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ABSTRACT

The majority of studies of HIV-1 drug resistance have involved subtype B viruses. Here we have character-
ized subtype distribution and determined the levels of polymorphism at protease (PR) and reverse transcriptase
(RT) drug resistance positions, in antiretroviral treatment-naive HI'V-positive Ugandan patients. We have also
investigated codon usage variability at these positions and assessed intersubtype recombination within the pol
gene. The study population consisted of 187 patients, from a cohort established by the UK Medical Research
Council Programme on AIDS in Uganda in 1990. Results indicate that 28.3% of patients were infected with
subtype A (n = 53), 64.2% subtype D (n = 120), 6.4% A/D recombinant (n = 12), and 1.1% subtype C (n =
2). Variation in amino acid usage at drug resistance-associated positions was minimal between the two main
subtypes (A and D) in RT, but there was appreciable variation in PR. Codon usage, however, was consider-
ably more variable between subtypes A and D in both PR and RT. Thus, while no natural high-level resis-
tance to antiretroviral therapy was detected in this cohort, subtypes A and D may possess different genetic
barriers to be overcome in order to achieve resistance. With the increasing introduction of antiretroviral ther-
apy into Africa, such information will be vital in our understanding and evaluation of the development of
drug resistance as it occurs, and how to interpret resistance data the type of which has rarely previously been
seen. This analysis also significantly increases the number of Ugandan PR and RT sequences characterized
to date.

INTRODUCTION

PHYLOGENETIC SEQUENCE ANALYSIS OF HIV-1 has resulted in
its classification into three major lineages, M (major), O
(outlier), and N (non-M/O or new), each thought to represent a
separate transmission of SIVepz from chimpanzees into the hu-
man population.! Group M accounts for the vast majority of
HIV-1 infections worldwide, and has been subdivided into nine
subtypes termed A, B, C, D, F, G, H, J, and K. Furthermore,
mosaic genomes of HIV-1 resulting from intersubtype recom-
bination have also been recognized as fully transmissible and
pathogenic. Such circulating recombinant forms (CRFs) appear
to play an important role in the HIV pandemic and to date 18
have been reported.? Unique and complex recombinant forms

are also increasingly being reported.> Thus the considerable
variability between human immunodeficiency virus type-1
(HIV-1) strains has a potential impact on disease epidemiology,
diagnosis, therapy, and the prevention of infection.

The HIV-1 epidemic in developed countries has historically
been driven almost exclusively by subtype B viruses. It is in
these areas that the majority of research and treatment has taken
place and thus knowledge regarding antiretroviral (ARV) drug
resistance and naturally occurring genotypic variation in HIV-1
protease (PR) and reverse transcriptase (RT) is biased toward
subtype B.* However, Asia and Africa, where non-B subtypes
predominate, bear 90% of the worldwide HIV-1-related disease
burden. As ARVs are becoming more readily available through-
out the world this imbalance must be addressed such that there
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is sufficient knowledge accrued to decide whether all subtypes
can be considered equal in terms of response to treatment and
in development and transmission of drug resistance. Further-
more, in Europe infections with non-B subtypes are being de-
tected with increasing frequency® (Gifford et al., submitted),
making knowledge of subtype differences pertinent to both the
developed and developing world.

Uganda is one of the sub-Saharan countries that has been
progressive in treatment scale-up; at the end of December 2004
just over one-third of patients who needed ARV drugs were re-
ceiving them (UNAIDS bulletin, 2005). Despite the increas-
ingly widespread use of ARVs in Uganda, however, only a
small number of studies have looked at in the two main circu-
lating subtypes (A and D) in terms of levels of polymorphism
and development of HIV-1 drug resistance. Such studies have
highlighted, in untreated patients, differences in amino acid
polymorphisms between subtypes A and D at certain drug re-
sistance-associated positions in RT® and PR.” One subtype D
isolate has also been identified that is naturally highly resistant
to NNRTIs, due to the presence of polymorphisms in RT that
constitute “nonclassical” resistance mutations.® In Ugandan pa-
tients receiving ARVs it has been established that levels and
patterns of resistance in subtypes A and D are similar to those
seen with subtype B.” Between subtypes A and D, however,
discrepancies have been noted in terms of types of mutations
selected after single dose nevirapine treatment”'? and the ex-
tent of resistance that may develop on treatment.'! In the latter
case, levels of resistance have been found to be lower in sub-
type A-infected patients, which has also been observed in non-
Ugandan studies.!> Furthermore, a population-based study has
shown that intersubtype (A/D) pol recombinants are common
in Uganda and that these may be perinatally transmitted, illus-
trating their potential evolutionary stability and thus epidemic
significance.'?

