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We applied an efficient method to characterize the relative fitness levels of multiple nonnucleoside reverse transcriptase
(NNRTI)-resistant HIV-1 variants by simultaneous competitive culture and 454 deep sequencing. Using this method, we show
that the Y181V mutation in the HIV-1 reverse transcriptase in particular confers a clear selective advantage to the virus over 14
other NNRTI resistance mutations in the presence of etravirine in vitro.

Replication fitness defines the ability of a virus to replicate un-
der the selective pressures present in its environment. For

HIV-1, replication fitness impacts the viral variants that predom-
inate in the quasispecies and therefore influences treatment re-
sponse and disease progression (1). Etravirine (ETV) is a second-
generation nonnucleoside reverse transcriptase (RT) inhibitor
(NNRTI) with activity against several NNRTI-resistant variants
that confer resistance to the first-generation inhibitors nevirapine
(NVP) and efavirenz (2). However, the DUET-1 and DUET-2
clinical trials identified 17 mutations associated with ETV resis-
tance: V90I, A98G, L100I, K101E, K101H, K101P, V106I, E138A,
V179D, V179F, V179T, Y181C, Y181I, Y181V, G190A, G190S,
and M230L (3). A weighted genotypic score that optimizes resis-
tance interpretation has been assigned to each of these mutations
and is used to guide treatment involving ETV usage in treatment-
experienced HIV-infected individuals (4). However, very little is
known about the in vitro fitness profiles of HIV-1 variants con-
taining these mutations grown in the presence of ETV.

Replication fitness assessed by simultaneous competitive
culture and 454 deep sequencing. The replication fitness of drug-
resistant HIV-1 variants is typically assessed by measuring the
growth kinetics (in the absence or presence of drug) of two viral
variants that are mixed at defined ratios and grown in competition
in a single culture (1). A major limitation of this approach is that it
is not a high-throughput method and requires considerable effort
to evaluate the fitness of multiple drug-resistant HIV-1 variants.
Here, we describe an efficient method to characterize the relative
fitness levels of multiple mutants simultaneously. We generated
15 infectious viruses containing the single NNRTI resistance mu-
tations V90I, K101P, K103N, V108I, E138A, E138K, V179D,
Y181C, Y181I, Y181V, Y188C, G190A, G190S, M230L, and P236L
by site-directed mutagenesis of an HIV-1LAI molecular clone (5).
A wild-type (WT) virus and the 15 mutant viruses were then nor-
malized for levels of relative infectivity (infectious units/ng p24) in
TZM-bl cells and pooled. This initial infectious pool of virus was
found to contain similar concentrations of all mutant viruses as
assessed by 454 deep sequencing (median, 6.7%; interquartile
range [IQR], 5.5% to 8.4%; all n � 3). The effective concentration
of ETV required to inhibit 50% of the pooled virus (i.e., EC50) in
TZM-bl cells was found to be 62.6 � 3.4 nM. This value was
�11-fold higher than the EC50 (5.7 � 1.3 nM) determined for the

WT virus. In contrast, the pooled virus showed �50-fold-greater
resistance to NVP (EC50 � 20 �M) compared to the WT virus
(280 � 33 nM).

The pooled virus was used to infect 1.6 � 106 HUT-78 cells at
a multiplicity of infection of 0.004. After a 2-h incubation period,
cell-free virus was removed and ETV (20 nM, 200 nM, or 500 nM),
NVP (5 �M), or dimethyl sulfoxide (DMSO) (no-drug control)
was added to the cultures. Culture supernatants were collected at
3-day intervals up to day 26 or until the observed peak of p24
production (Fig. 1A). Viral RNA was extracted, and deep sequenc-
ing (454 GS Junior) of an amplicon spanning RT codons 96 to 194
was used to quantify the distribution of mutants at each time
point. A median of 2,971 (IQR, 2,726 to 3,128) sequence reads per
sample were collected. Sequencing errors (indels) in homopoly-
mer-rich regions (e.g., codon 103) were corrected after alignment
by deleting extraneous bases or by inserting the HIV-1LAI refer-
ence base where necessary. A mean PCR/deep-sequencing error
rate of 0.24% � 0.18% was determined by calculating the amino
acid substitution rate at unmodified codons in viruses grown in
the absence of drug (n � 3). The mean PCR/sequencing error rate
at the nucleotide level was calculated to be 0.16% � 0.28%.

The Y181V mutation confers a clear fitness advantage over
other NNRTI resistance mutations in the presence of ETV. Lon-
gitudinal deep sequencing revealed that in the absence of drug, the
frequencies of most NNRTI-resistant variants either remained the
same or decreased as a function of time (Fig. 1B). As expected,
there was also a concomitant increase in the frequency of the wild-
type (WT) sequence at most resistance codons (Fig. 1C). In con-
trast, the Y181V virus emerged as the most common variant by
days 3, 6, and 9 in cultures grown in 20 nM, 200 nM, and 500 nM
ETV, respectively (Fig. 1D, E, and F). The frequency of the Y181I
virus also increased up to day 6 in the 20 nM ETV culture but
declined thereafter (Fig. 1D). Transient increases in viruses con-
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FIG 1 Replication fitness of multiple NNRTI-resistant HIV-1 variants in the presence of ETV or NVP. (A) Concentrations of p24 in culture supernatant from
cells infected with pooled virus and exposed to different concentrations of ETV or NVP. (B, C, D, E, F, and G) The relative prevalences of 12 viruses each
containing a single resistance mutation as determined by longitudinal deep sequencing of viral RNA from culture supernatant from cells infected with pooled
virus and exposed to no drug (control), 20 nM ETV, 200 nM ETV, 500 nM ETV, or 5 �M NVP.

