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Abstract The highmutation rate of influenza virus, combined
with the increasing worldwide use of influenza virus-specific
drugs, allows the selection of viruses that are resistant to the
currently available antiviral medications. Therefore, reliable
tests for the rapid detection of drug-resistant influenza virus
strains are required. We evaluated the use of a procedure
involving real-time polymerase chain reaction (PCR) followed
by melting point analysis (MPA) of hybrids formed between
the PCR product and a specific oligonucleotide probe for the
identification of point mutations in the influenza A virus
neuraminidase gene (NA) that are associated with oseltamivir
resistance [resulting in the amino acid change H275Y for
seasonal and pandemic influenza A(H1N1) viruses and E119V
for A(H3N2) viruses]. Therefore, 54 seasonal A(H1N1) (12
oseltamivir-resistant and 42 sensitive strains), 222 A(H1N1)
2009 (5 resistant, 217 sensitive), and 51 A(H3N2) viruses (2
resistant, 49 sensitive) were tested by MPA, and the results
were compared to those obtained by sequencing the NA gene.
The results clearly indicate that the identification of drug
resistance mutations by MPA is as accurate as sequencing,
irrespective of whether MPA is performed using clinical
material or the corresponding isolate. MPA enables a clear
identification of mutations associated with antiviral resistance.

Introduction

Influenza virus infections are associated with significant
morbidity and mortality, and their prevention and treatment

has become an increasing priority in many regions of the
world [1–5]. The neuraminidase inhibitors (NIs) oseltamivir
and zanamivir are efficient and potent antiviral drugs that
are widely used for the treatment of influenza infections,
but as with any antiviral compound, their therapeutic and
prophylactic efficacy can be compromised by the emer-
gence of drug-resistant mutants [6–10]. The worldwide
emergence of resistant influenza A(H1N1) viruses during
the influenza season 2007/2008 [11–13] underscores the
importance of surveillance for resistant strains of influenza
virus. Since NI resistance is usually caused by single-point
mutations that lead to specific amino acid changes,
sequencing the neuraminidase gene (NA) provides infor-
mation about the NI susceptibility of circulating strains [14,
15]. Although functional assays and sequencing are well-
established techniques that provide reliable results [16, 17],
one of the drawbacks of their routine use for influenza
surveillance is that NI resistance testing currently requires
facilities that are only available in a limited number of well-
equipped laboratories.

High-resolution melting curve analysis was introduced
recently as a new detection method for single-nucleotide
polymorphisms (SNPs), and it has been applied for the
detection of cytomegalovirus UL97 mutations conferring
ganciclovir resistance and for the detection of antigenic
variants of influenza B viruses [18]. This technique is
relatively easy to implement on widely used real-time
polymerase chain reaction (PCR) platforms.

The aims of the present study were: (a) to develop a real-
time PCR probe hybridization melting point analysis (MPA)
protocol for the rapid identification of the most common point
mutations in the neuraminidase gene of seasonal and pandemic
influenza A(H1N1) viruses (H275Ymutation) and influenza A
(H3N2) strains (E119V mutation) that are associated with
oseltamivir resistance; (b) to evaluate this assay by testing 54
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seasonal A(H1N1), 222 A(H1N1)2009, and 51 A(H3N2)
influenza viruses with known NA gene sequences; and (c) to
investigate whether MPA with influenza viruses derived
directly from clinical material is feasible and provides reliable
data.

Materials and methods

Clinical specimens and subtyping of influenza viruses

Seasonal A/Solomon Islands/3/2006-like (A(H1N1)) and
A/Brisbane/10/2007-like (A(H3N2)) influenza A virus
strains, as well as pandemic A(H1N1)2009 (A/California/
7/2009-like) viruses, were obtained from nasopharyngeal
swabs (NPS) collected from patients during the seasons
2007/08 to 2010/11 by sentinel physicians participating in
the Austrian Influenza Network and sent to the Department
of Virology, Medical University of Vienna, for detection,
typing, and subtyping by PCR and virus isolation in cell
culture as described previously [19–21]. Further antigenic
characterization of isolates was performed by the hemag-
glutination inhibition test and genetic characterization was
performed by sequencing the HA and the NA gene [19].
Influenza-virus-positive NPS and tissue culture superna-
tants were stored at −80°C until further analysis.