The aim of the present study was to acquire a large dataset
of PR and RT sequences from HIV-infected, treatment-naive
Ugandans. Several questions could then be asked; first, whether
there is any evidence that subtype A or D viruses circulating in
the sampled Ugandan population are sufficiently polymorphic
within PR and RT to affect the development of classical drug
resistance mutations (at IAS-USA positions); and second,
whether there are any differences between subtypes A and D
in this respect, which may help explain previous observa-
tions.!%12 Third, determination of intersubtype recombination
frequency and structure within the study population will be im-
portant if we are to understand the potential recombination has
to affect sequence evolution within pol, and thus the develop-
ment of drug resistance.

The study population consisted of HIV-1-infected drug-naive
individuals who were part of a clinical cohort living in rural
southwestern Uganda, established by the UK Medical Research
Council Programme on AIDS in Uganda in 1990.'* This pop-
ulation has been extensively studied in the past'>~2° but with
the introduction of ARVs into this cohort as of October 2004,
this is the first consideration of the importance of viral genetic
variation within the pol gene. This study also provides a basis
for evaluation of the transmission of resistance,2!22 choice of
initial treatment,?® and identification of the genetic changes re-
sulting from treatment failure?* in Uganda.
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MATERIALS AND METHODS

Study population

The Medical Research Council (MRC) Programme on AIDS
in Uganda established a Rural Clinical Cohort (RCC) of HIV-
l-infected individuals and HIV-1-uninfected controls living in
rural southwestern Uganda in 1990.! Participants were, and
continue to be, recruited from a larger population study where
the dynamics of HIV-1 infection were examined by annual cen-
sus, questionnaire, and serological surveys.?> Samples for this
study were collected between 1996 and 2003.

RNA extraction, RT-PCR, and sequencing

HIV-1 RNA was extracted from 200 ul of blood plasma, us-
ing RNA extraction columns (Qiagen, Chatsworth, CA). Poly-
merase gene-specific primers were used for reverse transcrip-
tion (RT), followed by nested polymerase chain reactions
(PCRs) to amplify the pol gene encompassing codons 1-242 of
RT and codons 1-99 of protease (PR). DNA sequencing of PR
and RT-PCR products was achieved using a Beckman CEQ
2000 automated capillary DNA sequencer (Beckman Coulter,
UK).

Phylogenetic analysis

Sequence data were analyzed using BioEdit v5.0.9 (Hall,
1999), ClustalW,?® and Sequencher (GeneCodes, USA) pro-
grams. Neighbor-joining (NJ) trees were constructed using the
NJ algorithm implemented in ClustalW and edited using Tree
Explorer v2.12 from the MEGA?2 software package.?” Subtype
and recombination frequency were determined using STAR?3
and STARrec,? and recombination was also assessed using
Simplot v3.5.13% (100 bootstrap replicates, 200-bp sliding win-
dow, 10-bp step—any recombinants identified confirmed with
400-bp sliding window).

Amino acid variation analysis

Amino acid variation at each drug resistance-associated
mutation position listed by the International AIDS Society—
USA (IAS-USA)3! was calculated. Specifically, the percent-
age of wild-type (WT), mutant, and any other amino acid was
calculated, per position, and expressed as a percentage of
amino acid frequency. This analysis was performed for sub-
types A and D sequences separately. To determine differences
between subtypes A and D, the normalized frequency of WT,
drug resistance-associated mutant, and any other amino acid
at each IAS-USA mutation position for subtype A were sub-
tracted from those for subtype D and the results were plotted
graphically.

