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ABSTRACT HIV rapidly accumulates resistance mutations following exposure to sub-
therapeutic concentrations of antiretroviral drugs that reduces treatment efficacy. High-
resolution melting analysis (HRMA) has been used to successfully identify single nucleo-
tide polymorphisms (SNPs) and to genotype viral and bacterial species. Here, we tested
the ability of HRMA incorporating short unlabeled probes to accurately assign drug sus-
ceptibilities at the 103, 181, and 184 codons of the HIV-1 reverse transcriptase gene. The
analytical sensitivities of the HRMA assays were 5% of mixed species for K103N and
Y181C and 20% for M184V. When applied to 153 HIV-1 patient specimens previously
genotyped by Sanger population sequencing, HRMA correctly assigned drug sensitivity
or resistance profiles to 80% of the samples at codon 103 (K103K/N) (Cohen’s kappa co-
efficient [�] � 0.6; P � 0.05), 90% at 181 (Y181Y/C) (� � 0.74, P � 0.05), and 80% at 184
(M184M/V) (� � 0.62; P � 0.05). The frequency of incorrect genotypes was very low (�1
to 2%) for each assay, which in most cases was due to the higher sensitivity of the
HRMA assay. Specimens for which drug resistance profiles could not be assigned (9 to
20%) often had polymorphisms in probe binding regions. Thus, HRMA is a rapid, inex-
pensive, and sensitive method for the determination of drug sensitivities caused by ma-
jor HIV-1 drug resistance mutations and, after further development to minimize the
melting effects of nontargeted polymorphisms, may be suitable for surveillance pur-
poses.
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Currently, 37 million people are living with HIV, and close to 40 million people
have died from AIDS-related illnesses since the beginning of the pandemic (1).

Approximately 17 million individuals have access to antiretroviral therapy (ART),
which inhibits different HIV enzymes at distinct stages of the virus life cycle, thereby
controlling viremia and reducing mortality. However, the development of resistance
to ART remains one of the greatest threats to the successful long-term chemother-
apeutic treatment of HIV infection. The majority of individuals failing ART harbor at
least one drug resistance mutation, typically the nucleoside/nucleotide reverse
transcriptase inhibitor (NRTI) mutation M184V/I and/or the nonnucleoside reverse
transcriptase inhibitor (NNRTI) mutation K103N (2–9). The NNRTI mutations Y181C
and K103N are rapidly selected for in children (10, 11) and women (12, 13),
respectively, following exposure to single-dose nevirapine (sd-NVP) for the preven-
tion of mother-to-child transmission (MTCT).

Genotypic detection of known drug resistance mutations is an informative measure
of drug failure and facilitates the selection of subsequent therapy options (14). While
Sanger sequencing-based methodologies remain the gold standard for mutation de-
tection, the assays are costly and resource intensive and cannot detect minority (�20%)
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quasispecies variants. Alternative methodologies, such as parallel and allele-specific PCR
(15–17), point mutation ligation assays (LigAmp) (18, 19), oligonucleotide ligation assays
(OLA) (20), line probe assays (21), and next-generation sequencing technologies (22, 23),
have been implemented with various degrees of effectiveness, sensitivity, and cost.

High-resolution melting analysis (HRMA) is a closed-tube fluorescence-based
single nucleotide polymorphism (SNP) detection and typing methodology (24) (Fig.
1). It allows genotyping of loci by measuring differences in DNA melting kinetics,
which is a function of nucleotide sequence and length (25). Sensitive instruments
and saturating double-stranded DNA (dsDNA) binding dyes allow SNP discrimina-
tion based on deviations in the melting temperature (Tm) curve and shape (26). This
method has been useful for typing bacteria, viruses, and parasites associated with
human disease (27) and for drug susceptibility testing in Mycobacterium tuberculosis
(28), Mycoplasma pneumoniae (29), Salmonella enterica (30), and influenza A viruses
(31). Incorporation of unlabeled probes has been utilized for resistance testing in
hepatitis B virus (32), Cytomegalovirus (33), and M. tuberculosis (34). HRMA has not
previously been used for HIV resistance testing but has been used to study HIV
diversity (35), showing high concordance with population and next-generation
sequencing results (36).

