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E138K, a G—A mutation in HIV-1 reverse transcriptase (RT), is preferentially selected by etravirine (ETR) and rilpivirine over
other substitutions at position E138 that offer greater drug resistance. We hypothesized that there was a mutational bias for the
E138K substitution and designed an allele-specific PCR to monitor the emergence of E138A/G/K/Q/R/V during ETR selection
experiments. We also performed competition experiments using mutated viruses and quantified the prevalence of E138 minority
species in drug-naive patients. E138K, as well as E138G, consistently emerged first during ETR selection experiments, followed
by E138A and E138Q; E138R was never selected. Surprisingly, E138K was identified as a tiny minority in 23% of drug-naive sub-
type B patients, a result confirmed by ultradeep sequencing (UDS). This result could reflect a low fitness cost of E138K; however,
E138K was one of the least fit substitutions at codon E138, even after taking into account the deoxynucleoside triphosphate pools
of the cells used in competition experiments. Further UDS analysis revealed other minority species in a pattern consistent with
the mutational bias of HIV RT. There was no evidence of APOBEC3-hypermutation in these selection experiments or in patients.
Our results confirm the mutational bias of HIV-1 in patients and highlight the importance of G—A mutations in HIV-1 drug

resistance evolution.

he G—A nucleotide mutation is the most common type of

HIV-1 drug resistance mutation (1), and E138K in HIV-1 re-
verse transcriptase (RT) is such a mutation. E138K and several
other substitutions at position E138 are commonly selected by
newer members of the non-nucleoside RT inhibitor (NNRTTI)
family of drugs, rilpivirine (RPV) and etravirine (ETR) (2-4).
Each of the E138K, E138A, E138G, E138Q, E138R, and E138V
substitutions can be selected by these NNRTIs, while E138A is also
considered to be a polymorphism (1, 5, 6). However, it is not
known why E138K, a substitution that confers only modest levels
of drug resistance to RPV and ETR seems to be preferentially
selected over other E138 substitutions (4, 6-10), since each of the
above substitutions only requires a single nucleotide mutation,
with the exception of E138R, which requires two.

We believe that E138K may be selected frequently due to the
HIV-1 mutational bias. First, there is a bias toward G—A muta-
tions in both cell-free RT assays and in single cycle viral replication
experiments performed in cell lines (11-13). Host factors may
also modulate the mutational bias of HIV-1. For example, the
APOBECS3 cytidine-deaminase family of HIV-1 host restriction
factors can deaminate deoxycytidine in the viral genome to de-
oxyuracil, ultimately causing numerous G—A mutations, known
as hypermutations (14, 15). Indeed, the frequent identification of
hypermutated viruses containing E138K in the proviral reservoir
of untreated patients suggests that APOBEC3 enzymes may play a
major role in the appearance of E138K and related mutations (16).
This suggests that it might be possible to identify small E138K
minority species genetically linked to hypermutated viruses in
plasma RNA.

Some studies have used bulk sequencing to estimate the muta-
tional bias of HIV-1 and to look for hypermutation in patient
plasma (17, 18). However, bulk sequencing might hide some evi-
dence of hypermutation and mutational bias due to the effects of
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fitness. Analyzing small minority species that have been under
negative selection for shorter periods could be a better way to
evaluate HIV-1 mutational bias in patients.

We hypothesized that E138K is preferentially selected because
of the mutational bias of HIV-1 and because of the activities of
APOBEC3 enzymes since E138K yields lower-level drug resistance
to RPV and ETR than other E138 substitutions (6). To assess this,
we developed a sensitive, inexpensive, and quantitative allele-spe-
cific PCR (AS-PCR) method for detecting E138A, E138G, E138K,
E138Q, E138V, and E138R (19-23). Simply sequencing the am-
plicon of AS-PCRs revealed mutations linked to the identified
minority species (24). We used this AS-PCR technique, as well as
ultradeep sequencing (UDS), to search for evidence of APOBEC3
activity in plasma RNA, as well as to gauge the mutational bias of
HIV-1 in patients.

