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Naturally occurring mutations in the polymerase gene of human immunodeficiency virus type 1 (HIV-1) have
important implications for therapy and the outcome of clinical studies. Using 42 virus isolates obtained from
the UNAIDS sample collection, we analyzed the protease (99 amino acids [aa]) and the first 297 aa of reverse
transcriptase (RT) coding regions. Based on the V3 sequence analysis, the collection includes subtype A (n 5
5), subtype B (n 5 12), subtype C (n 5 1), subtype D (n 5 11), and subtype E (n 5 13) viruses. Of the 42
protease genes, 37 contained naturally occurring mutations at positions in the gene that contribute to
resistance to protease inhibitors (indinavir, saquinavir, ritonavir, and nelfinavir) in clade B isolates. The
phenotypic effect of these substitutions in non-B isolates is unclear. The 5*half RT coding region of the 42
isolates was found to be less variable, although 19 of the 42 RT sequences contained amino acid substitutions
known to contribute to nucleoside and/or nonnucleoside drug resistance. Since the virus isolates were obtained
in 1992, it is unlikely that the infected subjects received protease inhibitors, but we found evidence that one
subject acquired a zidovudine (AZT)-resistant HIV-1 strain from a contact who had received AZT. Phylogenetic
analysis identified five subtype pol clusters: A, B, C, D, and A*. Comparison of env and pol sequences of the same
viruses showed no more recombination events than were already identified on the basis of gag/env comparison
(M. Cornelissen, G. Kampinga, F. Zorgdrager, J. Goudsmit, and the UNAIDS Network for HIV Isolation and
Characterization, J. Virol. 70:8209–8212, 1996). In one of the known recombinants, a crossover site between
subtypes A and C could be identified, and in another, a crossover site could not be identified due to lack of a
reference subtype F pol sequence. We analyzed the ds/da ratio of gag, pol, and env sequences of 35 isolates,
excluding the recombinants. Our analysis showed that gag and pol are subjected to purifying selection with an
average ds/da ratio above 1, independent of the subtype and in contrast with V3 (ds/da ' 1). Based on the low
ds/da ratio of the intergroup analysis of A/E and B/D gag and pol sequences, we analyzed the evolutionary
relation between subtypes B and D in more detail by constructing separate phylogenetic trees for synonymous
and nonsynonymous substitutions. Our analysis suggests a common ancestry for subtypes B and D that is
distinct from that of subtypes A and E.

Human immunodeficiency virus type 1 (HIV-1) causes
AIDS in epidemic waves on all continents. Several factors are
known to contribute to the generation of new virus variants
and to influence the speed with which these viruses evolve.
One is the error-prone nature of the viral reverse transcriptase
(RT), which lacks proofreading functions, resulting in nucleo-
tide substitutions, deletions, and insertions. A rate of 3.4 3
1025 misincorporation per replication cycle in vivo has been
suggested (30). A second factor is the high rate of virus pro-
duction (up to 1010 virions per day) and the large number of
replication cycles (approximately 300 per year) that sustains
HIV-1 infection in vivo (6, 15, 44). The third and most impor-
tant factor is the rapid selection for viruses of distinct fitness
due to immune pressure, coreceptor selection, and/or effective
antiviral drugs (44). Recently, recombination has been de-

scribed as a fourth factor that contributes significantly to
HIV-1 diversity (9, 11, 12, 41, 42).

Recombination is a fundamental property of retroviruses
because of their dimeric RNA genome and an RT that can
switch between templates during proviral DNA synthesis (5,
17, 18). However, the finding of coinfection or superinfection
with multiple HIV-1 strains is rare, despite clear evidence of
intersubtype recombination (19). Analysis of sequences sub-
mitted to the HIV-1 database indicates that recombination
occurs more frequently than was previously assumed. Among
the 114 published sequences of viruses, at least 10 virus ge-
nomes appear to be recombinants with recombinations in the
gag and/or env sequences (41). Using the UNAIDS sample
collection, a repository for HIV strains of four World Health
Organization WHO-sponsored sites for HIV vaccine efficacy
trials, we found an even higher proportion of mosaic HIV-1
genomes (9). In this study, 23 of 53 isolates are intersubtype
recombinants. Of these 23 recombinants, 19 had a gag gene
fragment from one subtype and an env fragment from another
(Benv/Cgag, Aenv/Cgag, Denv/Agag, and Eenv/Agag). In the remain-
ing four recombinant viruses, crossover sites in gag are identi-
fied. Among these intersubtype recombinants are 15 env-
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defined subtype E viruses, which are prevalent in Thailand.
Thai subtype E viruses are highly related to each other, pre-
sumably reflecting a founder effect (31, 36). Phylogenetic anal-
ysis clustered the Thai gag sequences as an outgroup of subtype
A, suggesting that these viruses may belong to a distinct A9
cluster (9).

