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Several approaches have been used to monitor HIV-1 drug
resistance. Genotypic assays (33) infer drug resistance based
on DNA sequence information and predicted amino acid patterns. Viral regions of interest are sequenced, detected by
hybridization, or amplified in an allele-specific manner by
PCR. While these approaches can be sensitive, their detection
and/or interpretation is limited to known resistance mutations
and may miss other relevant mutations or combinations of
mutations. Phenotypic assays (9) assess drug susceptibility by
determining the effects of inhibitors on the replication of viral
isolates or recombinant vectors carrying patient-derived viral
domains amplified from virus populations. These assays are
useful for determining the average phenotype of the virus
population but in routine practice are limited in their ability to
detect minor drug-resistant variants.
We have developed a phenotypic assay based on hybrid
elements derived from the Saccharomyces cerevisiae Ty1 retrotransposon in which reverse transcriptase is provided by HIV-1
RT (TyHRT) (27). TyHRT elements generate HIV-1 RTmediated events at a high frequency, and the RT activity of
HIV-1 RT variants can be differentiated and characterized
over a 10,000-fold range. Since HIV-1 RT activity is inhibited
by nonnucleoside reverse transcriptase inhibitors (NNRTIs)
in yeast (26), the assay can be performed in the presence of
these inhibitors to determine the drug resistance phenotype
of individual RTs. Here we show that by constructing RT
domain libraries in vivo, it is practical to characterize the basal
RT activity and drug susceptibility of every RT isolates in
libraries containing thousands of RT domains. This allows
the phenotypic detection of drug-resistant viral variants
present at frequencies of less than 1%. The TyHRT system
detects known and novel drug-resistant RTs both in laboratory
stocks of HIV-1 and in plasma samples from HIV-infected
individuals.

Antiretroviral therapy has markedly reduced morbidity and
mortality from human immunodeficiency virus (HIV) type 1
(HIV-1) infection in developed countries, but the selection of
drug-resistant virus is frequent. Aside from rendering therapies ineffective, the evolution of resistance generates virus that
is cross resistant to related inhibitors, thus limiting treatment
options. Increasingly, the effective management of HIV infection requires that the susceptibility of the replicating virus
population to therapeutic options be known. Several expert
panels (10, 19) now recommend drug resistance testing for
determination of the best treatment regimen in all patients on
a failing antiretroviral treatment regimen.
HIV-1 reverse transcriptase (RT) is a low-fidelity DNA polymerase due to the absence of proofreading activity (24). The
elevated error rate of HIV-1 RT coupled with high levels of
replication and recombination result in extensive genetic diversity and the production of innumerable variants, also
termed the viral quasispecies. It has been estimated that every
possible single nucleotide mutation is generated multiple times
daily in an HIV-infected individual (5), suggesting that drugresistant variants exist prior to antiretroviral therapy. The frequency of a given variant in the virus population is determined
by its fitness (replication potential) relative to that of other
viral variants exposed to the same environmental conditions.
Drug-resistant variants that are present at low frequencies in
the absence of drug selection can become dominant in the
virus population with drug exposure. An accurate method for
detection of drug-resistant variants and monitoring of their
frequency over time would be helpful in monitoring the evolution of resistance and defining the role of minor variants in
antiretroviral treatment failure.
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Detection of drug-resistant variants is important for the clinical management of human immunodeficiency
virus type 1 (HIV-1) infection and for studies on the evolution of drug resistance. Here we show that hybrid
elements composed of the Saccharomyces cerevisiae retrotransposon Ty1 and the reverse transcriptase (RT) of
HIV-1 are useful tools for detecting, monitoring, and isolating drug-resistant reverse transcriptases. This
sensitive phenotypic assay is able to detect nonnucleoside reverse transcriptase inhibitor-resistant RT domains
derived from mixtures of infectious molecular clones of HIV-1 in plasma and from clinical samples when the
variants comprise as little as 0.3 to 1% of the virus population. Our assay can characterize the activities and
drug susceptibilities of both known and novel reverse transcriptase variants and should prove useful in studies
of the evolution and clinical significance of minor drug-resistant viral variants.
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MATERIALS AND METHODS

