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The single-nucleotide variation 823C to T (His275Tyr), responsible for oseltamivir drug resistance has been
detected in some isolates of the influenza A/H1N1/2009 virus. Early detection of the presence of this oseltamivir-
resistant strain allows prompt consideration of alternative treatment options. An isolated-probe–asymmetric am-
plification PCR (Roche LightCycler v2.0) and high-resolution melting (HRM) method using unlabeled probes and
amplified products (Idaho LightScanner 32) was designed and optimized to detect and estimate the proportion of
H275Y mutants in influenza A/H1N1/2009 virus samples. The lower limit of quantification within the linear range
of PCR assay detection was 200 copies/reaction. The melting peaks of the H275Y-specific unlabeled probe for the
wild-type A/H1N1/2009 and H275Y mutant viruses were clearly distinguishable at 65.5°C and 69.0°C, respectively,
at various ratios of wild-type/mutant virus population standards. The 95% detection limit for the 10% mutant
sample pool was 1,200 copies/reaction (95% confidence interval, 669.7 to 3,032.6 copies/reaction). This HRM assay
was tested with 116 archived clinical specimens. The quantitative HRM results obtained with samples containing
mixed mutant–wild-type virus populations, at threshold cycle (CT) values of <29, compared well to those obtained
with a pyrosequencing method performed by an independent laboratory. The quantitative feature of this assay
allows the proportions of mutant and wild-type viral populations to be determined, which may assist in the
conventional clinical management of infected patients and potentially more preemptive clinical management. This
validated quantitative HRM method, with its low running cost, is well positioned as a rapid, high-throughput
screening tool for oseltamivir resistance mutations in influenza A/H1N1/2009 virus-infected patients, with the
potential to be adapted to other influenza virus species.

In recent years, increasing resistance to antiviral therapy
among seasonal influenza virus strains has been documented,
with the majority of the seasonal A/H1N1 and A/H3N2 influenza
virus strains being resistant to oseltamivir (Tamiflu) and adaman-
tanes, respectively (3). With the currently circulating pandemic
A/H1N1/2009 strain, the oseltamivir drug resistance amino acid
mutation His275Tyr or H275Y (resulting from a cytosine-to-thy-
midine nucleotide substitution at position 823), has been found
mostly in patients with a history of oseltamivir treatment (1, 16,
23), though occasional sporadic transmission of this drug resis-
tance virus has been reported in certain populations (17, 21).
Early identification of an oseltamivir-resistant H275Y mutant
strain allows the timely institution of alternative treatment of
A/H1N1/2009-infected patients, especially among the immuno-
compromised, to improve clinical outcomes.

Several molecular methods are currently available for the de-
tection of the H275Y drug resistance mutation in influenza
A/H1N1/2009 virus. These include qualitative assays using restric-
tion fragment length polymorphism (18) and qualitative and
quantitative real-time reverse transcription (RT)-PCR assay

methods (2, 5, 12, 19), some of which can also detect mixtures of
wild-type and drug-resistant virus populations.

Two of these quantitative assays rely on minor differences in
threshold cycle (CT) values among the different influenza virus
strains, derived from a second derivative approach based on the
amplification curves, to estimate the H275Y mutant population in
a mixed sample (5, 19). This makes them susceptible to impreci-
sion arising from reagent preparation and the matrix effects of
different samples. The Centers for Disease Control and Preven-
tion (CDC) has developed a pyrosequencing protocol which ac-
curately quantifies the proportion of H275Y mutants in the virus
population (9). Nonetheless, this method is too expensive for
routine, large-scale use in most diagnostic laboratories.

This study describes an efficient and economical isolated-
probe–asymmetric amplification PCR (IPAA-PCR) and high-
resolution melting (HRM) approach using unlabeled probes
and amplified products to detect and estimate the proportion
of H275Y mutant influenza A/H1N1/2009 virus in mixed-virus-
population samples.