The full-length proviral “subtype E” virus sequence shows at
least eight points of recombination crossover (13). Most of the
long terminal repeat, a portion of env which encodes gp120 and
the extracellular domain of gp41, and the 39 half of nef are
comprised of subtype E. The remainder of the genome, includ-
ing all of gag and pol, vpu, and both exons of tat and rev, are
derived from subtype A.

Currently, few sequence data are available for the polymer-
ase (protease and RT) genes of different subtypes, which is
surprising since RT and protease (Prot) are the most impor-
tant targets of antiretroviral therapy. However, multiple mu-
tations in the pol (prot and RT) gene that confer drug resis-
tance in a subtype B background have been mapped (3, 4, 7, 25,
34, 39). By 1985, Mitsuya et al. (32) had already shown that
zidovudine (AZT) inhibits HIV replication. Subsequently, the
antiretroviral effect of the drug was shown in patients, and
resistant isolates were obtained. New dideoxynucleotide and
nonnucleoside analogs were later developed, and specific re-
sistant mutations in RT were identified. Since 1995, Prot in-
hibitors have entered clinical studies. Analysis of viral isolates
grown in cell culture and isolates from treated infected patients
have demonstrated that approximately 20 of the 99 amino
acids (aa) of Prot can undergo mutations when selection is
applied by various Prot inhibitors (8). The prevalence in drug-
naive patients of resistant mutations of subtype B have been
described for the prot and RT genes (23, 26, 33, 35).

In this study, we present sequence analyses of a part of the
pol gene, which codes for the entire Prot and half of RT, of
viruses isolates from Africa (Rwanda and Uganda), South
America (Brazil), and Asia (Thailand).

MATERIALS AND METHODS

Samples. Infectious virus stock and homologous plasma samples were col-
lected by the World Health Organization (WHO, now named UNAIDS) net-
work for isolation and characterization of HIV. Blood samples were collected
from 53 HIV-1-infected individuals in primary sites in Brazil, Rwanda, Thailand,
and Uganda. Virus stocks were produced by cocultivation of 5 3 105 patient
peripheral blood mononuclear cells with 12 3 106 phytohemagglutinin-stimu-
lated donor peripheral blood mononuclear cells. p24 antigen and/or RT assays
were used to monitor virus replication. The culture incubations were terminated
when positive, and culture supernatant was filtered, divided into aliquots, and
frozen in liquid nitrogen. Due to insufficient aliquots of plasma samples, we used
the frozen virus supernatant stock for this study. In total, 42 virus stocks were
analyzed: 13 from Brazil, 12 from Uganda, 13 from Thailand, and 4 from
Rwanda. The samples are listed according to WHO/UNAIDS nomenclature,
denoting the year of isolation, the country of origin (two-letter code), and the
isolate number (see Table 1) (22).

PCR. Nucleic acids were isolated by the procedure described by Boom et al.
(2). A 5-ml sample of virus supernatant stock was added to lysis buffer containing
guanidine thiocyanate, Triton X-100, and EDTA. Under such high-salt condi-
tions, nucleic acids bind to silicon dioxide particles, which act as the solid phase.
After washing and elution from the solid phase with 60 ml of sterile H2O, 10 ml
of the eluate was used in a reverse transcription reaction with the antisense
primer 39half RT (59TGACCCATCAAAAGACTTAATAGCAGAAATA,
HxB2 positions 3505 to 3535). The buffers, avian myeloblastosis virus RT units,
and incubation time were identical to those described previously (10). After
incubation for 45 min at 42°C, we added a PCR mixture containing the sense
primer 59Prot FM (59CAAGGGAAGGCCAGGGAATTT, HxB2 positions 2111
to 2130), PCR buffer, deoxynucleoside triphosphates, 2.5 mM MgCl2, and 2 U of
Taq polymerase (Perkin-Elmer Cetus). After incubation for 5 min at 95°C, the
reaction mixture was subjected to 35 cycles of amplification in a type 480 DNA
thermal cycleg (Perkin-Elmer Cetus). The cycling profiles were 95°C for 1 min,
55°C for 1 min, and 72°C for 2 min. A nested PCR was performed to obtain
enough material for direct sequencing. Besides, the first PCR product of 1,424 bp
was too large to sequence at once. Three nested PCRs were designed, named
fragments A, B, and C, with overlapping sequences. One-twentieth of the first

