangement, a large
genetic distance at the level of nucleotide sequence separates
groups M and O (24 to 32%, 33 to 37%, and 39 to 49%

divergence in the gag, pol, and env genes, respectively) (13, 30,
50). Because of this diversity, commercial diagnostic assays for
HIV-1 detection, commonly derived from group M subtype B
strains or from HIV-2, often failed to identify HIV-1 group O
samples (32, 52). Even with the detection of group O infec-
tions, it is difficult to monitor the effectiveness of treatments
since viral loads cannot be determined with conventional as-
says (31). Finally, HIV-1 group O isolates appear to be sensi-
tive to most nucleoside analogs and protease inhibitors but
may be intrinsically resistant to some nonnucleoside reverse
transcriptase (RT) inhibitors (NNRTIs) (13, 14, 50).

Essentially, the extremely high genetic variation of HIV-1 is
a consequence of a relatively low fidelity of the RT (47) and the
rapid turnover of virus (46). A remarkable intrapatient vari-
ability suggests that HIV-1 disease progression is associated
with a wide distribution of viral quasispecies rather than active
replication of a single isolate. Consequently, the host immune
response or treatment with antiretroviral drugs may simply
select for those HIV-1-resistant variants preexisting in the in-
trapatient population of quasispecies (40, 59). Like group M
strains, a high interpatient variation has been described among
group O viruses: 1.9 to 14.3% for the gag gene (20, 30), 3.3 to
12.2% for the pol gene (13), and 4 to 30% and 7 to 24.5% for
the C2V3 (23, 30, 34) and the gp41 immunodominant (4)
regions of the env gene, respectively. However, only one study
has described intrapatient variation in the C2V3 env region of
epidemiologically linked HIV-1 group O infections (mother-
to-infant transmission) (6). Recently, the pathogenic course
(virologic, immunologic, and clinical changes) of HIV-1 group
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O infection was described in a married couple (17), but no data
on group O HIV-1 heterogeneity was reported in that study.

To date, the emergence of amino acid substitutions associ-
ated with resistance to RT inhibitors has been well character-
ized in patients infected with HIV-1 group M (2, 36, 43). In this
report, we have performed evolutionary and drug resistance
studies of the pol gene quasispecies in samples obtained over a
year and half from an epidemiologically linked HIV-1 group
O-infected couple, the female being treated with antiretroviral
agents, while the infected male remained untreated. Sequence
analysis revealed the presence of two drug-resistant substitu-
tions (M184V and T215Y) in the RT-coding region during the
course of antiretroviral therapy of the female. We adapted the
heteroduplex tracking analysis (HTA) to then analyze the in-
trapatient heterogeneity in the complete RT-coding region (a
1.7-kb genomic fragment) of four HIV-1 group O-infected
individuals living in Spain, the infected couple and two other
unrelated individuals. Quasispecies diversity as measured by
HTA matched the actual nucleotide sequence diversity of the
individual pol gene clones of each patient sample. Finally, we
compared the phylogenetic relationship of the entire RT-cod-
ing region (1,680 bp) in samples collected from these four
patients with that sequence of other group O viruses. Based on
the analysis of pol sequences, it appears that group O virus can
be further separated into at least two different phylogenetic
clusters.

MATERIALS AND METHODS

Patients and samples. Four HIV-1 group O-infected patients living in Spain
were included in this study. They were selected for their HIV serological profiles,
i.e., atypical Western blots, showing weak or absent reactivity to the group M env
glycoproteins and stronger reactivity to a synthetic peptide assay which contains
three synthetic V3 loop peptides of the HIV-1 ANT70 isolate (Inno-Lia HIV
type O, Ghent, Belgium). As summarized in Table 1, the first two patients (ESP1
and ESP2), a Spanish-born couple, were identified in Madrid. The 35-year-old
male (ESP1) was believed to be infected while traveling to Equatorial Guinea
and Cameroon. Sample ESP1/0 from this patient was previously described as the
first case of HIV-1 group O in Spain (55). Patient ESP2 initiated antiretroviral
treatment 14 months after HIV diagnosis (June 1996), whereas her partner
(ESP1), infected with the founder virus, has refused any antiretroviral therapy
(Table 1). The other two patients (ESP3 and ESP4) were identified in Madrid
and Barcelona (651 km from Madrid), respectively, and are of African origin. No
epidemiological relationship could be established between the couple from Ma-
drid and these two individuals. Patient ESP4 was receiving antiretroviral drugs
during the study (Table 1) but would not participate in the longitudinal study.

Proviral DNA purification, PCR, and molecular cloning. Proviral DNA was
extracted directly from lysed peripheral blood mononuclear cells (PBMCs),
obtained uncultured from the patient as described previously (48). Genomic

regions encoding the RT (pol gene) were PCR amplified using a set of nested
oligonucleotide primers (50). Briefly, 1 mg of template DNA and primers RTO1
and RTO2 (100 pmol each) were used in the first external amplification. The
PCRs were carried out in a 100-ml reaction mixture containing 10 mM Tris-HCl
(pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 0.01% gelatin, a 0.2 mM concentration of
each of the four deoxynucleoside triphosphates, 200 ng of each primer, and 2.5
U of Taq polymerase (Boehringer). Cycling temperatures and times have been
previously described (50).

Using the same PCR conditions, the products (5 ml) of the external amplifi-
cation were reamplified using nested inner primers RTO3 and RTO4 (50).
Negative controls (distilled H2O used in the other reaction mixtures) were PCR
amplified with each set of sample amplifications and never resulted in detectable
product. PCR-amplified products were separated in agarose gels and then puri-
fied using a commercially available kit (PCR Clean Up kit; Boehringer). The
purified DNA obtained from the nested PCR (approximately 1.7 kb) was cleaved
with NcoI and EcoRI and cloned into the vector pRT6 as previously described
(50). At least two independent products of nested PCR amplifications per sample
were mixed to increase the number of amplified quasispecies and to avoid
possible analysis of mutations introduced by Taq polymerase. Previously, it has
been shown that mutations introduced by Taq polymerase in HIV-1 account for
less than 1.2 3 1024 substitutions per nucleotide (s/nt) observed in each PCR
product (40). Clones with inserts of the appropriate size, as judged by restriction
enzyme digestion and gel electrophoresis, were used for DNA sequencing.