MATERIALS AND METHODS

Clinical specimens. A total of 116 archived influenza A/H1N1/2009 virus-
positive clinical specimens collected from 74 intensive care unit (ICU) patients
and received for routine influenza testing at the National University Hospital,
Singapore, were selected for this study. These clinical specimens included nasal/
nasopharyngeal and throat swabs suspended in universal transport medium,
endotracheal tube aspirates, and sputum samples. During this recruitment pe-
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riod, only severely ill patients were given oseltamivir therapy and many of these
patients were eventually moved to the ICU for further management. All of the
samples had been stored in their native forms without additives at �80°C since
January to August 2010, following the initial testing without any additional
freeze-thawing. The protocols for RNA extraction and detection of influenza
A/H1N1/2009 virus, using a validated in-house dual-gene real-time RT-PCR
assay, have been previously described (15).

Primers and unlabeled LunaProbe design. A pair of primers (AITBiotech,
Singapore) flanking the H275Y single-nucleotide variant (SNV) with an ampli-
con size of 155 bp was selected from the most conserved region of the neur-
aminidase gene by using the influenza A/Bethesda/NIH106-D14/2009 virus neur-
aminidase gene (GenBank accession no. GU571155) as the reference. The
unlabeled LunaProbe (Suprenom, Singapore) was designed to match the mutant
sequence containing the SNV. The primer and probe sequences were as follows:
forward 424F23, 5�-CAAGTGATGGACAGGCCTCATAC-3�; reverse 558R21,
5�-ATGCCAGTTATCCCTGCACAC-3�; unlabeled probe 498L30, 5�-GGAG-
CATTCCTCATAGTAATAATTAGGGGC(C3 Spacer)-3�.

RNA transcript control. Wild-type and H275Y mutant amplicons were cloned
into the pCR2.1-TOPO vector and in vitro transcribed into RNA transcripts using
RiboMAX large-scale RNA production system T7 (Promega, Madison, WI) accord-
ing to the manufacturer’s instructions. Both transcripts were quantified using the
NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies, Wil-
mington, DE) at an absorption wavelength of 260 nm. The RNA transcripts were
then diluted with pooled influenza virus-negative RNA extracts from clinical spec-
imens as tested by the dual-gene real-time influenza A/H1N1/2009 virus RT-PCR

assay (15), in order to prepare standards of the desired concentrations. All standards
were aliquoted into individual vials and kept at �20°C for short-term storage (up to
2 weeks) and at �80°C for longer-term storage.

IPAA-PCR assay. The IPAA-PCR assay was carried out with either the Light-
Scanner 32 (Idaho Technology Inc., Salt Lake City, UT) or the LightCycler v2.0
system (Roche Molecular Diagnostics, Pleasanton, CA) using a sample-seeking
temperature of 30°C and SuperScript III Platinum One-Step quantitative RT-PCR
reagents (Invitrogen, Carlsbad, CA). The 8-�l reaction mixture used in the IPAA-
PCR assay, prepared by adding 2 �l of RNA sample to a 6-�l reaction mixture
volume consisting of 4 �l of 2� Reaction Mix, 0.2� LC Green Plus dye (Idaho
Technology Inc., Salt Lake City, UT), 0.3 �mol/liter forward primer, 0.25 �mol/liter
reverse primer, and 0.2 �l of SuperScript III RT/Platinum Taq Mix, was added to the
capillary and centrifuged at 1,500 rpm for 15 s. A 2-�l volume of a forward primer-
probe mixture consisting of each component at 10 �mol/liter was then deposited into
the capillary and not centrifuged.

The IPAA-PCR was initiated with an RT step of 55°C for 8 min and a 2.5-min
denaturation step of 95°C, followed by 50 amplification cycles consisting of 10 s
at 95°C, 20 s at 60°C, and 25 s at 68°C. The ramping rate of the PCR machine was
set at 20°C/s. Note that this amplification step can be performed using either the
LightCycler or the LightScanner with this protocol and should give equivalent
results.

