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Given the diversity of human immunodeficiency virus type 1 (HIV-1) subtypes and the emergence of subtypes
other than HIV-1 subtype B in the United States, genotypic assays must be capable of delivering sequence data
on diverse HIV-1 subtypes. We evaluated the performance of Visible Genetics TRUGENE HIV-1 genotyping kit
and Applied Biosystems ViroSeq HIV-1 genotyping system on a panel of 34 well-characterized HIV-1 viral
stocks (subtypes A through H). Both assays perform well on diverse HIV-1 subtypes despite being designed for
HIV-1 subtype B. The TRUGENE assay produced sequence data for 31 isolates but not for one C and two G
isolates. The TRUGENE assay using prototype 1.5 RT-PCR primers and the ViroSeq assay were both suc-
cessful for all variants tested, although five isolates lacked double-strand sequence coverage in the ViroSeq
assay. The availability of standardized HIV-1 genotyping kits that perform reliably with all HIV subtypes will
facilitate broad implementation of HIV-1 resistance testing.

The human immunodeficiency virus (HIV) population is
continuously evolving, generating genetically distinct viral vari-
ants (3, 9, 14). The propagation of novel mutants is a function
of environmental selective pressures created by immunological
responses of the host and drug therapy. Thus, mutants that
confer a survival advantage will propagate and emerge as a
major quasispecies (3). The incomplete inhibition of HIV rep-
lication can lead to the emergence of virus that has reduced
susceptibility to antiretroviral drugs, limiting the efficacy of
antiretroviral treatment regimens. Drug-resistant HIV type 1
(HIV-1) can also be transmitted from one individual to an-
other (4, 7, 8, 13, 20, 22). Almost all of the information on the
characterization of HIV-1 drug resistance mutation sites has
come from studies of HIV-1 group M, subtype B infection, the
most common subtype found in the United States and Europe.
However, HIV-1 infections caused by other HIV-1 subtypes
predominate in other regions of the world. With an increase in
prevalence of non-B HIV-1 subtypes in the United States and
the availability of antiretroviral drugs in regions of the world
where HIV-1 infections other than those of subtype B are
prevalent, research on the drug resistance patterns in non-B
HIV-1 subtypes and the clinical monitoring of patients having
non-B HIV-1 infections is becoming increasingly important (1,
9, 10, 17, 19, 21). The global deployment of U.S. military
personnel has increased the incidence of infections with non-B
HIV-1 subtypes in military personnel, further underscoring the
need for HIV-1 resistance genotyping tests that work reliably
with diverse HIV-1 subtypes (1, 2, 6, 8, 12, 16, 17-19). This
study assesses the ability of Visible Genetics TRUGENE
HIV-1 genotyping test and Applied Biosystems ViroSeq HIV-1
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genotyping system to successfully amplify HIV-1 viral RNA
and produce DNA sequences for non-B HIV-1 subtypes.

MATERIALS AND METHODS

HIV-1 subtype panel. A panel of 34 HIV-1 isolates (Table 1) of group M
subtypes A through H (two of subtype A, two of subtype A/G, seven of subtype
B, six of subtype C, two of subtype D, eight of subtype E, four of subtype F, two
of subtype G, and one of subtype H) was used to assess the performance of the
TRUGENE and ViroSeq HIV-1 genotyping tests (11, 15, 18). Twenty-nine of the
viral stocks were from the Walter Reed Army Institute of Research. Five of these
viral stocks were obtained from BBI-Biotech Research Laboratories, Inc. (Gaith-
ersburg, Md.). All viral stocks were characterized by p24 antigen testing, electron
microscopy particle counts, viral RNA testing, and sequence (15).

