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There are three major classes of 
antiretroviral drugs approved in the 
United States for treatment of human 
immunodeficiency virus type 1 (HIV-1) 
infection: protease inhibitors, nucleoside 
and nucleotide reverse transcriptase in-
hibitors, and non-nucleoside reverse tran-
scriptase inhibitors (NNRTIs). Unfortu-
nately, the efficacy of these drugs is often 
limited by HIV-1 drug resistance, which 

is usually caused by mutations in the pro-
tease and reverse transcriptase enzymes. 
Sequence-based HIV-1 genotyping as-
says can be used to detect antiretroviral 
drug resistance mutations and help guide 
use of antiretroviral drugs for treatment 
and prevention of HIV-1 infection.

HIV-1 genotyping is complicated by 
the fact that individuals infected with 
HIV-1 typically harbor a large popula-

tion of genetically diverse viral variants. 
In most genotyping assays, population 
sequencing is used to characterize the vi-
ruses in a plasma sample. Assays based on 
population sequencing may detect drug 
resistance mutations present in mixed 
viral populations (e.g., mixtures of vi-
ruses with and without a mutation) (1−3). 
However, those assays are not designed 
to detect minority variants. Furthermore, 
if multiple drug resistance mutations are 
detected as mixtures in a given sample, 
it is not possible to determine whether 
the individual drug resistance mutations 
are present together on a single virus or 
exist in different viral sub-populations. 
Genetic linkage of HIV-1 drug resistance 
mutations is important, since individual 
resistance mutations can enhance or 
reverse the effects of other resistance mu-
tations in the same virus. Other methods 
are needed to examine further the genetic 
evolution of drug-resistant HIV-1 and to 
characterize the emergence and fading of 
drug resistance mutations following anti-
retroviral drug exposure. 

The Celera Diagnostics ViroSeq™ 
HIV-1 Genotyping System (previously 
marketed as the Applied Biosystems Viro-
Seq HIV-1 Genotyping System, Celera 
Diagnostics, Alameda, CA, USA) is a 
commercially available system for analy-
sis of antiretroviral drug resistance muta-
tions in HIV-1 (4). Analysis in the ViroSeq 
system involves HIV-1 RNA isolation and 
reverse transcription with murine Mo-
loney virus reverse transcriptase, followed 
by a single 40-cycle PCR using AmpliTaq 
Gold polymerase (Applied Biosystems, 
Foster City, CA, USA). PCR products are 
purified using spin columns and analyzed 
by agarose gel electrophoresis prior to 
sequencing. Population sequencing of 
the PCR products is performed using 
premixed BigDye® (Applied Biosystems) 
sequencing reagents with 6–7 different 
primers. Analysis is performed using an 
ABI Prism 3100 Genetic Analyzer (Ap-
plied Biosystems). Software provided with 
the ViroSeq system is used to assemble 
sequence data from the different primers 
into a contiguous consensus sequence that 
can be inspected for identification of drug 
resistance mutations. The ViroSeq system 
was approved in 2003 by the Food and 
Drug Administration for clinical use. This 
system has been used to analyze HIV-1 
drug resistance in clinical trials, such as 
the AIDS Clinical Trials Group (ACTG) 

Analysis of HIV-1 variants by cloning DNA 
generated with the ViroSeq™ HIV-1 
Genotyping System

Susan H. Eshleman1, Dana Jones1, Tamara Flys1, Olga Petrauskene2, 
and J. Brooks Jackson1

1The Johns Hopkins Medical Institutions, Baltimore, MD and 2Applied Biosystems, 
Foster City, CA, USA

BioTechniques 35:614-622 (September 2003)

Table 1. Nevirapine (NVP) Resistance Mutations Detected by Population Sequencing and 
Sequencing of Cloned Plasmids

NVP Resistance Mutations

Sample 1

Population sequencing Y181C
Clone 1-1 G190S
Clone 1-2 None
Clone 1-3 Y181C
Clone 1-4 Y181C
Clone 1-5 Y181C
Clone 1-6 G190A
Clone 1-7 V108I, Y181C
Clone 1-8 Y181C
Clone 1-9 Y181C
Clone 1-10 None

Sample 2

Population sequencing K103N, Y181C, G190A
Clone 2-1 K103N
Clone 2-2 G190A
Clone 2-3 Y181C
Clone 2-4 G190A
Clone 2-5 V106A
Clone 2-6 Y181C
Clone 2-7 None
Clone 2-8 None
Clone 2-9 Y181C, G190A
Clone 2-10 Y181C

NVP, nevirapine. Mutations detected by population sequencing were detected 
as mixtures of mutant and wild-type amino acids (e.g., Y + C at position 181).
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368, 388, and 398 trials (unpublished 
data). The assay performs well for analy-
sis of subtype (clade) B HIV-1 (5) as well 
as for non-B subtypes (6−8). 