TABLE 1 Population sequencing of viral culture supernatants

NNRTI Day

Amino acid(s) at codon:

90 101 103 108 138 179 181 188 190 230 236

None 0 V K K V E V Y Y G M P
3 V K K V E V Y Y G M P
6 V K K V E V Y Y G M P

5 �M NVP 3 V K/P K V E V Y/C Y G M P
6 V K/P K V E V Y/C Y G M P

20 nM ETV 3 V K K V E V I/V Y G M P
6 V K K V E V I/V Y G M P
12 V K K V E V V Y G M P
15 V K K V E V I/V Y G M P

200 nM ETV 3 V K K V E V I/V Y G M P
6 V K K V E V V Y G M P
9 V K K V E V V Y G M P
12 V K K V E V V Y G M P
15 V K K V E V V Y G M P
21 V K K V E V V Y G M P

500 nM ETV 3 V K K V E V Y Y G M P
6 V K/P K V E V Y/C/I/V Y G M P
9 V K/P K V E V Y/C/I/V Y G M P
12 V K K V E V V Y G M P
15 V K K V E V V Y G M P
18 V K K V E V V Y G M P
21 V K K V E V V Y G M P
24 V K K V E V V Y G M P
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taining other mutations were also observed at day 3 in the cultures
grown in 200 nM ETV (K103N, E138A, Y188C, and G190S) and
500 nM ETV (K101P, K103N, E138A, V179D, Y188C, and
G190A/S) before Y181V-containing viruses grew to dominate the
viral pool (Fig. 1E and F). Importantly, 3 independent fitness ex-
periments revealed that the spectrum of mutant viruses that grew
out in cultures containing 200 nM ETV did not vary; Y181V mu-
tants made up 90% of the sequenced reads at day 6 in all 3 exper-
iments. In contrast to ETV, K101P and Y181C were the most
common variants in the NVP-containing cultures at day 6
(Fig. 1G). However, the Y181I and Y181V variants were also se-
lected. The deep sequencing results were confirmed by popula-
tion-based sequencing (Table 1). Of note, there was no evidence of
virus recombination in any of the experiments performed during
culture, PCR, or sequencing. To quantify the selective advantage
of the Y181V mutant HIV-1 in the presence of ETV, we fit a pop-
ulation genetic model to the observed prevalence of Y181V over
time versus other amino acids at that position. We used a deter-
ministic haploid selection model of allele frequency evolution,
which assumes infinite effective population size and negligible
mutation rates relative to the existing polymorphism. The model
was fit to data by minimizing least squares using the optimize
function in the statistical software package R (version 2.15.2).
Y181V was estimated to have 1.8-, 2.0-, and 1.5-fold selective ad-
vantages over other Y181 variants cultured in the presence of 20
nM, 200 nM, and 500 nM ETV, respectively. Drug susceptibility
assays revealed that the Y181V mutation in HIV-1 RT conferred
�60-fold resistance to ETV (Table 2), thus explaining—in part—
its fitness advantage in our assay system. However, Y181I HIV-1
also exhibited �60-fold-decreased susceptibility to ETV, suggest-
ing that this mutation confers a fitness disadvantage to the virus in
comparison to Y181V. Similarly, the G190S and K103N muta-
tions confer significant resistance to NVP (Table 2), and yet the
growth of both of these variants was significantly outpaced by that
of the K101P and Y181C/I/V mutants. In this regard, it should be
noted that the K101P, Y181I, and Y181V mutations in HIV-1 RT
require a double-nucleotide change. As such, despite their in-
creased replication fitness in the presence of NVP observed in this
study, they are less frequently observed in HIV-infected individu-
als in comparison to mutations (e.g., Y181C and K103N) that
require a single nucleotide change.

Conclusions. We have developed an efficient method to char-
acterize the relative fitness levels of multiple NNRTI-resistant
HIV-1 variants simultaneously. Using this method, we show that
the Y181I and Y181V mutations confer a clear fitness advantage
over other NNRTI resistance mutations in the presence of ETV in
vitro. Our data are consistent with the finding that Y181I and
Y181V were assigned the highest weights in a genotypic scoring
system that was developed for ETV resistance-associated muta-
tions based on their impact on treatment response (4). However, a
primary limitation of this study is that the mutations were assessed
in the context of a defined genetic backbone. Furthermore, the
fitness assays were carried out in a T cell line. In this regard, the
results reported in this study might have differed if a different
strain of HIV-1 or cell line had been used.
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TABLE 2 Susceptibility to ETV and NVP of selected NNRTI-resistant HIV-1 viruses

NNRTI parameter

Valuea

WT K101P K103N E138A Y181C Y181I Y181V G190S

ETV
EC50 (nM) 5.7 27.8 3.8 15.9 44.3 353 328 2.2
Fold R 4.9 0.7 2.8 7.8 61.9 57.9 0.4

NVP
EC50 (�M) 0.28 �20 �20 0.23 �20 �20 �20 �20
Fold R �50 �50 0.8 �50 �50 �50 �50

a EC50 values represent mean values from at least 3 independent experiments. Fold R values represent mean fold change in EC50 of mutant versus WT virus.
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