With the widespread use of ART, there is an urgent need to develop rapid and
cheap assays to detect HIV-1 drug resistance mutations in resource-limited settings.
Therefore, in this study, we set out to assess the feasibility of using a one-step,
closed-tube HRMA-PCR with unlabeled oligonucleotide probes and saturating
dsDNA binding dye to detect the key HIV-1 drug resistance mutations K103N,
Y181C, and M184V.

RESULTS
HRMA assay validation. HRMA PCRs and melting steps were optimized using

wild-type and codon 103, 181, and 184 mutant plasmids. Four complementary probes
were designed to hybridize optimally to a consensus C sequence and the 103K
wild-type (AAA and AAG) and 103N mutant (AAC and AAT) sequences (Table 1). Two
complementary probes were designed to genotype the 181Y wild-type (TAT) and 181C
mutant (TGT) sequences. Similarly, two complementary probes were designed and

FIG 1 PCR and HRMA. (Top) Key to diagram. (Middle) Asymmetric PCR preferentially amplifies the sense
strand. The PCR product contains the SNP of interest (left) or does not have this sequence (right).
(Bottom) Normalized negative first derivative plotted against temperature visualizing the melting
transitions of the probe-amplicon to the left of the amplicon-amplicon melting peak.
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applied to the 184M wild-type (ATG) and 184V mutant (GTG) plasmids. Single and
distinct probe melting peaks adjacent to the amplicon melting peaks were visualized
on negative-first-derivative (�dF/dT) plots. Peaks were evident for each of the wild-
type (Fig. 2A and B) and mutant (Fig. 2C and D) 103 plasmids, the wild-type (Fig. 3A)
and mutant (Fig. 3B and C) 181 plasmids, and the wild-type (Fig. 4A) and mutant (Fig.
4C and E) 184 plasmids.

To determine the analytical sensitivities and to establish cutoff thresholds for each
assay, serial dilutions of mutant plasmids in wild-type plasmid were subjected to HRMA.
The limit of detection for the K103N (AAC diluted in AAA) and Y181C (TGT diluted in
TAT) assays were �5% mixed species, and for the M184V assay (GTG diluted in ATG),
�20% mutant plasmid was detected in a background of wild-type plasmid (Fig. 5).
There was 100% reproducibility and repeatability for each assay.

103 HRMA assay. When applied to 153 patient samples, HRMA assigned the correct
genotype to 122 (80%; Cohen’s kappa coefficient [�] � 0.6; P � 0.05) specimens, of

TABLE 1 Sequences of HRMA-PCR primers and unlabeled oligonucleotide probes

Codon

Primer Probe

Name Sequence (5=-3=) Name Sequence (5=-3=)a

103 103-Forward AGGAATACCACACCCAGCAG wt103A CTGATTTTTTCTTTT
103-Reverse AAATATGCATCCCCCACATCC wt103G CTGATTTCTTCTTTT

mt103C CTGATTTGTTCTTTT
mt103T CTGATTTATTCTTTT

181 and 184 181/4-Forward AGCAAAAAATCCAGAAATAGTCATC wt181 ATATTGATAGATGAC
181/4-Reverse CTATGTTGCCCTATTTCTAAGTC mt181C ATATTGACAGATGAC

wt184 ATATTGATAGATGAC
mt184V ATATTGACAGATGAC

aNucleotide base pairs with the mutant base of interest are in boldface.