Nucleotide sequence analysis. Direct sequencing of the PCR-amplified DNA
(average sequences) and of 10 clones per sample (individual quasispecies) was
performed using the fmol method (Promega), followed by treatment of the
reaction mixture with terminal deoxynucleotidyl transferase (48). Primers used in
the sequencing reactions have been previously described (50). The full RT-
coding region (1,680 bp) from samples ESP2/14 (obtained 4 months after the
description of sample ESP1/0), ESP3, and ESP4 (Table 1) was sequenced. The
RT sequence for ESP1/0 has been previously reported (50). Using ESP1 and
ESP2 samples from all time points, we also sequenced a 576-bp fragment en-
coding codons 28 to 219 of RT. Finally, a 267-bp fragment, RT codons 28 to 116,
was sequenced from each individual genomic clone. Nucleotide sequences were
edited and translated by EDITSEQ software (DNASTAR, Inc.) and then aligned
using the CLUSTAL X version 1.63b program (57). Pairwise DNA matrices,
generated using the Kimura two-parameter model (26) and phylogenetic analy-
ses, were determined with the use of the MEGA version 1.02 program (28). Tree
topologies were inferred by the neighbor-joining method (51) with the Kimura
two-parameter distance matrices. Bootstrap resampling (1,000 data sets) of the
multiple alignment tested the statistical robustness of the trees.

HTA. Nested PCR products of the complete RT-coding region (1,680 bp of pol
gene) were analyzed using HTA (11, 12). The same region of RT from the first
HIV-1 group O Spanish sample (ESP1/0, Table 1 [50]) was PCR amplified and
used as radioactive probe DNA. Briefly, primers RTO3 (end labeled using T4
polynucleotide kinase and 2 mCi of [g-32P]ATP) and RTO4 were used to amplify
the corresponding fragment from the homogeneous p66RTO clone, derived
from an ESP1/0 RT fragment (50). This PCR-amplified probe was separated on
agarose gel and then purified using the Agarose Gel DNA Extraction kit (Boehr-
inger). Conditions for heteroduplex formation as previously described (11) have
been slightly modified for these analyses. The reaction mixture contained DNA
annealing buffer (100 mM NaCl, 10 mM Tris-HCl [pH 7.8], and 2 mM EDTA),
10 ml of PCR-amplified sample DNA, and 1 ml of radioactive probe DNA
(prepared by diluting the radiolabeled PCR-amplified probe 20-fold in annealing
buffer). The reaction mixtures were denatured at 95°C for 5 min and rapidly

TABLE 1. Epidemiological and virological data

Patienta Age/sex/citya Sample/dateb
CD4
count

(cells/ml)

p24 Ag
(pg/ml)c Treatment

ESP1 35/M/Madrid 0/Sept. ’95 290 15 Noned

14/Jan. ’96 182 21 None
111/Aug. ’96 152 34 None
119/Apr. ’97 144 25 None

ESP2 34/F/Madrid 14/Jan. ’96 48 390 None
111/Aug. ’96 24 131 AZT 1 ddIe

117/Feb. ’97 165 50 d4T 1 3TC 1 IDVf

ESP3 45/M/Madrid ESP3/Jan. ’97 96 105 None
ESP4 15/M/Barcelona ESP4/Feb. ’97 16 0 AZT 1 3TC

a Age is given in years. Sex: M, male; F, female. City, location where the sample was collected.
b The number following the patient’s code in the two related isolates (ESP1 and ESP2) indicates months after the first HIV-1 group O isolate described (ESP1/0)

(50) at the time of sampling of lymphocytes. Samples ESP3 and ESP4 are unique.
c p24 antigen (Ag) was measured using a commercial kit (HIV-1 p24 Antigen Assay; Coulter, Miami, Fla.).
d No treatment with antiretroviral inhibitors.
e Patient received AZT 1 ddI therapy from June to September 1996.
f Patient received d4T 1 3TC 1 indinavir (IDV) from September 1996 to the present.

VOL. 72, 1998 HIV-1 GROUP O HETEROGENEITY 9003



annealed in wet ice. After 30 min on ice, the 1,680-bp DNA heteroduplexes were
resolved on 5% nondenaturing polyacrylamide gels (30:0.8, acrylamide-bis) in a
model V16 vertical gel apparatus (Gibco BRL, Gaithersburg, Md.) with 13
Tris-borate-EDTA buffer (TBE) at 200 V for 7 h. Gels were dried onto What-
man 3MM paper under vacuum and exposed to X-ray film (Eastman Kodak Co.,
Rochester, N.Y.). Films were scanned for presentation and analysis. Actual
migration distances of different heteroduplexes are directly related to the genetic
distances separating different samples. For a controlled analysis of migration
distances, we calculated heteroduplex mobility ratios for each sample by mea-
suring the migration distance traveled by the heteroduplexes (distance from the
well in millimeters) and dividing by the distance traveled by the radiolabeled
single-stranded DNA probe.

GenBank accession numbers. Nucleotide sequences reported in this study
have been submitted to GenBank under the following accession numbers: com-
plete RT of ESP2 (AF068947), complete RT of ESP3 (AF068948), complete RT
of ESP4 (AF068949), and ESP1 and ESP2 sequential samples encoding amino
acids 28 to 219 of RT (AF068950 to AF068952 and AF068953 to AF068954,
respectively). Accession numbers of the cloning sequences encoding amino acids
28 to 116 of the RT are as follows: ESP1 (AF068955 to AF068984), ESP2
(AF068985 to AF069014), ESP3 (AF069015 to AF069024), and ESP4
(AF069025 to AF069034).