Analysis of HIV-1 using the Viro-
Seq system provides information about 
the predominant viral population in a 
plasma sample. Individual DNA mol-
ecules amplified in PCR generated in 
the ViroSeq system are derived from 
individual viruses. Therefore, cloning, 
isolation, and analysis of PCR products 
produced in this system would allow 
characterization of the pol regions of 
individual viruses. This would allow 
one to examine genetic linkage of drug 
resistance mutations, and may reveal 
the presence of minority variants with 
additional antiretroviral drug resistance 
mutations not detected by population 
sequencing. Well-characterized cloned 
viral variants could also be used to fur-
ther characterize the effects of specific 
drug resistance mutations on viral fit-
ness and phenotypic drug resistance. 

Unfortunately, commercial cloning 
kits cannot be used to clone PCR prod-
ucts produced with the ViroSeq system. 
This is because the ViroSeq system uses a 
deoxyuridine triphosphate (dUTP)/uracil 
N-glycosylase (UNG) contamination 
control system. In this system, PCRs are 
performed with dUTP in place of dTTP. 
To prevent contamination of PCRs with 
PCR products generated in previous 
reactions, each PCR is proceeded by a 
brief incubation with the enzyme UNG, 
which destroys any contaminating dUTP-
containing DNA (9). The UNG enzyme 
is then destroyed prior to amplification 
by heating the reaction to 93°C. Similar 
dUTP/UNG contamination systems have 
been incorporated into other PCR-based 
clinical assays, such as the AMPLICOR 
HIV-1 MONITOR Test viral load as-
say (Roche Diagnostics, Branchburg, NJ, 
USA). Cloning ViroSeq PCR products di-
rectly into most strains of Escherichia coli 
is problematic, since most strains naturally 
contain the UNG enzyme. Ligated plas-
mids with dUTP-containing inserts are 
degraded in the bacteria and cannot be iso-
lated. In this report, we describe a method 
for cloning and isolating dUTP-containing 
HIV-1 pol region DNA amplified in the 
ViroSeq genotyping system. 

Plasma samples for this study were 
obtained from two Ugandan women en-
rolled in the HIVNET 012 clinical trial, 

which compared the efficacy of two dif-
ferent antiretroviral regimens [nevirapine 
(NVP) or zidovudine] for prevention 
of HIV-1 mother-to-child transmission 
(10). These samples were collected 7 
days after administration of a single dose 
of NVP given at the onset of labor. The 
women were antiretroviral drug naïve 
prior to NVP administration and did 
not receive any additional antiretroviral 
drugs, consistent with the standard of 
care in Uganda. These samples were 
genotyped using the ViroSeq system. 
PCR products generated in this system 
were diluted to 105 µL after column pu-
rification. Approximately 60 µL of PCR 
products from each reaction were used 
for population sequencing (HIV-1 geno-
typing with ViroSeq). While this system 
is designed for analysis of the major viral 
population, mixtures of nucleotides can 
also be detected, reflecting the genetic di-
versity of HIV-1 variants in clinical sam-
ples. Nucleotide mixtures are detected by 
the ViroSeq software (version 2.5) when 

a secondary peak is at least 30% of the 
primary peak (version 2.0 product insert). 
The electropherograms obtained from 
sense and antisense primers in the Viro-
Seq system can be compared to confirm 
the presence of the mixture. Analysis in 
the ViroSeq system revealed the Y181C 
NVP resistance mutation in sample 1, 
and revealed three NVP resistance mu-
tations, K103N, Y181C, and G190A, in 
sample 2 (Table 1). All of these mutations 
were detected as mixtures [e.g., nucleo-
tide sequences encoded a mixture of 
lysine (K) and asparagine (N) at position 
103, a mixture of tyrosine (Y) and cyto-
sine (C) at position 181, and a mixture of 
glycine (G) and alanine (A) at position 
190 in HIV-1 reverse transcriptase]. 

