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Nevirapine-resistant variants were generated by serial passages in MT-2 cells in the presence of
increasing drug concentrations. In passage 5, mutations V106A, Y181C and G190A were detected
in the global population, associated with a 100-fold susceptibility decrease. Sequence analysis of
biological clones obtained from passage 5 and subsequent passages showed that single mutants,
detected in first passages, were progressively replaced in passage 15 by double mutants,
correlating with a 500-fold increase in phenotypic resistance. Fitness determination of single
mutants confirmed that, in the presence of nevirapine, every variant was more fit than wild-type
with a fitness order Y181C"V106A"G190A"wild-type. Unexpectedly, in the absence of
the drug, the Y181C resistant mutant was more fit than wild-type, with a fitness gradient
Y181C"wild-type "G106A&V190A. Using a molecular clone in which the Y181C mutation was
introduced by in vitro mutagenesis, the greater fitness of the Y181C mutant was confirmed in new
competition cultures. These data exemplify the role of resistance mutations on virus phenotype but
also on virus evolution leading, occasionally, to resistant variants fitter than the wild-type in the
absence of the drug.

Introduction
Human immunodeficiency virus type 1 (HIV-1) and all

RNA viruses have adopted as an evolutionary strategy an
error-prone mechanism of replication. This results in the
accumulation ofmutations in every virus replication. In general,
the occurrence of mutations is a random process and
consequently most of mutations are deleterious. In RNA
viruses the accumulation of deleterious mutations during
replication is responsible for the Muller ratchet effect (Muller,
1964), which has been described for many RNA viruses (Chao,
1990 ; Escarmı!s et al., 1996), including HIV-1 (Yuste et al.,
1999). However, some mutations that appear during the
continuous replication of RNA viruses could offer some
adaptive advantage, like natural antiviral-resistance mutations
(Na! jera et al., 1994, 1995).

Potent antiviral treatment has brought about a break-
through in the AIDS epidemic in developed countries. The
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principal target for anti-HIV therapy has been reverse
transcriptase (RT). HIV-1 RT inhibitors can be divided into two
groups (De Clercq, 1992) : nucleoside analogues (Fischl et al.,
1987 ; Mitsuya et al., 1985) and non-nucleoside RT inhibitors
(NNRTI), like nevirapine (NVP). As opposed to what occurs
with nucleoside analogues (Larder et al., 1989, 1991a), viruses
resistant to NNRTI arise quickly in vivo (Richman et al., 1994)
and in vitro (Balzarini et al., 1993 ; Larder et al., 1987 ; Nunberg
et al., 1991). The loss of antiviral activity is associated with the
acquisition of several mutations around the hydrophobic
catalytic pocket in the p66 subunit of the RT, mainly at amino
acid positions 103 (K!N), 106 (V!A), 181 (Y!C}I), 188
(Y!C) and 190 (G!A) (Kohlstaedt et al., 1992 ; Korber et al.,
1998 ; Smerdon et al., 1994). Some of these alterations have an
effect not only on the resistant phenotype but also on
enzymatic properties (Tantillo et al., 1994).

One of the consequences of the error-prone replication of
RNA viruses is the existence in any HIV-1 virus population of
a swarm of related genomes (Meyerhans et al., 1989 ; Sabino et
al., 1994 ; Wain-Hobson, 1993), termed quasispecies, prepared
for the rapid dominance of different variants in response to
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different environments. These variants display different pheno-
typic and genotypic characteristics and they compete for the
prevalence of the most fit variant (designated wild-type virus)
in the virus population by Darwinian selection. The parameter
that better measures the dominance of one virus is virus fitness
and, in certain conditions, is related to the presence of a mutant
in a virus population (Coffin, 1995). Recently there have been
interesting reports implicating virus fitness of the different
HIV-1 antiviral-resistant variants in vivo with its dominance in
virus population within patients (de Ronde et al., 2001 ;
Goudsmit et al., 1996, 1997 ; Harrigan et al., 1996).

We report the genotypic and phenotypic characterization
of HIV-1 NVP-resistant variants selected by in vitro passage of
a clonal wild-type virus to increasing amounts of drug. The
evolution of the distinct single and double mutants present in
the virus population was examined during the passages. To
further study the role that each single resistance mutation plays
in antiviral resistance, we carried out a fitness study of single
resistant variants, in both the presence and absence of the
antiviral.

Methods
+ Virus and cells. Virus used in the generation of NVP-resistant
variants (V61) was obtained from the infectious molecular clone 89ES061
(Olivares et al., 1997, 1998), derived from an HIV-1 Spanish isolate
(Sa! nchez-Palomino et al., 1993), by electroporation of the plasmid in Cos-
1 cells and coculture with MT-4 cells. The RT sequence and the
susceptibility to NVP of this virus were determined and corresponded to
a drug-sensitive isolate (Olivares et al., 1998).

An MT-2 cell line (Miyoshi et al., 1981) was used for the in vitro

selection of HIV-1 NVP-resistant variants, for the evaluation of the
replicative capacity of the selected virus, for susceptibility testing and for
the competition assays. An MT-4 cell line (Miyoshi et al., 1981) was used
in a plaque assay to obtain biological clones. Both cell lines are maintained
in RPMI 1640 (Bio-Whittaker) supplemented with 10% foetal bovine
serum (Gibco) plus 1% antibiotics (Bio-Whittaker). HT4-6C, HeLa cells
expressing the human CD4 receptor (Chesebro & Wehrly, 1988), were
used to determine drug susceptibility. This cell line is maintained in
Dulbecco’s modified Eagle’s medium (Gibco) containing 10% foetal
bovine serum plus antibiotics (DMEM-10 or growth medium).

+ Test compound. NVP (11-cyclopropyl-5,11-dihydro-4-methyl-
6H-dipyridol[3,2-b :2«,3«-e][1,4]diazepin-6-one) stock solution was stored
at ®20 °C until use.