MATERIALS AND METHODS

Viral isolates, cells, drugs, and plasmid. Viral isolates 5326, 5331, 8336,
8116, and BG-05 were obtained from drug-naive patients during acute
infection (<6 months) with informed consent at our clinics in Montreal,
Canada. Cord blood mononuclear cells (CBMCs) were obtained through
the Department of Obstetrics, Jewish General Hospital, Montreal, Can-
ada. Through the AIDS Research and Reference Reagent Program, Divi-
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sion of AIDS, National Institute of Allergy and Infectious Disease, Na-
tional Institutes of Health, the pNL4-3 vector was obtained from Malcolm
Martin (25), and ETR was obtained from Janssen Pharmaceuticals, Inc.
To construct standards for AS-PCR, the E138A, E138G, E138K, E138Q,
E138R, and E138V substitutions were introduced into RT by site-directed
mutagenesis (QuikChange XL kit; Stratagene, La Jolla, CA). Clinical iso-
lates were used in selection experiments with ETR as previously described
(26); ETR selection experiments with viral isolates 5326, 5331, and BG-05
were performed previously.

Viral RNA extraction and RT-PCR. HIV-1 RNA was purified from
EDTA-anticoagulated plasma or from cell culture supernatants (QIAamp
viral RNA minikit; Qiagen Sciences, MD), according to the instructions of
the manufacturer. Purified RNA (20 wl) was reverse transcribed and PCR
amplified in a single step (SuperScript III one-step RT-PCR system with
platinum Taq DNA polymerase; Invitrogen, Burlington, Ontario, Can-
ada) according to the manufacturer’s instructions, with cDNA synthesis
performed at 53°C for 30 min and the PCR annealing temperature set at
55°C for 30 s. A total of 20 U of RNaseOUT (Invitrogen) was used in each
reaction. The primers used for RT-PCR were RT_Sense and RT_An-
tisense (see Table S1A in the supplemental material). RT-PCR was also
performed using a clinical protocol (Virco BVBA, Mechelen, Belgium).
The PCR products were purified (QIAquick PCR purification kit; Qiagen)
and quantified by spectrophotometry (NanoDrop 1000; Thermo Scien-
tific).

Primers, reaction setup, and quantifying E138 minority species by
AS-PCR. The sequences of all primers were based on the 2010 Los Alamos
HIV sequence compendium of HIV-1 subtype B pol (27) (see Table S1B in
the supplemental material). All AS-PCR conditions were the same: 300
nM sense primer, 300 nM antisense primer, 2 uM SYTO9, 2% dimethyl
sulfoxide, and 1X Platinum Quantitative PCR SuperMix-UDG (Invitro-
gen) in a volume of 10 pl in a transparent tube (0.1-ml Strip Tubes and
Caps; Qiagen). The final DNA concentration in the AS-PCR mixture was
107 to 10® amplicons/pl. Samples were evaluated by qPCR in a Rotor-
Gene 6000 real-time thermocycler (Corbett Research Pty, Ltd., Australia)
using the following parameters: 50°C for 2 min (for UDG), then 94°C for
2 min, and then 50 cycles of 94°C denaturation for 15 s, 50°C annealing for
15 s, and 72°C elongation for 60 s. Assessments of the sensitivity and
running of samples were performed as reported elsewhere (28). The
method used to determine genetic linkage following AS-PCR is similar to
a method published elsewhere (24).