RESULTS

Clinical data and antiviral therapy. Following the first re-
port of HIV-1 group O infection in Spain (55) and character-
ization of its env gene (34), the RT of this isolate was cloned,
sequenced, and biochemically characterized (50). Recombi-
nant RT expressed from this HIV-1 group O RT clone pos-
sessed biochemical characteristics similar to those of the re-
combinant HIV-1 RT from subtype B virus. In this longitudinal
study, the RT-coding region was sequenced and analyzed to
determine the effects of antiretroviral therapy on the develop-
ment of drug-resistant mutations and heterogeneity in HIV-1
group O isolates. For these analyses, we obtained three PBMC
samples from the untreated patient (ESP1) at 4, 11, and 19
months and three from his infected female partner at 4, 11, and
17 months (Table 1). Additionally, we analyzed one sample
from two new HIV-1 group O patients in Spain (ESP3 and
ESP4) (Table 1). Patient ESP1, in spite of a moderate decrease
in CD4 cell counts, remained asymptomatic and with a con-
stant viral load as estimated by p24 antigen capture assays
(Table 1). ESP2, the female partner infected by ESP1, had
developed AIDS and was subsequently treated with 29,39-
dideoxynosine (ddI or didanosine; Bristol-Myers-Squibb, Wall-
ingford, Conn.) and 39-azido-39-deoxythimidine (AZT or
zidovudine; Glaxo-Wellcome, Dartford, United Kingdom) af-
ter 8 months of the study (Table 1). After 3 months of this
treatment regimen, she was prescribed a more aggressive ther-
apy: a triple combination regimen containing 2939-didehydro-
2,39-dideoxythimidine (d4T or stavudine; Bristol-Myers-
Squibb), 29,39-dideoxy-39-thiacytidine (3TC or lamivudine;
Glaxo-Wellcome), plus a protease inhibitor, indinavir (Merck
& Co., Inc.). As a likely consequence of this triple combination
therapy, her CD4 cell counts increased over 6 months, while
levels of HIV-1 p24 antigen in her plasma dropped precipi-
tously (Table 1). Difficulties in PCR amplification of the RT
region from patient ESP2 after 7 months (sample 119) of
triple combination therapy suggest a significant reduction in
viremia. Finally, patient ESP3 had not been treated, but pa-
tient ESP4, having a low CD4 cell count, had started antiret-
roviral therapy (AZT plus 3TC) prior to the time of sample
collection. HIV-1 p24 levels were used as a crude measure of
viral load determination, since conventional HIV-1 RNA load
assays, e.g., Amplicor HIV monitor test (Roche Diagnostics,
Basel, Switzerland), NASBA (Organon Teknika, Boxtel, The
Netherlands), or branched DNA (Chiron, Emeryville, CA), do
not efficiently detect HIV-1 group O RNA.

Phylogenetic relationship and nucleotide sequence analysis.
A potential subtype definition within group O viruses? Cur-

rently, there are only three complete nucleotide sequences for
the RT-coding region of HIV-1 group O reported in the HIV
database (39): two RT group O sequences from Cameroon
(ANT70 [10] and MVP5180 [19]) and one from Spain (ESP1
[50]). In this study, we have sequenced the complete RT-
coding region of three new HIV-1 group O isolates from pa-
tients ESP2, ESP3, and ESP4. A phylogenetic tree was con-
structed from pairwise comparisons of the RT sequences
(1,680 nucleotides) from four different HIV-1 group O Spanish
isolates (ESP1, ESP2, ESP3, and ESP4), two group O viruses
(ANT70 and MVP5180) from Cameroon, and 10 HIV-1 strains
clustering into group M (U455, IBNG, CAM1, RF, MN, BH10,
ETH2220, ELI, Z2Z6, and MAL, arbitrarily selected to rep-
resent subtypes A, B, C, and D as defined by the env gene) (39)
(Fig. 1A). It is important to note that no complete RT se-
quences have been reported for subtypes E to J (as defined by
the env gene) to the Los Alamos database (39). Three major
branches, 100% supported after 1,000 bootstrap trees, could be
identified in this phylogenetic tree (Fig. 1A), representing the
two previously defined HIV-1 genotypic groups (M and O) and
the outgroup CPZGAB. The three new Spanish sequences
(ESP2, ESP3, and ESP4) cluster together with the previously
described ESP1 isolate (50) and the ANT70 isolate, with 100%
of bootstrap resampling values.

Interisolate nucleotide sequence diversities were calculated
from a distance matrix based on the Kimura two-parameter
model (26), while point mutation frequencies were calculated
for each set of sequences relative to the corresponding con-
sensus. An expected average of genetic distances was obtained
between group O and M sequences (33.2%; range 31.7 to
35.1%), while the intragroup diversities ranged from 1.6 to
10.7% for group O and from 2.4 to 13.5% for group M. Using
this large pol gene fragment (approximately 17% of the HIV-1
genome), it may be possible to establish intragroup O subtypes.
The average point mutation frequency for the Spanish isolates
is 1.1 3 1022 s/nt, while divergence between isolates in the
entire RT nucleotide sequence ranged from 1.6 to 2.8% (Table
2). RT sequences from these group O isolates form a cluster
with the ANT70 isolate (average intracluster divergence,
3.3%) which is separate from the MVP5180 isolate (9.9%
divergence from the cluster in group O) (Fig. 1A). The average
genetic distance for intrasubtype classification in group M
(based on the same isolates used to construct the phylogenetic
tree; Fig. 1A) was 4.9%, greater than the distance used to
establish a group O subtype. In addition, the average intersub-
type diversity in group M was 11.4%, resembling the distance
between MVP5180 and the other group O viruses found in this
cluster.