+ In vitro selection of HIV-1 NVP-resistant variants. V61 was
passaged in 5¬10' MT-2 cells in the presence of increasing concen-
trations of drug (Table 1) at an m.o.i of 0±01, following previous protocols
(Gao et al., 1992, 1994 ; Larder et al., 1991a, 1993). In order to obtain
adequate intracellular levels of drug, cells are pre-incubated for 4 h. New
medium containing the appropriate drug concentrations was added every
2 days to cultures. Passages were performed with the supernatant of the
preceding passage, taking into account that virus titres do not change
significantly during passages (Sa! nchez-Palomino et al., 1993).

+ Biological characterization of the resistant variants. Virus
titre assays were performed in MT-2 cells and titres, expressed as 50%
tissue culture infective dose (TCID

&!
), were calculated manually by the

Spearman–Karber method (Mascola, 1999). Susceptibility to NVP,
expressed as 50% inhibitory concentration (IC

&!
), was determined by

HeLa CD4 plaque assay, or by the MTS method. Quantitative plaque
reduction assay in Hela CD4 (HT4-6C) cells was carried out as described
(Larder et al., 1989, 1990). Briefly, 4¬10% cells were seeded in 24-well
tissue culture plates (Falcon) and inoculated with 100–200 p.f.u. of virus
in 0±2 ml DMEM-5 and adsorbed for 1 h at 37 °C. Then five different
1 :10 dilutions of NVP were added to duplicate wells in 0±8 ml growth
medium. Four days later monolayers were fixed with 100% methanol and
stained with 0±25% crystal violet to visualize plaques. The colorimetric
method is based on the reduction of tetrazolium to formazan (Promega)
in viable cells. The assay was carried out in 1¬10& MT-2 cells with 100
TCID

&!
per well and 5–6 different concentrations of antiviral and

performed in triplicate. Four days later, 20 µl of the MTS reagent was
added, incubated for 4 h at 37 °C and read at 490 nm. In both cases, the
percentage of reduction of the effect was calculated by comparison with
a drug-free control. The dose–response curves are obtained when these
percentages are plotted against the logarithm of drug concentrations. The
IC

&!
was determined by linear regression using the median effect

equation (Chou & Talalay, 1984), with the help of GraphPad Prism
software (2.01 version, 1996). Resistance is defined as an IC

&!
greater

than 100-fold of the initial value (Lo! pez-Galı!ndez & Guerra Romero,
1997).

+ Biological cloning. Biological clones were obtained using an
agarose MT-4 plaque assay as previously described (Harada et al.,
1987 ; Sa! nchez-Palomino et al., 1993). Well isolated plaques were picked
at random 7 to 10 days post-infection and resuspended in 300 µl of
culture medium (Yuste et al., 1999). Virus stocks from NVP-resistant
clones were obtained by infecting 5¬10' MT-2 cells in the presence (for
resistant clones) or absence (for wild-type virus) of low concentrations of
drug (0±25 µM).

+ Genetic analysis of resistant variants. Variants obtained by in
vitro selection were analysed from HIV-1 proviral DNA of infected
cultures. Total cellular DNA from infected cells was extracted by
phenol–chloroform followed by ethanol precipitation (Perucho et al.,
1981) for large amounts of cells, or by the Instagene purification matrix
(Biorad) for smaller numbers of cells. A 1951 bp fragment including the
complete polymerase domain of the RT in the pol gene was amplified by
PCR as described previously (Na! jera et al., 1994, 1995) using Taq
polymerase (Perkin Elmer). Primers 54RU (5« AGTTTGCCAGGA-
AGATGGAAACCA 3«, positions 1719–1742), where the number
corresponds to the position in the BH10 genome (GenBank accession no.
M15654), and 53RD (5« GGCGAATTCACTAGCCATTGCTCTCCA
3«, antisense, complementary to positions 3642–3669) were used. DNA
from biological clones was amplified by using a nested PCR, performed
with RT oligonucleotides 3RU and 20RD (Na! jera et al., 1994, 1995). PCR
products were purified with the High Pure PCR product purification kit
(Promega) and sequenced with the fmol DNA cycle sequencing system
(Promega), with primers 14RD (Na! jera et al., 1994, 1995) or 15«RU (5«
TAGATATCAGTACAATGTGCTTCCAC 3«, positions 2333–2358),
according to the manufacturer’s instructions.

+ Generation of mutant virus Y181C. In order to obtain the
mutant Y181C virus, in vitro mutagenesis was performed in the infectious
molecular clone 89ESO61 using the Quikchange site-directed muta-
genesis kit (Stratagene). Mutagenesis was carried out in the p61FA
subclone (Olivares et al., 1997) with primers 283RU (5« CCAGACA-
TAGTTATCTGTCAATACATGGACG 3«, positions 2433–2463) and
283RD (complementary to above). The mutant Y181C virus was
obtained by electroporation of the mutated plasmid in COS-1 cells as
previously reported (Olivares et al., 1997) and grown in MT-4 cells to
obtain a stock. Mutation was confirmed by nucleotide sequencing of the

JE



In vitro fitness of NVP-resistant mutantsIn vitro fitness of NVP-resistant mutants

Table 1. Description of the in vitro selection procedure and drug concentrations used to generate resistant viruses and
phenotypic characteristics of the variants

NVP conc
Duration of passage (days)*

IC50 (µM) IC50 (µM)
Passage (µM) ­NVP ®NVP Titre (TCID50)† (fold resistance)‡ (fold resistance)§

0 – – – 6±4¬10% 0±1 0±2
1 0±05 8 9 – – –
2 0±05 7 6 – – –
3 0±1 7 6 – – –
4 0±2 9 6 – 0±6 (6) –
5 0±4 16 6 1±6¬10& " 10 (" 100) 19 (95)
6 1 6 7 – 9 (90) –
7 1 7 5 – – –
8 2 6 6 – – –
9 4 5 5 – – –

10 8 6 5 1±2¬10& 8 (80) –
11 8 5 5 – – –
12 16 7 6 – – –
13 16 6 4 – – –
14 32 7 5 – – –
15 64 11 4 1±7¬10% " 50 (" 500) " 100 (" 500)

* Infections were performed at the same time in the presence or the absence of drug.
† Determined by cytopathic effect in MT-2 cells in two determinations.
‡ Determined by the HeLa CD4+ plaque reduction assay.
§ Determined by the MTS colorimetric assay.
– Not determined.

complete RT region. Virus recovered was propagated in MT-2 cells and
the IC

&!
of the wild-type and the Y181C viruses was established by the

MTS method.