Codon variation analysis

Codon variation at each drug-resistance mutation position
listed by the IAS-USA was assessed. Where codon usage dif-
fered between subtypes A and D this was recorded as the per-
centage of sequences in each subtype grouping that possessed
one of the two main variant codons.
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RESULTS

Sequence processing and subtype classification

Subtype classification of all sequences was achieved using
the subtyping tool STAR.?%2° Of the 187 sequences, 28.3%
were subtype A (n = 53), 64.2% subtype D (n = 120), 6.4%
A/D recombinant (n = 12), and 1.1% subtype C (n = 2). For
phylogenetic analysis, alignments of all pol sequences from the
study cohort were edited to remove sequences that were less
than full length (n = 22), or had been found to be recombinant
(n = 12). These sequences were of good quality with a mean
number of nucleotide mixtures called per complete sequence of
6.7 (0.7%), ranging from O to 42 (0—4.1%). The recombinant
sequences identified were analyzed separately using STARrec
and Simplot to confirm recombination. For amino acid and nu-
cleotide mutation analysis, all full-length sequences were sep-
arated into subtype-specific alignments for subtypes A and D.

Phylogenetic analysis

Neighbor-joining phylogenetic analysis revealed that all pol
sequences from the study cohort classified as subtypes A, D,
or C by STAR clustered with reference sequences of the rele-
vant subtype (Fig. 1). The subtype A, D, and C radiations were
supported by bootstrap values of 98.4%, 72.6%, and 100%, re-
spectively. The lower value for the subtype D radiation is due
to the presence of two monophyletic subtype D sequences
(151634 and 351180). Closer examination of these sequences
revealed that they had scored poorly using the STAR subtyp-
ing algorithm, suggesting a weak subtype assignation but not
sufficient to justify STARrec recombination analysis.?® Simplot
analysis, however, revealed that these two sequences were D/A
recombinants of complex architecture, consisting mainly of sub-
type D, explaining their monophyletic distribution within sub-
type D radiation. Within the subtype A radiation no mono-
phyletic sequences were present, suggesting that all sequences
included were correctly classified as pure subtype A in the pol
region being studied.

Recombination analysis

Using STAR, 12 sequences (6.4%) were identified as being
recombinant. STARrec analysis was then used to give an esti-
mate of recombinant architecture. These data indicate that in
the case of the 12 sequences here analyzed, there is some con-
servation among recombination breakpoints within po/ (Table
1). This feature of STARrec, however, has never been formally
tested. Accordingly, in order to further analyze the recombinant
architecture of these sequences they were also analyzed using
the well-described recombination detection program, Simplot.3°
Bootscanning plots are shown in Fig. 2 for two of the recom-
binants detected using STAR (4124530787 and 407) together
with the STARrec output, illustrating the agreement between
the two methods. Table 1 summarizes these data and illustrates
that recombinants and recombination breakpoints identified us-
ing STAR are in good agreement with those identified with
Simplot, although Simplot does tend to predict a greater num-
ber of breakpoints for each sequence. In the case of these, how-
ever, the mean length of “extra” recombinant sequences pre-
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FIG. 1. Phylogenetic tree of pol gene sequences from 154
HIV-1 infected Ugandan patients. Subtype A (n = 4), C (n =
4) and D (n = 4) reference sequences are included (those of
Ugandan origin marked as *). The tree is rooted with a sub-
type J reference sequence. 33 sequences from the original
dataset were removed from the alignment used to build this
tree as they were either partial in length, or found to be re-
combinant. Bootstrap values for the major internal tree nodes
are shown (1000 replicates) and subtype A, D and C radia-
tions are indicated. The scale bar represents a 1% nucleotide
difference.
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TaBLE 1. DETAILS OF RECOMBINANT STRUCTURE OF SEQUENCES IDENTIFIED AS BEING A/D RECOMBINANT BY STAR®?
Recombinant regions®