To corroborate a possible subtype definition in group O, a
phylogenetic tree was constructed using a 792-bp fragment in
the RT-coding region from the 4 Spanish isolates and the same
fragment from 12 HIV-1 group O pol gene sequences available
in the database (39). Figure 1B shows a neighbor-joining tree
derived from RT sequences of the polymerase domain (nucle-
otides 1 to 792, coding for RT amino acids 1 to 264). It is
evident that 11 of the pol sequences analyzed (including the 4
isolates sequenced in this study) form a cluster in group O
similar to that observed with the complete RT-coding region.
This cluster, supported by 100% of the bootstrap trees, is
designated clade A of HIV-1 group O (subtype A-O). The
other five group O RT sequences (BCF06, BCF11, MVP5180,
RUD, and VAU) shown in this tree (Fig. 1B) are more diver-
gent and represent an internal tree topology statistically less
significant. The average point mutation frequency for all the
group O RT sequences is 4.4 3 1022 s/nt, with an overall
divergence of 7.8% (Table 2), whereas a frequency of only
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FIG. 1. Phylogenetic tree analysis of the RT-coding region from four HIV-1 group O isolates from Spain compared to this region in group M and other group O
HIV-1 strains (39). (A) Full-length RT-coding region (1,680-bp) sequences were utilized to construct a neighbor-joining consensus tree as described in Materials and
Methods. Group M (using sequences from A, B, C, and D subtypes) and group O isolates as well as the simian immunodeficiency virus (SIV) CPZGAB strain, used
as an outgroup, are indicated in this panel. GenBank accession numbers for reference sequences are as follows: HIV-1 group M subtype A, U455 (M62320), IBNG
(L39106); subtype B, MN (M17449), CAM1 (D10112), RF (M17451), BH10 (M15654); subtype C, ETH2220 (U46016); subtype D, ELI (K03454), Z2Z6 (M22639);
undefined, MAL (K03456). HIV-1 group O, ANT70 (L20587), MVP5180 (L20571), ESP1 (U97171), ESP2 (AF068947), ESP3 (AF068948), ESP4 (AF068949), and SIV
CPZGAB (X52154). Encircled are the sequences corresponding to different HIV-1 group M subtypes, as well as the HIV-1 group O subtype A. An asterisk indicates
bootstrap resampling values (1,000 sets) of 100%. (B) A phylogenetic consensus tree was constructed using the 12 available pol sequences (a 792-bp fragment encoding
amino acids 1 to 264 of RT) and this segment in the complete RT sequence from the 4 Spanish isolates. GenBank accession numbers for these sequences are as follows:
BCF01 (Y14496), BCF02 (Y14497), BCF03 (Y14498), BCF06 (Y14499), BCF07 (Y14500), BCF08 (Y14501), BCF011 (Y14502), BCF013 (Y14503), RUD (Y14504),
VAU (Y14505), ANT70 (L20587), MVP5180 (L20571), ESP1 (U97171), ESP2 (AF068947), ESP3 (AF068948), and ESP4 (AF068949). The 11 sequences forming
subtype A-O are encircled. Bootstrap resampling values (1,000 sets) .80% and .99% are indicated by one and two asterisks, respectively. All phylogenetic
relationships were determined and edited using the MEGA version 1.02 (28) and TreeView version 1.5.0 (42) programs, respectively. The distance between two
sequences in each tree is obtained by summing the length of the connecting branches, using the corresponding scale (in nucleotide substitutions per nucleotide [s/nt]).
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2.9 3 1022 s/nt (nucleotide diversity 5%) was calculated for the
proposed subtype A-O (Table 2). In contrast, the average point
mutation frequency is 7.8 3 1022 s/nt (nucleotide diversity,
9%) for pol sequences of those group O isolates not clustering
with subtype A-O. Intrasubtype A diversity in group O can be
compared with that of subtype B in group M (average point
mutation frequency of 2.7 3 1022 s/nt; divergence of 4.9%)
(Table 2). When comparing subtype B-M isolates with non-
subtype B isolates in group M, a mutation frequency of 6.5 3
1022 s/nt and a sequence divergence of 10.6% were observed.
Furthermore, the pairwise genetic distances between any
member of subtype A-O and the other group O isolates ranged
from 8.6 to 12.9% (average, 10.3%), similar to those genetic
distances for group M intersubtype comparisons (data not
shown). Together, these data suggest that the RT sequences of
11 group O isolates form a clade designated subtype A within
HIV-1 group O viruses, similar to those subtypes described for
group M viruses.

Finally, a 432-bp pol gene sequence fragment from the ear-
liest known HIV-1 group O isolate (HIV1T29) (25) was used
to construct a neighbor-joining phylogenetic tree with the 16
pol gene sequences available in the database (including the
three new isolates from this study). The HIV-1 group O Nor-
wegian isolate did not cluster with the subtype A-O viruses;
being placed with the more divergent sequences (data not
shown). However, the topology and cluster found in the former
tree construction (Fig. 1B) were retained and supported by 978
of 1,000 bootstrap trees (data not shown).

Deduced amino acid sequences of the RT from all group O
isolates and identification of drug-resistant genotypes over the
course of infection and treatment. The consensus RT amino
acid sequence of our four group O isolates was aligned with 12
HIV-1 group O sequences in the Los Alamos National Labo-
ratory Database (39) (Fig. 2). Several amino acid substitutions
are found scattered along the entire analyzed region. When
comparing the only six full RT sequences available (ESP1-4,
ANT70, and MVP5180), a higher degree of heterogeneity was
observed in the “connection” subdomain and RNase H domain
(residues 267 to 560) than in the DNA polymerase domain of
RT (3.1 3 1022 and 1.9 3 1022 substitutions per amino acid,
respectively). This observation is consistent with comparisons
of RT sequences from group M viruses (39).

As previously described (50), three amino acids (Gly-98,

Glu-179, and Cys-181) in the group O Spanish sequences have
been characterized in group M isolates as amino acid substi-
tutions conferring resistance to NNRTIs (36, 43) (Fig. 2).
Gly-98 and Glu-179 have been found in the RT regions of all
group O isolates (except the BCF13 isolate containing Lys-
179) (13, 50). In all average RT sequences analyzed, including
that of patient ESP4 treated with nucleoside analogs, there are
no substitutions commonly associated with nucleoside analog
resistance (Fig. 2). It is important to note that patient ESP2
had received antiretroviral therapy only after this sample
(ESP2/14) was obtained and used for these RT sequence
analyses.