Antiviral resistance testing by sequencing the NA gene

For sequencing, the influenza viral RNA was isolated from
tissue culture supernatant using a QIAamp Viral RNA Mini
Kit (QIAGEN, Hilden, Germany). Reverse transcription
was performed using an iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA, USA) according to the manufacturer’s
instructions. The following amplification by PCR was done
using an Advantage HF 2 PCR Kit (BD Biosciences
Clontech, Palo Alto, CA, USA). The primers used are
listed in Table 1. Amplicons were purified using Multi-
Screen (Millipore, Bedford, MA, USA), sequenced using
an ABI PRISM BigDye Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems, Foster City, CA, USA), and
analyzed using an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Nucleotide
sequences were aligned using ClustalW (EMBL-EBI,
European Bioinformatics Institute).

Antiviral resistant reference strains used for MPA
evaluation

Seasonal influenza A(H1N1) strains (A/Solomon Islands/3/
2006-like) carrying the H275Y point mutation associated
with oseltamivir resistance circulated in Austria during the
2007/08 season. Twelve strains were sent to the WHO

Influenza Centre, MRC National Institute for Medical
Research, The Ridgeway, Mill Hill, London NW7 1AA,
UK (WHO CC London), where oseltamivir resistance was
confirmed. These 12 strains were, therefore, considered as
resistant A(H1N1) reference strains.

Resistant influenza strains of subtypes A(H1N1)2009
and A(H3N2) that were used for the evaluation of the assay
were obtained from the following international collabora-
tors: the resistant A(H3N2) reference strain A/Fukui/45/04
(E119V) was obtained from Dr. A. Hurt, Neuraminidase
Inhibitor Susceptibility Network (NISN, http://www.nisn.
org); the resistant A(H1N1)2009 virus A/Rhineland-Pfalz/
86/2009 (H275Y) was obtained from Dr. B. Schweiger,
Robert Koch Institute, National Reference Centre for
Influenza in Germany; and the strains A/Texas/1/77 (A/
H3N2 [E119V]) and A/Denmark/528/2009 (A(H1N1)2009
[H275Y]) were obtained from Vicki Gregory, WHO CC
London.

Antiviral resistance testing by MPA

Three different real-time PCR assays were used for amplifi-
cation and MPA of seasonal A(H1N1), A/H1N1 (2009), and
A(H3N2) viruses. After amplification, the amplicons were
allowed to form hybrids with a fluorescently labeled
oligonucleotide probe covering the region, including the
codon for H275 (A(H1N1) strains) or E119 (A(H3N2)
strains). The melting point of the resulting hybrid was
determined by slowly raising the temperature and observing
changes in the fluorescence intensity. Hybrids containing a
point mutation in the amplicon had a lower melting point due
to the sequence mismatch with the probe.

Briefly, the MPA assay consists of five steps: (1) RNA
extraction, (2) reverse transcription, (3) real-time PCR
amplification of the region of interest, (4) hybridization of
the amplicon with a specific oligonucleotide probe, and (5)
determination of the melting point of the hybrid:

(1) Extraction of influenza virus RNA from clinical
material as well as from tissue culture supernatant
was performed with Magna Pure LC2.0 using a
MagNA Pure LC Total Nucleic Acid Isolation Kit
according to the manufacturer’s instructions.

(2) The reverse transcription reaction was performed
using an iScript cDNA Synthesis Kit (Bio-Rad,
Hercules, CA, USA), as described above.