Isolate Main subtype First Second Third
532 A 400-450 (C)© 450-550 (D) 800+ (D)4
132 A 550-570 (D) 600-610 (D) 750+ (D)
435 A 400-450 (C) 450-720 (D) —
15312 A 700+ (D) — —
412+350787¢ A 450-710 (D) — —
149 A 350-650 (D) 750-800 (D) 850+ (D)
407¢ D 0-400 (A) — _
419 D 0-375 (A) 650-750 (A) —
527 D 500-800 (A) — —
138+187 D 0-400 (A) — —
350566 D 0-300 (A) 300419 (C) 425-600 (A)
380 D 750+ (A) — —

#Analysis performed using STARrec and Simplot. Agreement between methods is indicated.
PRecombinant regions are segments of the sequence analyzed that are not the main subtype. First to third refers to the order

the recombinant segments appear in a 5’ to 3’ direction, from the beginning of protease to the end (position 242) of RT.
¢Standard font indicates recombinant regions that Simplot alone identified.
9Bold italic font indicates recombinant regions that both STARrec and Simplot identify.
¢Comparison between STARrec and Simplot outputs shown in Fig. 2.

dicted by Simplot was low (63 nucleotides) and is likely to rep-
resent regions where the sequence being analyzed was less like
both A and D sets of reference sequence and more like the out-
lier reference group (subtype C), without necessarily being sub-
type C itself. No temporal differences in the detection of sub-
types A, D, or A/D recombinants were found within the
sampling period.

Amino acid variation analysis

Amino acid variation at IAS-USA resistance positions within
the region of pol being studied is presented in Fig. 3. It is im-
mediately clear that the majority of variations between the two
subtypes, within this dataset, are in the protease gene at posi-
tions 10, 33, 36, 63, and 77. Chi-square testing revealed a sig-
nificant difference in frequency between the wild-type and mu-
tant amino acids, between subtypes A and D, at positions 10,
36, and 63 (p < 0.05).

In more detail, of 53 subtype A and 120 subtype D sequences,
at position 10, 2% of the subtype D isolates possess the mutant
amino acid (I) compared to 12% of subtype A isolates. At po-
sition 33, 100% of subtype A isolates possess the wild-type
amino acid (L), whereas 11% of subtype D isolates have an
amino acid that is neither WT nor mutant at this position. At
position 36, while 32% of subtype D viruses encode the WT
amino acid (M) and 66% the mutant residue (I), the majority
of subtype A isolates possess either the resistance-associated
mutant (I-94%) or an alternative residue (6%). At position 63,
subtype A has a greater frequency of the WT amino acid (L—
71%) compared to isolates of subtype D, which largely possess
either the mutant (P—24%) or a different amino acid (31%).
Finally at position 77 of protease, all subtype A isolates have
the WT residue (V), but 8% of subtype D isolates have the mu-
tant residue (I). Position 36 of protease therefore represents the

greatest discrepancy between subtypes A and D in terms of
amino acid usage at resistance positions.

In this sequence dataset, within RT, there is very little dif-
ference between subtypes A and D in terms of amino acid vari-
ation at resistance positions.

Codon variation analysis

While none of the 29 mutation positions in RT was variable
at the amino acid level (Fig. 3), 7 of these 29 positions (24%)
were found to have variable codon usage between subtypes A
and D (Table 2). These include positions 62, 67, 70, 77, 151,
215 [nucleoside reverse transcriptase inhibitor (NRTI) resis-
tance associated], and 100 [non-NRTI (NNRTI) resistance as-
sociated]. While drug resistance positions are, by definition,
more plastic, i.e., a mutation can be accommodated in order to
facilitate reduced drug sensitivity without overt loss of func-
tionality of the gene product in question, it is interesting that
where the codon score differed at five of the seven positions,
this was by the substitution of a thymine (in subtype A) with a
cytosine (in subtype D). This pattern is also borne out in pro-
tease (positions 10 and 63). Of the synonymously variable po-
sitions identified, only the variation at position 151 (Q) has the
potential to influence the number of nucleotide changes required
to achieve the resistance-associated codon (M).

