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New variants of the influenza A(H1N1)pdm09 and A(H3N2) viruses were detected in Taiwan between 2012 and 2013. Some of
these variants were not detected in clinical specimens using a common real-time reverse transcription-PCR (RT-PCR) assay that
targeted the conserved regions of the viral matrix (M) genes. An analysis of the M gene sequences of the new variants revealed
that several newly emerging mutations were located in the regions where the primers or probes of the real-time RT-PCR assay
bind; these included three mutations (G225A, T228C, and G238A) in the A(H1N1)pdm09 virus, as well as one mutation (C163T)
in the A(H3N2) virus. These accumulated mismatch mutations, together with the previously identified C154T mutation of the
A(H1N1)pdm09 virus and the C153T and G189T mutations of the A(H3N2) virus, result in a reduced detection sensitivity for the
real-time RT-PCR assay. To overcome the loss of assay sensitivity due to mismatch mutations, we established a real-time RT-
PCR assay using degenerate nucleotide bases in both the primers and probe and successfully increased the sensitivity of the assay
to detect circulating variants of the human influenza A viruses. Our observations highlight the importance of the simultaneous
use of different gene-targeting real-time RT-PCR assays for the clinical diagnosis of influenza.

Influenza A viruses belonging to family Orthomyxoviridae are clas-
sified into various subtypes based on their two surface glycopro-

teins, hemagglutinin (HA) and neuraminidase (NA). So far, 17 HA
(H1 to H17) and 10 NA (N1 to N10) subtypes have been identified,
and all except H17 and N10 have been found to circulate in waterfowl
(1, 2). Since 1918, three subtypes (H1N1, H2N2, and H3N2) have
established stable lineages and have caused sustained epidemics in the
human population (3). In the 21st century, the influenza A(H1N1)
virus [now termed A(H1N1)pdm09], originally found in swine,
caused human infections in Mexico and the United States during
March 2009 (4) and resulted in a global pandemic. To date, the virus
circulated across four influenza seasons (2009 to 2013), and most
countries have experienced multiple waves of infection (5–8). In the
early stage of the 2009 H1N1 pandemic, between April and July 2009,
the virus had begun to evolve and diversified into at least 7 clades
(clades 1 to 7) with particular spatial and geographic patterns (9). In
Taiwan, the imported clade 7 viruses first became predominant in
August 2009. The new variants continued to emerge and replaced the
old ones (5), indicating that the A(H1N1)pdm09 viruses had evolved
in a manner similar to those of the human seasonal H1N1 viruses.
The currently circulating human influenza A(H3N2) viruses de-
scended from the 1968 pandemic virus. The continued mutation of
the virus persistently results in the generation of novel antigenic
strains that will replace the current ones and can cause annual epi-
demics. The substitution rate of the influenza A(H3N2) virus was
estimated to be 5.7 nucleotides per year for the HA1 genes (10), with
an average of 3.6 amino acid changes per year (11). The constant and
rapid evolution of this virus is also reflected in the frequency of up-
dates made by the WHO as to the recommended vaccine strains (12).

Molecular techniques for detecting influenza viruses exhibit
high sensitivity and specificity. The real-time reverse transcrip-
tion-PCR (RT-PCR) method, which meets the requirements for
rapid and accurate influenza virus identification and subtyping,

has been recommended for use in detecting the human influenza
A(H1N1)pdm09 virus and the highly pathogenic avian influenza
A(H5N1) virus for influenza surveillance, outbreak management,
diagnosis, and treatment (13, 14). To develop an influenza A ge-
nus-specific real-time RT-PCR assay that can detect all subtypes,
primers and probe are usually designed to detect the highly con-
served regions of the matrix (M) genes. Two commonly used real-
time RT-PCR assays recommended by the WHO (13–15) were
designed to target the M gene region 144 to 251 (the start codon of
the M1 gene was designated 1), which contained contiguous res-
idues with low entropy among all influenza A subtypes. However,
given the constant and rapid evolution of influenza A viruses, it is
worth determining whether gene mutations located in these
primer- and probe-binding sites can affect the abilities of these
assays to detect influenza viruses. Such an effect would necessitate
a continuous updating of the sequences of the primers and probes
used in the real-time RT-PCR assays according to the gene se-
quences of the circulating viruses in order to maintain an optimal
level of detection.