(3) NA-specific real-time PCR was then performed in a
LightCycler 480 (Roche Diagnostics, Mannheim,
Germany) using the appropriate primers for specific
amplification of the NA region of seasonal A(H1N1),
A(H1N1)2009, or A(H3N2) viruses, as listed in
Table 2. Briefly, 1 μl viral c-DNA was added to the
following reaction mixture: 12.5 μl LightCycler 480
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SYBR Green 1 Master (Roche Diagnostics, Man-
nheim, Germany), 0.2 μl forward primer (3.5 pmol),
1 μl reverse primer (17.5 pmol), 0.8 μl probe (8 pmol)
(1.2 μl with 12 pmol for the A/H3N2-tests), and 9.5 μl
water (9.1 μl for the A/H3N2-tests). The cycling
conditions were: initial holds at 50°C for 3 min and
95°C for 10 min, followed by 45 cycles at 95°C for
15s, 60°C for 30s, and 77°C for 31s. The data were

analyzed by using the Roche LightCycler software
release 1.5.0 version 1.5.0.39. Volumes and cycler
conditions were adapted to the protocols evaluated and
used in our laboratory for the detection of respiratory
viruses by real-time PCR.

The detection limits of the NA-specific PCRs as
determined by testing serial dilutions of samples with
known viral load (WHO EQAP Panel 7 [22]) were as

Table 1 Primers used for the detection of point mutations associated with oseltamivir resistance by sequencing

Virus Primer Sequence Primer position

Seasonal A(H1N1) N1-8f 5′-GCA GGA GTT TAA AAT GAA TCC AA-3′ 8*

N1-599r 5′-GAT TGT TAA CCA GCC CAT GC-3′ 599*

N1-417f 5′-TTT CTG ACC CAA GGT GCT CT-3′ 417*

N1-1065r 5′-ACC CCT TTA CTC CGT CTG CT-3′ 1,065*

N1-1007f 5′-AGA TGG AGA GGG CAG CTG TA-3′ 1,007*

N1-1440r 5′-CAA CGA ACT ACT TGT CAA TGG TG-3′ 1,440*

Pandemic A(H1N1) InfAN1-26f 5′-CCA TTG GTT CGG TCT GTA TG-3′ 26+

InfAN1-564r 5′-GAT GCC ATC ATG ACA AGC AC-3′ 564+

InfAN1-410f 5′-GGG CCT TGC TAA ATG ACA AA-3′ 410+

InfAN1-988r 5′-CAT TAG GGC GTG GAT TGT CT-3′ 988+

A(H3N2) N2-21f 5′-TGA ATC CAA ATC AAA AGA TAA TAA CG-3′ 21#

N2-606r 5′-CCC GTT ACA CAA ACA TGC AG-3′ 606#

N2-408f 5′-ATC AAT TTG CCC TTG GAC AG-3′ 408#

N2-910r 5′-GCC TTT CCA GTT GTC TCT GC-3′ 910#

N2-746f 5′-GAT GGG AGT GCT TCA GGA AA-3′ 746#

N2-1367r 5′-AGG TGC CAC AAA ACA CAA CA-3′ 1,367#

*Number of the starting position of the primer according to GenBank accession number CY076797
+Number of the starting position of the primer according to GenBank accession number GQ377078
# Number of the starting position of the primer according to GenBank accession number GQ293082

Table 2 Primers and probes used for the detection of point mutations associated with oseltamivir resistance by melting point analysis (MPA)

Virus Primer or probe Sequence Primer position

Seasonal A(H1N1) Inf-715 f 5′-TTCACCATAATGACCGATGG-3′ 715*

Inf-907 r 5′-AAGGTCGATTTGAACCATGC-3′ 907*

Inf-probe 5′CY5–CCCAATTTTCATTATGAGGA–3′Biotin 814*

Pandemic A(H1N1) Inf-715 f 5′-TTCACCATAATGACCGATGG-3′ 715+

Inf-907 r 5′-AAGGTCGATTTGAACCATGC-3′ 907+

Inf-probe 5′CY5–CCTAATTATCACTATGAGGA–3′Biotin 814+

A(H3N2) Inf-277 f 5′-TTGGTCAAAGCCGCAAT-3′ 277#

Inf-427 r 5′-CTGTCCAAGGGCAAATTGAT-3′ 427#

Inf-probe 5′CY5–ACAAGAGAACCTTATGTGT–3′Biotin 368#

Nucleotides underlined and in bold show the position where a mismatch in case of a mutation coding for oseltamivir resistance occurs (pandemic
and seasonal A(H1N1): C→T, causing H274Y; A(H3N2): A→T, causing E119V