Initial studies were performed using viral stocks having greater than 20,000
HIV-1 RNA copies/ml in order to ensure that sufficient template was available
to allow for a successful amplification. Panel members that were not successfully
sequenced by either method were repeat tested using viral stocks at concentra-
tions greater than 100,000 RNA copies/ml. Due to the inability of the TRU-
GENE assay to deliver sequence data for three of the HIV-1 panel members, we
obtained the prototype 1.5 RT-PCR primers (research use only) from Visible
Genetics. These reverse transcription (RT)-PCR primers were designed to am-
plify the protease and RT gene regions for all known HIV subtypes. Since limited
quantities of the original viral stocks remained, new dilutions targeted at 5,000
RNA copies/ml were prepared for use in assessing the performance of the
prototype 1.5 RT-PCR primers and the quality of ViroSeq sequence data gen-
erated by capillary electrophoresis. HIV viral RNA concentrations (1,800 to
20,000 RNA copies/ml) were determined using the Amplicor HIV-1 MONITOR
test (versions 1.0 and 1.5; Roche Diagnostics, Branchburg, N.J.).

HIV-1 genotype testing. Viral RNA was extracted from each panel member,
amplified, and sequenced following procedures recommended by the manufac-
turers of the tests. Consensus sequences were generated for each panel member
using software provided by the manufacturer of each test (Visible Genetics
OpenGene DNA sequencing system and Applied Biosystems ViroSeq HIV
genotyping system software, version 2.2). Software programs for each assay
compared the consensus sequence generated to HIV-1 reference sequences
(TRUGENE, LAV-1; ViroSeq, pNL4-3). An interpretative report was generated
for the TRUGENE assay while a research report was issued for the ViroSeq
assay.

RESULTS

The Visible Genetics TRUGENE HIV-1 genotyping kit and
Applied Biosystems ViroSeq HIV-1 genotyping system were
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TABLE 1. Performance of genotypic drug resistance tests on HIV-1 subtypes A through H

Consensus derived with

Consensus derived

HIV-1 Cour}tr'y of Isolate identification TRUGENE primers* TRUGENE primer failure? with ViroSeq ViroSc?q pl;imer
subtype origin no. ion 2.0 failure
1.0 RT-PCR 1.5 RT-PCR version =

A Uganda UG273 Y Y Protease Y D
A/G Djibouti DJ258 Y Y Protease Y D
A/G Djibouti DJ263 Y Y Protease Y D
A Uganda UG275¢ Y Y None Y D
B United States US1 Y Y None Y None
B United States us2 Y Y None Y None
B United States US3 Y Y None Y None
B United States Us4 Y Y None Y F
B Thailand CM237 Y Y None Y D
B Thailand BK132 Y Y None Y D
B Brazil BZ167 Y Y None Y None
C Zambia ZAM18 Y Y Protease Y? A&D
C Uganda UG268 Y Y Protease Y D
C Ethiopia ETH2220 Y Y Protease Y? D & H
C Senegal SE364 Y Y Protease Y D
C Somalia SM145 N Y Protease + 1.0 RT-PCR Y D
C Djibouti DJ259%¢ Y Y Protease Y D
D Senegal SE365 Y Y None Y None
D Uganda UG270 Y Y None Y None
E Thailand CM235 Y Y Protease Y D
E Thailand CM238 Y Y Protease Y D
E Thailand CM240 Y Y Protease Y’ A&D
E Thailand CM243 Y Y Protease Y D
E Thailand POC30506 Y Y Protease Y None
E Indonesia 1ID12 Y Y Protease Y D
E Indonesia ID17 Y Y Protease Y D
E Thailand NP1465 Y Y Protease Y D
F Brazil BZ126 Y Y Protease Y None
F Brazil BZ162 Y Y None Y None
F Brazil BZ163 Y Y Protease Y None
F Romania BCI-R07¢ Y Y None Y D
G Zaire HHS8793 N Y Protease + 1.0 RT-PCR Y None
G Kenya BCF-DIOUM® N Y 1.0 RT-PCR Y None
H Zaire BCP-KITA® Y Y Protease Y? A&D

“ Abbreviations: Y, consensus sequence derived from both strands; N, No TRUGENE sequence data were generated for these HIV-1 isolates using version 1.0

RT-PCR primers supplied in the FDA-cleared Kkit.
 Consensus sequence derived from partial single-strand data.

¢ Isolate obtained from BBI-Biotech Research Laboratories, Inc. All of the other isolates were from stocks on site.
4 The protease (PR) sequencing primers did not deliver sequence data for isolates noted. The 1.0 RT-PCR primers did not generate sufficient amplicon for CLIP

sequencing reactions.