New variants of the influenza A(H1N1)pdm09 and A(H3N2)
viruses were detected in Taiwan from October 2012 to August
2013. These new variants carried mutations in the M genes that
were located within the highly conserved regions targeted by the
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commonly used real-time RT-PCR assays. These newly emerging
mismatch mutations, together with the previously identified ones,
comprise four nucleotide mutations (C154T, G225A, T228C, and
G238A) in the A(H1N1)pdm09 viruses that were located within
the forward and reverse primer-binding regions and three nucle-
otide mutations (C153T, C163T, and G189T) in the A(H3N2)
viruses that were located within the forward primer-binding re-
gion and the probe-binding region; these mutations have been
found to decrease the detection sensitivity of the PCR due to mis-
matches in primer or probe binding. We also established a mod-
ified real-time RT-PCR assay to improve the detection sensitivity
and overcome the hurdle of detecting these mutant viruses.

MATERIALS AND METHODS
Collection of clinical specimens and virus isolates. Laboratory influenza
surveillance in Taiwan was conducted through a national influenza sur-
veillance network coordinated by the Taiwan Centers for Disease Control
(CDC). Throat swabs were collected from hospitalized patients, outpa-
tients in the community, and cluster patients who exhibited influenza-like
illnesses, and the samples were transported to the laboratories of the in-
fluenza surveillance network in Taiwan for diagnosis. The specimens from
the hospitalized and cluster patients were tested using real-time RT-PCR
and virus culture, and those from outpatients in the community were
tested using virus culture. The real-time RT-PCR assays and virus culture
using Madin-Darby canine kidney (MDCK) cells were described previ-
ously (16, 17). All of the isolated influenza viruses were sent to the Taiwan
CDC, and 30 to �50% of the isolates received from each type or subtype
were randomly selected and analyzed for their partial HA genes using
conventional RT-PCR followed by Sanger sequencing for viral genetic
characterization (5, 18).

Genetic analyses of the influenza A viruses. Genetic analyses of the
influenza A viruses were performed using freshly cultured isolates from
the clinical specimens rather than serially passaged isolates. To analyze the
phylogenetic relationships between the HA and M genes of the
A(H1N1)pdm09 and A(H3N2) viruses isolated in Taiwan from 2012 to
2013, the HA and M genes were first examined using conventional RT-
PCR using the primers and protocol published by the WHO (19). Viral
RNA was extracted from the clinical specimens using the automated
TANBead (Taiwan Advanced Nanotech, Inc., Taiwan) or the MagNA
Pure LC (Roche, Penzberg City, Germany) extraction systems, according
to the manufacturer’s instructions. The nucleotide sequences of the am-
plified PCR products were then determined and translated into amino
acid residues. The sequencing reactions were performed bidirectionally
on the 3730 DNA analyzer (Applied Biosystems, Life Technologies, USA).
The resultant sequence contigs were assembled using the Sequencher ver-
sion 5.0 sequence analysis software (Gene Codes Corporation, Ann Arbor,
MI, USA), and the assembled complete viral sequences were used in the
phylogenetic analyses. Multiple sequence alignments, protein translation,
and phylogenetic analyses were performed on the basis of the nucleotide
sequences using the MEGA4 (20) and BioEdit software programs (http:
//www.mbio.ncsu.edu/BioEdit/bioedit.html). A phylogenetic tree was
constructed using the neighbor-joining method, and 1,000 bootstrap rep-
lications were performed to evaluate its reliability.