Yeast transformation and reverse transcription assay. BsrGI- and PvuIIlinearized, gel-purified pH⌬RT1 (100 to 200 ng) and the PCR product containing the HIV-1 RT domain (200 to 500 ng) were cotransformed into DG1251 by
using a lithium acetate protocol (15). Transformants were selected on plates
containing synthetic complete medium lacking uracil (SC-URA) with glucose
(32). Transformants were arrayed in small (100/plate) or large (25/plate) patches
on plates with SC-URA and glucose by using sterile toothpicks. Following incubation overnight at 30°C, the arrayed patches were replica plated with velveteen
onto plates with SC-URA and galactose plates with or without inhibitor and were
grown for 2 days at 30°C to induce expression of the hybrid retroelements, which
are under the control of the GAL1 promoter (26). The plates were then replica
plated onto synthetic complete medium without histidine (SC-HIS) and with or
without inhibitor and grown for 3 to 4 days at 30°C to select reverse transcription
events. Elements carrying wild-type RT (H2BX) and the NNRTI resistance
allele K103N were placed on each plate as controls. Efavirenz (EFV; kindly
provided by Dupont Pharmaceuticals, Wilmington, Del.) and 8-Cl TIBO {(⫺)(S)-8-chloro-4,5,6,7-tetrahydro-5-methyl-6-(3-methyl-2-butenyl)imdidazo[4,5,1jk][1,4]benzodiazepine-2(1H)-thione monohydrochloride (R091767); kindly provided by Janssen Research Foundation, Beerse, Belgium} were dissolved in
dimethyl sulfoxide and used at 300 nM and 20 M, respectively the final dimethyl
sulfoxide concentration was 1%.
Sequencing of RT domains. HIV-1 RT domains in TyHRT elements were
obtained by growing the isolates overnight in 10 ml SC-URA at 30°C and
preparing DNA by a glass bead-phenol extraction method (21). DNA was suspended in 50 l water, and 0.5 to 2.0 l was used in a PCR with a 100-l reaction
mixture to amplify the RT domain. Amplification was carried out for 30 cycles
(94°C for 1 min, 60°C for 1 min, 72°C for 2 min) by using primers 44F (5⬘-GGA
TGGATGGCCCAAAAGT-3⬘) and I1097 (5⬘-GCACTGCCTCTGTTAATTGT-3⬘),
which span RT codons 15 to 356. The PCR products were purified with the GFX PCR
purification kit (Amersham Pharmacia, Piscataway, N.J.). The purified PCR products
were sequenced with internal primers B275 (5⬘-AGACTTCTGGGAAGTTCAAT-3⬘)
and K489 (5⬘-AAGGCTCTAAGATTTTTGTCAT-3⬘).
Patient samples. Plasma samples were obtained at study entry from patients
enrolled in AIDS Clinical Trials Group Protocol 398, which examined the effects
of single versus dual protease inhibitor-containing regimens in 481 patients on a
failing regimen containing a protease inhibitor (17). All patients had prior experience with nucleoside analog reverse transcriptase inhibitors and one or more
protease inhibitors; approximately half of the subjects had prior experience with
an NNRTI other than efavirenz (e.g., delaviridine or nevirapine). Samples from
NNRTI-experienced and NNRTI-naive subjects where standard genotyping
(Celera HIV-1 ViroSeq, version 2.0) failed to identify NNRTI resistance mutations in isolates in plasma were selected for studies aimed at detecting minor
resistant virus present at the baseline and correlating these variants with the
predominant virus population at treatment failure (25). A subset of four samples
from NNRTI-experienced, resistance genotype-negative subjects were used to
determine whether the TyHRT assay detects minority NNRTI-resistant isolates
in patient samples. Informed consent was obtained from all subjects. The guidelines of the U.S. Department of Health and Human Services and the authors’
institutions were followed in the conduct of this research.