DISCUSSION

The majority of research addressing HIV-1 drug resistance
has involved the study of subtype B viruses, the outcome be-
ing the classification of both minor and major mutations asso-
ciated with drug resistance. Minor mutations in subtype B have
little effect on viral susceptibility to a drug in vitro: they mainly
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FIG. 2. Graphical outputs from bootscanning (Simplot) and STARrec analysis, for two of the recombinant pol sequences, iden-
tified using STAR. Bootscanning charts show a derived score representing recombinant architecture of the query sequence be-

tween the two ‘expected’ subtypes (A and D) and an outlier (C),

whereas STARrec charts show a cumulative score of any sub-

type for which the score is greater than that for the predicted query subtype (giving the distinctive “cliff edge’ shape to the graph
at the breakpoint where the recombinant returns to the major subtype). For both sequences, using both methods recombination
breakpoints are in close agreement. For the remaining 10 sequences recombination characteristics, as defined by both methods,

are summarised in Table 1.

impart increased fitness.>> Major mutations, however, are as-
sociated with virologic and thus therapeutic failure, and have a
marked impact on in vitro susceptibility of HIV to the drug/drug
class in question. In non-B subtypes, while most evidence points
to the fact that major mutations developing at therapeutic fail-
ure are the same as those characterized in subtype B viruses,?3
minor mutations can exist as natural polymorphisms in viruses
from drug-naive patients.>* Since HIV-1 subtypes differ from
one another by 10-12% of their nucleotides and 5-6% of their
amino acids in PR and RT, these differences may influence
the spectrum of mutations that develops during selective drug
pressure.

Since ARVs have recently been introduced into a well-char-
acterized cohort in Uganda, PR and RT gene sequencing of 187
cryopreserved serum samples from these individuals (collected
between 1996 and 2003, prior to introduction of ARVs) pro-
vided the opportunity to examine genetic variation in the pol

gene in drug-naive individuals. These sequences provide a base-
line for the inevitable future development of drug resistance in
this population. It will be important to understand the baseline
level of drug-resistance-associated polymorphism and genetic
recombination both within and between the major genetic vari-
ants affecting this population in order to determine the choice
of initial treatment, to evaluate future transmission of resistance,
and to identify the genetic changes resulting from treatment fail-
ure.*

While the subtype distribution characteristics described for
this dataset are consistent with those previously published
(dominated by subtype A and D, with a small number of sub-
type C infections), the frequency of recombinants within pol
(6.4%) is much lower than the figure of 30% previously deter-
mined for the same population using matched gag and env se-
quences®’ and in other Ugandan studies using complete genome
sequences.® This suggests that recombination, while frequent
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FIG. 3. Amino acid variation in Pol. Differences between subtypes A and D were expressed as the normalised frequency of
WT, mutant and any other amino acid at each IAS-USA mutation position for subtype A, subtracted from those for subtype D.
Columns above the x-axis represent a greater frequency in subtype A, whereas those below the x-axis represent a greater fre-
quency in subtype D. Where amino acid frequency at each IAS-USA position are equivalent, between subtypes A and D, the fre-

quency scores cancel out.

between gag and env within this cohort and indeed other African
study cohorts where subtypes A and D predominate,?’ is rela-
tively less frequent within the pol/ gene. While double the level
of A/D intersubtype recombination has previously been re-
ported in a cohort of Ugandan women enrolled in the HIVNET
012 Trial (12%),'? this remains significantly lower than the
rates estimated for the env and gag genes. This may be, in part,
because the viral structural products of the env and gag genes
are under greater selective pressure from the immune system,
compared to the enzymatic gene products of pol. If it is this
lack of host-driven selective pressure that has historically lim-
ited pol recombination in this cohort; we may anticipate a rise
following widespread ARV usage. It is also the case, however,
that low levels of dual infection have been observed in this co-
hort (P. Kaleebu, personal communication), which may reduce
the potential for generation of complex pol recombinants.

Recombination is potentially a powerful means of overcom-
ing fitness deficits imparted by the presence of resistance mu-
tations in this region of the viral genome. As currently there is
a low level and little conservation between pol recombinants
within this population, it will be interesting and important to
monitor pol recombination structure and frequency (both inter-
and intrasubtype) over time, with the increasing introduction of
ARV therapy. This may be especially important in countries
such as Uganda, since the absence of close patient monitoring
may result in prolonged periods of virological failure, prior to
observed clinical failure. An ongoing database analysis of
treated subtype A- and D-infected patients in the UK should
also shed light on this.