*Number of the starting position of the primer according to GenBank accession number CY030233
+Number of the starting position of the primer according to GenBank accession number GQ377078
# Number of the starting position of the primer according to GenBank accession number GQ293082
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follows: 60 copies/ml for A(H1N1)-, 30 copies/ml for
A(H1N1)2009-, and 20 copies/ml for A(H3N2)-NA-
specific PCR.

(4 and 5) MPAwas then performed in the same instrument
as follows: the samples were first held at 95°C
for 1 s (ramp rate 4.4°C/s) and 35°C for 1 min
(ramp rate 2.2°C/s), after which the temperature
was continuously increased with a ramp rate of
0.06°C/s, with five acquisitions of fluorescence
data per °C. Melting curve plots were calculated
automatically using Roche LightCycler soft-
ware, release 1.5.0, version 1.5.0.39. Fluores-
cence data were expressed as the negative of the
first derivative of the fluorescence intensity over
time (−d/dT) in order to display the midpoint of
the melting curve as a peak.

Antiviral resistance testing by functional
chemiluminescence assay

Functional testing for oseltamivir resistance was carried out
for samples with mutations located within the primer region of
the NA-specific PCRs not known to be associated with
antiviral resistance. Testing was based on a chemilumines-
cence assay and was carried out using an NA-Star Influenza
Neuraminidase Inhibitor Resistance Detection Kit (Applied
Biosystems, Foster City, CA, USA), according to the
manufacturer’s instructions.

Results

Detection of point mutations associated with antiviral
resistance by sequence analysis of the NA gene
of tissue-culture-grown viruses

The NA genes of 165 seasonal A(H1N1), 220 A(H1N1)
2009, and 49 A(H3N2) influenza viruses, obtained from
clinical material collected in Austria, were analyzed by
sequencing the NA region as indicated in Table 1. Among
these samples, a CAT-to-TAT codon change, leading to the
oseltamivir resistance mutation H275Y, was found in the 12
seasonal A(H1N1) reference strains and in none of the
remaining 153 seasonal A(H1N1) viruses. The H275Y
mutation was also found in three of the 220 A(H1N1)2009
viruses. In addition, one oseltamivir-sensitive A(H1N1)
2009 virus showed a N272D mutation, which is located
within the probe region of the NA-specific PCR. No GAG-
to-GTG codon change, resulting in the E119V mutation,
was found in the 49 A(H3N2) viruses investigated. The two
resistant A(H1N1)2009 reference strains showed the
H275Y and the two resistant A(H3N2) reference strains
showed the E119V mutation coding for oseltamivir resis-

tance. An overview on the influenza virus strains analyzed
by sequencing during the three seasons and those selected
for the evaluation of MPA is provided in Table 3.

Detection of H275Y and E119V point mutations by MPA

Figure 1 gives an overview on the melting curve data for
selected individual strains. A melting point (Tm) value of
55.2±0.3°C was obtained for all 42 of the oseltamivir-
sensitive seasonal A(H1N1) strains tested, whereas a much
lower Tm value of 44.2±0.5°C was obtained for all 12 of
the oseltamivir-resistant variants carrying the H275Y
mutation. Likewise, a Tm value of 53.2±0.7°C was
obtained with 49 sensitive A(H3N2) strains and the lower
Tm value of 45.8±0.7°C with the two resistant A(H3N2)
reference strains showing the E119V mutation. The two
resistant A(H1N1)2009 reference strains and the three
resistant A(H1N1)2009 strains obtained during season
2010/11 had its Tm at 44.0±0.3°C and 216 of the 217
sensitive A(H1N1)2009 strains had their Tm at 54.7±0.3°C.
The oseltamivir-sensitive A(H1N1)2009 strain, which had
the point mutation N272D within the probe-binding region
of the PCR product, had its melting temperature at 40.8°C.
The sensitivity to oseltamivir of this strain was also
confirmed by functional NI resistance testing. Information
on the different Tms and their standard deviations for
resistant and sensitive strains for all three influenza
subtypes are summarized in Table 3.