Study populations. The study included evaluation of two HIV-1 pol
data sets of drug-naive populations from 2001 to 2007: the Quebec drug
resistance genotyping program (yeaed = 817; Mgrug naive = 4063 Mynknown =
167) and the Montreal Primary HIV Infection (PHI) Cohort Study
(Mgrug naive = 335). Patients provided informed consent for blood collec-
tion and resistance testing. From the Montreal PHI cohort study, we ran-
domly identified drug-naive patients before January 2008 with a high viral
load (>150,000) during primary infection who were assessed for minority
species by AS-PCR and ultradeep sequencing (UDS). The viral load was
>150,000 to achieve at least 0.05% sensitivity for AS-PCR (28).

UDS. To remove UDS errors, and also in an attempt to increase sen-
sitivity, we used the PrimerID method (29). After PrimerID analysis, UDS
yielded 1,088 complete and unique sequences per patient from codons
105 to 194 with an average of two reads per sequence. To further compen-
sate for potential UDS errors, we only considered mutations present when
the mutational frequency was significantly greater (Fisher exact test, P <
0.05) than the frequency of this mutation in >5,000 sequence reads that
should not have possessed this mutation but occasionally did due to PCR
induced mutations (i.e., sequences that had the same PrimerID tag). This
protocol was followed for each individual mutation and position, and this
permitted the detection of mutations below 1% in proportion. These
analyses were performed using Prism 5 (GraphPad Software, Inc.) and
Excel (Microsoft). Alignments were performed in Clustal Omega (30, 31)
and were corrected by hand in MEGAS5 (32).
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Competition experiments. Competition experiments were per-
formed with 65,000 MT-2 cells in 2 ml of RPMI medium supplemented
with 10% fetal bovine serum, 1% penicillin, 1% streptomycin, and 1%
L-glutamine. Virus was normalized based on the multiplicity of infection
(MOI), and cells were infected with a total MOI of 0.05. Then, 1 ml of
supernatant was removed, frozen at —80°C each day for future AS-PCR
analysis, and replaced with 1 ml of fresh medium. Next, 1.5 mM hy-
droxyurea (HU; Sigma) was used in some studies because this was the
highest concentration that could be used on MT-2 cells before toxic effects
were noted. 0.65 mM deoxynucleosides (dN; Sigma) was used in some
studies because this was the lowest concentration that partially rescued
MT-2 cells subjected to excess (50 mM) HU. MT-2 cells were preincu-
bated for 24 h with HU or dN prior to infection. The relative fitness was
calculated by least-squares analysis (33).

RESULTS

Design of an AS-PCR for E138A, E138G, E138K, E138Q, E138R,
and E138V. The design of this AS-PCR offered a unique challenge
in that it had to be specific for two nucleotides to adequately dis-
tinguish among six different substitutions. Therefore, the 3" ulti-
mate and penultimate positions of the AS primer were designed to
overlap with the first two nucleotides of the E138 codon (see Table
S1B in the supplemental material). Intentional mismatches were
placed on two invariant adenine nucleotides of residue N137 (27,
34, 35) to increase the sensitivity. Of note, approximately half of
subtype B and subtype C viruses should not have any mutations in
the AS primer-binding site (27). The sensitivity of our assay was
determined by diluting DNA with the indicated mutations at po-
sition E138 in wild-type DNA (Fig. 1) and in other common E138
mutants (see Fig. S1 in the supplemental material). We also con-
firmed that sequencing the amplicon of the E138K AS-PCR re-
vealed linked mutations with sensitivity between 0.1 and 0.01%
(see Fig. S2 in the supplemental material).

E138K emerges first during ETR selection experiments. We
performed cell culture selection experiments with ETR using pa-
tient derived subtype B and C viruses. Four viruses had mutations
in primer-binding sites, and such mutations are known to impact
the observed proportion and sensitivity of AS-PCR methods (28,
36). By comparing the observed proportion of points at which
E138K was measurable by bulk sequencing, we validated the
assay and estimated the approximate fold decrease in the ob-
served proportion of viruses with mutations in the primer
binding sites (Fig. 2).