¢ ViroSeq sequencing primers A, D, F, and H did not generate readable sequence data for isolates noted.

assessed for their ability to (i) generate RT-PCR amplicons for
non-B HIV-1 subtypes, (ii) provide double-stranded nucleo-
tide sequence data on each subtype panel member, and (iii)
generate equivalent sequence data.

Performance of the TRUGENE HIV-1 genotyping kit. The
Food and Drug Administration (FDA)-approved version of
the TRUGENE HIV-1 genotyping kit successfully genotyped
31 out of 34 (91%) of the HIV-1 subtype panel (Table 1). This
assay did not produce sequence data for one C (SM145) and
two G HIV-1 subtypes (HH8793 and BCF-DIOUM). The se-
quencing reaction profiles for SM145 and HH8793 were neg-
ative independent of viral RNA stock input. A dirty sequence
profile was observed for BCF-DIOUM when the original
TRUGENE RT-PCR (1.0 RT-PCR) primers were used in the
amplification reactions. When Visible Genetics prototype 1.5
RT-PCR primers were substituted for the 1.0 RT-PCR primers
supplied in the kit, sequence data were generated for all of the
HIV-1 subtypes using the viral stocks with 5,000 RNA copies/
ml.

The improvement in the performance of the TRUGENE
assay when the 1.5 RT-PCR primers were used to produce
amplicons suggested that the prototype 1.5 RT-PCR primers
were more efficient than the 1.0 RT-PCR primers. In order to
determine if the improved performance was due to better
primer efficiency, one panel member was selected from each
HIV subtype and tested using both of the RT-PCR primer sets.
Amplification products were fractionated electrophoretically
through 1.2% agarose E-Gels (Invitrogen, Carlsbad, Calif.) at
70 V for 30 min. The electrophoretic gel profiles of the RT-
PCR products generated using the FDA-cleared TRUGENE
HIV-1 genotyping kit (with 1.0 RT-PCR primers) are shown in
Fig. 1A. A smear of nonspecific background amplification is
visible for all RT-PCRs using the RT-PCR primers supplied in
the TRUGENE kit. The gel profile for the RT-PCR products
generated using the prototype 1.5 RT-PCR primers shows little
to no nonspecific amplification and an amplicon of ~1,300 bp
(Fig. 1B). The amount of amplified product generated varies
for each sample and this difference is clearly visible by elec-
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FIG. 1. Electrophoretic gel profile of RT-PCR products generated using the Visible Genetics TRUGENE HIV-1 genotyping test. One HIV-1
isolate was selected from each HIV-1 subtype for analysis using the TRUGENE kit (version 1.0) and prototype 1.5 RT-PCR primers. The 1.5
RT-PCR primers were substituted for the kit RT-PCR primers and cycling parameters were modified. Lanes 1 and 12 contain 100-bp DNA ladders.
Lanes 2 through 9 contain subtypes A, B, C, D, E, G, F, and H. Lane 10 contains the positive control from the kit. Lane 11 contains a negative
specimen control. (A) Gel profile of amplified product generated by the TRUGENE kit (version 1.0). (B) Gel profile of amplified product
generated using the prototype 1.5 RT-PCR primers with the TRUGENE Kkit.

trophoretic separation through agarose gels. The TRUGENE
HIV-1 assay does not require large quantities of RT-PCR
product for sequencing since additional amplification (nested)
of the target occurs in the CLIP sequencing reactions. Ampli-
fied product may not be clearly visible in the agarose gel (for
example, A subtype, Fig. 1B, lane 2), but a sufficient amount of
amplified DNA is available for successful amplification in
CLIP sequencing reactions. The CLIP bidirectional sequenc-
ing reaction is a unique feature of the TRUGENE HIV-1 assay
system.

The TRUGENE assay provides two primer sets in the kit for
sequencing of the HIV-1 protease gene (PR and P2) (Fig. 2).