In addition to the single ESP3 and ESP4 samples, we have
sequenced and analyzed the RT-coding regions of proviral
DNA from the untreated ESP1 and treated ESP2 patients in a
longitudinal study. The consensus nucleotide sequences encod-
ing amino acids 28 to 219 of RT were sequenced from PCR-
amplified pol gene products from the first sample (50) and
from 4-, 11-, and 19-month samples of patient ESP1 and from
the 4-, 11-, and 17-month samples of patient ESP2. As ex-
pected, a longitudinal analysis of the consensus RT-coding
region of all four samples of untreated ESP1 showed no sub-
stitutions conferring drug resistance (Fig. 3). However, an ala-
nine was found at position 75 in the sample ESP1/111. This
substitution has not been associated with loss of sensitivity
to any drug. However, only a single transition mutation
(G-2233A) is necessary for an A75T substitution, a reduced
genetic distance from the V75T substitution associated with
phenotypic resistance to ddI, 29-39dideoxycytidine (ddC), and
d4T in group M HIV-1 isolates (36). Patient ESP2, infected by
patient ESP1, initiated antiretroviral therapy 14 months after
HIV diagnosis (Table 1). No amino acid substitutions were
detected in the sample ESP2/14, i.e., prior to antiretroviral
therapy (Fig. 3). However, 7 months later (ESP2/111 sample,
2 months after the start of AZT 1 ddI therapy), five substitu-
tions were identified in this 192-amino-acid fragment (2.6%
sequence variation from that of ESP2/14), suggesting an ac-
celerated evolution to permit or compensate for the emer-
gence of subsequent drug-resistant substitutions in the RT.

In ESP2/111, the T215S substitution, resulting from an
A5623T nucleotide transition, appears to be an intermediate
of the T215Y substitution found in ESP2/117 (Fig. 3). In
patient ESP2, this AZT resistance substitution (T215Y) ap-

TABLE 2. Comparison of the genetic variability between the pol sequences of HIV-1 groups O and M

HIV-1 group, isolate,
source, and no.

Subtype
classification Regiona Mutation

frequencyb

% Nucleotide diversityc

Average 6 SD Range

O
4 Spanish isolates (this study) Total 1–560 1.1 3 1022 2.2 6 0.5 1.6–2.8

4.4 3 1022 7.8 6 2.8 1.4–12.9
16 isolates (13) (this study) Subtype A-O 1–264 2.9 3 1022 5.0 6 1.4 1.4–7.1

Non-subtype A-O 7.8 3 1022 9.0 6 1.5 5.7–12.9
Quasispecies (this study) 28–116 6.5 3 1023 1.1 6 0.6 0–2.4

M
Subtype B (49) Total 1–560 1.9 3 1022 3.5 6 0.7 0.8–5.4

5.0 3 1022 8.9 6 3.3 1.8–14.4
10 isolates (40) Subtype B 1–264 2.7 3 1022 4.9 6 1.1 1.8–4.1

Non-subtype B 6.5 3 1022 10.6 6 2.7 2.8–14.4
Quasispecies (41, 49) 41–108/181–219 7.9 3 1023 1.4 6 1.0 0–5.4

a Numbers correspond to codons in the RT. The full RT is 560 amino acids in length, while the polymerase domain spans codons 1 to 266.
b Mutation frequency is defined as the proportion of mutant positions relative to the consensus nucleotide sequence for each sample group; the frequencies have been

calculated by dividing the number of mutations (relative to the consensus) by the total number of nucleotides sequenced in the corresponding group.
c Corresponds to the average proportion of substituted nucleotides when pairs of sequences were compared by applying the Kimura two-parameter model (26).
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FIG. 2. Multiple alignment of amino acid sequences of the RT of 16 HIV-1 group O isolates. The top line corresponds to the group O consensus amino acid
sequence. Six full-length HIV-1 group O RT sequences, 3 from the database and 3 from this study, as well as 12 annotated RT sequences containing just the polymerase
domain, were used in this alignment. Only those amino acids that differ from the consensus are given. Dots indicate the same residues compared with the group O
consensus sequence, and plus signs denote synonymous substitutions in the RT polymerase domain. Residues involved in resistance to RT inhibitors (16, 36) are marked
at the top (∧), and some of them are numbered. The polymerase and RNase H domains (24) are boxed.
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pears after a switch at month 12 from an AZT plus ddI regi-
men to a d4T plus 3TC plus indinavir treatment regimen.
However, the appearance of an intermediate substitution,
T215S in ESP2/111, suggests that the T215Y change emerged
prior to the switch in treatment strategies and remained in the
virus population for another 5 to 6 months in the absence of
AZT pressure. Interestingly, the M184V substitution, associ-
ated with resistance to 3TC and cross-resistance to ddC and
ddI, did appear after 5 months of d4T 1 3TC 1 indinavir
therapy (ESP2/117) (Fig. 3). Many factors, including poor
adherence to the treatment regimen, poor drug tolerance,
and/or high viral loads at the start of therapy, may have con-
tributed to the rapid emergence of the M184V substitution. In
contrast to the appearance of drug resistance mutations, the
Gly at position 98, highly conserved among all group O isolates
previously described (13, 50) and associated with NNRTI re-
sistance (36), had reverted to Glu in sample ESP2/117 (Fig. 3).
Finally, a stop codon at position 88 was found in this sample,
altering the open reading frame, the significance of which will
be discussed later.

pol gene quasispecies evolution as determined by HTA and
cloning-sequence analysis. More or less sequence heterogene-
ity can be distinguished by HTA via the number of mismatches
between the probe and the test sequences, resulting in slower
or faster electrophoretic migration, respectively (11, 12). Pre-
vious applications of HTA employed HIV-1 PCR products
from the long terminal repeat (37) and the env gene (9, 11, 12).
Although never applied to pol gene studies, HTA is an appro-
priate qualitative assay to study heterogeneity in the RT-cod-
ing region of HIV-infected patients treated with nucleoside
analogs or NNRTI, i.e., drugs that affect RT evolution. There-
fore, we decided to use the full HIV-1 RT-coding region for
HTA and qualitative variability studies. A 1,680-bp fragment
of the pol gene was PCR amplified directly from DNA extracts
of patient PBMCs. Products of three different PCR amplifica-
tions of the same sample were mixed to prevent overrepresen-
tation of single isolates. Clones were then generated by ligation
of the PCR-amplified RT region into the pRT6 vector (50).
The ESP1/0 RT clone (50) of the earliest group O Spanish

isolate was used as a template to generate a 32P-labeled probe
for HTA.