For the interpretation of the MPA test results, a result is
valid if a strong melting peak at 80°C, corresponding to the
melting points of the whole amplicon and primer dimer
products, is detected in addition to the melting peaks for the
amplicon–probe hybrids. A missing peak at 80°C leads to
an invalid result.

Antiviral resistance testing by MPA revealed identical
results to those obtained by sequencing the NA gene for all
54 A(H1N1), 222 A(H1N1)2009, and 51 A(H3N2) samples
tested by both methods.

The reproducibility of the MPA was assessed by the
determination of the intra- and inter-assay variability. The
intra-assay variability testing (sensitive and resistant strain of
each subtype tested 10 times within the same run) revealed a
mean Tm (SD) for resistant seasonal A(H1N1), A(H1N1)
2009, and A(H3N2) strains of 43.9°C (SD 0.2), 44.1°C (SD
0.2), and 46.3°C (SD 0.1), respectively, and for the sensitive
strains of 55.2°C (SD 0.1), 54.9°C (SD 0.3), and 53.5°C
(SD <0.1). The inter-assay variability was determined by
repeated testing of oseltamivir-resistant and -sensitive viruses
of all three subtypes in 18 different runs. The results obtained
for the three different assays are provided in Table 3 and
demonstrate the high reproducibility of MPA.

To investigate whether oseltamivir-sensitive and -resistant
mutant strains can be discriminated in mixed viral popula-
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tions, resistant and sensitive tissue-culture-derived stock virus
preparations were mixed in defined proportions ranging from
95%wild-type strain to 95%mutant strain and analyzed using
theMPA procedure described above. The lowest proportion of
resistant viruses detectable in these mixtures was 10% for
seasonal A(H1N1), A(H1N1)2009, and A(H3N2) mutant
viruses (Table 4). Examples of melting point profiles of
mixed viral populations (oseltamivir-resistant and -sensitive
strains) are shown in Fig. 2.

Comparison of the MPA of influenza A virus strains
from nasopharyngeal swabs and cell culture isolates

Because of the need for early information on the drug
resistance profile of influenza viruses (for example, in
immunocompromised patients), we investigated retrospective-
ly whether MPA with influenza viruses derived directly from
clinical material is feasible and provides reliable data.
Therefore, the results obtained by MPA using viruses isolated
by two to three passages on MDCK cells (= isolates) were
compared with those obtained by MPA using their
corresponding clinical material. Identical results were obtained
for all 25 A(H1N1) viruses (7 oseltamivir-resistant and 18
sensitive). The mean ct-value of the initially performed
diagnostic PCR of these clinical materials was 30.3 (SD 4.5)

and 21.6 (SD 4.9) for the corresponding isolates. Identical
results were also obtained for the 44 sensitive A(H3N2)
viruses. These clinical samples had a mean ct-value in the
diagnostic PCR of 30.6 (SD 3.1) and of 22.6 (SD 1.7) for the
isolates. Attempts to perform MPA directly from clinical
material was not possible with 3 out of 30 A(H1N1)2009-
positive samples (10%), most probably due to the low viral
load in the retrospectively analyzed portions of these clinical
materials. The mean ct-value of the initially performed
diagnostic PCR of these three clinical samples was
38.8 (SD 2.1). For the remaining 27 A(H1N1)2009 clinical
samples, where MPA was possible, the mean ct-value of the
diagnostic PCR was 33.5 (SD 3.2) and 29.3 (SD 2.0) for their
isolates.

All of the MPA results obtained from the clinical
material were identical to those obtained by sequencing
the NA gene of the corresponding isolates.