+ In vitro determination of relative fitness. Fitness determination
was performed by growth competition experiments as previously
described (Chao, 1990 ; Escarmı!s et al., 1996 ; Holland et al., 1991 ; Yuste
et al., 1999). Cultures between the clone to be tested and the wild-type
virus were carried out at an initial proportion of 1 :1 for five passages and
in three independent experiments. 5¬10% MT-2 cells were infected at a
m.o.i of 0±05, both in the absence and in the presence of 0±25 µM NVP.
For the next passage, fresh MT-2 cells were infected with 5 µl supernatant
of the preceding passage. RNA was extracted from 20 µl culture
supernatant as described (Boom et al., 1990), with a guanidinium
isothiocyanate lysis buffer and glass milk, and resuspended in 50 µl TE
buffer. After isolation of viral RNA, 10 µl of this RNA preparation was
reverse-transcribed and amplified using the Titan one-tube RT–PCR
system (Boehringer Mannheim), according to the manufacturer’s instruc-
tions, with primers 54RU–53RD and 3RU–20RD. PCR products were
purified as described above. Sequencing was performed with primers
15«RU or 14RD. Autoradiographic images of the sequencing gels were
analysed on a HP50 scanner and the proportion of each variant in the
competition was estimated by densitometry of the specific bands by
using the PCBAS program (2.08 version, Isotopenmeßgera$ te, 1993).

In the study with the Y181C mutant obtained by direct mutagenesis,
the proportion of each molecular species during competition passages
was calculated by heteroduplex tracking assay (HTA) (Delwart et al.,
1994). Briefly, 10 µl of RNA preparation was reverse-transcribed and
amplified using the Titan one-tube RT–PCR system (Boehringer

Mannheim) with primers 226RU (5« CAGTTCCCTTAGATAAAGAA-

TGGAGGAAGTACACTGC 3«, positions 2257–2293) and 250RD

(5« CCATTTATCAGGATGGAGTTCCCAACCCATCCAAAGG 3«,
antisense, complementary to positions 2588–2625) in the first PCR and

primers 15«RU and 248RD (5« GGATGGAGTTCATAACCCATA-

TAAAGGAATGGAGG 3«, antisense, complementary to positions

2580–2615) in the second PCR. cDNA of a wild-type clone obtained in

the second PCR was labelled with [α-$#P]dTTP (3000 Ci}mmol) in an

asymmetric PCR using primer 15«RU. About 10000 c.p.m. of this

radioactive PCR probe was mixed with 50–100 ng of unlabelled second-

round PCR product from the competing viruses in annealing buffer

(0±1 M NaCl, 10 mM Tris–HCl pH 7±8 and 2 mM EDTA). The

DNA mixtures were denatured at 94 °C for 2 min and then quickly

cooled. Heteroduplexes were then resolved on a denaturing 15%

polyacrylamide–15% urea gel in TBE (88 mM boric acid and 2 mM

EDTA) at 15 mA for 18 h. Autoradiograms were obtained by exposing

gel on a Fuji 2000 instrument for 2 h. The quantification of the ratio of the

wild-type cDNA (homoduplex) to the cDNA of the mutant virus

(heteroduplex) was determined by densitometry with the help of the

PCBAS program.

Fitness vectors were derived from the ratio of the competing clone to

the wild-type virus in each passage in relation to the initial proportion

(Rn}Ro), as in previous reports (Chao, 1990 ; Escarmı!s et al., 1996 ; Holland

et al., 1991 ; Yuste et al., 1999). The vector was obtained by linear

regression and the slope represents the relative fitness value of the

corresponding virus clone. In this procedure the vector of the reference

clone is established as zero (relative fitness 1), a negative value represents

a virus less fit than the wild-type and positive value a more fit virus.
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Results
In vitro generation and genotypic characterization of
NVP-resistant variants

In order to study the generation and dynamics of antiviral
resistance, a wild-type virus was serially passaged in MT-2
cells in the presence of increasing amounts of an NNRTI. For
the in vitro selection, NVP was used because of its high
antiviral activity as well as the rapid detection of resistant
variants in vitro (Richman et al., 1991) and in vivo (Richman et
al., 1994). Antiviral concentrations used in each passage are
summarized in Table 1. At passage 5, virus infection was
delayed 10 days in relation to the control. To study this delay,
the viruses obtained from this and subsequent passages were
subjected to genetic characterization in the pol gene. Consensus
sequence revealed different mixtures of nucleotide corre-
sponding to wild-type virus and NVP-resistant mutations at
codons V106A (GTA!GCA), Y181C (TAT!TGT) and
G190A (GGA!GCA) since the fifth passage. Sequence
analysis of 10 biological clones from passages 5, 6, 10 and 15
showed six distinct resistant genotypes and the wild-type (Fig.
1a). At passage 5, only two variants were detected, both
displaying single mutations : Y181C, in 70% of the clones, and
V106A in 30%. Due to the low number of clones analysed
G190A was not detected in the quasispecies. The same single
mutants with different proportions were rescued in passage 6,
but also the G190A variant in 20% of the clones and one
double V106A-G190A mutant appeared in 10%. In passage 10
the Y181C (60%) and G190A (20 %) mutants were present
together with a Y181C-G190A double mutant. It is interesting
to note the detection of a wild-type genotype at this passage.
Finally, at passage 15, the double mutant Y181C-G190A
(70%) and a new one, V106A-Y181C (20%), were the major
forms but the single Y181C mutant was still evident (10%).
This passage showed a 7 day delay in infection time.