RESULTS
TyHRT assay. TyHRT retroelements are active in S. cerevisiae, and HIV-1 RT activity can be monitored by a genetic
assay (27). This assay is based on the reverse transcription
indicator gene his3AI (7); it requires transcription, RNA splicing to remove an artificial intron, and reverse transcription to
generate an intact cDNA copy of the HIS3 gene. The production of yeast colonies that grow on medium lacking histidine is
an indirect assay of reverse transcriptase activity. TyHRT elements marked with his3AI (Fig. 1A) have the Ty1 reverse
transcriptase-coding region replaced by HIV-1 RT-coding sequences.
The high efficiency of homologous recombination in S. cerevisiae makes it possible to generate RT domain libraries in
TyHRT elements without conventional DNA cloning strategies. Cotransformation of linear DNA fragments (or PCR
products) encoding HIV-1 RT with linearized vector-borne
TyHRT elements from which part of RT is deleted results in
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Yeast strains. Reverse transcription assays were carried out with S. cerevisiae
strain DG1251 (MAT␣ ura3-167 trp1-hisG spt3-101 his3⌬200) (35).
Plasmids. Plasmid pH⌬RT1 was constructed by inserting the 489-bp BsrGIPvuII fragment from pGFPuv (Clontech, Palo Alto, Calif.) into the BsrGI and
PvuII sites in HIV-1 RT of pHART22 (27), resulting in the deletion of HIV-1 RT
amino acids 37 to 250. HIV-1 RT variants cloned in pUC12 (pUC12HIVRT,
pUC12HIVRTL100I, pUC12HIVRTY181C, pUC12HIVRTD185E, and
pUC12HIVRTE478Q) were described previously (2, 20). The infectious plasmids of HIV-1 used to generate viral stocks were pxxHIV-1LAI (36) and a
derivative (pxxHIV-1LAI K103N) produced by site-directed mutagenesis.
Generation of mixtures containing mutant and wild-type HIV-1. Stock viruses
were generated by transfection of 293T cells with either the wild-type RT vector
pxxHIV-1LAI or pxxHIV-1LAI K103N, which encodes the nonnucleoside reverse
transcriptase inhibitor (NNRTI) mutation 103N in RT. Each viral stock was
characterized for infectivity (endpoint dilution assay with MT-2 cells), capsid
level (p24 antigen), and HIV-1 RNA concentration (Roche AMPLICOR HIV
Monitor assay, version 1.0) (E. Halvas, unpublished data). Viral stocks were
mixed together based on the HIV-1 RNA concentrations to generate the 103N
mutant at 0.4, 2, or 100%. In addition, a test panel of virus mixtures in HIV1-seronegative human plasma was generated with the 103N mutant at the following frequencies: 0.01, 0.1, 0.4, 1, 2, 5, 10, 25, 50, and 100%. Viral stocks and
mixtures were stored at ⫺80°C before use.
RNA extraction and cDNA synthesis from HIV-1 mixtures or plasmids. Viral
RNA was isolated by using the QIA Amp Viral RNA extraction kit (QIAGEN
Sciences, Germantown, Md.). RNA was extracted from 200 l of each sample and eluted with molecular biology-grade water (Quality Biological Inc.,
Gaithersburg, Md.). A total of 7.5 l of viral RNA and 1 l (10 pmol/l) of
primer N1-L (5⬘-TTATCTGGTTGTGCTTGAAT-3⬘) were mixed, denatured at
70°C for 10 min, and then quenched on ice for 5 min. A total of 10.5 l of the
RT master mixture (1⫻ 1st Strand Superscript II buffer, 0.5 mM deoxynucleoside
triphosphates [dNTPs], 0.01 M dithiothreitol, 40 U of RNase inhibitor, and
200 U of Superscript II; Gibco BRL) was added to each tube; and the samples
were incubated at 45°C for 50 min, denatured at 70°C for 1 min, and quenched
on ice for 5 min. Ten microliters of each reaction mixture containing cDNA was
amplified with primers (40 pmol) N1-L and N1-U (5⬘-CTGTTGACTCAGATT
GGTTG-3⬘), which span HIV-1 RT codons 10 to 496. Samples were amplified
(1⫻ Taq buffer, 1 mM dNTPs, and 2.5 Taq DNA polymerase) with the following
cycling conditions: 94°C for 4 min (1 cycle); 94°C for 1 min, 56°C for 1 min, and
72°C for 3 min (35 cycles); and 72°C for 10 min (1 cycle). The PCR products were
purified with a GFX PCR purification kit (Amersham Pharmacia, Piscataway,
N.J.). Both xxLAI plasmid controls (2 pg of wild-type K103 or mutant 103N)
were amplified with primers (40 pmol) xxLAI-L (5⬘-ACTATATTTACTTCT
AGACCCGAAATCCTGCAAAGC-3⬘) and xxLAI-U (5⬘-GTAAAATTAAAG
CCCGGGATGGATGGCCCAAAAGT-3⬘). The plasmids were amplified and
the products were purified as described above.
RNA extraction and cDNA synthesis from HIV-1 mixtures in plasma. RNA
was isolated from 500 l of plasma following centrifugation at 16,000 ⫻ g for 1 h
at 4°C. The pellet was resuspended in 50 l RNase-free Tris-HCl (pH 8.0) with
10 l of proteinase K (20 mg/ml) and incubated at 55°C for 30 min. Two hundred
microliters of 5.8 M guanidinium isothiocyanate and 10 l glycogen (20 mg/ml)
were added, and the mixture was vortexed and incubated at room temperature
for 5 min. RNA was precipitated by adding 270 l of 100% isopropanol for
10 min at room temperature, followed by centrifugation at 16,000 ⫻ g for 10 min.
The pellet was washed once with 70% ethanol and resuspended in 32 l RNasefree Tris-HCl (pH 8.0). cDNA reactions were set up by adding 4 l of 10 mM
dNTPs and 4 l of 50-ng/l random hexamers, denaturing at 65°C for 10 min,
and cooling at 4°C for 2 min. Fifty microliters comprising the following components of the RT master mixture was added to the denatured RNA and annealed
primer at the indicated final concentrations: 1⫻ RT buffer, 5 mM MgCl2, 1 mM
dithiothreitol, 2 U of RNase-Out RNase inhibitor, and 2 U of Superscript II
(Invitrogen, Carlsbad, Calif.). The reaction mixtures with cDNA were incubated
at 25°C for 10 min and then at 42°C for 40 min. The reaction was stopped at 85°C
for 10 min and stored at 4°C. One to 10 l of the cDNA was amplified with
primers 1849⫹ (5⬘-GTAGACAGCATGTCAGGGAG-3⬘) and 3500⫺ (5⬘-CTA
TTAAGTATTTTGATGGGTCATAA-3⬘). The PCR amplifications were performed in 10-l reaction mixtures with the following components at the indicated
final concentrations: 1⫻ PCR buffer, 2 mM MgSO4, 0.2 mM dNTPs, 0.2 M of
each primer, and 2.5 U of Taq DNA polymerase (Invitrogen). The following
cycling conditions were used: 94°C for 1 min, 60°C for 1 min, and 72°C for 2 min
(35 cycles) and 72°C for 10 min (1 cycle). The PCR products were purified with
a Qiaquick PCR purification kit (QIAGEN Sciences).

5697

5698

NISSLEY ET AL.