Discussion

The high mutation rate of influenza viruses, combined with
the increasing worldwide use of influenza-virus-specific
drugs, allows the selection of viruses that are resistant to the
currently available antiviral medications. Therefore, a widely

Table 3 Samples used for the evaluation of oseltamivir resistance
testing by sequencing and MPA, as well as melting point temperatures
of oseltamivir-sensitive and -resistant influenza A(H1N1), A(H1N1)

2009, and A(H3N2) viruses determined by repeated testing (inter-
assay variability)

Viruses Season n (resistant/sensitive) n selected for
testing by MPA

Results of MPA

Resistant (Tm±SD) Sensitive (Tm±SD)

A(H1N1) 2007/2008 165 (12•/1531) 54 12 (44.2°C±0.5°C) 42 (55.2°C±0.3°C)

A(H3N2) 2008/2009 48 (0/482) 48 0 48 (53.2°C±0.7°C)

2010/2011 1 (0/13) 1 0 1 (53.2°C±0.7°C)

A(H1N1)2009 2009/2010 145 (0/1454+5) 145 0 144 (54.7°C±0.3°C)

15 (40.8°C±0.3°C)

2010/2011 75 (3#/724) 75 3 (44.0°C±0.3°C) 72 (54.7°C±0.3°C)

Obtained reference strains

A(H3N2) 2 (2*/0) 2 2 (45.8°C±0.7°C) 0

A(H1N1)2009 2 (2°/0) 2 2 (44.0°C±0.3°C) 0

1 A/Solomon Islands/3/2006-like viruses
2 A/Brisbane/10/2007-like viruses
3 A/Brisbane/10/2007-like viruses
4 A/California/7/2009-like viruses
5 A/California/7/2009-like viruses but containing the N272D mutation
•A/Solomon Islands/3/2006-like viruses but containing the H275Y mutation
# A/California/7/2009-like viruses but containing the H275Y mutation

*A/Fukui/45/04 and A/Texas/1/77 containing the E119V mutation

°A/Rheinland-Pfalz/86/2009 and A/Denmark/528/2009 containing the H275Y mutation

MPA: melting point analysis; Tm: melting point temperature; SD: standard deviation
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available and reliable test for the rapid detection of drug-
resistant influenza virus strains, both for the purpose of
influenza surveillance programs and for making decisions
concerning the treatment of patients with an increased
risk for severe influenza disease, is required. One way
to obtain results on antiviral susceptibility more rapidly is to
use pyrosequencing [23], but equipment for pyrosequencing
is expensive and is currently not part of the standard
equipment of most laboratories. Also, a reverse transcription
PCR coupled with a restriction fragment length polymor-
phism assay has been described for seasonal A(H1N1)
viruses, but it is a lengthy process and not practical for
high-volume testing [24]. Another study describes a multi-
plex reverse transcription PCR for the subtyping and

determination of oseltamivir resistance for seasonal and
pandemic A(H1N1) viruses using multiplex PCR on a
Luminex platform [25], but, again, this technique depends
on the availability of specific platforms. Alternatives to
obtain quick information on antiviral susceptibility are
reverse transcription PCR assays using SNP probes [26–
30]. The results of these studies demonstrate a quick and
reliable discrimination of the H275Y mutation either for
seasonal or pandemic influenza A(H1N1) viruses. Neverthe-
less, due to the multiplex format of these assays, their
laboratory setup is complex and their sensitivities are
sometimes lower compared to uniplex PCRs.