Phenotypic analysis of virus recovered by passage in
NVP

Susceptibility to NVP of virus selected was determined
using a quantitative plaque reduction assay in HeLa CD4+ cells
(Larder et al., 1989, 1990), as described in Methods. As
expected from genetic data, the phenotypic analysis of viruses
from passages 5, 6 and 10 corresponded to resistant variants
(IC

&!
10, 9 and 8 µM, respectively), with a 100-fold decrease in

susceptibility. In the last passage the increase of resistance was
" 500-fold (with an IC

&!
50 µM) in HeLa CD4 cells and an

IC
&!

" 100 µM in the MTS assay, coincident with the major
presence of double variants (Table 1). Phenotypic analysis of
the Y181C virus obtained by in vitro mutagenesis was carried
out as indicated in Methods, giving a highly resistant IC

&!
concentration of 573 µM versus an IC

&!
concentration of

1±51 µM for the corresponding wild-type virus.

Fig. 1. Evolution of quasispecies composition during in vitro selection of
V61 at passages 5, 6, 10 and 15 in the presence of NVP. (a) Mutant
spectra at different passages. Each box contains the RT amino acid
sequence of each variant. The relative abundance of each particular
sequence is given as the percentage of the total number of clones
analysed. The line on top of each box represents the wild-type amino acid
sequence at positions where NVP resistance is described, and in the
column to the right are the NVP concentrations used in every passage. (b)
Proportion and nature of mutants (black shading, wild-type; dark grey,
single mutant ; light grey, double mutant).

Fitness determination

In order to further characterize the single resistant variants
virus fitness was determined. Trying to minimize the biological
and virus differences among variants, clones with V106A,
Y181C and G190A mutations were derived from the same
passage (number 6). Clone 6 displayed the V106A change,
clone 12 the Y181C mutation, and clone 13 the G190A
transition. A wild-type clone from the control culture of V61
was obtained from the same culture passage and it was used as
the reference virus in the competition experiments. Fitness
estimation was first evaluated by looking at the dominance of
the virus in the competitions. This analysis provided a fitness
order among the variants, which was the same in the three
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Fig. 2. Fitness vectors of NVP-resistant clones. Fitness values were determined from five competition passages between wild-
type and the resistant clones, as described in Methods. These competitions were repeated three times with similar results but
only one experiment is shown. The proportion of every virus was quantified by densitometry of the mutated nucleotide in the
sequencing autoradiogram as indicated in Methods. The ratio between the presence of the two viruses in every passage
(Rn/Ro) is represented by solid squares and used to build fitness vectors. The linear regression equation as well as goodness
of fit (R2) is shown. Competition experiments were performed in the presence of 0±25 µM NVP (a) or in the absence (b) of the
inhibitor.

Fig. 3. Fitness analysis of the Y181C mutant. Mutant Y181C virus was obtained by in vitro mutagenesis as indicated in
Methods. Fitness values were determined from competition cultures between the mutant and the wild-type virus during five
passages in the presence (0±25 µM) and in the absence of NVP, as described in Methods. The competitions cultures were
performed in triplicate. (a) HTA pattern obtained in the five competition passages using wild-type virus as a probe.
Homoduplex band (Ho) represents the proportion of the wild-type virus whereas the proportion of the mutant Y181C is
represented by the heteroduplex band (Hx). (b) Fitness vectors in the presence or the absence of the drug. Each point
represents an average of the values obtained in the three replicas performed between the proportion of the resistant virus to
the wild-type (Rn/Ro) in the passage in relation to the proportion in the initial mixture. The linear regression equation as well as
goodness of fit (R2) and P values are shown.

independent experiments. For more detailed studies the
relative fitness values were established from vector slope,
obtained as indicated above, and the result of one of these
competition experiments is shown in Fig. 2. Fitness values of all
three resistant variants in the presence of drug gave values

higher than the wild-type clone and the relative fitness order
was : Y181C"V106A"G190A"wild-type. In the absence
of the drug, the Y181C mutant displayed a fitness value
higher than the wild-type and fitness was Y181C"wild-
type"V106A&G190A. Values generated in the three
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competition experiments were not identical but the fitness
order of the variants was always maintained.

To confirm the fitness value of the Y181C mutant in the
absence of the drug, competitions experiments between wild-
type and mutant virus were performed with a molecular clone
in which Y181C was introduced by in vitro mutagenesis as
indicated in Methods. Quantification of the variants was
carried out by HTA as described in Methods. The fitness
vectors are shown in Fig. 3. As can be seen the fitness of the
Y181C mutant virus was greater than the wild-type both in the
absence (R#¯ 0±89, P¯ 0±0045) and in the presence of the
drug (R#¯ 0±99, P¯ 0±011, Fig. 3). These experiments,
performed in triplicate, confirmed that the fitness value of the
Y181C mutant was higher than the wild-type in the absence of
NVP.

Discussion
In the present in vitro study designed for the analysis of

NVP resistance, a wild-type virus, V61, derived from a
molecular infectious clone (Olivares et al., 1997) was used, in
order to minimize the possibility of the pre-existence of natural
resistance mutations. The first and most prevalent variant
detected until late passages was Y181C. It confers a high
phenotypic resistance (Nunberg et al., 1991 ; Richman et al.,
1991 ; Spence et al., 1996), but by culture 15 it was replaced by
double variants which included the Y181C alteration. However
we observed the emergence of five other mutants : two single,
V106A, G190A, and three double, Y181C-G190A, V106A-
Y181C and V106A-G190A. The G190A mutation in a wild-
type virus and the double V106A-G190A mutant were
detected for the first time in vitro. We have observed a delay in
the appearance of cytopathic effect in relation to the control at
passage 5, coincident with the dominance of single resistant
mutants as well as in passage 15 when double mutants prevail
in the population.