J. CLIN. MICROBIOL.

the generation of intact TyHRT elements that carry the input
RT domains (Fig. 1B). Assembly of novel TyHRT elements is
selected genetically; only recircularized vectors give rise to
colonies. Successful incorporation of an RT domain results in
a clonal isolate of that particular RT domain. Isolates are
easily manipulated, making it possible to construct and analyze
RT domain libraries carrying several hundred to several thousand RT isolates. Isolates from these libraries are analyzed for
RT activity and drug susceptibility (Fig. 1C).
HIV-1 RT activity and drug susceptibility are determined
by use of a phenotypic readout. Previously, RT activity has
been measured by growing cells containing GAL1 promoterdriven TyHRT elements on galactose to induce expression,
followed by differential plating on rich medium to determine
the cell number and on medium lacking histidine to select
for reverse transcription (26). To achieve quick and simple
drug susceptibility screening, we now use a semiquantitative
visual approach to identify drug-resistant RTs. The activities

and drug susceptibilities of RT variants are determined by
observing the ability of arrayed RT isolates to generate
histidine-positive colonies. RT activity is qualitatively assessed in the absence of inhibitor to monitor the basal levels
of activity. Drug susceptibility is assessed in the presence of
inhibitor to identify resistant RT variants. With this visual
screen it is possible to differentiate RTs that exhibit wildtype drug susceptibility, weak resistance, intermediate resistance, and strong resistance (Fig. 1C).
TyHRT libraries accurately represent input RTs. To accurately and sensitively monitor the presence of variants, a RT
domain library must correctly reflect the frequency of the RT
domains present in a viral pool. We assessed the accuracy of
our approach by cotransforming S. cerevisiae with known mixtures of HIV-1 RT domains and a TyHRT vector from which
part of the HIV-1 RT region was deleted. Wild-type, polymerase-inactive (D185E), RNase H-inactive (E478Q), and
NNRTI-resistant (encoding L100I or Y181C) RTs present in
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FIG. 1. TyHRT elements. In TyHRT elements, Ty1 RT is replaced by HIV-1 RT. HIV-1 RT activity is monitored by a genetic assay in the
budding yeast, Saccharomyces cerevisiae. (A) Expression and reverse transcription of TyHRT elements result in the conversion of a nonfunctional
his3 gene (his3AI) into a functional HIS3 gene. Each colony is the result of an independent reverse transcription event. RT activity and drug
resistance are assessed qualitatively by visual inspection of RT isolates and quantitatively by counting the number of histidine-positive colonies.
(B) TyHRT elements are used to assemble RT domain libraries to monitor RT activity and drug resistance. Efficient homologous recombination
in S. cerevisiae makes it possible to assemble libraries independent of conventional cloning. TyHRT elements from which part of the HIV-1 RT
domain was deleted were cotransformed with RT-PCR products generated from viral RNA. Upon transformation, the RT domain DNA was
incorporated into the RT region, generating novel TyHRT elements. Each isolate carries a unique RT domain, and the library is representative
of the RT domains present in the original viral sample. (C) The TyHRT system monitors HIV-1 RT activity phenotypically. Reverse transcription
is scored by placing cells on SC-HIS. The addition of efavirenz to the medium (SC-HIS ⫹ EFV) inhibits wild-type RT and selects for the reverse
transcription events generated by drug-resistant variants. The number of RT events (the number of colonies) reflects the phenotype of a variant.
Examples of the inactive, wild-type, weak resistance, intermediate resistance, and strong resistance phenotypes are shown.
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TABLE 1. TyHRT system reproduces the phenotype of input RTsa
No. (%) of isolates
Mixture

Vector
PCR mixture with
wild-type virus only
PCR mixture
Expected

Total

HIS⫹ histidine
positive

122
200

0
186 (93)

408

228 (56)
245 (60)

8-Cl TIBO
resistant

8-Cl TIBO
sensitive

147 (36)
163 (40)

81 (20)
82 (20)

pUC vectors were mixed in equal amounts and amplified by
PCR to generate full-length RT domain DNA. The resulting
transformants were arrayed as patches, and reverse transcriptase activity was determined in the absence and presence of the
NNRTI 8 Cl-TIBO.
An TyHRT RT domain library generated in this fashion
(Table 1) is representative of the RT domains present in the
original pool. Three of the five (60%) RT substrates used
encode active RTs, and 56% of the isolates gave rise to histidine-positive colonies. Of the three active RTs, two (40% of
the total) encoded the NNRTI-resistant variants L100I and
Y181C; 36% of the isolates were resistant to 8-Cl TIBO. Wildtype RT was 20% of the substrate mix, and 20% of the isolates
were sensitive to 8-Cl TIBO.
Since the linearized RT deletion plasmid may also circularize by nonhomologous end joining without regenerating a complete TyHRT element, the efficiency of homologous recombination was tested by using an RT domain substrate generated
by amplification of wild-type RT. Cotransformation of linearized TyH⌬RT vector plus HIV-1 RT DNA fragments resulted
in yeast transformants in which 93% of the isolates had active
HIV-1 RT domains, as determined by their ability to generate
colonies on medium lacking histidine (Table 1). PCR and
restriction enzyme analysis of the inactive TyHRT elements
revealed that greater than 95% carried no RT insert (data not
shown) and were the result of plasmid reclosure. The efficiency
of recombination results in libraries where a high proportion of