PCR product was amplified for 25 cycles with the sense primer 59SP6-prot/RT
(59CTTTAACTTCCCTCAGATCACT, HxB2 positions 2242 to 2263) and the
antisense primer 39T7prot (59CCTATTGAAACTGTACCAGTA, HxB2 posi-
tions 2558 to 2578) to generate a 336-bp fragment. Designated fragment A, it
contained the encoding information for the entire Prot (99 aa) and the Prot/RT
proteolytic cleavage site. Fragment B, a 543-bp fragment, was generated with the
sense primer 59SP6 P66/out (59GACCTACACCTGTCAACATAAT, HxB2 po-
sitions 2484 to 2505) and the antisense primer 39end protT7 (59TGGAAAG
GATCACCAGCAATATT, HxB2 positions 3005 to 3027) and had a 94-bp
overlap with fragment A. Fragment C, a 487-bp fragment, was generated with the
sense primer 59SP6 P66 (59AGATATCAGTACAATGTGTT, HxB2 positions
2975 to 2994) and the antisense primer 39half Pol (59AAGCAGAG
CTAGAACTGGCAGA, HxB2 positions 3441 to 3462). This fragment had a
52-bp sequence overlap with fragment B. All three nested PCRs worked with a
final 2.4 mM MgCl2 concentration. The presence of amplified material was
verified by electrophoresis on 1% agarose gels stained with ethidium bromide.

DNA sequencing. The PCR fragments were directly sequenced on both
strands. The nested primer pairs were extended with an SP6 primer sequence
(59GATTTAGGTGACATATAG) for the sense primers and with a T7 sequence
(59TAATACGACTCACTATAGGG) for the antisense primers to enable direct
sequencing with universal primers. Sequencing was performed with Taq dye
primers (Applied Biosystems, Foster City, Calif.) and the Thermo Sequenase
fluorescence-labelled primer cycle-sequencing kit (Amersham International plc,
Litle Chalfont, England). The sequence products were analyzed on an automatic
sequencer (Applied Biosystems DNA sequencer model 370A and 373A stretch).
In total, 1,176 nucleotides (nt), encoding 392 aa, were sequenced, including 297
aa of RT and 95 aa of Prot (the first 4 aa of Prot were part of the 59 nested sense
primer). This sequencing method allowed the accurate identification of the
nucleotide sequence, but when a polymorphic nucleotide position was illegible,
an X was introduced in the nucleotide sequence. In the amino acid sequence, a
polymorphic position is marked with an exclamation point. The direct sequence
of sample RW08 fragment C was illegible, and this PCR product was cloned into
a TA cloning system (Invitrogen, San Diego, Calif.). Six colonies were se-
quenced, and a consensus sequence was derived. The consensus was the majority
consensus containing at each position the nucleotide that occurred most fre-
quently in the clonal sequences.

Alignment of the sequence was straightforward and was performed manually.
Synonymous and nonsynonymous nucleotide p distances (ds and da, respectively)
were calculated with the MEGA program (24). All statistical calculations were
done with SPSS/PC1 software (version 5.0; SPSS Inc., Chicago, Ill.). Phyloge-
netic analysis of all sequences was done by the neighbor-joining method as
implemented in the MEGA program (24). The distance matrix was generated by
Kimura’s two-parameter model (21). The statistical strength of the neighbor-
joining method was assessed by bootstrap resampling (1,000 data sets).

Nucleotide sequence accession numbers. The pol sequences reported in this
study have been assigned GenBank accession no. AF009369 to AF009410. The
gag (9) sequences were given accession no. U86530 to U86581. For the env
sequences see reference 10. These sequences were used to examine the evolu-
tionary relationship among different phylogenetic trees.

RESULTS

Protease gene. To extend our recombination study of the
UNAIDS collection virus set, we sequenced the prot (encoding
a 99-aa sequence) and RT (encoding a 297-aa sequence) genes
of 42 viruses, including 13 subtype E viruses. Figure 1A shows
the deduced amino acid sequences of the prot gene. The first 4
aa, PQIT, are part of the 59 sequence primer and are excluded
from the figure. The sequences are aligned against a consensus
derived by assigning to each position the amino acid most
frequently found in the individual isolates. For the entire data
set, the amino acids that define the cleavage sites at either end
of the protein are absolutely conserved. Only the prot coding
domain is shown in Fig. 1A, but the amino acids immediately
downstream of the cleavage site that release the mature Prot
are similarly conserved (Fig. 1B). Also conserved in all sub-
types are the sensitive domains identified by Loeb et al. (28),
including the DTGA, active-site triad characteristic of aspartic
proteases (positions 22 to 33), the flap region (positions 47 to
52), and the hydrophobic core of the molecule (positions 74 to
84).

Articles reporting the prevalence of mutations in HIV-1
isolates from individuals untreated with protease inhibitors
described the presence of resistance-associated mutations in
subtype B isolates (1, 23, 26). Here we examine the pol se-
quences for naturally occurring amino acid changes that are
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known to contribute to drug resistance in subtype B isolates.
The phenotypic significance of these mutations in isolates
other than subtype B isolates is uncertain. Five of the previ-
ously described amino acid changes (L10F/I, K20R, M36I,

L63P, and V77I) observed within the enzymes that are known
to contribute to drug resistance (asterisks in Fig. 1A) were
found to occur as natural polymorphisms in isolates of Prot-
inhibitor-naive patients. These latter substitutions are not at