Phenotypic assays performed in HeLa CD4+ cells and MTS
assays showed a 100-fold reduction in NVP susceptibility from
passage 5. Mutations detected in RT from this passage have
been demonstrated to confer NVP resistance by site-directed
mutagenesis (Richman et al., 1991). At passage 15 an increase
in IC

&!
values from 0±1 to above 50 µM in HeLa assay or from

0±2 to above 100 µM using the MTS method (" 500¬)
(Table 1) was coincident with the major presence of double
variants. In general, successive accumulation of mutations
caused an increase in phenotypic resistance (Larder et al.,
1991b). The appearance of double mutants in our study could
be the result of the incorporation of new mutations into single
mutants or to recombination between single mutants, as
previously described in the development of resistance to RT
inhibitors (Gu et al., 1995 ; Kellam & Larder, 1995 ; Moutouh et
al., 1996). However, we could not discriminate between these
two possibilities because of the lack of specific genetic markers.
Studies with other antivirals have shown that in vivo and in

vitro resistance is a progressive process, associated with the
accumulation of different mutations in the RT region of the pol
gene (Boucher et al., 1992 ; Molla et al., 1996). These data reflect
the existence within patients of multiple competing resistant
variants (Richman et al., 1994 ; Havlir & Richman, 1996), which
results in the prevalence of the most fit virus as a function of
the resistant phenotype and other virus factors.

Fitness values obtained from NVP-resistant viruses V106A
and G190A displayed relative fitness lower than the wild-type
in the absence of drug, as anticipated. In contrast, fitness value
obtained with the Y181C NVP-resistant variant in the absence
of the drug was greater than the wild-type virus. This result
was somewhat unexpected and was in contrast with general
concepts which relate wild-type virus with the best adapted
and most fit variant present in any environment (Eigen &
Biebricher, 1988). In the absence of the drug, any resistance
mutation is expected to have a negative effect on fitness, the
resistance cost (Havlir & Richman, 1996), and resistant mutants
replicate more poorly than wild-type (Coffin, 1996b). Why this
mutation is not present as the wild-type if it confers a fitness
advantage to the virus? This could be related to the need for a
threshold level for a variant to prevail in a virus population (de
la Torre & Holland, 1990), to clonal interference (Miralles et al.,
1999) or to frequency-dependent selection (Ayala, 1971). The
fact that the Y181C mutant displays a positive fitness is
supported by different evidence. The cost of resistance
mutations is generally low, as shown by the maintenance of
resistant variants without obvious reversion during repeated
passages in the absence of drug (Borman et al., 1996 ; Gao et al.,
1992) but also in patients that interrupted NVP treatment,
even after 20 months without therapy (Havlir & Richman,
1996). In vitro we detected the appearance of the Y181C
mutation in an AZT-resistant virus after 11 passages in the
absence of the drug, which became the major form by passage
16 (Na! jera et al., 1994). Also, the Y181C residue is found
naturally in HIV-2 viruses (Shih et al., 1991) and in isolates of
subtype O (Descamps et al., 1997 ; Quin4 ones-Mateu et al.,
1997). Also, it has been estimated that the Y181C resistant
variant was present in around 7 to 133 per 10000 copies of
HIV RNA in plasma from patients before drug treatment
(Havlir et al., 1996). Similarly, there are recent reports on the
superior fitness value of the Q151M multiresistant variant in
the absence of drugs (Kosalaraksa et al., 1999).

The positive value of fitness of the Y181C virus (Fig. 2) is
small but, due to the very high number of replication cycles in
HIV-1, this increase in fitness could suffice for the dominance
of the variant in virus populations (Coffin, 1996a). Fitness
values are always relative to the system in which they are
determined, generally in vitro conditions (i.e. T cell lines). These
fitness values cannot be directly translated to other systems,
particularly to in vivo situations, in which different cells lines
and changing environments are operating.

In summary, by in vitro culture of a wild-type virus we have
obtained NVP-resistant variants with different combinations of
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resistant mutations. Single resistant mutants were obtained at
early passages but were replaced by double mutants at passage
15. Regarding virus fitness, we have found that the Y181C
mutant is more fit than wild-type virus in the absence of the
drug. This result shows that resistance mutations not only give
an advantage for the resistant phenotype but also could give a
better fitness to the virus with a positive effect on virus
evolution.

We thank Luis Mene! ndez-Arias for critical reading of the manuscript.
Cell lines were kindly provided by D. D. Richman (University of
California, San Diego, USA). This work was supported by a concerted
action between Bristol-Myers Squibb (Spain) and the Instituto de Salud
Carlos III and by FISS grant numbers 95}0034-02, 97}0119 and
98}0054-02. Boehringer Ingelheim Pharmaceuticals is thanked for NVP.
M.D. I.-U. was a recipient of a predoctoral fellowship from Instituto de
Salud Carlos III–Bristol-Myers Squibb (Spain) concerted action.

References
Ayala, F. J. (1971). Competition between species : frequency depen-
dence. Science 171, 820–824.

Balzarini, J., Karlsson, A., Perez-Perez, M. J., Vrang, L., Walbers, J.,
Zhang, H., O> berg, B., Vandamme, A. M., Camarasa, M. J. & De Clercq,
E. (1993). HIV-1-specific reverse transcriptase inhibitors show
differential activity against HIV-1 mutant strains containing different
amino acid substitutions in the reverse transcriptase. Virology 192,
246–253.