the isolates have RT inserts. Almost all (⬎95%) of the inactive
isolates lacked an insert, demonstrating that there is little inactivating mutagenesis of input RT domains (⬍0.5%) due to
transformation and homologous recombination in yeast.
Accurate detection of drug-resistant RTs. Characterization
of viral populations in many assays is facilitated by the amplification of nucleic acids, such as by the use of RT-PCR for the
amplification of HIV-1 RNA. Detection of minor drug-resistant RTs is complicated by the possibility that variants can also
be generated during transcription of viral RNA, during in vitro
reverse transcription of purified RNA, and during PCR amplification. The sensitivity of any assay will be limited by the
frequency of misincorporations during reverse transcription
and amplification. To determine both the sensitivity and the
background rate of resistance due to misincorporation of the
TyHRT system, we generated wild-type and drug-resistant viral stocks that were used alone or in mixtures for the assay
(Table 2). The products generated by PCR amplification of the
virus vectors were included as controls to determine the frequency of resistance due to PCR errors.
Amplification of the RT domain present in the wild-type
HIV-1 plasmid clone (pxxHIV-1LAI) used to produce viral
stocks generated EFV-resistant RT at a frequency of about 1
in 1,000 (Table 2). The one EFV-resistant variant had the
codon change M230I. The extraction of HIV-1 RNA from
wild-type virus (produced by transfection of 293T cells) and
use of the RNA as a substrate to generate a wild-type RT
domain library revealed that 99.8% of the isolates were active
and EFV sensitive. Two isolates exhibited weak EFV resistance. As expected, 99.5% of isolates generated from the EFVresistant virus stock encoding K103N exhibited strong EFV
resistance and were indistinguishable from a cloned TyHRT
element carrying K103N. One of the isolates from the K103N
sample carried the codon change I180T and had less RT activity both in the presence and in the absence of EFV.
To further define the accuracy of the TyHRT system, mixtures containing low levels of drug-resistant virus were also
analyzed (Table 2). RT isolates from a 2% mutant (K103N)
and wild-type virus mixture were assayed, and 2% scored as
EFV resistant by phenotyping. TyHRT DNA was purified from
the EFV-resistant isolates, and DNA sequencing revealed that
1.8% of the isolates encoded K103N and 0.2% encoded a
mutation elsewhere (G190E) that results in EFV resistance.
RT isolates from a 0.4% mutant (K103N) and wild-type virus

TABLE 2. Accurate detection of drug resistance with low backgrounda
Virus mixture

Total no. of
isolates

No. of
sensitive isolates

No. (%) of
resistantb isolates

PCR
Wild type
K103N
2% K103N
4% K103N

1,243
802
188
450
1,960

1,242
800
1
441
1,945

1 (0.08)
2 (0.25)

M230I
Y181C, V106G

1 (0.22)
4 (0.20)

G190E
V108I, K104E, I135T, I135L

Resistance allele(s)c

No. (%) of isolates
with K103N

0
0
187 (99.5)
8 (1.78)
11 (0.56)

a
The virus mixtures were analyzed to determine the sensitivity and background of the TyHRT system. Wild-type and drug-resistant virus (K103N) were cultured in
vitro and mixed as indicated in Materials and Methods. A control (PCR), where the RT substrate was generated by amplification of virus vector DNA, was included
to determine the frequency of resistance due to PCR errors. The number of isolates analyzed for each sample, the proportion that were drug resistant or sensitive, and
the codon changes present in the variants are shown.
b
Resistance (unexpected) due to an allele other than K103N.
c
Only resistance alleles other than K103N are listed.
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a
Wild-type RT plasmid and equal amounts of wild type, polymerase-inactive
(D185E), RNase H-inactive (E478Q), and two NNRTI-resistant (L100I and
Y181C) RT plasmids were diluted and amplified by PCR to generate a PCR
product containing the RT domain. DNA containing the RT domain was incorporated into TyHRT elements by homologous recombination in vivo. Isolates
were tested for RT activity and drug resistance. The number of isolates tested,
the portion that were active, and the portion that were drug resistant are indicated. Also shown are the percentages expected based on the starting ratio of RT
domains.
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TABLE 3. Sensitive detection of drug-resistant variants with various percentages of K103N cDNA in the samplesa
Assay I

Assay II

Assay III

% Resistant

No. of isolates
EFVr/no. of
isolates HIS⫹

% Resistant

No. of isolates
EFVr/no. of
isolates HIS⫹

% Resistant

No. of isolates
EFVr/no. of
isolates HIS⫹

100
50
25
10
5
2
1
0.4
0.1
0.01
0

100
65
20
8.3
4.4
2.5
1.6
0.33
⬍0.35
⬍0.28
⬍0.29

278/278
190/290
56/285
18/216
9/204
7/276
5/313
1/307
0/285
0/358
0/340

100
53
21
11
4.0
1.5
1.2
0.40
0.34
⬍0.34
⬍0.38

276/276
159/302
51/245
31/290
12/299
4/273
3/261
1/247
1/291
0/295
0/262

100
56
22
7.4
5.1
1.6
0.65
⬍0.36
⬍0.30
⬍0.36
⬍0.33

296/296
181/322
71/331
20/270
15/292
5/311
2/309
0/275
0/330
0/275
0/299

a
Samples provided by the Virology Quality Assurance Program of the AIDS Clinical Trials Group were analyzed to determine the sensitivity of the assay. Mixtures
of wild-type and K103N mutant virus were tested as indicated in Materials and Methods. Three independent assays (assays I to III) of the K103N–wild-type virus
mixture panel were done. The percent resistance for each mixture along with the number of histidine prototrophs (histidine positive [HIS⫹]) and efavirenz-resistant
(EFVr) isolates is shown.