FIG 2 Application of the 103 HRMA assay to plasmids and patient samples. �dF/dT plots of the common SNP
genotypes at position 103 were obtained by using either plasmids (A to D) or patient samples (E to H) and
complementary probes. The presence of a probe peak to the left of the amplicon-amplicon peak indicates
successful probe binding, allowing the allocation of a 103 genotype to the sample. Shown are wild-type (AAA)
plasmid (A) and wild-type (AAA) patient sample (E), wild-type (AAG) plasmid (B) and wild-type (AAG) patient sample
(F), mutant (AAC) plasmid (C) and mutant (AAC) patient sample (G), and mutant (AAT) plasmid (D) and mutant
(AAT) patient sample (H). The large peak on the right in panel E and the small peaks on the right in panels F to
H correspond to the melting of the PCR template DNA.
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which 91 were drug susceptible and 31 were resistant (Table 2 and Fig. 2E to H). Further
analysis of these samples revealed that 114 (93%) had identical genotypic matches to
the Sanger sequence, while 8 had genotype mismatches that did not affect the drug
resistance interpretation (Table 3). Only one specimen resulted in an incorrect outcome.
In this case, a peak was obtained with the AAG probe (103K; susceptible), while the
Sanger sequence showed AGT (103S; resistant). No probe peak was obtained (no result)
for 30 specimens (95% confidence interval [CI], 13.3% to 25.9%), of which 19 were
susceptible and 11 resistant, with no bias detected (�2 � 0.88; P � 0.3).

One of the specimens with a genotype mismatch to the Sanger sequence was
selected for clonal analysis and sequencing. HRMA detected a mixed wild-type popu-
lation (AAA and AAG; 103K), while the Sanger sequence detected only one species
(103K; AAA). Analysis of over 100 clones detected an AAG population at a frequency of
3% (data not shown), suggesting that the 103 codon HRMA genotyping assay is more
sensitive than Sanger sequencing. The increased sensitivity of HRMA likely explains the
discrepancies in the seven additional genotype mismatches. Here, the drug sensitivity
was accurately defined, but susceptible (AAR; n � 2) or resistant (AAY; n � 3)
quasispecies were detected by HRMA. The final two genotype mismatches were
susceptible (AGA; 103R) by Sanger sequencing and susceptible (AAA; 103K) by HRMA.
While a minority AAA population might have been present in the sample, the guanine
in the second position of the 103 codon likely disrupted accurate melting analysis, as
the 103 assay probes were not designed for 103R.

Single nucleotide variation at either end of the probe region did not disrupt HRMA,
but polymorphisms at positions 3, 7, and 10 of the probe (5=-3=) were common in

FIG 3 Application of the 181 HRMA assay to plasmids and patient samples. �dF/dT plots of common SNP
genotypes at position 181 were obtained by using either plasmids (A to C) or patient samples (E to G) and
complementary probes or deletion probes (D and H). The smaller probe peak at a lower Tm indicates successful
probe binding, allowing allocation of a 181 genotype to the sample. Shown are wild-type (TAT) plasmid (A) and
wild-type (TAT) patient sample (E); mutant (TGT) plasmid (B) and mutant (TGT) patient sample (F); a mixture of
wild-type (C) and mutant plasmid and patient sample (G) genotypes, indicated by the presence of multiple probe
peaks; and wild-type (TAT) at position 181, obtained by using the same wild-type patient sample with comple-
mentary probes (D) and deletion probes (H).
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specimens that showed no result (see Table S1 in the supplemental material).
Polymorphism-masking probes included incorporation of ambiguous bases at these
polymorphic sites, but this did not enhance probe peak formation, nor did the use of
11-bp locked nucleic acid probes (data not shown).

181 HRMA assay. The 181 assay was applied to the patient specimens, and 137
(90%; � � 0.74; P � 0.05) were correctly genotyped (Table 2 and Fig. 3E to G), 133 (97%)
of which were genotypic matches with the Sanger sequence. Fourteen (9%) samples
could not be genotyped (95% CI, 4.6% to 13.8%), as no probe melting peak was visible,

FIG 5 Analytical sensitivity of HRMA assays. Shown are �dF/dT plots of dilution series. (A) Mutant AAC 103 plasmid
diluted in wild-type AAA plasmid. The smallest peak that can be reliably identified is at 5%. (B) Mutant TGT 181
plasmid diluted in wild-type TAT plasmid. The lower limit of detection is 5%. (C) Mutant GTG 184 plasmid diluted
in wild-type ATG plasmid. The smallest peak that can be reliably identified is at 20%.