The protease (PR) primers were found to fail on some HIV
subtype B specimens, which resulted in the manufacture of a
second set of protease primers for use in sequencing reactions
(P2). Both of these primer sets are supplied in the FDA-
cleared kit and are used routinely. The PR sequencing primers
did not generate sequence data for 21 (61%) of the specimens
(Table 1). The PR primers performed well on subtype B and D
isolates, while the P2 sequencing primers performed better on
all of the other HIV subtypes. The P2 sequencing primer pair
successfully generated sequence data for all of the HIV sub-
types tested in this study. Sequence data generated only by the
P2 primer pair is found to have short regions (less than 35

TRUGENE P2 N
RT Beginning
-—
PR _ RT Middle -
PCR-F
5
gag protease reverse transcriptase
l Lol I L7
PR1 RT1  RT41 RT115 RT215 RT247 RT333
PCR-R
A >
D
B -
< F ( >
- H

ViroSeq - G

FIG. 2. Schematic of primers used in DNA sequencing reactions for the protease and reverse transcriptase gene regions. The top region shows
the names of the TRUGENE primers and their orientation with respect to the HIV-1 gene region sequence. The bottom half of the diagram shows

the names and orientation of the primers used in the ViroSeq test.
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bases) of single-strand sequence coverage at the beginning of
the protease gene. The E subtype isolates had larger regions of
single-strand sequence (up to 50 bases) at the beginning of the
protease gene and at the 3’ end of the RT gene compared to
the other subtypes. The resolution of the bases in the reverse
transcriptase gene region was not as clean for HIV subtypes E
and G. Fewer mixed-base calls were observed when prototype
1.5 RT-PCR primers were used to generate amplicons, sug-
gesting that the use of an amplicon with less background of
nonspecific product in sequencing reactions resulted in better
resolution. Overall, double-strand sequence data were gener-
ated for all of the HIV-1 subtypes across regions of interest
used to determine HIV drug resistance.

The TRUGENE test generates an interpretative report for
use by clinicians and a research report that lists all of the drug
resistance mutation sites, synonymous (silent) mutations, poly-
morphisms, and unexpected mutations. Nucleotide mutations
that do not result in a change in the translated amino acid are
denoted as synonymous mutations. A mean average of the
synonymous mutations was calculated for each HIV-1 subtype.
Five to fourteen additional synonymous mutations are ob-
served in the protease gene for all subtypes other than HIV-1
subtype B. The reverse transcriptase gene has 14 to 30 addi-
tional synonymous mutations for subtypes other than HIV-1
subtype B. All of the subtypes other than HIV-1 subtype B
have significantly larger numbers of synonymous mutations.
Subtype D has the lowest number of synonymous mutations,
while subtypes C and G have the largest number of mutations.
A long list of synonymous mutations may suggest that the
sequence obtained for a clinical specimen is derived from a
non-B subtype infection.

Performance of the ViroSeq HIV-1 genotyping system. The
ViroSeq HIV-1 genotyping system generated sufficient ampli-
con for all subtypes tested and delivered sequence data on all
of the panel members. Problems were encountered in the clar-
ity of DNA sequence data produced on the model 377 DNA
sequencer, where gels had to be repeated due to poor gel
resolution. Approximately 50% of the panel members exhib-
ited high background fluorescence in profiles generated on the
model 377 DNA sequencer. Four of the subtypes other than
HIV-1 subtype B (ZAM18, ETH2220, CM240, and BCP-
KITA) and one B subtype (US4) had significant lengths of
single-strand sequence due to the poor performance of one or
two sequencing primers. Due to the clarity problems observed
in the sequence data obtained from the model 377 DNA
sequencer, 15 panel members were selected for retesting using
the HIV-1 viral stocks with 5,000 RNA copies/ml. DNA se-
quencing reaction products for these 15 specimens were frac-
tionated by capillary electrophoresis. Sequencing profiles gen-
erated using the model 3100 genetic analyzer showed well-
defined peaks with little to no background fluorescence. All
RT-PCR products generated using the ViroSeq RT-PCR mod-
ule showed a single band amplicon of ~1,800 bp. Background
contributed by nonspecific amplification as observed for the 1.0
RT-PCR primers used in the TRUGENE kit was not observed
when purified amplicons from the ViroSeq test were fraction-
ated through 1.2% agarose gels (Fig. 3). Amplification yields
were excellent and in most cases exceeded the amount of
amplified product generated in the TRUGENE assay. All
HIV-1 subtypes produced at least 18 ng of amplicon in 5 pl of
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FIG. 3. Electrophoretic gel profile of RT-PCR products generated
using the Applied Biosystems ViroSeq HIV-1 genotyping system. Fif-
teen members of the HIV-1 subtype panel at 5,000 RNA copies/ml
were subjected to sequence analysis by the ViroSeq assay using the
model 3100 genetic analyzer. The gel profile for purified amplified
product is shown and is representative of all of the HIV-1 subtypes
tested. Lanes 1 and 12 contain two amounts of the DNA mass ladder.
Lanes 3 and 4 contain the two subtype D isolates (46 and 44 ng). Lanes
5, 6, and 7 contain subtypes F, H, and A (74, 70, and 53 ng). Lane 8
contains the positive control provided in the kit (84 ng). Lane 10
contains the negative control.