FIG. 1. Deduced amino acid sequences of the Prot (99 aa) and 59half of RT (297 aa). Each individual sequence is aligned against a consensus, which is derived by
assigning to each position the deduced amino acid most frequently found. Dashes indicate identity with the consensus; exclamation points indicate positions where the
direct sequences analysis showed polymorphism; asterisks indicate positions in the gene associated with drug resistance. The samples are listed according to subtype,
which is denoted after the sample name. (A) Prot sequence. The first 4 aa, PQIT, are part of the 59 sequence primer and are excluded from this alignment. (B) RT
aa sequence starting with position 1, proline.
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the critical positions in mediating the expression of virus re-
sistance. These polymorphisms are more likely to play com-
pensatory roles that permit the accommodation of mutations
that directly affect resistance. L10I contributes to indinavir and
saquinavir resistance, K20R contributes to indinavir and
ritonavir resistance, M36I contributes to ritonavir and nelfina-
vir resistance, L63P contributes to indinavir resistance, and
V77I contributes to nelfinavir resistance. Besides the amino
acid substitutions known to contribute to resistance, a few
unusual substitutions were observed: L10F, K20I, and L63T/
Q/E. In eight isolates, at least two of the following polymor-
phisms were observed: TH09 and BR21 (M36I and L63P),
UG59 (K20I and M36I), BR23, UG38 and RW09 (K20R and
M36I), UG21 (M36I and L63T), and UG67 (L10I and M36I).
UG01 contained three of these polymorphisms (M36I, L63P,
and V77I). The M36I substitution, known to contribute to
ritonavir and nelfinavir resistance, was found in 30 of the 42
(71%) isolates examined. A Met at position 36 may represent
a subtype B specific substitution, since it was observed in 9 of
10 subtype B isolates but only in 3 of 32 non-B isolates. The
frequently observed amino acid polymorphism at position
L63P (23) also appeared more common in a subtype B back-
ground, appearing in 4 of 10 subtype B isolates compared with
2 of 32 non-B isolates.

RT gene. All RT genes show a full-length open reading
frame, with unique substitutions along the entire region com-
pared with the consensus sequence (Fig. 1B and B9). Some
substitutions can be classified as subtype specific amino acids,
e.g., 43E, 173I, and 238R for subtype A9; 35V for subtype B;
and 250 E for subtype D.

Crystallographic studies on RT have shown that mutations
affecting codons related to resistance to RT inhibitors are
clustered in two regions on RT (aa 41 to 75 on one side and 184
to 219 on the other site), suggesting that resistance could be
affected by altering interactions between RT and the template.

The mutation-affected codons related to resistance are marked
in Fig. 1B and B9. In two isolates, we observed mutations at
codon 215 that are related to AZT resistance. In BR19, amino
acid replacements D67N, T215D, and K219Q were found, and
in UG35, Thr was replaced by Ala at codon 215. The AZT
resistance properties of Asp and Ala at codon 215 is still
unknown, although an Asp was observed 20 months after se-
roconversion in the recipient of a conferred AZT-resistant-
transmission case (14). Additional mutations critical to the loss
of sensitivity to nonnucleoside analogs have also been identi-
fied. TH20 of subtype A9 and BR30 of subtype B showed
substitution V108I, which has been associated with resistance
to pyridinones. We found substitutions at other positions that
are critical for the loss of sensitivity to the nonnucleoside
analogs. At position 179, V179D is associated with resistance
to pyridinones, and we observed V179I in eight samples; all
subtype A9 pol sequences contained a K238R substitution in-
stead of the K238T, a mutation resistant for ateviridine
(BHAP), another nonnucleoside. One mutation, D187E, was
unexpected since it lies in the conserved YMDD motif thought
to form part of the active site of the RT polymerase domain.
Mutagenesis studies have shown that mutations at this site can
severely impair RT function (25). However, high-level resis-
tance to lamuvidine (3TC) has been documented to occur after
substitution of Val for Met in the YMDD motif. The D-to-E
substitution in isolate TH22 is a conserved amino acid substi-
tution, and because the virus grows very well, this substitution
is highly unlikely to change the viability.

Phylogenetic analyses. A primary objective of this study was
to extend our previous work (9) by analyzing the newly deter-
mined pol sequences for evidence of mosaicism generated by
intersubtype recombination (40, 41). Phylogenetic trees were
constructed from prot and half of the RT nucleotide sequences,
a total of 1,146 nt. Except for viruses of subtype B, sequence
information outside of the gag and env regions is extremely

FIG. 1—Continued.
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limited. Figure 2 shows the result of a phylogenetic analysis
including pol sequences derived from a subtype A strain
(U455), subtype D strain (Z2Z6), consensus B, and the re-
cently sequenced subtype C (C2220) (4). Importantly, this tree
depicts the overall topology previously obtained with the gag
sequences. Four sequence clusters that correspond to HIV-1
subtypes A, B, C, and D can be identified (bootstrap, .87%).