Analysis of these ETR selections by AS-PCR also revealed the
dynamic process of E138 substitution selection (Fig. 2). E138K
consistently emerged first for each particular experiment. The
higher limit of detection for E138G combined with primer-bind-
ing site mismatches prevented the detection of E138G above the
technical limit of detection in most of these selections; nonethe-
less, the trend is clear that E138G also emerged very early above
background measurements. In one case, an E138A minority tran-
siently appeared shortly after E138K and E138G. In two instances,
E138Q minority species increased after an accumulation of the
E138K substitution. Interestingly, even though E138R conferred
the highest level of resistance to ETR (6, 8, 10), this substitution
did not appear above the limit of detection during the experi-
ments. Of note, the presence of G190A, a common first-genera-
tion NNRTT resistance mutation as an initial background muta-
tion (37), did not appear to influence the evolution of E138
minority species. The consistently early selection of E138K and
E138G indicated that there is a mutational bias for these substitu-
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FIG 1 Summary of empirically determined AS-PCR sensitivities (%). The final concentration of DNA was 10® amplicons per wl or 10? amplicons per reaction.
The data are representative of the means = the standard errors of the mean (SEM) of two independent trials performed in triplicate. (A to F) Mutant PCR
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RT-PCR amplicons from viruses obtained from HEK293T cell transfection.

tions. We also analyzed the genetic linkage of E138K during these
selection experiments by AS-PCR (see Table S2 in the supplemen-
tal material); there was no indication that E138K emerged on hy-
permutated viruses in these selection experiments.

Prevalence of substitutions at position E138 by bulk se-
quencing, AS-PCR, and UDS in plasma samples obtained from
patients prior to the availability of ETR and RPV. We next eval-
uated patients by bulk sequencing, AS-PCR, and UDS for the his-
toric prevalence of E138 substitutions at times prior to the clinical
availability of ETR and RPV. By bulk sequencing, we evaluated
1725 viral sequences obtained prior to 2008 from the plasma of
different subtype B-infected patients enrolled in the Quebec Drug
Resistance Genotyping Program and the Montreal PHI Cohort
Study (Fig. 3A). Only E138A and E138G were identified in drug-
naive patients by bulk sequencing.

We then used our AS-PCR to evaluate E138 minority species in
samples obtained prior to 2008 from subtype B drug-naive per-
sons with a high viral load (>150,000). This was done to increase
the sensitivity of the assay. Due to these conditions, as well as
sample availability, we were limited to analyzing only 22 patients.
We found that E138K was the most prevalent minority species,
found surprisingly in 23% (5/22) of these patients (Fig. 3B).
E138G and E138A were also found at a high prevalence of 18%
(4/22) and 9% (2/22), respectively, whereas E138Q, E138R, and
E138V were never detected.

We confirmed these results by UDS, although one patient
identified by AS-PCR as possessing E138K, was not analyzed due
to lack of plasma availability. Identifying mutations at levels below
the 1% proportion by UDS was achieved by statistically evaluating
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each mutation on a site and mutation-type specific basis. We were
able to confirm the high prevalence of E138K at 19% (4/21), as
well as E138A at 10% (2/21) (Fig. 3C). The high prevalence of
E138G substitutions could not be confirmed due to a high UDS
background for this specific mutation. In addition, a patient with
an E138V minority was also identified.

E138K is one of the least fit substitutions at codon E138. The
early selection and high prevalence of E138K minority species
could be rationalized if E138K had a low fitness cost relative to
other substitutions at codon E138. Competition experiments with
E138K-containing viruses competed against viruses containing
E138A, E138G, or E138Q have been performed previously (38).
Paradoxically, E138K was found to be more fit than E138A and
E138Q, despite the fact that E138A is fit enough to be a common
polymorphism, whereas E138K is not. To confirm this finding,
and also to test E138R, we performed competition experiments
using viruses that contained E138A, E138G, E138K, E138Q, and
E138R. We capitalized on the ability of the AS-PCR method to
distinguish among these substitutions by competing all viruses
together in an internally controlled experiment (Fig. 4A). Consis-
tent with the majority-species prevalence of E138A in drug-naive
patients, we found that E138A and E138G were the most-fit sub-
stitutions, followed by E138R; the least-fit substitutions were
E138K and E138Q.