HTA was then applied to compare the genetic diversity in
the average PCR-amplified products and that between 10 in-
dividual clones from each patient sample (Table 1). Figure 4A
shows the heteroduplexes of probe DNA with average RT
fragments of each sample. Even though we did not observe a
clear range of heteroduplexes using the average PCR product
of one sample, the genetic distances between a particular sam-
ple and ESP1/0 as determined by sequence analysis correlated
with the actual migration distance of that sample DNA hybrid-
ized to the ESP1/0 probe DNA (data not shown). A hetero-
duplex mobility ratio (see Materials and Methods) correcting
for any inaccuracies due to electrophoresis was used for com-
parison of the sequence diversity between RT clones from each
patient sample. Figure 4B shows a plot of mobility ratios for all
clones of each analyzed sample. The distribution of dots
(clones) represents the pol sequence heterogeneity within the
corresponding sample and is proportional to the complexity of
quasispecies. The RT clones of patient ESP1 showed a more
consistent distribution of heteroduplexes at 4, 11, and 19
months. In patient ESP2, the diversity of pol sequence quasi-
species appears to increase after the initiation of triple-drug
combination therapy (sample ESP2/111), compared to a more
restricted heterogeneity in clones of sample ESP2/117 (Fig.
4B). In sample ESP2/117, pol sequence heterogeneity may be
biased by those variants harboring drug resistance substitutions
(M184V and T215Y), resulting in a narrower distribution of
quasispecies. Interestingly, HTA revealed that samples ESP3
and ESP4 contained a wider distribution of pol gene quasispe-
cies than in those of patients ESP1 and ESP2 at any sample
time.

Although HTA provides a qualitative assessment of hetero-
geneity and a relative measure of sequence diversity, it cannot
define the direction of quasispecies evolution or indicate spe-
cific substitutions responsible for this heterogeneity. Thus, to
corroborate HTA analyses and to investigate specific amino
acid changes, we have sequenced a 267-bp fragment of RT
(amino acids 28 to 116) from each clone analyzed by HTA. The

FIG. 3. Amino acid sequence alignment of an RT fragment from sequential samples of two HIV-1 group O-infected individuals. A fragment of 192 amino acids
(spanning codons 28 to 219) from two sets of longitudinal samples (ESP1 and ESP2) is shown. The top line is the consensus amino acid sequence from the first group
O pol sequence described in Spain (ESP1/0) (50) and corresponds with time zero for the longitudinal samples. Symbols are described in the legend to Fig. 2. Those
residues involved in resistance to RT inhibitors (16) for which amino acid substitutions were found are numbered. Boxes enclose the sequences from longitudinal
samples.
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nucleotide sequences of the 10 clones from each viral sample
are shown in Fig. 5. Mutation frequencies of the quasispecies
in each sample were directly related to the distribution of
heteroduplexes with HTA (r2 5 0.929; Fig. 4C). Quasispecies
in samples ESP1/14, 111, and 1/19 had a point mutation
frequency of 3.7 3 1023, 5.6 3 1023, and 5.9 3 1023 s/nt,
respectively. These mutation frequencies are comparable to
those previously described for the pol gene of HIV-1 group M
samples isolated from untreated patients (Table 2) (41, 49). In
support of earlier qualitative analyses by HTA, we did observe
a modest twofold decrease in mutation frequency from sample
ESP2/111 (7.9 3 1023 s/nt) to sample ESP2/117 (3.4 3 1023

s/nt) or after the initiation of triple-drug therapy. This differ-
ence can also be seen in Fig. 4C in which the distribution of
quasispecies by HTA or sequence analysis for sample ESP2/
117 falls below sample ESP2/111 on the curve. Higher point
mutation frequencies, as inferred by HTA, were obtained for
ESP3 (1.3 3 1022 s/nt) and ESP4 (1.0 3 1022 s/nt).

In the more homogeneous quasispecies of the untreated
patient ESP1, one clone (ESP1/111.2, Fig. 5) contained a
T2313A mutation resulting in an F77L substitution (black
boxed nucleotide in Fig. 5), one of five substitutions associated
with multiple nucleoside analog resistance (54). Nine of 10

ESP1/111 clones (Fig. 5) and the consensus sequence (Fig. 3)
had a T2243C mutation generating the V75A substitution.
This mutation may affect deoxynucleoside triphosphate bind-
ing or inhibition by ddI, ddC, and d4T (36), considering that
the V75T substitution may confer resistance to these nucleo-
side analogs. As described previously for group M viruses (40),
substitutions conferring resistance to antiretroviral agents can
also be found in group O isolates from patients exposed to
unrelated RT inhibitors. Two of the RT clones of patient
sample ESP2/111 have amino acid substitutions associated
with NNRTI resistance (solid boxed nucleotide in Fig. 5), e.g.,
clone ESP2/111.6 contains a A3013G mutation corresponding
to the K101E substitution, while clone ESP2/111.7 had a
G3163A mutation resulting in a V106I substitution (Fig. 5). As
predicted by the average RT sequence of sample ESP2/117,
the G98E substitution was identified in all clones of this sam-
ple, suggesting a possible reversion in an NNRTI-resistant
mutation, present on the RT-coding region of all reported
group O isolates. In spite of a broad distribution of quasispe-
cies in samples ESP3 and ESP4, only clones ESP3.3 and
ESP4.1 had the substitution V75A, which was even remotely
associated with a nucleoside analog-resistant phenotype (see
above). Amber stop codons were identified in one clone of