mixture were assayed, and 0.8% scored as EFV resistant. DNA
sequencing revealed that 0.6% had K103N and 0.2% carried
mutations elsewhere. Taken together, these results show that
the TyHRT system is accurate and has a low background of
resistance due to experimentally derived mutation.
Sensitive detection of drug-resistant RTs. The applicability
and sensitivity of the TyHRT system for the detection of drugresistant virus in HIV-1-seronegative plasma was tested by
analyzing a panel of samples provided by the Virology Quality
Assessment Program of the AIDS Clinical Trials Group. Mixtures of wild-type and NNRTI-resistant (K103N) virus were
assembled in HIV-1-seronegative human plasma and distributed to 12 laboratories to test the samples for drug resistance
by six different techniques in order to compare the sensitivities
of the assays (16). Viral RNA from plasma samples was extracted and subjected to RT-PCR as described above.
The TyHRT system detected EFV-resistant virus in human
plasma (Table 3) when the resistant virus was present at a
frequency as low as 0.4% in two of three experiments: 1 of 307
isolates (0.33%; assay I) and 1 of 247 isolates (0.40%; assay II)
derived from the 0.4% mutant mixture. EFV-resistant virus
was detected in one of three assays derived from the 0.1%
mutant mixture: 1 of 291 isolates (0.34%). DNA sequencing
confirmed the presence of K103N in these RTs. These results
suggest that the sensitivity of the TyHRT system for the detection of drug resistance is below 1%.
To test the reproducibility and variation of the TyHRT assay, the assay with the 1% mutant mixture was replicated an
additional 12 times (Table 4). RT domains were generated by
independent PCR amplification of viral first-strand cDNA. By
including the three 1% samples obtained previously (Table 3),
the frequency of resistance ranged from 0 to 1.63%. The average frequency of resistance for all 15 samples was 1.05%,
with a standard deviation of 0.43%.
Detection of drug-resistant RTs in clinical samples. The
sensitivity of the TyHRT system makes it possible to detect and
monitor minor drug-resistant RTs among replicating HIV-1
populations. Since the RT domains present in infected individuals are polymorphic, the various levels of basal RT activity

and drug resistance of the individual RTs result in complex
phenotypic interpretations. A strong point of the TyHRT system is that it can be used to assess the phenotypes of individual
RTs isolated from a heterogeneous population and to select a
subset of RTs for further analysis. To simplify screening, RT
isolates are divided into resistance phenotype groups based on
the number of histidine-positive colonies (Fig. 1C; see above)
in a patch of cells grown in the presence of EFV.
Plasma samples from four individuals enrolled in AIDS
Clinical Trials Group Protocol 398 (17) were screened for EFV
resistance (Table 5). These samples were from NNRTI-experienced individuals in whom NNRTI resistance was not detected by standard genotyping methods. Isolates with intermediate resistance were detected at frequencies of 3 to 10%.
Strong resistance was detected at frequencies of 0 to 2.8%.
Resistant isolates were sequenced to determine whether these

TABLE 4. Sensitive detection of drug-resistant variants with 1%
K103N–wild-type cDNA mixturea
Assay

% Resistant

No. of isolates
EFVr/no. of isolates

A
B
C
D
E
F
G
H
I
J
K
L

0.55
1.31
1.02
0.90
1.63
1.06
0.96
0
1.11
1.06
1.54
0.75

1/183
4/306
3/293
3/333
4/245
3/282
3/312
0/173
3/270
3/284
4/260
2/267

a
Samples provided by the Virology Quality Assurance Program of the AIDS
Clinical Trials Group were analyzed to determine the sensitivity of the assay.
Mixtures of wild-type and K103N mutant virus were tested as indicated in
Materials and Methods. cDNA from the 1% K103N–wild-type virus mixture was
amplified by PCR 12 times (assays A to L) and tested as described in the text.
The percent resistance along with the number of histidine prototrophs (histidine
positive [HIS⫹]) and efavirenz-resistant (EFVr) isolates is shown for each replicate.
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TABLE 5. Detection of drug-resistant virus in clinical samplesa
Intermediate resistance
Patient

Strong resistance

No. of isolates
% (n)

Variant(s)

% (n)

Variant(s)

K101R/Y181C, K101R/V108A

0.6 (3)

K101R/V106M

K103E/I135T, V106I/V108I
V108I, I135T

2.8 (16)

V108I/V189I
V108I/I135T

A

538

3.2 (17)

B

576

10.4 (60)

C

448

8.0 (36)

A98G/V179I
A98G/Y181C
A98G/G190A
W229R

0 (0)

None

D

433

3.9 (13)

V179I

0.9 (4)