FIG 4 Application of the 184 HRMA assay to plasmids and patient samples. �dF/dT plots of the common
SNP genotypes at position 184 were obtained by using either plasmids (A, C, and E) or patient samples
(B, D, and F) and complementary probes. The presence of a probe peak to the left of the amplicon-
amplicon peak indicates successful probe binding, allowing the allocation of a 184 genotype to the
sample. Shown are wild-type (ATG) plasmid (A) and wild-type (ATG) patient sample (B); mutant (GTG)
plasmid (C) and mutant (GTG) patient sample (D); and a mixture of wild-type (E) and mutant plasmids and
patient sample (F), indicated by a peak from the wild-type and mutant probes.
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and 2 (1%) were discordant with the Sanger sequence. Of the samples that were
accurately genotyped, 106 were susceptible and 31 were resistant. All of the specimens
that could not be genotyped were sensitive by Sanger sequencing, but this did not
reach statistical significance (�2 � 3.46; P � 0.06).

For the two discordant specimens, Sanger sequencing indicated 181Y (TAT; suscep-
tible), while the HRMA probes detected both TAT and TGT (TRT; resistant) (Table 3).
Putative mixed species were investigated by clonal analysis to assess the presence of
minority resistant populations. The mutant sequence (TGT) was detected in 33% and
7% of the clones analyzed in the two samples (data not shown), suggesting that HRMA
is more sensitive than Sanger sequencing for codon 181 and that the error rate for the
assay is in fact zero. As a consequence of the increased sensitivity, HRMA detected
quasispecies of drug-susceptible and -resistant sequences (TRT) in three samples that

TABLE 2 Detection of drug-sensitive and -resistant genotypes by HRMA in 153 HIV-1-positive specimens

Outcome

No. (%) of codons detected

103 181 184

Total Sensitive Resistant Total Sensitive Resistant Total Sensitive Resistant

Correcta 122 (80) 91 31 137 (90) 106 31 123 (80) 86 37
Incorrect 1 (1) 0 1 2 (1) 2 0 3 (2) 2 1
No result 30 (20) 19 11 14 (9) 14 0 27 (18) 22 5

Total 110 43 122 31 110 43
aIncludes genotype mismatches that did not alter drug resistance interpretation.

TABLE 3 Comparison of Sanger sequences and corresponding HRMA outcomes

Drug
resistance
mutation
position

Sanger
sequence

Amino acid
translation

Drug resistance
prediction

No. of
samples with
sequence

HRMA outcome (no.)

Correct

Incorrect
No
result

Genotype
match

Genotype
mismatcha

K103 AAA K Susceptible 96 79 1 (AAR; susceptible) 16
AAG K Susceptible 8 6 2 (AAR; susceptible)
AAR K Susceptible 1 1
AGA R Susceptible 5 2 (AAA; susceptible) 3
AAC N Resistant 23 19 1 (AAY; resistant) 3
AAT N Resistant 6 3 2 (AAY; resistant) 1
AAM K/N Resistant 10 6 4
AAW K/N Resistant 1 1
AAH K/N Resistant 1 1
AGC S Resistant 1 1
AGT S Resistant 1 1 (AAG; susceptible)

Total 153 114 8 1 30

Y181 TAT Y Susceptible 119 105 2 (TRT; resistant) 12
TAC Y Susceptible 2 2
TAY Y Susceptible 1 1 (TAT; susceptible)
TGT C Resistant 20 17 3 (TRT; resistant)
TRT Y/C Resistant 11 11