Boom, R., Sol, C. J. A., Salimans, M. M. M., Jansen, C. L., Wertheim-van
Dillen, P. M. E. & Van der Noordaa, J. (1990). Rapid and simple method
for purification of nucleic acids. Journal of Clinical Microbiology 28,
495–503.

Borman, A. M., Paulous, S. & Clavel, F. (1996). Resistance of human
immunodeficiency virus type 1 to protease inhibitors : selection of
resistance mutations in the presence and absence of the drug. Journal of
General Virology 77, 419–426.

Boucher, C. A. B., O’Sullivan, E., Mulder, J. W., Ramautarsing, C.,
Kellam, P., Darby, G., Lange, J. M., Goudsmit, J. & Larder, B. A.
(1992). Ordered appearance of zidovudine resistance mutations during
treatment of 18 human immunodeficiency virus-positive subjects. Journal
of Infectious Diseases 165, 105–110.

Chao, L. (1990). Fitness of RNA virus decreased by Muller’s ratchet.
Nature 348, 454–455.

Chesebro, B. & Wehrly, K. (1988). Development of a sensitive
quantitative focal assay for human immunodeficiency virus infectivity.
Journal of Virology 62, 3779–3788.

Chou, T.-C. & Talalay, P. (1984). Quantitative analysis of dose–effect
relationships : the combined effects of multiple drugs or enzyme
inhibitors. Advances in Enzyme Regulation 22, 27–55.

Coffin, J. M. (1995). HIV population dynamics in vivo : implications for
genetic variation, pathogenesis, and therapy. Science 267, 483–489.

Coffin, J. M. (1996a). Plasma viral load, CD4+ cell counts, and HIV-1
production by cells. Science 271, 670–671.

Coffin, J. M. (1996b). Populations dynamics of HIV drug resistance. In
Antiviral Drug Resistance, pp. 279–303. Edited by D. D. Richman.
Chichester, UK: John Wiley.

De Clercq, E. (1992). HIV inhibitors targeted at the reverse transcriptase.
AIDS Research and Human Retroviruses 8, 119–134.

de la Torre, J. C. & Holland, J. J. (1990). RNA virus quasispecies
populations can suppress vastly superior mutant progeny. Journal of
Virology 64, 6278–6281.

Delwart, E. L., Sheppard, H. W., Walker, B. D., Goudsmit, J. & Mullins,
J. I. (1994). Human immunodeficiency virus type 1 evolution in vivo
tracked by DNA heteroduplex mobility assays. Journal of Virology 68,
6672–6683.

de Ronde, A., van Dooren, M., van Der Hoek, L., Bouwhuis, D., de
Rooij, E., van Gemen, B., de Boer, R. & Goudsmit, J. (2001).
Establishment of new transmissible and drug-sensitive human immuno-
deficiency virus type 1 wild types due to transmission of nucleoside
analogue-resistant virus. Journal of Virology 75, 595–602.

Descamps, D., Collin, G., Letourneur, F., Apetrei, C., Damond, F.,
Loussert-Ajaka, I., Simon, F., Saragosti, S. & Brun-Ve! zinet, F. (1997).
Susceptibility of human immunodeficiency virus type 1 group O isolates
to antiretroviral agents : in vitro phenotypic and genotypic analyses.
Journal of Virology 71, 8893–8898.

Eigen, M. & Biebricher, C. K. (1988). Sequence space and quasispecies
distribution. In RNA Genetics, pp. 211–245. Edited by E. Domingo, J. J.
Holland & P. Ahlquist. Boca Raton, FL, USA: CRC Press.

Escarmı!s, C., Da! vila, M., Charpentier, N., Bracho, A., Moya, A. &
Domingo, E. (1996). Genetic lesions associated with Muller’s ratchet in
an RNA virus. Journal of Molecular Biology 264, 255–267.

Fischl, M. A., Richman, D. D., Griego, M. H., Gottlieb, M. S.,
Volberding, P. A., Laskin, O. L., Leedom, J. M., Groopman, J. E.,
Mildvan, D., Schooley, R. T., Jackson, G. G., Durack, D. T., King, D. &
Group, A. C. W. (1987). The efficacy of azidothymidine (AZT) in the
treatment of patients with AIDS and AIDS-related complex. New England
Journal of Medicine 317, 185–191.

Gao, Q., Gu, Z., Parniak, M. A., Li, X. & Wainberg, M. A. (1992). In vitro
selection of variants of human immunodeficiency virus type 1 resistant to
3«-azido-3«-deoxythymidine and 2«,3«-dideoxyinosine. Journal of Virology
66, 12–19.

Gao, Q., Gu, Z., Salomon, H., Nagai, K., Parniak, M. A. & Wainberg,
M. A. (1994). Generation of multiple drug resistance by sequential in
vitro passage of the human immunodeficiency virus type 1. Archives of
Virology 136, 111–122.

Goudsmit, J., de Ronde, A., Ho, D. D. & Perelson, A. (1996). Human
immunodeficiency virus fitness in vivo : calculations based on single
zidovudine resistance mutation at codon 215 of reverse transcriptase.
Journal of Virology 70, 5662–5664.

Goudsmit, J., de Ronde, A., de Rooij, E. & de Boer, R. (1997). Broad
spectrum of in vivo fitness of human immunodeficiency virus type 1
subpopulations differing at reverse transcriptase codons 41 and 215.
Journal of Virology 71, 4479–4484.

Gu, Z., Gao, Q., Faust, E. A. & Wainberg, M. A. (1995). Possible
involvement of cell fusion and viral recombination in generation of
human immunodeficiency virus variants that display dual resistance to
AZT and 3TC. Journal of General Virology 76, 2601–2605.

Harada, S., Kobayashi, N., Koyanagi, Y. & Yamamoto, N. (1987).
Clonal selection of human immunodeficiency virus (HIV) : serological
differences in the envelope antigens of the cloned viruses and HIV
prototypes (HTLV-III B, LAV, and ARV). Virology 158, 447–451.