dNTP pool size affects E138 substitution relative fitness. We
have previously shown that some E138 substitutions have a deoxy-
nucleoside triphosphate (ANTP) concentration-dependent effect
on RT kinetics in vitro (10, 39, 40). We now assessed whether
modified dNTP concentrations in vivo may permit E138K to be-
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to 3.

come the most fit substitution at codon E138 (Fig. 4B to H). Using
hydroxyurea (HU), an inhibitor of ribonucleotide reductase, to
lower the ANTP concentrations of MT-2 cells resulted in a modest
increase in the fitness of viruses containing E138K and E138Q
relative to E138A, E138G, and E138R (Fig. 4B and D). Conversely,
using deoxynucleosides (dNs) to exogenously raise the ANTP con-
centration of the cells resulted in E138G gaining a strong fitness
advantage over the other substitutions at codon E138 (Fig. 4C and
D). Under the conditions tested, E138K was consistently one of
the least fit substitutions at codon E138. E138K virus was also
competed against wild-type virus under similar conditions (Fig.
4E to H); E138K also had modestly improved relative fitness with
the addition of HU but was nonetheless consistently less fit than
wild-type virus.
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Small minority species correlates to HIV-1 mutational bias.
Considerations of fitness and drug resistance cannot explain the
early and preferential selection of E138K; a high forward mutation
rate for this mutation may be the best rationale for this phenom-
enon. The high prevalence of small E138K minority species in
patients might also be due to HIV-1 mutation rate and bias. Fur-
ther UDS analysis revealed the pattern of small minority species
was consistent with that of HIV-1 mutational bias during single
cycle replication experiments (Fig. 5A) (12). The prevalence in
patients of any particular G—A mutation was ca. 15%, usually as
a tiny (<1%) minority. This indicates that the high prevalence of
E138K as a small minority is not specific to E138K, and can be
explained by the fact that it is a G—>A mutation.

Despite the fact that in vitro RT preferentially introduces G—A
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FIG 3 Prevalence of majority and minority E138 species in drug-naive pa-
tients prior to 2008. (A) Prevalence of E138 species identified by bulk sequenc-
ing. Closed bars represent drug-experienced patients, and open bars represent
drug-naive patients. Results for patients with unknown treatment status are
not shown. (B) Prevalence of minority E138 species in 22 patients measured by
AS-PCR, as confirmed in two or three independent experiments. The dotted
line represents the AS-PCR limit of detection for a specified substitution, tak-
ing into account a minimum limit of detection for patients based on viral load.
(C) Prevalence of minority E138 species in the same patients as in panel B
above, except that one patient, due to plasma availability, was also monitored
by 454 UDS. Open circles indicate values below the sensitivity of the assay.
Closed circles represent values above the sensitivity of the assay; for UDS, this
meant alevel significantly higher than that of background PCR mutations (P <
0.05, Fisher exact test). The solid line indicates the mean proportion of minor-
ity species detected at levels above the sensitivity of the assay.

mutations during positive- and negative-sense DNA polymeriza-
tion, positive-sense G—A mutations were significantly higher
than positive-sense C—T mutations in the present study. This
indicates that RT exhibits a slightly different mutational bias for
RNA- and DNA-dependent DNA polymerization, as suggested
previously (12), or that a host factor is responsible for additional
positive-sense G—A mutations sufficient to impact the muta-
tional bias.