The aim of our study was to establish MPA as an easy
and rapid method for the detection of mutations leading to

resistant

resistant

sensitive

sensitive

resistant sensitive

seasonal A(H1N1)

A(H1N1)2009

A(H3N2)

Fig. 1 Representative melting
curves with resistant and sensi-
tive seasonal A(H1N1), A
(H1N1)2009, and A(H3N2)
viruses. The x-axis shows the
temperature in °C and the y-axis
shows the fluorescence data
expressed as the negative of
the first derivative of the fluo-
rescence intensity over time
(−d/dT). The strong melting
peak at 80°C corresponds to
the melting points of the whole
amplicon and primer dimer
products, and is detected in
addition to the melting peaks
for the amplicon–probe hybrids.
A missing peak at 80°C leads
to an invalid result
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oseltamivir resistance. Of the many resistant mutations
reported [31], we primarily focused on those most commonly
observed. Nevertheless, the assay protocol can easily be
adapted to detect any of the other mutations associated with
neuraminidase inhibitor resistance. In addition, the results of
the present study clearly demonstrate that MPA is a highly
reproducible and very sensitive method, allowing the
discrimination of resistant mutant strains in mixtures of

oseltamivir-resistant and -sensitive viral populations. Al-
though MPA does not give information of the quantity of
resistant virus in the mixture, we could show that it is
possible to detect resistant mutant strains of influenza viruses
in the presence of sensitive strains, even when they
represented only 10% of the population. This clearly shows
that the reliable detection of evolving resistant virus variants
in patients undergoing treatment is possible.

Table 4 Discrimination of sen-
sitive and resistant strains in
mixed viral populations by MPA

+/+: discrimination between
sensitive and resistant strains
possible, both strains detected

+/−: discrimination between
sensitive and resistant strains
NOT possible, only sensitive
strain detected

−/+: discrimination between
sensitive and resistant strains
NOT possible, only resistant
strain detected

Discrimination between sensitive/resistant viruses

Mixture
% sensitive/% resistant

H1N1 H1N1(2009) H3N2

95/5 +/− +/− +/−
90/10 +/+ +/+ +/+

80/20 +/+ +/+ +/+

70/30 +/+ +/+ +/+

60/40 +/+ +/+ +/+

50/50 +/+ +/+ +/+

40/60 +/+ +/+ +/+

30/70 +/+ +/+ +/+

20/80 +/+ +/+ +/+

10/90 +/+ +/+ +/+

5/95 −/+ −/+ −/+

(a)

(b)

(1)

(2)

(3)

(4)(5)

(1)
(2)

(3)

(4)

(5)

Fig. 2 Examples of melting
point profiles of mixed viral
populations (oseltamivir-resis-
tant and -sensitive strains): a
melting point profiles of A
(H3N2) mixtures containing
80% oseltamivir-sensitive and
20% oseltamivir-resistant strains
(blue) and 80% oseltamivir-
resistant and 20% oseltamivir-
sensitive strains (red); b melting
point profiles of five A(H1N1)
2009 mixtures containing the
following percentages of resis-
tant:sensitive strains: (1) 90:10,
(2) 80:20, (3) 50:50, (4) 30:70,
(5) 20:80
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In addition, the results obtained by MPA performed with
virus RNA extracted directly from clinical material demon-
strate that, by using this rapid and simple method, results
comparable to those obtained by sequencing can be obtained
within 5 h, which is similar to the time required for
pyrosequencing. Shorter turn-around times can be achieved
using one-step reverse transcription real-time PCR using SNP
probes. The possible disadvantage of this multiplex method-
ology is its complex implementation and a sometimes
decreased sensitivity compared to uniplex PCRs.

The theoretical problem that any mutations within the
probe region lead to a decrease of the Tm was clearly
disapproved by the results obtained with the one strain
carrying the N272D mutation within the probe region. The
different Tms of the H275Y mutation and the N272D
mutation clearly indicate that, in this system, the melting
point is characteristic of a particular point mutation,
enabling substitutions associated with antiviral resistance
to be clearly identified.

In summary, MPA has the advantage that it can be
implemented easily for routine diagnostics by laboratories
that perform real-time PCR and, therefore, provides a fast and
widely available tool for clinical decisions on antiviral
medication, especially in cases where neuraminidase inhibitor
resistance is suspected. In addition, it represents a relatively
cost-effective method for the large-scale screening of single-
point mutations on widely used PCR platforms, and, by
developing additional protocols, the detection of any mutation
in the NA gene associated with NI resistance is possible.
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