reaction mixture. However, the ViroSeq assay requires signif-
icantly higher quantities of amplicon (at least 12 ng/5 wl) for
execution of the sequencing reactions than the TRUGENE
assay since a nested amplification does not occur in the Viro-
Seq sequencing reactions.

A summary of sequencing primer performance is shown in
Table 1. Primers A and D sequence the same region of the
protease gene and are sense directional primers (Fig. 2). Both
primers are used routinely in our laboratory since one or the
other primer may not generate readable sequence data. Primer
D did not successfully generate sequence data for 22 (65%) of
the panel members. Primer A did not produce sequence data
for three panel members (C subtype from Zambia [ZAM18], E
subtype from Thailand [CM240], and H subtype from Zaire
[BCP-KITA]). Primer D also did not generate sequence data
for the protease gene for each of these three subtypes. Since
primer D is a backup for primer A, single-strand sequence
coverage was obtained for these three panel members in the
protease gene region. Single-strand sequence data were also
obtained for the protease gene region in one B subtype (US4)
due to the failure of primer F in producing sequence data
across this region. The failure of primer F to deliver sequence
data on a B subtype was reproducible and observed both on the
377 DNA sequencer and the 3100 genetic analyzer. Primer H
did not deliver sequence data for an Ethiopian C subtype
(ETH2220), resulting in single-strand sequence coverage at the
three prime end of the RT gene. The lack of successful am-
plification by sequencing primers A, D, F, and H results in the
generation of single-strand sequence regions where mixed-
base calls cannot be discerned. Rules for calling bases ambig-
uous (mixed) require that both strands of the sequence show a
mixed base in that particular position. Thus, sequences gener-
ated using data from single-strand coverage do not allow for
the determination of mixed bases and may not fully reflect the
pool of virus in the specimen tested.

Poor resolution or high background fluorescence were ob-
served for sequencing primers A, B, D, G, and H for three, five,
two, seven, and six panel members, respectively, when se-
quencing reactions were fractionated on the model 377 DNA
sequencer. Such poor resolution may reflect problems with gel
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polymerization or the quality of the sequencing reactions gen-
erated by the primers. The resolution improved when the se-
quencing reactions were repeated and analyzed by capillary
electrophoresis (model 3100 genetic analyzer), suggesting that
the resolution problems encountered previously were due in
part to the polymerization of the gel used on the model 377
DNA sequencer. We observed a higher variability in the qual-
ity of the sequence data delivered on the model 377 DNA
sequencer compared to the data produced by the model 3100
genetic analyzer.

Comparative analysis. The DNA sequences generated for
each panel member were aligned using the MegAlign program
of Lasergene Navigator (version 1.6; DNASTAR Inc., Madi-
son, Wis.). The electropherograms were examined for all high-
lighted discrepancies in order to confirm sequence calls. Ap-
proximately 97% of the differences noted were due to
differences in ambiguity calls where sites are called as a mix-
ture of two or more bases versus single-base calls. The FDA-
cleared TRUGENE assay where the 1.0 RT-PCR primers are
used had twice as many ambiguities as the ViroSeq assay.
Fewer ambiguities were observed in the TRUGENE assay
when the prototype 1.5 RT-PCR primers were used to gener-
ate the amplicon. This suggests that the use of PCR products
having lower levels of background contaminants results in se-
quencing reactions which have better resolution. Of 57 site
differences, 27 differences were due to ambiguities in the TRU-
GENE reading (prototype 1.5 RT-PCR primers) where one of
the calls associated with the mixed-base call was equivalent to
the single-base call given in the ViroSeq assay. The ViroSeq
test accounted for 28 ambiguities that were in agreement with
the defined base call given by the TRUGENE test. Two of the
scored differences were due to different base calls between the
two assays. These calls were not located at drug resistance sites
and therefore did not alter the interpretation of the sequence
data.