K101E/V179I/G190A

a

RTs carried NNRTI resistance alleles. Indeed, efavirenz-resistant isolates from the samples encoded a variety of different
NNRTI resistance mutations (Table 5). Clinically relevant
NNRTI resistance alleles, such as V108I, Y181C, and G190A,
were detected in these samples, demonstrating that the assay
identifies and isolates NNRTI-resistant variants that are
present at less than 1% in HIV-1-infected individuals. Nonstandard and unexpected alleles (such as K103E and V108A)
that may contribute to resistance were also readily identified.
DISCUSSION
Detection of minor drug-resistant variants may have important implications for the clinical management of HIV infection
and for studies dissecting the mechanisms of antiretroviral
treatment failure. Our experiments demonstrate that hybrid
elements composed of the yeast retrotransposon Ty1 and the
RT of HIV-1 are useful tools for the detection of drug-resistant RTs. This phenotypic assay is highly sensitive and able to
detect drug-resistant RTs present in cultured virus and patient
samples. This assay also monitors the activity and drug resistance of both known and novel RT variants.
Comparison to other assays. The genotypic assays used to
monitor HIV drug resistance include bulk sequencing (6, 13,
23, 29, 34), oligonucleotide ligation assay (11, 14), line probe
assay (37), microarray hybridization (38), heteroduplex formation (1), allele-specific PCR (S. Palmer, 11th Conference on
Retroviruses and Opportunistic Infections), and single-genome sequencing (30). Other than allele-specific PCR, these
assays are limited in their sensitivities for the detection of
drug-resistant variants present at low frequencies. With the
exception of sequencing approaches, these assays require a
priori knowledge of the base substitutions that cause resistance
so that detection of a specific genotype can be incorporated
into the scheme. A drawback of genotypic assays is that they
provide no phenotypic information, thus making it difficult to
establish genotype-phenotype correlations for important phenotypes such as replication capacity and drug resistance.
In contrast, the TyHRT system is highly sensitive and can be
used to monitor the phenotype of any RT. The TyHRT system
detects EFV-resistant viruses even when they comprise less