FIG. 4. HTA of eight HIV-1 group O samples from Spain. A 1,680-bp fragment corresponding to full-length encoding RT sequences was analyzed by HTA. (A)
A comparison of quasispecies diversity in eight average sequences (Table 1) using HTA. PCR-amplified pol gene products from samples were hybridized to the probe,
a PCR-amplified 32P-labeled clone, separated on a nondenaturing polyacrylamide gel, and then autoradiographed as described in Materials and Methods. Samples
corresponding to those described in Table 1 are indicated above each lane. The lane labeled PROBE contains only PCR-amplified, radiolabeled probe DNA in the
heteroduplex reaction. ssDNA and HE designate the single-stranded probe DNA and heteroduplexes, respectively. (B) Mobility ratios calculated by dividing the
migration distance of each heteroduplex band by the migration distance of the single-stranded probe were plotted for each HTA performed on the 10 clones of each
sample. The distribution of dots represents the relative heterogeneity of quasispecies in each sample. (C) Comparison between the heterogeneity of quasispecies
inferred by HTA for each sample and those calculated by sequencing the corresponding set of clones. Mobility ratio ranges (in millimeters) of the heteroduplexes from
each group of 10 clones were plotted against the point mutation frequency (in substitutions per nucleotide). Frequencies were obtained by sequencing a 267-bp
fragment, RT codons 28 to 116, from each individual genomic clone of the corresponding group (see Fig. 5) and were calculated as described in footnote b of Table
2. A coefficient of regression was obtained (r2 5 0.929), with a 99% degree of confidence.
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FIG. 5. Mutant spectra of pol gene quasispecies in samples from the longitudinal study and the other two HIV-1 group O isolates. Nucleotide sequences (positions
82 to 348, encoding amino acids 28 to 116 of the RT) of clones from each sample are boxed. The uppermost sequence corresponds with the sample used as reference
(ESP1/0). The nucleotide sequence at the top of each box represents the consensus nucleotides (determined experimentally by the direct sequencing of the average
uncloned PCR product) for each sample. Only those nucleotides that differ from the ESP1/0 sequence are indicated. The mutant spectrum of each quasispecies is
represented by the number of mutations from the corresponding consensus sequence. Triplets encoding residues involved in resistance to RT inhibitors (16) are
numbered and marked (∧) above the ESP1/0 sequence. Shaded and solid boxes designate nucleotide mutations encoding amino acid substitutions associated with
resistance to NNRTIs or nucleoside analogs, respectively. Encircled nucleotides are those mutations leading to stop codons in the pol gene.
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FIG. 5—Continued.
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several samples (i.e., clones ESP1/119.1, ESP2/111.3, ESP2/
111.5, and ESP3.7) (circled nucleotides in Fig. 5). However,
all clones of sample ESP2/117 as well as the consensus RT
sequence contained a G2633A mutation, resulting a prema-
ture amber stop codon at amino acid position 88. Although this
result suggests that sample ESP2/117 contained RT-deficient
uninfectious virus, it is important to note that a minor popu-
lation of infected cells producing infectious virus may not be
represented in this set of clones.

Finally, a phylogenetic tree was constructed using average
sequences of the 576-bp pol fragment of the ESP1 and ESP2
longitudinal samples as well as those of ESP3 and ESP4. Av-
erage sequences from the ESP2 isolate at times 4, 11, and 17
months show a directional evolution gradually diverging from
that of the ESP1/0 virus and supported by bootstrap analyses
(Fig. 6A). In contrast, the average pol sequences of ESP1
isolates over this same time period displayed an unpredictable
pattern of evolution (Fig. 6A). These data on average sequence
analyses were compared to the phylogenetic relationships
among the 80 clones from these Spanish isolates (Fig. 6B).
ESP2 clones showed the same directional evolution as the
average sequences of ESP2 (Fig. 6A), while ESP1 clones were
grouped in the center of the tree, with a poorer statistical
robustness. The eight different clusters of clones corresponding
to the sample of origin (except clone ESP2/111.5) (Fig. 6B)
had an average branch length proportional to the heterogene-
ity determined by both sequence analysis and HTA (Fig. 4C).

DISCUSSION

The discovery of two distinct HIV-1 lineages, groups M and
O, suggests an origin from two different zoonotic infections by
the same primate retrovirus (27, 38, 58). Even though most
group O strains originate from Central Africa (10, 19, 58),
HIV-1 group O infections have been reported as early as 1960
(25) and from three different continents (5, 7, 21, 30, 55),

suggesting a wider distribution of group O than of many sub-
types of HIV-1 group M. Similar to results of many studies of
group M isolates, most genotypic and phylogenetic descrip-
tions of group O virus are based on sequences from the gag and
env genes (4, 7, 20, 23, 27, 30, 34, 35), with less emphasis on the
pol gene (13, 50). The relatively conserved pol gene (39) dis-
plays only two- to threefold lower variability than the env gene
(49) and can be used to reconstruct the same phylogenetic
relationships for different HIV-1 group M isolates as deter-
mined by analysis of the gag or env genes (1, 48, 53, 56).

The lack of subtype definition for group O strains is due to
the limited number and/or length of group O sequences de-
scribed for any gene (27). Our study has provided the nucleo-
tide sequences of the complete RT-coding region (1,680 bp) of
the pol gene from three new HIV-1 group O isolates. A phy-
logenetic study of six RT-coding sequences of group O viruses,
four from Spain (50, this study) and two from Cameroon (10,
19), showed a cluster of five of six isolates. Using a smaller RT
fragment (792 bp) for this phylogenetic analysis, we were able
to both confirm this subtyping and further define a statistically
significant cluster (11 of 16 isolates) in the same phylogenetic
position and with a genetic diversity similar to that described
for the subdivision of the pol gene into group M subtypes (39,
49). Previous phylogenetic studies of gag, pol, and env se-
quences from a subset of these group O isolates (4, 13, 30, 35)
and recent env genotypic analyses of the new HIV-1 group O
isolates (34a) further support the subdivision of group O in at
least two collections of sequences. Based on these analyses,
this cluster is now designated subtype A in group O (or clade
A-O).

As a consequence of significant sequence diversity (24 to
49%) (19, 30, 58), groups M and O differ at genotypic sites,
influencing phenotypic characteristics of HIV-1 replication
and structure. For example, most if not all HIV-1 group O
isolates contain the genetic information encoding resistance to
several NNRTIs (13, 14, 50), suggesting that these drugs may