All sequences were checked for uniqueness and subtype
grouping by phylogenetic tree analysis using neighbor-joining,
maximum-likelihood, and distance analyses (Wisconsin Pack-
age, version 10; Genetics Computer Group). This analytic tool
allows for the identification of HIV subtype and can be used to
monitor for contamination or mix-up of specimens during
genotyping test procedures. Sequence results obtained for each
panel member branched with its corresponding result obtained
using the other test procedure. Each panel member grouped
within the region of the tree that corresponded with its cognate

subtype.

DISCUSSION

The Visible Genetics TRUGENE HIV-1 genotyping kit and
the Applied Biosystems ViroSeq genotyping system are both
capable of delivering HIV-1 resistance data for clinical speci-
mens infected with non-B virus. The FDA-cleared TRUGENE
HIV-1 genotyping assay does not make any claims as to per-
formance on non-B HIV-1 subtypes. The TRUGENE assay
was unsuccessful in generating sequence data for one C and
both G subtypes using the 1.0 RT-PCR primers supplied in the
test kit. The prototype 1.5 RT-PCR primers (research use
only) provided by Visible Genetics and used with the TRU-
GENE HIV-1 genotyping kit improved the performance of the
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test where DNA sequence was successfully generated on all of
the panel members. These RT-PCR primers are available from
Visible Genetics (research use only) and can be substituted for
the primers included in the kit.

The ViroSeq HIV-1 genotyping system was successful in
generating sequence data for all members of the HIV-1 sub-
type panel with no modifications. Amplification was excellent
for this assay based upon the amount of RT-PCR product
generated for each viral isolate. Performance issues exist for
the sequencing primers where regions of single-strand se-
quences are generated due to poor primer performance or in
regions were sequence data had high background fluorescence.
All regions in which single-strand sequences were generated
had excellent resolution, but without the sequence of the com-
plementary strand base call ambiguities cannot be fully dis-
cerned. Improved resolution in the sequencing profiles was
observed when sequencing reactions were fractionated using
the model 3100 genetic analyzer compared to electrophero-
grams generated on the model 377 DNA sequencer. The qual-
ity of the data delivered on the model 3100 genetic analyzer
was superior to that of the data obtained on the model 377
DNA sequencer.

Essentially equivalent nucleotide sequence data are gener-
ated by the TRUGENE and ViroSeq assays. Differences ob-
served are due to ambiguities resulting in mixed-base sequence
calls in one assay compared to defined single-base calls in the
other assay system. These ambiguities can result in differences
in the interpretation of resistance data if the ambiguity occurs
at drug-associated resistance sites. The ambiguities observed in
this study are similar to those reported by other laboratories (5,
6, 16).

The expanded access to antiretroviral drugs in populations
where non-B HIV-1 subtypes predominate and the increasing
diversity of the viral population require continuous monitoring
of HIV-1 genotyping tests so as to allow for improvements in
assay performance. The information obtained in this study can
be used to improve the design of the primers used in both Kkits,
leading to better optimization and broader utility of the assays.
The extensive sequence diversity in the RT gene region and the
potential for coinfection with two or more subtypes in regions
where multiple HIV subtypes prevail, leading to recombinant
viral strains, provide a challenge in designing assays that can
successfully amplify and sequence all HIV subtypes. As more
HIV-1 isolates are sequenced from geographical regions where
subtypes other than HIV-1 subtype B prevail, isolates will be
found which are not sequenced by either the TRUGENE or
ViroSeq assays. Modified versions of HIV-1 genotyping tests
will be required to address evolving HIV-1 sequence diversity.
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