Upon completion of the 50 amplification cycles, the capillary was immediately
reverse centrifuged at 1,500 rpm for 15 s to mix the reaction mixture with the
predeposited primer-probe mixture near the capillary cap. The mixture was then

FIG. 1. Amplification curves and standard curve of duplicate mutant RNA transcript standards at 2 � 100 to 2 � 107 copies/reaction. The linear
range was found to lie between 2 � 102 and 2 � 107 copies/reaction. The linear equation was derived from the standard curve at a value of 2.3 �
log concentration/x � 7.3 (shaded), with a gradient of �3.4217. The PCR efficiency calculated using the LC v2.0 software was 1.983.
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centrifuged, and the amplification was extended for an additional 15 cycles using
the thermal cycling profile described above.

HRM. After the additional PCR cycles, the capillaries were analyzed using the
LightScanner 32 and premelting at 95°C for 15 s. They were then rapidly cooled
to 40°C and held there for 30 s. Subsequently, HRM data were continuously
acquired at a ramping rate of 0.1°C/s from 58°C to 75°C, with an initial holding
temperature of 55°C.

To screen for the presence of mutant A/H1N1/2009 virus, a wild-type and a
mutant RNA transcript control were included in each run. If a specimen is found
to contain a mixture of mutant and wild-type strains, it is subjected to reanalysis
using the protocol described above to estimate the proportion of the H275Y
mutant population. This is achieved by the inclusion of a series of 0 to 100%
mixed mutant–wild-type standards prepared from clinical influenza virus RNA
extracts at 10% intervals. These standards were diluted with pooled negative
RNA extracts to achieve a total RNA concentration of 104 copies/reaction.

Analysis of HRM data was performed using the unlabeled-probe genotyping
mode by setting the normalized range at 61.75 to 73°C. The data from each
melting analysis were studied using both �dF/dT versus temperature/melting
peak plots and relative fluorescence signal changes versus temperature/melting
curve plots. The mutant proportion of the population was estimated by the
position of the melting peak in relation to the mixed mutant–wild-type standards.
For example, if a peak fell between the 20% and 30% mixed mutant–wild-type
standards, it would signify a 20 to 30% mutant population.

Performance evaluation. The lower limit of detection (LLOD) and lower limit
of quantification (LLOQ) of the mutant strain by the IPAA-PCR assay were
determined by duplicate RNA transcripts of concentrations of 2 to 2 � 107

copies/reaction. The analytical sensitivity of the IPAA-PCR assay for a 10%
mutant population was further tested with dilutions of 1 to 3.5 log RNA copies/
reaction in 8 replicates by 3 different operators on 3 different days. The 95%
detection limit was determined by polynomial probit analysis using SPSS version
17.0 (SPSS Inc., Chicago, IL).

The 116 clinical specimens tested were subjected to HRM analysis for the pres-
ence of the H275Y mutation. These specimens were also directly sequenced by the
previously described Sanger method (22). Specimens containing mixed mutant–wild-
type populations were reanalyzed to estimate the H275Y mutant percentage of the
population using the quantitative HRM analysis and verified by a pyrosequencing
method based on the CDC protocol in another laboratory (9).

RESULTS

The IPAA-PCR assay was able to amplify all duplicate RNA
transcript standards at 2 � 101 to 2 � 107 copies/reaction at a CT

of �40 cycles, and the LLOD was thus determined to be 20
copies/reaction. The LLOQ, defined as the lowest concentration
whereby a difference in the CT value of approximately 3.33/log is
maintained, was 200 copies/reaction (Fig. 1). The 95% detection
limit in the 10% mutant sample pool was 1,200 copies/reaction

(95% confidence interval, 669.7 to 3,032.6 copies/reaction). The
PCR efficiency calculated using the LC v2.0 software was 1.983.

The melting peaks of the SNV unlabeled probe for the
mismatched base C (wild type) and the perfectly matched base
T (H275Y mutant) were clearly distinguishable at 65.5°C and
69.0°C, respectively, at all mixed mutant–wild-type standards
(Fig. 2). However, the LightScanner analyzer automatically
assigned a melting temperature only for a minimum mutant
population percentage of 20%.