All 13 env E samples were very closely related and were
placed as an outgroup of subtype A. Phylogenetic analysis of
gag sequences of these isolates had shown an outgroup position
identical to subtype E env viruses. Based on that observation,
we suggested that subtype E gag and now pol sequences belong
to a distinct variant subtype A cluster, named A9.

Recombination can be detected when different genes, or
different regions within the same gene, are placed by phyloge-
netic analysis into different sequence subtypes or become an

outlier within the established subtypes. To investigate possible
recombination events for this set of pol sequences, neighbor-
joining trees based on various parts of pol sequences (e.g., the
prot and RT parts) were constructed. The prot tree had an
overall topology very similar to the topology of Fig. 2, with two
exceptions, BR24 and RW09 (data not shown). The gag gene
of BR24 was recently described as a mosaic of subtype B and
F. A crossover site was localized in the P17 part of the gag
gene. The RT gene appeared to be subtype B, but the prot gene
fell as outlier to subtype B. A more detailed analysis of the
BR24 pol sequence is not possible due to the limited reference
sequences available, especially for subtype F. Isolate RW09
was shown to be a mosaic of subtypes A and C for gag (9). The
RW09 prot sequence (285 nt) clustered with subtype A, while
the RT part and the total sequence appeared to be subtype C
(data not shown). Breakpoints between genomic regions can
be identified by a method adapted from the work of Robertson
et al. (40). This uses four sequences at a time, i.e., the putative
recombinant sequence, the consensus of the two putative sub-
type parents, and an outgroup. Consensus pol sequences for
several different subtypes are not available. To investigate
RW09, we used BR25 as a parental sequence of subtype C.
The other parental sequence, consensus A, was made from the
subtype A classified pol sequences determined in this study. Of
course, the RW09 pol sequence was not included in the con-
sensus A sequence. A crossover site was identified (P ,0.001
[chi-square test]) between nt 414 and 464, counting the first
encoding nucleotide of prot as nt 1. The other five gag recom-
binant isolates were examined by the same method and yielded
no evidence for additional recombination events in the pol
sequence of these isolates. All phylogenetic and breakpoint
analyses are summarized in Table 1.

Synonymous versus nonsynonymous substitutions. Many
molecular evolutionary analyses rely on distinguishing between
synonymous (ds) and nonsynonymous (da) differences in DNA
sequences. The ds/da ratio provides some indication of evolu-
tionary processes in a particular gene or region. A ds/da ratio
close to 1 is expected in a purely neutral model in which there
is no selection for or against any changes. A ds/da ratio of more
than 1 generally means that the proteins have evolved under
negative or purifying selection, because changes are deleteri-
ous and therefore eliminated. A ds/da ratio of less than 1 has
been proposed to indicate forms of selection that lead to stable
polymorphism, and such ratios have been observed in the vari-
able region of gp120 of HIV-1 (16, 29, 43).

Although not entirely full-length genomic sequences, our pol
sequences, together with their gag (9) and env (10) sequences,
form a unique set of almost entirely genomic sequences (see
Materials and Methods for the GenBank accession numbers of
these sequences). To measure the selective constraints on the
three sequence fragments, we investigated the proportion of
synonymous and nonsynonymous substitutions. Chimeric iso-
lates were excluded from this part of the study. The subtype of
most included HIV-1 isolates (n 5 20) was found to be con-
gruent for gag, pol, and env. However, all isolates of subtype E
env (n 5 13) cluster with subtype A in gag and pol; UG35 and
UG59 are subtype D in env but cluster with subtype A in gag
and pol. (The last two were included for statistical reasons.)
Altogether, 3 subtype A, 9 subtype B, 10 subtype D, and 13
subtype E isolates were analyzed for the envelope fragment; 5
subtype A, 9 subtype B, 8 subtype D, and 13 subtype A/E
isolates were analyzed for the gag and pol fragments. (Subtype
C sequences were not included, because BR25 was our only
full-length subtype C genome.) Nearly all pairwise compari-
sons between the sequences intra- and inter-phylogenetic
groups showed ds/da ratios of more than 1.0 (range, 0.82 to

FIG. 2. Results of the phylogenetic analysis of the pol gene (1,176 nt) se-
quences by the neighbor-joining method as part of the MEGA program (24)
from 42 virus isolates. Subtype-specific reference pol sequences were taken from
the data bank: U455 for subtype A, C2220 for subtype C, and Z2Z6 for subtype
D. Only for subtype B was a consensus sequence, available as a reference. Values
of nodes indicate the percentage of bootstraps in which the cluster to the right
was found (1,000 data sets).

6352 CORNELISSEN ET AL. J. VIROL.



11.26) (Table 2). The da values of the V3 region were signif-
icantly higher, both intra- and inter-phylogenetic groups, than
were those of gag and pol, whereas the ds values were similar
for all intra-group comparisons and, although higher, in the
same order for all inter-group comparisons.