Total 153 133 4 2 14

M184 ATG M Susceptible 109 86 2 (RTG; resistant) 21
GGA G Susceptible 1 1
GTA V Resistant 2 2
GTG V Resistant 34 24 7 (RTG; resistant) 3
GTR V Resistant 3 3 (GTG; resistant)
RTG M/V Resistant 3 3
RTR M/V Resistant 1 1 (ATG; susceptible)

Total 153 113 10 3 27
aGenotype mismatches do not alter drug resistance interpretation.
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were completely resistant (TGT) by Sanger sequencing. The final genotype mismatch
may have occurred because the HRMA was not designed to detect the TAC (suscep-
tible) genotype. Therefore, for the specimen that harbored TAT and TAC (TAY; suscep-
tible), the HRMA indicated only TAT (susceptible). Two samples that contained TAC at
codon 181 generated no result, as expected.

Sequence variation in the probe binding region was examined in the 14 spec-
imens for which no result was obtained (see Table S1 in the supplemental material).
While most polymorphisms toward the probe ends did not disrupt HRMA, a guanine
at position 12 of the probe (5=-3=) may have disrupted probe binding in 5 specimens
(see Table S1, gray shading, in the supplemental material). A probe lacking the
mismatched guanine was tested and successfully genotyped 4 of the 5 specimens
(Fig. 3H), while probes incorporating universal bases at this position did result in
probe peak formation.

184 HRMA assay. The 184 HRMA assay correctly predicted genotypes for 123 of 153
(80%; �� 0.62; P � 0.05) patient samples; 86 (56%) were drug susceptible, and 37 (24%)
were resistant, with 113 (92%) genotypic matches (Table 2 and Fig. 4B, D, and F) to the
Sanger sequence. Twenty-seven samples (18%) could not be genotyped (95% CI, 11.6%
to 23.6%) by HRMA, 22 of which were susceptible and 5 resistant, with no bias detected
(�2 � 1.07; P � 0.3).

Two specimens exhibited major discordances, where the HRMA predicted a mixed
susceptible/resistant (RTG) sequence but susceptibility (ATG) was present in the pop-
ulation sequence (Table 3). Clonal analysis of these two samples showed that M184V
(GTG) was present in 25% and 20% of the specimen clones, respectively (data not
shown), indicating the superior sensitivity of HRMA over Sanger sequencing.

The increased sensitivity of HRMA over Sanger sequencing likely accounts for the
minority quasispecies detected by HRMA in 7 samples that were mixed susceptible and
resistant (RTG) by HRMA and completely resistant (GTG) by Sanger sequencing. The
final genotype mismatch arose because the sequence GTG (resistant) was accurately
identified by HRMA but the GTA (susceptible) population, for which the probes were
not designed, was not detected in the GTR (resistant) sequences. One sample with a
sensitive and resistant quasispecies (RTR), as determined by Sanger sequencing, was
genotyped as sensitive (ATG) by HRMA and constitutes the real error of the 184 assay.
RTR indicates a diverse population (ATA/GTG/ATG/GTA), among which the M184V
HRMA assay was designed to genotype ATG and GTG.

Analysis of the sequences corresponding to the probe binding region indicated that
sequence variation directly adjacent to the mutation site of interest (n � 13; see Table
S1 in the supplemental material) was associated with no melting peak formation,
whereas variation at the end of the probe did not prevent melting peak formation.
Repositioning of the HRMA primers to directly flank the 184 locus to mask the adjacent
variation did not improve the outcome.

HRMA on longitudinal samples. Thirteen patients had specimens collected at two
time points as part of longitudinal studies to assess the emergence of HIV-1 drug
resistance following exposure to sd-NVP for the prevention of MTCT of HIV-1 (10, 37).
The first sample was taken at study enrollment, and no drug resistance mutations were
detected by Sanger sequencing. The second sample was collected 6 weeks post-sd-NVP
exposure when resistance mutations, including K103N (n � 10), Y181C (n � 4), and
M184V (n � 1), had developed.