Harrigan, P. R., Kinghorn, I., Bloor, S., Kemp, S. D., Najera, I., Kohli, A.
& Larder, B. A. (1996). Significance of amino acid variation at human
immunodeficiency virus type 1 reverse transcriptase residue 210 for
zidovudine susceptibility. Journal of Virology 70, 5930–5934.

Havlir, D. & Richman, D. (1996). Non-nucleoside reverse transcriptase
inhibitors – clinical aspects. In Antiviral Drug Resistance, pp. 241–260.
Edited by D. Richman. Chichester, UK: John Wiley.

JJ



M. D. Iglesias-Ussel and othersM. D. Iglesias-Ussel and others

Havlir, D. V., Eastman, S., Gamst, A. & Richman, D. D. (1996).
Nevirapine-resistant human immunodeficiency virus : kinetics of rep-
lication and estimated prevalence in untreated patients. Journal of Virology
70, 7894–7899.

Holland, J. J., de la Torre, J. C., Clarke, D. K. & Duarte, E. (1991).
Quantitation of relative fitness and great adaptability of clonal popu-
lations of RNA viruses. Journal of Virology 65, 2960–2967.

Kellam, P. & Larder, B. A. (1995). Retroviral recombination can lead to
linkage of reverse transcriptase mutations that confer increased zido-
vudine resistance. Journal of Virology 69, 669–674.

Kohlstaedt, L. A., Wang, J., Friedman, J. M., Rice, P. A. & Steitz, T. A.
(1992). Crystal structure at 3±5 AI resolution of HIV-1 reverse tran-
scriptase complexed with an inhibitor. Science 256, 1783–1790.

Korber, B., Kuiken, C., Foley, B., Hahn, B., McCutchan, F., Mellors,
J. W., Sodroski, J. and others (1998). Human retroviruses and AIDS
1998 : a compilation and analysis of nucleic acid and amino acid
sequences. Los Alamos, New Mexico : Theoretical Biology and Bio-
physics Group, Los Alamos National Laboratory.

Kosalaraksa, P., Kavlick, M. F., Maroun, V., Le, R. & Mitsuya, H.
(1999). Comparative fitness of multi-dideoxynucleoside-resistant human
immunodeficiency virus type 1 (HIV-1) in an in vitro competitive HIV-1
replication assay. Journal of Virology 73, 5356–5363.

Larder, B. A., Purifoy, D. J. M., Powell, K. L. & Darby, G. (1987). Site-
specific mutagenesis of AIDS virus reverse transcriptase. Nature 327,
716–717.

Larder, B. A., Darby, G. & Richman, D. D. (1989). HIV with reduced
sensitivity to zidovudine (AZT) isolated during prolonged therapy.
Science 243, 1731–1734.

Larder, B. A., Chesebro, B. & Richman, D. D. (1990). Susceptibilities of
zidovudine-susceptible and -resistant human immunodeficiency virus
isolates to antiviral agents determined by using a quantitative plaque
reduction assay. Antimicrobial Agents and Chemotherapy 34, 436–441.

Larder, B. A., Coates, K. E. & Kemp, S. D. (1991a). Zidovudine-
resistant human immunodeficiency virus selected by passage in cell
culture. Journal of Virology 65, 5232–5236.

Larder, B. A., Kellam, P. & Kemp, S. D. (1991b). Zidovudine resistance
predicted by direct detection of mutations in DNA from HIV-infected
lymphocytes. AIDS 5, 137–144.

Lo! pez-Galı!ndez, C. & Guerra Romero, L. (1997). Resistencia a los
fa! rmacos antirretrovirales. Madrid : IDEPSA.

Mascola, J. R. (1999). Neutralization of HIV-1 infection of human
peripheral blood mononuclear cells. In HIV Protocols (Methods in
Molecular Medicine, 17), pp. 317–322. Edited by N. L. Michael & J. H.
Kim. Totowa : Human Press.

Meyerhans, A., Cheynier, R., Albert, J., Seth, M., Kwok, S., Sninsky, J.,
Morfeldt-Manson, L., Asjo$ , B. & Wain-Hobson, S. (1989). Temporal
fluctuations in HIV quasispecies in vivo are not reflected by sequential
HIV isolations. Cell 58, 901–910.

Miralles, R., Gerrish, P. J., Moya, A. & Elena, S. F. (1999). Clonal
interference and the evolution of RNA viruses. Science 285, 1745–1747.

Mitsuya, H., Weinhold, K. J., Furman, P. A., St Clair, M. H., Lehrman,
S. N., Gallo, R. C., Bolognesi, D., Barry, D. W. & Broder, S. (1985). 3«-
Azido-3«-deoxythymidine (BW A509U) : an antiviral agent that inhibits
the infectivity and cytopathic effect of human T-lymphotropic virus type
III}lymphadenopathy-associated virus in vitro. Proceedings of the National
Academy of Sciences, USA 82, 7096–7100.

Miyoshi, I., Kubonishi, I., Yoshimoto, S., Akagi, T., Ohtsuki, Y.,
Shiraishi, Y., Nagata, K. & Hinuma, Y. (1981). Type C virus particles in
a cord T-cell line derived by co-cultivating normal human cord leukocytes
and human leukaemic T cells. Nature 294, 770–771.

Molla, A., Korneyeva, M., Gao, Q., Vasavanonda, S., Schipper, P. J.,
Mo, H. M., Markowitz, M., Chernyavsky, T., Niu, P., Lyons, N., Hsu, A.,
Granneman, G. R., Ho, D. D., Boucher, C. A. B., Leonard, J. M.,
Norbeck, D. W. & Kempf, D. J. (1996). Ordered accumulation of
mutations in HIV protease confers resistance to ritonavir. Nature Medicine
2, 760–766.