Only the intragroup ds and da values of env and gag of

subtype E were significantly lower than for the other phyloge-
netic groups; nevertheless, the average ds/da ratios of env and
gag are comparable to those in the other phylogenetic groups.
The substitutions in the pol region of subtype E viruses were
mainly synonymous, resulting in a very high average ds/da ratio
(ds/da 5 11.26), suggesting that this protein fragment evolved
under purifying selection. Between subtypes A/E and B/D, we
noted significantly lower ds values in the gag and pol fragments
but not in the V3 region (Table 2). The env subtype E group
clustered with pol and gag sequences (7) as an outgroup of
subtype A. Therefore, the intergroup ds comparisons of sub-
type A and E indicate a similar pattern of evolution from a
common ancestor. If this is the case, B and D also have a
common ancestor, different from the A/E ancestor. To test this
hypothesis, we performed separate phylogenetic analysis for
gag, pol, and env sequences, based on the numbers of synony-
mous and nonsynonymous substitutions. The phylogenetic
trees based on synonymous changes in the pol and gag se-
quences (Fig. 3A and C) were very similar to those for all
sequence substitutions (Fig. 2). In particular, the high boot-
strap value (bootstrap value, 1,000) between the phylogenetic
positions of A/E and B/D sequences was very striking. Phylo-
genetic trees based on nonsynonymous changes were less con-
vincing for pol sequences (Fig. 3B) but were also very similar
for the gag sequences (Fig. 3D). However, the overall mor-
phology of the pol tree, whether based on silent or amino acid
replacement, was comparable to the tree based on all nucleo-
tide substitutions. Phylogenetic trees obtained for synonymous
substitutions for env (Fig. 3E) again showed a clustering of
subtype B and D sequences. Although the subtype B and sub-
type D sequences were placed in separate clusters, the boot-
strap value showed a borderline significance for the B cluster
(bootstrap value, 82) and, due to the interspersed position of
UG65, no significant bootstrap value for the D cluster. The
B/D clustering was not observed in the tree based on nonsyn-
onymous substitution (Fig. 3F) or in the tree obtained for all
sequences (reference 10 and data not shown), indicating a
proportionate selection-driven evolution from a common an-
cestor for subtypes B and D.

Therefore, sequences derived from subtypes B and D showed
the same evolutionary relation in the gag, pol, and env sequences
as did the gag and pol sequences of subtype A and E, but in all
four subtypes, env sequences showed independent evolution.

TABLE 1. V3, gag p17/p24, and prot/half-RT genetic subtyping of
HIV-1 from samples collected by the UNAIDS

Country of origin
and sample

V3
genotype

gag p17
genotype

gag p24
genotype

prot/half-RT
genotype

Brazil
92BR003 B B B B
BR04 B B B B
BR17 B B B B
BR18 B B B B
BR19 B B B B
BR20 B B B B
BR21 B B B B
BR23 B C C C
BR24 B B F ?/B
BR25 C C C C
BR26 B B B B
BR28 B B B B
BR30 B B B B

Thailand
n 5 13 E A A A

Rwanda
92RW008 A A A A
RW09 A C C A/C
RW16 A A A A
RW26 A A C C

Uganda
92UG001 D D D D
UG21 D D/A A D
UG24 D D D D
UG31 A A A A
UG35 D A A A
UG38 D D D D
UG46 D D D D
UG53 D D D D
UG59 D A A A
UG65 D D D D
UG67 D D D D
UG70 D D D D

TABLE 2. Proportion of synonymous and nonsynonymous substitutionsa

Subgroups
env gag pol

ds da ds/da ds da ds/da ds da ds/da

Intragroup
A/A 0.1778 0.1234 1.44 0.1216 0.0535 2.26 0.1554 0.0291 5.48
B/B 0.1152 0.1133 1.06 0.1183 0.0429 2.91 0.1197 0.0201 6.38
D/D 0.1333 0.1693 0.82 0.1222 0.0412 3.22 0.1136 0.0238 5.10
E/E 0.0309 0.0291 1.08 0.0232 0.0129 2.13 0.0366 0.0046 11.26

Intergroup
A/B 0.3352 0.1795 1.91 0.3115 0.0864 3.62 0.3085 0.0416 7.53
A/D 0.3098 0.2514 1.25 0.3043 0.0896 3.41 0.3128 0.0441 7.20
A/E 0.2793 0.1890 1.49 0.1893 0.0614 3.15 0.1820 0.0276 6.73
B/D 0.2427 0.2425 1.04 0.2105 0.0564 3.80 0.2124 0.0320 6.72
B/E 0.2507 0.1939 1.30 0.3441 0.0778 4.47 0.3225 0.0373 8.76
D/E 0.2670 0.2283 1.19 0.3259 0.0842 3.89 0.3270 0.0397 8.29

a Boldface type indicates lower values than average.
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DISCUSSION
Mutations contributing to drug resistance. In this study, we