Genetic linkage of E138K in drug-naive patients. We next
investigated whether these frequent G—A minority species were
hypermutated, which would indicate their emergence was due to
APOBECS activity. Sequencing the amplicons in the AS-PCR as-
say from drug-naive patients to reveal mutations linked to E138K
yielded no indication that E138K was linked to hypermutated vi-
ruses (see Table S3 in the supplemental material). Neither did
UDS analysis reveal any linkage of E138K to hypermutated vi-
ruses; indeed, there were no hypermutated viruses at all (Hyper-
mut 2.0 Program, P <0.05). It is possible that most reactivated
APOBEC3-hypermutated viruses fail to replicate sufficiently to be
detectable by UDS. In this case, hypermutation, followed by early
recombination, could enrich G—A minority species in specific
dinucleotide contexts (41). Although this would provide indirect
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evidence of APOBECS3 activity, no significant enrichment of G—A
mutations occurred (Fig. 5B). This questions whether APOBEC3
really does play a role in regard to the overall HIV-1 mutational
bias for G—A mutations, such as E138K.

DISCUSSION

Using an AS-PCR assay and UDS to analyze ETR selection exper-
iments and drug-naive patients has yielded novel information. To
investigate substitutions at codon E138, we developed an AS-PCR
method that distinguished among six substitutions at a single
codon. This was accomplished by building on archetypal AS-PCR
primers, which are specific for one nucleotide at the 3" ultimate
position (22, 23). In addition, we adapted a previously published
technique to study linked mutations following AS-PCR (24) in
order to identify E138K mutational combinations with high sen-
sitivity. These assays have diagnostic applications, given that the
E138K/M184I substitution combination was identified in the ma-
jority of virologic failures in the ECHO and THRIVE trials in
which RPV was used together with two nucleoside RT inhibitors
to treat previously drug-naive patients (2).

Investigating the evolution of E138 substitutions under ETR
drug pressure has revealed the early selection of E138K over other
E138 substitutions. Since each of the E138K, E138G, and E138A
substitutions confer ETR resistance and it appeared at times that
E138 still dominated the quasispecies, one might assume that their
order of appearance is proportional to their mutational bias. Con-
versely, E138Q was selected only after E138K first became a ma-
jority species, suggesting that the E138K substitution followed by
the K138Q substitution (G—A—C) may have a higher likelihood
for occurrence than the E138Q (G—C) substitution, a possibility
consistent with the mutational bias of HIV-1 that favors G—A or
A—C mutations over G—C mutations (12). Although E138R
conferred the highest levels of resistance to ETR of all the E138
substitutions, this substitution was not observed as a minority
species; this is consistent with the fact that the generation of E138R
requires two instead of only one nucleotide mutation. In sum-
mary, these findings are consistent with the following relative mu-
tational bias: E138K = E138G < E138A = E138Q < E138R. Con-
sidering that E138K is one of the least fit E138 substitutions and
also offers one of the lowest levels of NNRTI resistance, its prefer-
ential selection can best be explained by the HIV-1 mutational
bias.

Although this bias is thought to be the result of both an innate
G—A bias during viral replication and APOBEC3 cytosine deami-
nase enzymes, we could not find any evidence of APOBEC3-hy-
permutated viruses in viral RNA during ETR selections or in sub-
type B-infected drug-naive patients. That said, we were recently
able to identify a subtype C patient with an obviously hypermu-
tated E138K minority species by AS-PCR (see Table S5 in the
supplemental material), showing that hypermutated viruses could
be detected in plasma if they were actually present. Likewise, if
APOBEC3 enzymes played a major role in the emergence of
E138K, it would be expected that differences in the emergence and
prevalence of E138K and the E138G minorities would be more
dramatic.