The HRM approach detected 1 nonspecific mutant sample,
3 H275Y mutant samples, 7 mixtures, 104 wild-type samples,
and 1 sample that could not be amplified. The nonspecific
mutant was later found to be a silent mutation located at
nucleotide position 816 (T to C) by Sanger sequencing. The
HRM profile of the silent mutation is shown in Fig. 3. The
comparative results of the percentages of the H275Y mutant in
mixed samples, determined by the HRM and pyrosequencing
methods, are shown in Table 1. Here, the quantitative results
of the HRM method were comparable to those of the pyrose-
quencing method for samples with CT values below 29. The
Sanger sequencing method was the least sensitive.

DISCUSSION

The HRM assay described above was developed with the
aim of rapidly determining the presence and proportions of
drug-resistant mutant and wild-type influenza A/H1N1/2009
viruses in clinical samples to aid patient management in a
timely manner.

The use of unlabeled probe in this assay has several benefits.
The smaller size of the probe, in this instance, 30 bp, limits the
probability of detecting a nontarget mutation by allowing
larger temperature differences to result from relatively few
base mismatches within a shorter sequence. The large melting
temperature difference of approximately 3.5°C between the
wild type and the H275Y mutant, due to the use of Lunaprobe,
buffers the minor variations between runs arising from reagent
preparation and matrix effects from the samples. It also ren-
ders the assay more sensitive to nontarget mutations.

It has recently been reported that the presence of a synon-

FIG. 2. Normalized melting peaks, analyzed on the LightScanner 32, at 61.75 to 73°C of mutant–wild-type standards in duplicate from 0 to
100% mutants in 10% increments. Wild-type and mutant melting peaks appeared at 65.5°C and 69°C, respectively, for all mixed mutant–wild-type
standards.
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ymous change, Tyr274Tyr, at nucleotide position 822 (T to C)
may negatively affect the analytical sensitivity of many current
H275Y assays (24). These assays include real-time, reverse
transcriptase PCR, and reverse transcriptase PCR–rolling-cir-
cle amplification methods that rely on perfect matching of the
probe sequences to their target sequences for detection. Con-
sequently, the synonymous change may render poor binding of
the probes to their target, giving rise to false-negative results
(24).

This assay is highly unlikely to be affected by such a nontar-
get change. In this assay, the unlabeled probe was designed to
fully complement the H275Y mutant sequence. This design
meant that the wild-type sequence would behave like a single
base mismatch, lowering the melting temperature of the Lu-
naprobe. Any novel variation along the probe will act as an
additional mismatch. When this occurs, the presence of a dou-
ble mismatch will further widen the temperature differentia-
tion from that of the wild type or the H275Y mutant, allowing
confident identification of nontarget variants occurred. This
was illustrated by the detection of the silent mutation at nu-
cleotide position 816 (T to C) in our study. Similarly, this assay
is expected to show a different melting temperature for a syn-
onymous change compared to the wild-type and H275Y mu-
tant sequences.

Although unlabeled-probe HRM is routinely used to detect
small gene deletions and single-nucleotide polymorphisms and
for genotyping in human genetic analysis (4, 13, 25–27), this
approach is less commonly applied to virus gene analysis. A
possible reason for this could be the challenge of balancing the
inverse relationship between asymmetric ratios, a high value of
which improves the unlabeled-probe signal, and low-level sen-
sitivity, which is crucial for accurate detection of low-viral-load
samples (7). Another major concern about unlabeled-probe
HRM analysis is the appearance of aberrant melting peaks that
complicate interpretation. These peaks are generated by the
extension of the unlabeled probe during asymmetric amplifi-
cation (7). To minimize these limitations, we isolated the ex-
cess forward primers and probes during the initial amplifica-
tion by depositing them in the capillary without centrifuging
them. Additionally, the 3� end of the unlabeled probe was
blocked using a C3 Spacer modification to prevent further
enzymatic extension by the polymerase during the HRM anal-
ysis, as previously recommended (6). In this study, the addi-
tional 15 cycles of amplification were sufficient for asymmetric
amplification by the excess forward primers.

The discrepancy between the HRM and pyrosequencing
method results obtained with samples 5 and 7 was due to viral
titers that fell below the LLOQ of the HRM assay. Further-
more, the low viral titer hinders the accurate sampling of
representative mutant–wild-type mixtures from the clinical
specimens due to stochastic effects; i.e., minority species may
be identified with a disproportionate frequency, purely by
chance. Two samples were not amplified by the Sanger se-
quencing method as a result of assay sensitivity limitation.