determined the natural polymorphism in non-B HIV isolates
of the prot and the first 297 aa of the RT gene. Several of these
polymorphisms in subtype B isolates are associated with vari-
ous Prot and RT inhibitors. Although most do not individually
confer significant levels of resistance, these polymorphism can
modify the effects of drug-selected mutations, possibly by com-
pensatory changes in the enzyme backbone. The prevalence of
these polymorphisms in the HIV-1 isolates infecting an indi-
vidual suggests that the outcome of drug treatment could be
adversely affected in these patients. The level of genetic diver-
sity from untreated patient isolates has been previously studied
(1, 26, 33, 35), but in contrast to these reports, all our data were
obtained by direct sequencing of PCR products, not by se-
quencing of individual clones. A sequence derived by a direct
analysis is a composition of the nucleotides most frequently

observed at each position. It excludes random mutations in-
troduced by the polymerase during the amplification step;
therefore, more mutations may exist among our analyzed iso-
lates, as a minority of the population, which were not observed
by the direct sequence analysis. The work by Kozal et al. (23)
is also a population base sequencing, although these authors
analyzed some individual clones derived from two patient sam-
ples exhibiting multiple polymorphisms in the prot genes to
confirm that the observed mutations were linked, since the
effect of drug sensitivity is dependent upon multiple polymor-
phisms occurring in the same genome. Experiments are in
progress to study the phenotypic effect of our observed muta-
tions in the non-clade B isolates. However, the main objective
of our study was to analyze intrasubtype recombination events
in the pol gene and to identify possible crossover sites. The
high quality of direct sequences makes this possible, but to
extend the prevalence of the resistant substitutions in primary

FIG. 3. Phylogenetic analysis for pol (A and B), gag (C and D), and env (E and F) sequences based on numbers of synonymous and nonsynonymous substitutions,
respectively. The trees were constructed by the neighbor-joining method as part of the MEGA program (24). Bootstrap values are indicated (1,000 data sets) at the
root of the cluster.
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isolates, the PCR products must be cloned and sequenced. In
addition, plasma can be used to study the in vivo quasispecies,
without culture artifacts.

Our data indicate more variability in the prot gene than in
the 59 half of RT, suggesting that the Prot enzyme is sufficiently
flexible to tolerate substitutions in critical residues. Finally, our
study showed that populations of virus variants with mutations
contributing to drug resistance exist in untreated patients in-
fected with isolates other than subtype B isolates. Since these
isolates were obtained in 1992, before the ready availability of
Prot inhibitors, the subjects are unlikely to have received these
agents surreptitiously; however, we cannot exclude that they
acquired AZT-resistant HIV-1 strains from a contact who re-
ceived AZT. Moreover, untreated individuals have partially
AZT-resistant viruses with mutations at codon 70 but not vi-
ruses with mutations at codons 41 and 215 (33, 35). This sug-
gests that the K70R mutation is most easily created (by an
A-to-G transition), whereas the M41L and T215F/Y must have
reduced fitness in an environment without AZT. In this study,

Br19 showed a master sequence which contained mutations
conferring AZT resistance at codon 67 and 219 and also a
mutation at codon 215 (Asp) for which the AZT resistance-
conferring properties are unknown. Recently, a patient with a
primary infection with a strain having a AZT resistance muta-
tion at codon 215 was monitored during infection (.20
months) in the absence of AZT treatment (14). Sequence
analysis at 20 months showed a Ser and an Asp at codon 215,
instead of the initial Tyr. Of the three virus subpopulations in
this patient, with Tyr, Asp, and Ser at the 215 position, the
relative fitness of the Asp- variant was calculated to be 10 to
25% higher than that of the initial Tyr variant (13a). There-
fore, it is very likely that BR19 is infected by an AZT-resistant
virus population and that Asp at codon 215 is due to selective
disadvantage, or fitness loss, of an AZT-resistant virus popu-
lation. In the other case, UG35, an Ala was found at codon
215. Again, the AZT resistance-conferring properties are un-
known, but since no additional AZT-resistant mutations were
observed, this critical substitution could result from the occur-

FIG. 3—Continued.
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rence of random mutations in the absence of selection by drug
treatment.

Recombination. Recombinant HIV-1 isolates were initially
identified when phylogenetic trees were constructed from se-
quential segments of available HIV-1 sequences (41). It be-
came apparent that 10 to 20% of the sequences of sufficient
length for analysis contained interspersed segments of genetic
material from two different genotypes. In this study, we used
newly derived pol sequences to analyze possible intersubtype
recombination events. Phylogenetic analysis showed that the
42 HIV-1 isolates clustered into four groups. Based on the
included reference sequences, the four groups could be classi-
fied as subtypes A, B, C, and D. Within this set, 8 isolates were
chimeras and 13 had a subtype E env. These were analyzed in
more detail by a variety of phylogenetic analyses and by a
modified method of Robertson et al. (40). In only two isolates,
BR24 and RW09, did we find evidence for a recombination
event in the pol gene. In all other isolates, the Gag and Pol
sequences exhibit identical subtype classification, with one ex-