When HRMA was applied to the 103 locus, six of the patients were found to be
wild type (AAA or AAG) (Fig. 6A1) at the first time point and mutant (AAC or AAT)
at the second time point (Fig. 6A2). Two patients were wild type at both time points.
The remaining samples generated no genotype at both time points (n � 1) or at
the second time point (n � 4), possibly due to the evolution of polymorphism in the
probe binding region. Four patients developed Y181C (TGT) (Fig. 6B1 and B2) at the
second time point, as indicated by the 181 HRMA assay, only three of which were
identified by population sequencing. Eight patients remained wild type (TAT) at
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both time points, and one patient could not be genotyped by HRMA. One patient
developed M184V (GTG) at the second time point, which was not detected by
Sanger sequencing. Eleven remained wild type (ATG) at the 184 locus, and one
could not be genotyped by HRMA.

DISCUSSION

HIV drug resistance develops rapidly under suboptimal antiretroviral drug levels as
a consequence of viral evolution that disrupts binding between the antiviral compound
and viral proteins. Common drug resistance mutations include K103N (AAA/G¡AAC/T)
and Y181C (TAT¡TGT), which confer high-level resistance to NVP and efavirenz (EFV),
while M184V (ATG¡GTG) causes resistance to lamivudine (3TC) and emtricitabine (FTC)
(38, 39) and is usually detected by Sanger population sequencing following regimen
failure.

The biggest obstacles to successful drug resistance surveillance and testing in
resource-limited settings are cost, access to equipment, and expertise. While Sanger
population sequencing is the gold standard genotyping methodology due to its
accuracy and long read lengths, the equipment and reagent costs remain prohib-
itive for many in low-resource settings, prompting research into simple and cost-
effective detection systems. HRMA is a rapid and relatively simple DNA-typing and
mutation-scanning methodology that genotypes by melting curve analysis (24).
Thus, we sought to utilize the technology to develop HRMA-PCRs to rapidly
genotype key HIV-1 drug resistance codons in samples consisting of predominately
subtype C viruses. These assays were shown to correctly genotype 80%, 90%, and
80% of specimens at the 103, 181, and 184 codons, respectively (� � 0.6; P � 0.05).
A minority of the HRMA genotype predictions were discordant with the Sanger
population sequence (1%, 1%, and 2% per assay). The remaining specimens, 9% to
20% (95% CI, 4.6% to 25.9%), could not be genotyped by HRMA due to nontargeted
polymorphisms that prevented probe binding. The agreement between the Sanger
sequence and specimens that HRMA was able to genotype was very high for all 3

FIG 6 Application of the HRMA assay to patients sampled at two time points. �dF/dT plots of the SNP
genotypes at positions 103 (A) and 181 (B) were obtained with patient samples. Two time points were
available for each of the samples. The first time point consisted of drug-naive wild-type virus (A1 and B1),
and the second time point consisted of drug-resistant virus (A2 and B2) 6 weeks after single-dose
nevirapine exposure. Sample B2 generated a wild-type and a mutant probe peak.
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assays (� � 0.94; P � 0.05). The 103 and 184 assays displayed no bias in genotyping
susceptible or resistant samples (P � 0.3), while there was possible preferential
genotyping of sensitive samples in the 181 assay, although it was not statistically
significant (P � 0.06). The limits of detection of the 103, 181, and 184 assays were
5%, 5%, and 20% of quasispecies, respectively, and they were consistently more
sensitive than Sanger population sequencing, as confirmed by clonal analysis.
Although this study used a particular HRM instrument and dyes, the primers and
probes developed in the study could be used with other platforms.