Moutouh, L., Corbeil, J. & Richman, D. D. (1996). Recombination leads
to the rapid emergence of HIV-1 dually resistant mutants under selective
drug pressure. Proceedings of the National Academy of Sciences, USA 93,
6106–6111.

Muller, H. J. (1964). The relation of recombination to mutational
advance. Mutation Research 1, 2–29.

Na! jera, I., Richman, D. D., Olivares, I., Rojas, J. M., Peinado, M. A.,
Perucho, M., Na! jera, R. & Lo! pez-Galindez, C. (1994). Natural
occurrence of drug resistance mutations in the reverse transcriptase of
human immunodeficiency virus type 1 isolates. AIDS Research and Human
Retroviruses 10, 1479–1488.

Na! jera, I., Holguin, A., Quin4 ones-Mateu, M. E., Mun4 oz-Ferna! ndez,
M. A., Na! jera, R., Lo! pez-Galı!ndez, C. & Domingo, E. (1995). pol gene
quasispecies of human immunodeficiency virus : mutations associated
with drug resistance in virus from patients undergoing no drug therapy.
Journal of Virology 69, 23–31.

Nunberg, J. H., Schleif, W. A., Boots, E. J., O’Brien, J. A., Quintero,
J. C., Hoffman, J. M., Emini, E. A. & Goldman, M. E. (1991). Viral
resistance to human immunodeficiency virus type 1-specific pyridinone
reverse transcriptase inhibitors. Journal of Virology 65, 4887–4892.

Olivares, I., Shaw, G. & Lo! pez-Galı!ndez, C. (1997). Phenotypic switch
in a Spanish HIV type 1 isolate on serial passage on MT-4 cells. AIDS
Research and Human Retroviruses 13, 979–984.

Olivares, I., Casado Herrero, C., Iglesias Ussel, M. D., Dietrich, U. &
Lo! pez-Galı!ndez, C. (1998). Complete sequence of an infectious
molecular clone derived from a Spanish HIV type 1 isolate. AIDS Research
and Human Retroviruses 14, 1649–1651.

Perucho, M., Goldfarb, M., Shimizu, K., Lama, C., Fogh, J. & Wigler, M.
(1981). Human-tumor-derived cell lines contain common and different
transforming genes. Cell 27, 467–476.

Quin4 ones-Mateu, M. E., Soriano, V., Domingo, E. & Mene! ndez-Arias,
L. (1997). Characterization of the reverse transcriptase of a human
immunodeficiency virus type 1 group O isolate. Virology 236, 364–373.

Richman, D. D., Shih, C. K., Lowy, I., Rose, J., Prodanovich, P., Goff, S.
& Griffin, J. (1991). Human immunodeficiency virus type 1 mutants
resistant to nonnucleoside inhibitors of reverse transcriptase arise in
tissue culture. Proceedings of the National Academy of Sciences, USA 88,
11241–11245.

Richman, D. D., Havlir, D., Corbeil, J., Looney, D., Ignacio, C., Spector,
S. A., Sullivan, J., Cheeseman, S., Barringer, K., Pauletti, D., Shih,
C. K., Myers, M. & Griffin, J. (1994). Nevirapine resistance mutations of
human immunodeficiency virus type 1 selected during therapy. Journal of
Virology 68, 1660–1666.

Sabino, E., Pan, L. Z., Cheng-Mayer, C. & Mayer, A. (1994).
Comparison of in vivo plasma and peripheral blood mononuclear cell
HIV-1 quasispecies to short-term tissue culture isolates : an analysis of tat
and C2–V3 env regions. AIDS 8, 901–909.

Sa! nchez-Palomino, S., Rojas, J. M., Martı!nez, M. A., Fenyo$ , E. M.,
Na! jera, R., Domingo, E. & Lo! pez-Galı!ndez, C. (1993). Dilute passage
promotes expression of genetic and phenotypic variants of human
immunodeficiency virus type 1 in cell culture. Journal of Virology 67,
2938–2943.

Shih, C.-K., Rose, J. M., Hansen, G. L., Wu, J. C., Bacolla, A. & Griffin,
J. A. (1991). Chimeric human immunodeficiency virus type 1}type 2

BAA



In vitro fitness of NVP-resistant mutantsIn vitro fitness of NVP-resistant mutants

reverse transcriptases display reversed sensitivity to nonnucleoside
analog inhibitors. Proceedings of the National Academy of Sciences, USA 88,
9878–9882.

Smerdon, S. J., Ja$ ger, J., Wang, J., Kohlstaedt, L. A., Chirino, A. J.,
Friedman, J. M., Rice, P. A. & Steitz, T. A. (1994). Structure of the
binding site for nonnucleoside inhibitors of the reverse transcriptase of
human immunodeficiency virus type 1. Proceedings of the National Academy
of Sciences, USA 91, 3911–3915.

Spence, R. A., Anderson, K. S. & Johnson, K. A. (1996). HIV-1 reverse
transcriptase resistance to nonnucleoside inhibitors. Biochemistry 35,
1054–1063.

Tantillo, C., Ding, J., Jacobo-Molina, A., Nanni, R. G., Boyer, P. L.,
Hughes, S. H., Pauwles, R., Andries, K., Janssen, P. A. J. & Arnold, E.

(1994). Locations of anti-AIDS drug binding sites and resistance
mutations in the three-dimensional structure of HIV-1 reverse trans-
criptase. Journal of Molecular Biology 243, 369–387.

Wain-Hobson, S. (1993). The fastest genome evolution ever described :
HIV variation in situ. Current Opinion in Genetics & Development 3,
878–883.

Yuste, E., Sa! nchez-Palomino, S., Casado, C., Domingo, E. & Lo! pez-
Galı!ndez, C. (1999). Drastic fitness loss in human immunodeficiency
virus type 1 upon serial bottleneck events. Journal of Virology 73,
2745–2751.

Received 13 June 2001; Accepted 11 September 2001

BAB