ception. The exception, UG21, must have a crossover site be-
tween p24gag and the start codon of protease. Interestingly, the
discordant subtype classification observed between the env and
gag sequences was also seen for the env and pol sequences
(Table 1). This suggests that selection is based on particularly
beneficial combinations of gag and pol belonging to the same
subtype. More full-length genome sequence analyses must be
done to determine the value of this conclusion. Recently, it was
reported that extensive regions of pol are required for efficient
HIV-1 polyprotein processing and particle maturation (38).
Additionally, cotransfection of a deletion mutant with wild-
type provirus led to a marked reduction in the virus titer of
infectious virus, suggesting that a chimeric gag-pol precursor
interferes with viral fitness. Taking these results together, we
observed no additional chimeric viruses by sequencing the pol
gene, confirming the observation that analysis of gag and env
sequences is enough to exclude most hybrid viruses (41). The
majority contain at least one crossover within these regions, so
that these sequences fall into different subtypes.

FIG. 3—Continued.
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Evolution. The present study allows a comparison of the
evolution of various HIV-1 subtypes in unrelated asymptom-
atic patients. We therefore estimated the rates of synonymous
and nonsynonymous substitutions per site in the gag, pol, and
env genes of 35 isolates collected by UNAIDS. Our analysis
indicates that gag and pol are subject to purifying selection with
an average ds/da ratio above 1, independent of the subclassi-
fication, and that the ds/da ratios of pol fragments were higher
than those of gag fragments. Given the relatively low natural
variation in the RT gene, this suggests that RT genes are rel-
atively conserved evolutionarily. In the case of V3, ds/da ratios
of about 1 were observed, but a positive Darwinian selection
(ds/da ,1) favoring diversity at the amino acid level has been
described (16, 29, 43). This is consistent with the observation
that for V3, some nonsynonymous substitutions are related to
antibody enhancement, the biological phenotype of the virus,
and resistance to neutralization. We compared HIV-1 isolates
from unrelated individuals instead of studying the evolution of
the virus within one individual, as was done in the above
studies. Because of differences in clinical stage and/or the se-
lective environment, our group approach would be statistically
more meaningful than individual comparisons. Moreover, se-
lectively favored nonsynonymous substitutions become satu-
rated over time, resulting in a ds/da ratio of about 1.

Based on the low ds/da ratio of the intergroup analysis of
A/E and B/D gag and pol sequences, we analyzed the evolu-

tionary relationship between B and D in more detail, con-
structing separate phylogenetic trees for synonymous and non-
synonymous substitutions. The evolutionary relation between
A and E has been studied extensively (13) by authors who
examined whether the discordant phylogenies might be the
result of unusual patterns of evolution. Based on the phyloge-
netic trees for synonymous and nonsynonymous substitutions,
they found no evidence for selection-driven convergent evolu-
tion. The phylogenetic analysis of the env sequences in the
present study reached the same conclusion, namely, that the
env subtype E isolates and subtype A isolates represent true
monophyletic groups. The most striking finding from the phy-
logenetic analysis based on synonymous and nonsynonymous
substitutions was the unexpected clustering of subtypes B and
D in the synonymous env tree. This clustering observed in env
was also found for the gag and pol sequences. In the gag and pol
tree, based on all sequences, the B and D cluster showed an
identical epidemiological relation as observed for the A/E sub-
types. It also became clear that subtype E strains are, in fact,
recombinants of a subtype A strain and a still unidentified
subtype E strain, with at least eight points of recombinant
crossover. The small branches in the phylogenetic analysis and
the small mean nucleotide difference (9) suggest a recent re-
combination event between subtype A and the parental sub-
type E. This is consistent with epidemiological findings that
widespread HIV transmission in Thailand had occurred only
since 1988 (37). As yet, there is no clear evidence of intersub-
type recombination between B and D, but they have shown a
close relationship throughout the genome (20). Leitner et al.
(27) discussed an unrooted maximum-likelihood tree, based on
p17Gag sequences from the database, in which subtypes B and
D were not clearly separated. Subtype D was divided into two
sequence clusters that were separated by the subtype B cluster.

In Fig. 4, we outline the evolution of the gag/pol and env
gene fragments. The timing of the recombination events that
generated the subtype A/E viruses are unknown (13). However,
our results contain evidence that the B/D lineage branched off
before the A/E recombination events. The ancestor HIV-1 may
have become extinct, with its remaining vestige residing in the
current A/E recombinant and B and D subtypes. On the basis
of all nucleotide substitutions and nonsilent replacements, sub-
types B and D are entirely distinguishable in the env gene. Only
the silent substitutions, which are time related, have shown an
epidemiological linkage. This observation can be explained by
a simple acceleration of the evolutionary rate in the env part,
compared with the rest of the genome. The ds/da ratio of the
different regions confirms this statement.
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