Considering the increased sensitivity of HRMA, only two specimens were found to
be truly discordant between HRMA and population sequencing. In one patient sample,
the 103 HRMA-PCR indicated drug susceptibility (AAG; 103K) at the codon, while the
Sanger sequence was resistant (AGT; 103S). The second incorrect prediction occurred
with the 184 HRMA-PCR detecting sensitivity (ATG; 184M) while the Sanger sequence
was mixed susceptible/resistant (RTR; 184M/V). In both cases, the discordance was likely
a result of the nontargeted polymorphism position adjacent to the variable bases of
interest. The melting effects of nontargeted polymorphism can be minimized with
polymorphism-masking probes consisting of unlabeled oligonucleotide probes incor-
porating universal nucleotides, mismatched nucleotides, or deletions of mismatched
nucleotides (40, 41). Incorporation of probes integrating inosine into the 103, 181, and
184 assays, however, did not allow genotyping of additional specimens. Limited
success was achieved in genotyping additional samples with probes incorporating a
deletion within the probe of the nontargeted polymorphism that displaced the com-
plementary nucleotide by bypassing melting effects of the polymorphic site.

The inability of the HRMA to genotype up to 20% of the patient samples was
partially due to the presence of known nontargeted polymorphisms, which are infre-
quent and can confer drug resistance (e.g., K103S and M184I) or function as susceptible
transitional mutations (e.g., K103R and M184G). Similar to the incorrectly genotyped
specimens, these polymorphisms are adjacent to the variable bases targeted by the
probes. Additionally, polymorphisms proximal to the codons of interest were often
observed in specimens that could not be genotyped. As probe modifications can
bypass polymorphisms, a large panel of probes would be required to increase the
ability of the assays to genotype the majority of patient samples. HRMA-PCR assays
were developed and tested for additional drug resistance mutations (M41L, K65R,
D67N, K70R, V106M, Q151M, G190A, T215F/Y, and P225H) with limited or no success,
highlighting the challenge the genetic variation of HIV presents. Thus, in areas where
specific drug resistance mutations, such as 103, 181, and 184, are present at high
frequency, HRMA assays may be useful to rapidly genotype patient samples on a
population basis, such as for surveillance purposes, with high specificity and sensitivity.
These assays may also be useful in selected patients to study the emergence of
resistance over time.

HRMA genotyping is suited to relatively invariant genetic material that presents a
challenge to the genotyping of RNA viruses, such as HIV. Nevertheless, we have shown
that it is possible to genotype 80 to 90% of samples with high accuracy and sensitivity.
Expanding the panel of drug resistance codons to incorporate additional prevalent
antiretroviral therapy drug resistance mutations would likely require the integration of
polymorphism-masking probes to allow more accurate genotyping of a larger propor-
tion of patient samples. Additionally, combining viral quantification by real-time PCR
prior to melting analysis for genotyping is valuable for research, diagnostic, and
treatment formulation purposes. Thus, despite limitations due to inherent genetic
polymorphisms, HRMA with unlabeled probes is a viable methodology to cheaply and
rapidly genotype some of the most common HIV-1 drug resistance mutations.

MATERIALS AND METHODS
HRMA-PCR assay design. Asymmetric PCR was adopted to minimize the amplicon melting peak

magnitude and to maximize the probe signal following preferential amplification of the sense strand, to
which the probes annealed (42). Primers and probes were designed to hybridize to a consensus C
sequence compiled from 648 subtype C sequences downloaded from the Los Alamos National Labora-
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tory HIV database. The 103 assay primers (20 to 25 bp) amplified nucleotides 2391 to 2421, and the 181
and 184 assay primers amplified nucleotides 2636 to 2668 of HIV-1 reverse transcriptase (Table 1) (HXB2;
GenBank accession number K03455). The unlabeled 3= phosphorylation-blocked oligonucleotide probes
(15 bp) were designed to identify the wild-type and mutant sequences at the 103, 181, and 184 positions
(Table 1).