than 1% of the virus population (Tables 2 to 5). In a direct
comparison to other genotypic assays (16), only allele-specific
PCR is more sensitive than the TyHRT assay. The TyHRT
assay also provides RT activity data for individual isolates so
that basal RT activity as well as drug susceptibility can be
established for each RT. The selective genetic readout of
TyHRT is a powerful tool for the screening of viral populations
to identify phenotypic variants of interest that can then be
genotyped by DNA sequencing. This approach saves considerable time, effort, and cost, especially when the variants of
interest are present at a low frequency.
The phenotypic assays used to monitor HIV drug resistance
entail recombinant viral vectors that are propagated in host
cells (18, 22, 31, 36). Resistance testing by these assays provides invaluable drug susceptibility data to researchers and
clinicians for the management of HIV infection. These approaches measure the cumulative phenotype of a viral population and may be used as predictors of the response to a
particular treatment regimen. As routinely performed, this
type of assay does not monitor the phenotype of individual
virus genomes, and the phenotype of minor variants in the viral
population may be obscured. Consequently, population-based
phenotypic assays detect drug resistance only when resistant
variants comprise a significant portion of the virus population.
The TyHRT system individually assesses the phenotypes of
all the RT domains present in a viral population, allowing the
detection and characterization of minor variants. This approach also makes it possible to determine the frequency of
variants in a population and to detect drug-resistant variants
before they become a significant portion of a population. Early
detection of drug-resistant variants may be useful in the selection of treatment options for prevention of the establishment
of dominant resistant virus populations.
The TyHRT system is limited in its ability to characterize
other viral targets and widely used viral inhibitors. While the
ability to look at RT phenotypes and NNRTI resistance independent of the effect(s) of variations elsewhere in the HIV-1
genome is advantageous for the analysis of RT activity, this
assay does not provide the opportunity to assess drug resistance in protease, integrase, envelope, or other viral targets. It
may be possible to modify TyHRT elements so that HIV-1
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The TyHRT system was used to analyze samples from NNRTI-experienced patients enrolled in AIDS Clinical Trials Group Protocol 398 where NNRTI-resistant
HIV-1 RT was not detected in plasma by standard genotyping methods. The number and percentage of strong and intermediate efavirenz-resistant isolates are shown
for each sample. RT domain DNA from resistant isolates was isolated and sequenced to reveal the drug resistance mutations present. Established NNRTI resistance
mutations are in boldface; potentially novel resistance alleles are italicized.
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lated from virus cultured in vitro and from clinical samples.
Not surprisingly, the TyHRT system also detected potentially
novel NNRTI variants. Some of these variants, such as those
with A98G, I135L, and I135T (3), have been recognized as
contributing to NNRTI resistance. Other variants, such as
those with V108A, K103E, V179I, W229R, and M230I, have
changes at standard resistance-associated codons but not the
known resistance allele. These variations are distinguished
from neutral polymorphisms by correlation of the variations in
isolates that are phenotypically resistant but that are not
present in drug-susceptible isolates. Some of these RT variants
may not efficiently replicate virus. The replicative capacities of
these variant RTs are being tested by using host cell-based viral
replication assays. The TyHRT activity phenotypes and replication capacities in viruses are similar for the RTs tested (28),
suggesting that the assay accurately measures HIV-1 RT activity.
Characterization of the NNRTI resistance mutations in
Table 5 demonstrates the ability of the TyHRT assay to distinguish NNRTI-specific phenotypic patterns. The primary resistance mutations Y181C and G190A are known to confer
high-level resistance to nevirapine and lower-level resistance to
efavirenz. As expected, the presence of Y181C in patient A
and, likewise, the presence of Y181C and G190A in patient C
confer intermediate levels of resistance to efavirenz. Both
Y181C and G190A confer strong resistance to nevirapine in a
TyHRT analysis of the drug resistance patterns that arise following single-dose nevirapine therapy (12). It is notable that
several mutations that confer intermediate levels of resistance
to nevirapine alone (V108I and G190A) confer strong levels of
resistance when they are paired with other mutations that are
also expected to confer intermediate resistance (I135T, V189I,
and K101E). This synergistic or additive effect of minor multiple resistance mutations is most easily detected in a phenotypic assay. Other primary NNRTI resistance mutations, such
as K103N and M230L (strong resistance to both nevirapine
and efavirenz), Y188C (intermediate resistance to efavirenz,
strong resistance to nevirapine), and Y188H (intermediate resistance to efavirenz, weak resistance to nevirapine), confer the
expected phenotypic patterns in the TyHRT assay (12; unpublished data).
The detection of unexpected resistance variants demonstrates the capability of the TyHRT system to monitor the
evolution of drug resistance and assess the status of a viral
population at any point in time. The major resistance-associated variations selected for by propagation of virus in the
presence of NNRTIs and those present at therapy failure are
well established. Less is known about the spectrum of RTs
present in virus populations undergoing selective pressure
prior to the emergence of the major resistance-associated variations. The sensitivity and nonspecificity of the TyHRT system
make it an ideal assay for monitoring the changes in a replicating viral population.
For the same reasons, the TyHRT system might be a useful
diagnostic tool for the detection of drug resistance in HIVinfected individuals. In the initial studies presented here,
NNRTI-resistant variants were detected at frequencies of less
than 1% in reconstituted plasma and in samples from HIV1-infected individuals. We are further testing this assay’s potential by examining the prevalence of EFV resistance in
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protease activity is required for retrotransposition. The
TyHRT assay is not restricted to NNRTI inhibitors; nonspecific RT inhibitors such as foscarnet and several RNase H
inhibitors (4) block TyHRT activity (D. V. Nissley, unpublished data). S. cerevisiae strains do not take up or phosphorylate nucleosides efficiently, which prevents the nucleoside reverse transcriptase inhibitors (NRTIs) and NRTI-resistant
variants from being analyzed by the TyHRT assay. However,
the recent cloning and functional analysis of purine and pyrimidine transporters in S. cerevisiae (8, 39) should make it
possible to construct strains where TyHRT activity is sensitive
to NRTIs.
Sensitivity of TyHRT system. The TyHRT system is sensitive; NNRTI-resistant RT variants from cultured virus as well
as from patient samples are detected when they are present at
frequencies down to 0.4%. This level of sensitivity is a significant improvement compared to that of most resistance assays
currently used and is 25- to 50-fold more sensitive than standard bulk genotype analyses, which detect resistant variants
when they are present at frequencies of 10 to 20%. The sensitivity of any assay is limited by two factors: the number of
isolates that it is practical to work with and the background
signal generated by the experimental protocol. With the
TyHRT system, the phenotypes of several hundred RT isolates
per sample are easily monitored, allowing the detection of
variants present at frequencies of 1% or less. In theory, the
sensitivity of the TyHRT assay is also limited by the number of
RT isolates assayed. For example, the failure to detect drug
resistance in 1 of 15 samples derived from the 1% K103N-wild
type mixture (Table 4, assay H) is most likely due to the fact
that only 173 isolates were examined.
The sensitivity of the TyHRT assay is limited in practical
terms by “background” drug resistance, which becomes an
issue at frequencies below 0.5%. Amplification of the viral
vectors used to generate viral stocks resulted in 1 EFV-resistant variant of 1,243 (0.08%) isolates, suggesting that resistance due to PCR-induced errors occurs at a rate of about
0.1%. Although this background may be lowered by employing
higher-fidelity polymerases, any resistance assay that uses PCR
to amplify viral genomes will be limited by PCR-mediated
error. The TyHRT system is unique in that it is sensitive
enough to determine the contribution of PCR-induced errors
to the frequency of resistance.
In examining the unexpected resistant isolates (i.e., those
whose resistance was unexpected because it was due to an
allele other than K103N), detected in the wild-type virus stock
and the 0.4% and 2.0% K103N mixtures (Table 2), it is evident
that the total background of the assay is about 0.2% (seven
resistant RTs in 3,212 isolates [0.22%]). This background is
likely the sum of the error rates from several sources. Following extraction, viral RNA undergoes an in vitro RT reaction.
RT-PCR of viral RNA may result in a higher error rate than
PCR of vector DNA. It is also important to note that viral
RNA transcription in host cells potentially introduces errors
during the generation of virus stocks. Therefore, the 0.2%
resistance background seen in the viral mixtures is likely the
result of the combined error rates in transcription, in vitro
reverse transcription, and amplification by PCR.
NNRTI resistance. Many established EFV- and NNRTIresistant variants (K103N, V108I, Y181C, G190A) were iso-
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NNRTI-experienced and NNRTI-naive patients (J. Mellors,
unpublished data).
Summary. The TyHRT system is a powerful yet simple
method. The analysis of HIV-1 RT activity and drug resistance
is accomplished in a model genetic organism; it is inexpensive
and easily carried out. The assay requires no biocontainment
facilities or facilities for the propagation of virus. The technical
requirements for the assay are limited to the extraction and
amplification of viral nucleic acid; the other steps require only
basic microbiology techniques. The methods may be particularly useful for basic research and clinical diagnostics where
early detection of resistance is important.
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