The reproducibility and accuracy of the relative quantifica-
tion of this assay are highly dependent on the use of exact
quantities of mutant–wild-type mixtures in the quantitative
standards of every experiment. By using the LLOD for the
10% mutant population (1,200 copies/reaction), the minimum
CT value required for HRM quantification, estimated from the
standard curve of the IPAA-PCR assay, was 28. For routine

FIG. 3. Normalized melting peaks between 58.12°C and 73°C showing a nonspecific mutant (T816C), the wild type, and the H275Y mutant at
61.5°C, 65.25°C, and 69°C, respectively. The nonspecific mutant (two mismatches) is clearly differentiated from the wild type (single mismatch) and
the H275Y mutant (perfect match).

TABLE 1. Comparison of mutant–wild-type mixture detection and
quantification using in-house Sanger sequencing, HRM, and

pyrosequencing methods

Sample
no.

Sanger
sequencing

HRM
(% mutant

�range�)

Pyrosequencing
(% mutant) CT value

1 Mixture Mixture (10–20) Mixture (21.2) 26.2
2 Mixture Mixture (80–90) Mixture (67.8) 27.0
3 Mixture Mixture (60–70) Mixture (68.9) 25.9
4 Mutant Mixture (90–100) Mixture (86.2) 21.8
5 Not amplified Mixture (50–60) Wild type 34.6
6 Mixture Mixture (80–90) Mixture (70.8) 29.0
7 Not amplified Mixture (70–80) Mixture (13.7) 33.6
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use, plasmid DNA standards may be preferred to RNA stan-
dards, as they are more resistant to degradation. New standard
controls were introduced in each individual experiment run in
both qualitative and quantitative assay, to eliminate the matrix
differences between the PCR master mixtures. All RNA dilu-
tions for assay performance testing were done using negative
RNA extracts from routine screening to simulate the matrix of
the real RNA specimens. This is an important point, as we
have found that using water as a diluent alters the melting
temperature of the probe and template (A-T and A-C; data
not shown). The gradient of the standard curve (�3.42 CT/log
concentration) of the IPAA-PCR assay suggests the usability
of this method for viral load quantification.

Although the oseltamivir resistance mutation in the influ-
enza A/H1N1/2009 virus is currently relatively rare, this was
also the case for the seasonal H1N1 and H3N2 viruses previ-
ously, which have since developed more widespread oseltami-
vir resistance (14, 20), and this possibility cannot be ruled out
for A/H1N1/2009. Hence, it is prudent to develop rapid and
accurate means of determining such drug resistance in the still
relatively new pandemic A/H1N1/2009 virus. Also, the eco-
nomical running cost of this HRM method makes it an ideal
candidate for high-throughput oseltamivir resistance mutation
screening. In addition, the use of a single-closed-tube format
from RT to melting analysis saves manual handling and min-
imizes the amplicon contamination risk. This assay can be
modified and adapted to other strains of influenza virus, in-
cluding the prevalent H3N2 subtype. It also lends confidence in
the application of this unlabeled-probe HRM technique in
other virological assays.

It is likely that incomplete viral suppression with oseltamivir
allows the development of drug resistance within these influ-
enza A/H1N1/2009 virus populations (1, 16, 23), as has been
seen in human infections with other influenza virus subtypes,
notably avian H5N1 (8). Hence, close monitoring of oseltami-
vir resistance among all influenza virus subtypes, including the
A/H1N1/2009 strain, is important to allow a timely switch to an
more effective alternative agent, e.g., zanamivir (10, 11).

In conclusion, the results obtained with this HRM tech-
nique, as demonstrated in this study, are comparable to those
obtained by pyrosequencing, and in the absence of this plat-
form, this HRM assay offers an alternative, cost-effective, rapid
screening method for close monitoring for the emergence of
oseltamivir-resistant H275Y mutant A/H1N1/2009 influenza
viruses in this postpandemic period.
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