To analyze sequences from individual 
HIV-1 variants in the samples, we first 
prepared electrocompetent E. coli us-
ing strains lacking the UNG enzyme 
(UNG-negative). Two UNG-negative 
E. coli strains, BD2314 [CGSC #6799, 
(11)] and BD1528 (CGSC #7221) were 
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available from the E. coli Genetic Stock 
Center (Yale University, New Haven, CT, 
USA). Bacteria were rendered competent 
for electroporation as described previous-
ly (12). Electroporation was performed 
using a MicroPulser Electroporator 
(Bio-Rad Laboratories, Hercules, CA, 
USA), according to the manufacturer’s 
instructions, and bacteria containing 
plasmids were selected on LB/Amp 
plates. The transformation efficiencies 
of the two UNG-negative E. coli strains 
using a pUC19 control plasmid were 
similar (1−5 × 107 colonies/µg). This 
was lower than the transformation effi-
ciency seen with commercially prepared 
electrocompetent E. coli (approximately 
1 × 109 colonies/µg with the TOP10 One 
Shot® Electrocomp cells provided with 
the TOPO TA Cloning® Kit, version N; 
Invitrogen, Carlsbad, CA, USA). Be-
cause the preparation of BD1528 E. coli 
often arced during the electroporation 
procedure, the BD2314 strain was used 
for subsequent experiments. 

PCR products generated using the 

ViroSeq system were cloned using the 
TOPO TA Cloning Kit. One microliter 
of the dUTP-containing PCR products 
remaining after genotyping each of the 
samples was used for cloning. In the Vi-
roSeq system, PCR products are ampli-
fied with a Taq DNA polymerase, which 
adds single deoxyadenosine (A) residues 
to the 3′ ends of PCR products (13). The 
pCRII-TOPO® vector (Invitrogen), 
which is synthesized with single 3′-thy-
midine (T) overhangs, is optimized for 
TA cloning of PCR products produced 
with Taq DNA polymerases. Storage of 
PCR products may be associated with 
loss of some terminal A residues. There-
fore, to enhance the efficiency of the li-
gation reaction, additional nontemplated 
A residues were added to the ViroSeq 
PCR products prior to ligation, using 
procedures recommended by the manu-
facturer. PCR products were then ligated 
into the pCRII-TOPO vector. Ligation 
was performed according to the man-
ufacturer’s instructions. The resulting 
plasmids, which had dUTP-containing 

HIV-1 inserts, were isolated following 
electroporation into the UNG-negative 
E. coli and selected on LB/Amp plates. 
Plating of the entire electroporation 
reaction yielded 100–200 colonies for 
each sample. Plasmids were isolated 
from random colonies using a commer-
cial kit (QIAwell® Ultra Plasmid Kit; 
Qiagen, Valencia, CA, USA) accord-
ing to the manufacturer’s instructions, 
except that the culture volume used for 
plasmid isolation was increased to 3 
mL, and the cell lysis step was extended 
to 15 min. Approximately 50%−75% of 
the colonies for samples 1 and 2 con-
tained inserts of the expected size (ap-
proximately 1.8 kb). For each sample, 
18−20 plasmids were sequenced using 
the ViroSeq sequencing module. For 
plasmid sequencing, 8 µL of plasmid 
isolated by the miniprep procedure were 
used without further modification in 
each of the sequencing reactions. 

DNA sequences of 10 representative 
plasmids cloned from each of the samples 
described above are shown in Figures 

Figure 1. Protease sequences of cloned plasmids derived from two clinical samples. Protease sequences (amino acids 1−99) from cloned plasmids were 
aligned using the Clustal method (Lasergene; DNASTAR, Madison, WI, USA).  (A) Clones derived from sample 1 (clones 1−1 to 1−10). (B) Clones derived 
from sample 2 (clones 2−1 to 2−10).  A consensus sequence for the10 plasmid sequences from each sample is shown above each alignment (majority). Dots in 
the alignment indicate identity with the consensus sequence. Amino acids that differ from the consensus sequence are shown. 
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1 and 2. The NVP resistance mutations 
detected in each sequence are shown in 
Table 1. For sample 1, the Y181C muta-
tion, which was detected in population 
sequencing, was detected in only 6 of the 
10 plasmids. For sample 2, all three mu-
tations detected in population sequenc-
ing (K103N, Y181C, and G190A) were 
detected among the cloned plasmids. 
However, most plasmids contained only 
one of these mutations, suggesting inde-
pendent selection of viruses with each of 
the mutations. For both samples, other 
NVP resistance mutations, not detected 
in population sequencing, were also seen 
in the cloned plasmids. For example, 
in sample 1, the NVP resistance muta-
tions (V108I, G190A, and G190S) were 
each detected in 1 of the 10 plasmids. In 
sample 2, the NVP resistance mutation 
V106A was detected in 1 of 10 plasmids. 
Other minor sequence differences were 
noted among the protease and reverse 
transcriptase sequences of the plasmid 
clones (Figures 1 and 2), consistent with 
the natural genetic variation among HIV-
1 viruses in infected individuals.