The fact that E138G and E138K were both selected early and
frequently identified in drug-naive patients helps to explain why
both were the most common E138 substitutions in treatment fail-
ure during clinical trials with RPV, despite the fact that E138G
only confers low-level RPV resistance (2, 8). A different study
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FIG 4 Competition experiments with mutations at codon E138 in MT-2 cells monitored by AS-PCR. The data are representative of means = the SEM of three
independent experiments. (A to D) Results of competition experiments using E138A, E138G, E138K, E138Q, and E138R mutations. (A) Competition experi-
ments performed without altering the INTP concentration. (B) 1.5 mM hydroxyurea (HU) was added to the medium. (C) 0.65 mM deoxynucleosides (dN) were
added to the medium. (D) Fold change in the proportions of individual substitutions at the end of the competition experiment. Bars: N, fold change with the
addition of HU; [, fold change with the addition of deoxynucleosides. (E to H) Results of competition experiments using E138K virus and wild type. Lines: solid
line, wild type; dashed line, E138K. “1 + s” is the relative viral fitness with the SEM noted. (E) Competition experiment performed without altering the INTP
concentration. (F) 1.5 mM hydroxyurea (HU) was added to the medium. (G) 0.65 mM deoxynucleoside (dN) was added to the medium. (H) Both 1.5 mM HU
and 0.65 mM dN were added to the medium. Note that this combination caused a minor decrease in MT-2 cell replication.

indicated that E138K was selected over E138G by TSAO deriva-
tives—a group of NNRTIs that have not been approved for clinical
use—primarily because of the mutational bias of HIV-1. Using
exogenously provided deoxycytidine (dC) and tetrahydrouridine
(THU) to artificially increase the concentration of dCTPs in cells
lead to the selection of E138G instead of E138K by TSAO deriva-
tives (42). This was interpreted to be the result of an augmented
dCTP/dTTP ratio that skewed the RT mutational bias. However,
we show here that E138G often emerges alongside E138K, and that
high ANTP concentrations provide E138G with a strong fitness
advantage. We hope to test whether dC and THU augments the
fitness of E138G over E138K as opposed to altering the mutational
bias of HIV-1.

The prevalence of minority species identified here is unexpect-
edly high. However, this finding does not likely represent an arti-

4686 aac.asm.org

fact of PCR, since we specifically controlled for this during the
AS-PCR optimization and during UDS analysis. Likewise, the
prevalence of minority species revealed by UDS was consistent
with the HIV-1 mutational bias and was very distinct from that of
the Taq polymerase mutational bias (43). Furthermore, this is not
the first study to note unfit very small minority species in patients
who are not under drug pressure (28, 44, 45). Nonetheless, our
findings serve as a warning to interpret with caution the discovery
of minority drug resistance mutations. The presence of E138A
minority species at the start of some of the ETR selection experi-
ments shows that not every detectable minority species will be
positively selected under drug pressure, since most circulating vi-
ruses are not infectious (46, 47).

On the other hand, the frequent identification of minority spe-
cies appears to reflect a mutational bias that could favor the selec-
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FIG 5 UDS revealed a prevalence of minority species per available nucleotide
site in HIV pol (HXB2 2862—3131) in 21 drug-naive patients. (A) Mean
prevalence of minority species (<5% proportion) stratified on the basis of
mutational type. The prevalences of minority species per patient were calcu-
lated and then averaged together. Error bars represent standard deviations. (B)
Frequency of A minority species at sites that were predominated by G, strati-
fied on the basis of dinucleotide context. Frequencies were compared by Fisher
exact test, with the P values noted.

tion of a particular mutation. For example, we previously identi-
fied a genetic template bias for the selection of K65R in subtype C
compared to subtype B (48). Likewise, 9% of drug-naive subtype
C-infected patients harbor tiny K65R minority species, while this
is true for only 2% of subtype B-infected patients (44). Conse-
quently, a relatively high number of subtype C patients have failed
first-line therapy with the K65R mutation (49, 50). The fact that
G—A mutations were the most common minority species de-
tected here, combined with the fact that G—A mutations are the
most common type of HIV-1 drug resistance mutation, further
underlines the critical role that mutational bias plays in the evo-
lution of clinically relevant HIV-1 drug resistance.
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