Analysis of amino acid variation in this dataset at resistance
positions revealed that while variation was minimal between
subtypes A and D in RT, there is appreciable variation in PR

TaBLE 2. DETAILS OF IAS-USA MUTATION POSITIONS SYNONYMOUSLY VARIABLE BETWEEN SUBTYPES A AND D

Codon (%)*

Gene Position Amino acid Subtype A Subtype D Difference
PR 10 Leucine (L) CTT (89) CTC (53) T—>C
PR 53 Phenylalanine (F) TTC (16) TTT (97) C->T
PR 63 Leucine (L) CTT (89) CTC (42) T->C
RT 62 Alanine (A) GCT (98) GCC (87) T—>C
RT 67 Aspartic acid (D) GAT (49) GAC (97) T—-C
RT 70 Lysine (K) AAA (100) AAG (90) A—>G
RT 77 Phenylalanine (F) TTT (41) TTC (92) T—>C
RT 100 Leucine (L) TTA (80) CTA (80) T—>C
RT 151 Glutamine (Q) CAG (86) CAA (85) G- A
RT 215 Threonine (T) ACT (95) ACC (97) T—>C

“Denotes the percentage of sequences possessing the shown codon at the position in question.
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at minor mutation positions including 10, 33, 36, 63, and 77.
While in isolation these changes do not have a direct impact on
protease inhibitor (PI) resistance per se, there is some evidence
that these minor mutations are similarly compensatory for many
PIs.3 As a result, the preexistence of minor compensatory mu-
tations in subtypes A and D might result in the faster emer-
gence of viruses resistant to PIs. Until the spectrum of acces-
sory mutations for subtype A and D viruses is more fully
characterized, however, this cannot be confirmed.

It is analysis of codon usage that shows much greater vari-
ability between subtypes A and D. Strikingly, while none of the
IAS mutation positions in RT was variable at the amino acid
level (Fig. 3), 24% had differential codon usage between sub-
types A and D, including positions 62, 67, 70, 77, 151, 215
(NRTT resistance associated), and 100 (NNRTI resistance as-
sociated). Positions 10, 53, and 63 in PR were also variable.

Of greatest interest is the variability at position 151 of RT.
The mutation Q151M, which emerges in approximately 16%
of patients treated with AZT in combination with either zal-
citabine (ddC) or didanosine (ddl), confers cross-resistance to
all NRTIs.?® The mutational pathway, described by Kijak et
al.,*% involves leucine (L) as an intermediate: Q to L to M. As
described in this study, position 151 of RT is encoded by CAG
in 86% of subtype A viruses, which gives the mutational path-
way Q (CAG) to L (CTG) to M (ATG).*! In the subtype D
viruses studied only 15% have CAG at this position; 85% have
CAA for which the path to M, through L, is longer: Q (CAA)
to L (CTA) to L (CTG) to M (ATG). It may be hypothesized,
therefore, that such a difference may cause resistance to de-
velop more slowly or take a different path in subtype D. This
example, however, is “ideal” as the resistance-associated amino
acid has only one potential codon (ATG). To truly hypothesize
about the importance of synonymous variability at other resis-
tance mutation positions between subtypes, the variability at the
codon when encoding a resistance-associated amino acid must
also be known. A large database analysis of treated subtype A-
and D-infected patients is underway in order to characterize
codon variability at these positions in resistant viruses.

In conclusion, we have shown that while in this cohort there
is no natural high-level resistance to antiretroviral therapy, by
virtue of intersubtype genetic divergence subtypes A and D may
possess different genetic barriers to be overcome in order to
achieve resistance. It will only be by assessing codon usage at
resistance positions in resistant viruses, however, that such an
analysis can be complete. It will also be important to monitor
recombination, given the power of such a process to drive evo-
lution and presumably increase viral fitness and resistance in
treated populations in countries like Uganda. It is likely to be
in resource-poor settings where access to treatment and moni-
toring and adherence to treatment may be suboptimal, that the
importance of genotypic variation may be more apparent.
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