The polymerase used for DNA 
amplification in the ViroSeq system 
is AmpliTaq Gold. Like other Taq en-
zymes, AmpliTaq Gold lacks proofread-
ing activity and is known to introduce 
errors in nucleotide sequences during 
amplification (14). These errors occur 
at approximately 1 in every 50,000 to 
100,000 nucleotides incorporated (http:
//www.appliedbiosystems.com). This 
corresponds to approximately one error 
in every one or two cloned HIV-1 inserts 
in this system. Mutations could also be 
introduced during cloning by propaga-
tion in UNG-negative E. coli. The UNG 
enzyme normally catalyzes the first step 
of a pathway for repair of uracil-contain-
ing DNA. An elevated level of G:C → A:
T transitions is observed in UNG-nega-
tive E. coli (15). Such errors are generally 
not apparent in population sequencing, 
but may be detected when sequences of 
cloned plasmids are analyzed. Some of 
these changes would be difficult to detect 
in clones from HIV-1 viruses, since the 
sequences of HIV-1 viruses are inher-
ently variable. In contrast, termination 
(stop) codons and mutations that cause 
shifts in the reading frame (insertions or 
deletions) are easily identified.

Analysis of HIV-1 pol sequences in 
almost 40 cloned plasmids did not reveal 

any stop codons. However, nucleotide in-
sertions and deletions were observed. In 
sample 1, such changes were detected in 
3/18 cloned plasmids (data not shown). 
These included a single nucleotide inser-
tion (insertion of an A near codon 101 
in reverse transcriptase) and two single 
nucleotide deletions [protease codon 11 
= (GT-) and reverse transcriptase codon 
93 = (GG-)]. In sample 2, we detected 
such changes in 4/20 cloned plasmids 
(data not shown). Three plasmids had 
single nucleotide deletions [two with 
reverse transcriptase codon 249 = (AA-) 
and one with reverse transcriptase codon 
87 = (T-C)], and two plasmids (one with 
the reverse transcriptase codon 87 dele-
tion) had single nucleotide insertions, 
one with an A insertion near reverse 
transcriptase codon 104 and one with 
an A insertion near reverse transcriptase 
codon 30. Interestingly, all of the inser-
tions involved an extra A residue in a 
homopolymeric run of six A residues. In 
contrast, single base deletions appeared 
to occur at random and did not occur in 
homopolymeric runs. 

Single nucleotide frameshift muta-
tions, including insertions of A nucleo-
tides in homopolymeric runs of As, are 
commonly detected among sequences 
from HIV-1 viral variants (16). Some of 
these mutations may be artifacts intro-
duced during amplification, cloning, or 
sequencing. However, because similar 
mutations have been observed in HIV-1 
variants using different analytical meth-
ods, some of these mutations are likely 
to be naturally occurring inactivating 
mutations in defective viral genomes. 
The presence of these insertions and de-
letions did not interfere with the analysis 
of NVP resistance mutations. 

The methods described in this report 
can be used for analysis of the genetic 
linkage of HIV-1 drug resistance muta-
tions. Furthermore, characterization of 
as few as 10 cloned viral variants from 
each sample revealed additional drug 
resistance mutations not detected by 
routine genotyping. The cloning proce-
dure described can be performed using 
as little as 1 µL of the PCR products 
that remain following routine HIV-1 
genotyping, without the use of addi-
tional plasma. This may be advanta-
geous in some settings (e.g., analysis 
of samples from clinical trials) where 
plasma samples may be limited in 

quantity or unavailable. 
The method described is optimized 

using the commercial TOPO TA clon-
ing vector, pCRII-TOPO. There are 
three advantages to using this vector for 
cloning: (i) TA cloning is more efficient 
than blunt-end cloning. Furthermore, 
the vector used is covalently bound to 
topoisomerase I, promoting rapid and 
efficient ligation (17). (ii) The TA clon-
ing approach can be used to clone essen-
tially any DNA insert, independent of its 
DNA sequence. This is an advantage, 
given the high genetic variability among 
HIV-1 sequences. (iii) The cloning site 
of the pCRII-TOPO is within the lacZα 
gene, so blue/white color selection can 
be used in suitable bacterial strains. Al-
though the UNG-negative E. coli strain 
described here cannot be used for color 
selection, it may be possible to use this 
strain for the initial recovery of plasmids 
with dUTP-containing inserts, and then 
transfer the plasmid mixture into a sec-
ond strain of E. coli for plasmid isola-
tion and color selection. 

The methods described in this report 
use two commercial kits: the TOPO 
TA Cloning Kit is used for plasmid 
construction, and the ViroSeq HIV-1 
Genotyping System is used for plasmid 
sequencing and mutation analysis. To 
reduce the costs involved, it should also 
be possible to use alternative methods 
for plasmid construction (e.g., alterna-
tive plasmid vectors) and alternative 
approaches for plasmid sequencing. 
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