PCR was performed in a final volume of 10 �l and contained 2.5 mM MgCl2, 10 �M forward primer,
2 �M probe (one probe per well), �3 ng of template DNA, and 1� LightCycler HRM Master (Roche
Applied Science, GmbH, Germany). The concentrations of the limiting reverse primers were 0.3 �M 100R
(103 codon assay) and 0.6 �M 181R (181 and 184 codon assays). PCR (and subsequent HRMA) was
performed on the LightCycler 480 real-time (RT) PCR instrument (Roche Applied Science, GmbH,
Germany). The PCR conditions were 94°C for 5 min and 35 cycles of 95°C for 10 s, 50°C for 15 s, and 72°C
for 15 s. The HRMA conditions were 95°C for 1 min and 40°C for 1 min, followed by temperature increases
from 40°C to 95°C in increments of 1°C/s. Fluorescence data were obtained in 25 data acquisitions per
degree to ensure the melting transitions were recorded. The melting data were analyzed using the
LightCycler 480 Gene Scanning software (version 1.2.0.0625; Roche Applied Science, GmbH, Germany)
and plotted as fluorescence (y axis) relative to temperature (x axis). Maximum and minimum fluorescence
for each PCR were normalized to 100% and 0%, respectively, on the same axis. Software-generated
�dF/dT plots of the normalized data allowed the probe-amplicon and amplicon-amplicon duplexes to
be easily discriminated as separate peaks on a melting curve (Fig. 1). A clear separation between the
probe and amplicon melting peaks, adequate peak height above background, and the predicted melting
temperature were considered when assigning a genotype or no result. The melting curves corresponding
to the probes allowed the nucleotide sequence to be determined, and the translated amino acid was
used to infer a drug-susceptible or -resistant phenotype. The presence of quasispecies was inferred by
the detection of multiple probe melting peaks.

The wild-type and mutant plasmids were used to validate the HRMA assays. Each reaction was
repeated five times on one PCR plate and again on different days to assess HRMA-PCR repeatability and
reproducibility, respectively. Samples were run singly, and the runs were repeated on different days to
assess agreement between runs. Serial dilutions consisting of 100%, 50%, 20%, 10%, 5%, 1%, and 0%
mutant mixed with wild-type plasmids were utilized to determine genotype assignment cutoffs for each
mutation.

Specimen selection. Stored plasma or PCR products from 153 specimens previously genotyped by
population sequencing were selected for analysis, 26 of which were collected at 2 different time points
from 13 patients (5, 10, 11, 37). HIV-1 RNA extraction and RT-PCR were performed as previously described
(43). Of the 153 specimens tested, 150 were subtype C and 3 were subtype B. Thirty-five specimens were
from drug-naive patients and 118 from drug-experienced patients. By population sequencing, 43 (28%)
specimens contained the K103N mutation, 2 K103S (1%), 5 (3%) K103R, 31 (20%) Y181C, 43 (28%) M184V,
1 (0.7%) M184G, and 1 (0.7%) M184I.

Outcome definitions. Agreement between the amino acids at the 103, 181, and 184 codons with the
Sanger population sequence, as determined by HRMA, was considered a correct result and in most cases
also had identical genotypic matches. However, in some cases, there was a difference in the genotypes
between the two methods that did not affect the drug resistance interpretation, which we refer to as
genotype mismatches. Cases where genotypic mismatches resulted in an altered drug resistance
interpretation were referred to as incorrect results. If no probe melting peak was visible, no genotype
could be assigned, and no result was recorded.

Clonal analysis. Clonal analysis was performed on 5 selected nested-PCR products to assess the
presence of minority populations. The TOPO TA cloning kit with the pCR 2.1-TOPO vector and TOP10 cells
(Invitrogen, USA) was utilized according to the manufacturer’s protocol. Over 100 colonies from each of
five samples were amplified by an in-house nested RT-PCR (43) and then genotyped by HRMA.

Statistical analysis. Cohen’s kappa coefficient (�) was utilized to measure agreement between the
HRMA and Sanger population sequences. A chi-square test with the n � 1 correction for small sample
sizes was applied to test if HRMA preferentially genotyped sensitive or resistant samples. Statistics were
calculated with Stata version 13 (StataCorp, College Station, TX).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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