FIG. 6. Phylogenetic relationships among eight HIV-1 group O Spanish samples. (A) Consensus 576-bp fragments encoding amino acids 28 to 219 of the RT (Fig.
3) were utilized to construct a neighbor-joining tree as described in Materials and Methods. Enclosed are the longitudinal samples corresponding to the related viruses
(ESP1 and ESP2). (B) A phylogenetic tree was constructed from a 267-bp fragment (codons 28 to 116) in the RT-coding region of 80 individual clones from these eight
samples. Each set of quasispecies is encircled. Bootstrap resampling percentage values (1,000 sets) are indicated.
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not be effective in HIV-1 group O-infected individuals. Our
first objective was the identification of any drug-resistant ge-
notypes in pol gene quasispecies and in the average pol se-
quences, in the absence of treatment with the related antiret-
roviral drug. These Spanish group O isolates contained RT
amino acids Gly-98, Glu-179, and Cys-181, thought to confer
NNRTI resistance in group M viruses. Interestingly, the ESP2
patient receiving antiretroviral treatment lost the glycine at
position 98 (highly conserved residue in all characterized
group O isolates (references 13 and 50 and this study) to a
glutamate in RT at 17 months, perhaps to compensate for the
drug-resistant substitutions M184V and T215Y. An A98G sub-
stitution in group M isolates confers resistance to nevirapine,
pyridinones, and thiocarboxanilides (16, 36). Finally, some in-
dividual clones from ESP1 and ESP2 patients contained sub-
stitutions (K101E and V106I) associated with NNRTI resis-
tance or nucleoside analog resistance (F77V) (16, 36)
previously unidentified in group O viruses. As described in
earlier studies with group M viruses (40), the findings pre-
sented herein prove that drug-resistant substitutions arise in a
portion of evolving group O quasispecies in the absence of
drug pressure.

Using the same samples from this infected couple, we also
screened for the appearance of nucleoside analog-resistant
substitutions related to therapy. Over 20 months, virus from
the untreated patient ESP1 developed few amino acid substi-
tutions in the consensus pol sequence, none associated with
antiretroviral drug resistance. However, two drug-resistant
substitutions (M184V and T215Y) were identified at month 17
in viral sequences from patient ESP2. These results suggest
that treatment with AZT and 3TC (in different regimens)
could select for the same RT substitutions, T215Y and M184V,
respectively, in group O viruses as those found in AZT- or
3TC-resistant group M viruses. However, the emergence of the
M184V substitution in group M virus may reverse the AZT
resistance conferred by the T215Y substitution (29). Consid-
ering that (i) the T215Y substitution may not confer resistance
in the presence of the M184V substitution and (ii) most drug-
resistant substitutions should revert to the wild type in the
absence of drug pressure (8), it is surprising that a T215Y
substitution was found in the consensus sequence and in all RT
clones (data not shown) 5 months after patient ESP2 had
switched from an AZT 1 ddI to a d4T 1 3TC 1 indinavir
treatment regimen. This situation is not unprecedented in
group M infections (3, 18, 29) but does occur with a frequency
low enough to suggest that the T215Y substitution in the pres-
ence of valine at position 184 may be more stable in the group
O virus. Any verification of these hypotheses and observations
would require the study of several HIV-1 group O-infected
individuals treated with antiretroviral drugs. Unfortunately,
the difficulties of identifying HIV-1 group O infections and the
current lack of therapy for even HIV-1 group M infections in
the areas where these viruses are most prevalent (e.g., Cam-
eroon) imply that extensive studies of the treatment of HIV-1
group O-infected patients is nearly impossible. Finally, a sub-
stitution leading to an amber stop codon at position 88 was
found in the consensus pol sequence and in all clones of patient
ESP2 at 17 months. We were unable to obtain plasma samples
from these patients to screen for this premature stop codon or
other substitutions in the RT-coding region of HIV-1 RNA in
plasma. However, this stop codon was not found in the con-
sensus RT sequence of a subsequent sample (22 months)
(34a).

Genetic variability in a defined genomic region (i.e., RT-
coding region) may be influenced by the viability of specific
nucleotide mutations and by specific host-environmental fac-

tors such as the immune response (15). In the absence of
treatment, pol gene quasispecies of patient ESP1 may have
evolved to increase viral fitness and/or to avoid the host im-
mune response (e.g., a cell-mediated cytotoxic CD81 T-cell
response). However, the evolution of the RT-coding region
appears to be erratic, without a clear pattern of development,
perhaps owing to an adaptation in other genomic regions (i.e.,
in the env gene) or a weak immune pressure on pol gene
products. In approximately the same period of time, a dispar-
ate evolution in pol gene quasispecies was observed in patient
ESP2, infected by patient ESP1. Differences in virulence of the
infecting strain and/or a weaker immune response may explain
the rapid development of clinical symptoms in patient ESP2.
Despite a decrease in viral load after the initiation of antiret-
roviral therapy, the pol gene quasispecies continued to expand
in patient ESP2, suggesting that this directed evolution was not
due to nonspecific convergent evolution by the drug-mediated
reduction in viral loads as previously described by others (45).
This expansion likely contributed to the subsequent emergence
of drug-resistant substitutions. The switch in therapy would
have imposed new restrictions on the selection of quasispecies
with decreased viral fitness (15). However, alternating thera-
pies may also maintain a pressure for the development of
drug-resistant and compensatory mutations and prevent the
appearance of nonspecific substitutions found in the absence
of therapy.

We did observe a directed evolution in the consensus pol
gene sequence from patient ESP2 over the course of therapy
but a more random evolution in the untreated ESP1 patient.
Statistically significant clusters of all RT clones from each
ESP2 sample followed this same directed evolution. In con-
trast, a lack of statistical robustness was found for the clusters
of sample clones from the untreated ESP1 patient. These re-
sults were derived from both heteroduplex tracking and se-
quence analysis of the pol gene contained in specific clones or
the average PCR-amplified products. Interestingly, the small
differences in heteroduplex migration with all clones corre-
lated directly with the calculated nucleotide sequence diversity
among the same clones. A direct relationship between hetero-
duplex migration in an HTA and sequence analysis supports
the use of HTA over sequencing for a rapid assessment of
quasispecies diversity.

In conclusion, we have identified in pol gene quasispecies of
group O viruses several substitutions associated with drug re-
sistance in the absence of the corresponding inhibitor. Even
with similar point mutation frequencies and inter- and intrapa-
tient divergence, HIV-1 group O viruses have an advantage
over the group M strains in that they are naturally resistant to
NNRTIs. In addition to this intrinsic resistance shared with
HIV-2 and all other retroviruses, treatment of an HIV-1 group
O infection resulted in directed evolution in the pol gene as
well as the emergence of specific drug-resistant substitutions.
A slow but continuous worldwide spread of HIV-1 group O,
difficulties in its detection, and its potential resistance to some
antiretroviral drugs provides a strong justification for these
analyses and subsequent studies of the evolution of HIV-1
group O.
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