Modified real-time RT-PCR for the broad detection of new influ-
enza A variants. In this study, the real-time RT-PCR assay designed for
the detection of the new A(H1N1)pdm09 and A(H3N2) variants circulat-
ing in 2012 to 2013 was established by the Taiwan CDC. The sequences of
the primers and probe were modified from those described by Ward et al.
(15) but targeted the same regions of the genome. For the broad detection
of each variant using a single assay, several degenerate nucleotide bases
were included in the modified primers and probe; these degenerate se-
quences were based on the analyzed M gene sequences of both the
A(H1N1)pdm09 and A(H3N2) viruses. The modified primer sequences
of the new assay (designated the At assay) were FluA-144Ft (5=-AAGACC

AATYYTGTCACCTYTGA-3=) and FLUA-214Rt (5=-GGACTGCARCGY
AGACGCTTTA-3=), and the modified probe sequence was FluA-184Pt
(5=-FAM-TTTGTNTTCACGCTCACCGT-BBQ-3=) (FAM, 6-carboxy-
fluorescein; BBQ, BlackBerry quencher). The Roche LightCycler 480 RNA
master hydrolysis probe system (Roche, Penzberg City, Germany) was
used. Real-time RT-PCR was performed in a 25-�l reaction mixture con-
taining 5 �l of RNA template, 3.8 �l water, 7.4 �l enzyme mix, a final
concentration of 1 �M each primer, 250 nM probe, 1.3 �l of the activator
[in the final concentration of 3.25 mM Mn(OAC)2], and 1 �l of the en-
hancer. The reaction mixtures were incubated at 63°C for 3 min, followed
by 95°C for 30 s. The reaction mixtures were then subjected to 45 cycles of
95°C for 10 s, 53°C for 30 s, and 72°C for 3 s.

Nucleotide sequence accession numbers. The nucleotide sequences
of the influenza viruses included in this study have been submitted to
GenBank under the accession no. KF495607 to KF495656.

RESULTS
Characteristics of the influenza A viruses circulating in Taiwan
in 2012 to 2013. From October 2012 to August 2013 in the influ-
enza laboratory surveillance network of Taiwan, a total of 783,
953, and 33 cases tested positive for the influenza A
(H1N1)pdm09, A(H3N2), or influenza B viruses, respectively, us-
ing real-time RT-PCR and/or virus isolation. The influenza epi-
demic of 2012 to 2013 in Taiwan was caused by the cocirculation
of influenza A(H1N1)pdm09 and A(H3N2) viruses. Among the
isolated viruses, 378 A(H1N1)pdm09, 537 A(H3N2), and 14 in-
fluenza B viruses were randomly selected to determine their par-
tial HA sequences. To further genetically characterize these influ-
enza viruses, 14 A(H1N1)pdm09 and 11 A(H3N2) viruses were
selected as representative isolates, and their full-length HA and M
genes were analyzed by DNA sequencing and compared with
those of previous circulating viruses. Based on the results of the
HA phylogeny (Fig. 1A), the A(H1N1)pdm09 viruses that re-
emerged in 2012 to 2013 were classified as three novel variants,
clades 11.1, 12.1, and 12.2, which branched from the previously
predominant clade 11 and 12 viruses that circulated in 2010 to
2011, which had the amino acid signatures D114N-S202T-S468N
and S160G-S202T-A214T-S468N, respectively. Viruses of the
clade 11.1 harbored the additional V251I-K300E substitutions,
and viruses of the clades 12.1 and 12.2 harbored the additional
substitutions H155Q and K180I, respectively (Fig. 1A). Regarding
the A(H3N2) viruses found in 2012 to 2013, most of these viruses
clustered into one large TW2011-13 clade, which first appeared in
Taiwan in 2011, and carried the amino acid signature Q33R-
N145S-N278K, along with several additional mutations (Fig. 1B).
The various clade variants of the A(H1N1)pdm09 viruses were
antigenically similar to the vaccine strains of A/California/07/
2009, and the A(H3N2) viruses of the TW2011-13 clade were an-
tigenically similar to the A/Victoria/361/2011 (H3N2) viruses
(data not shown).

Phylogenetic analysis of the viral M genes showed that the M
genes of clades 11.1, 12.1, and 12.2 of the A(H1N1)pdm09 viruses
(classified by the HA genes) were located in clades that were dis-
tinct from those of the previous clade 1 to 10 viruses in Taiwan
(Fig. 1C). The M gene phylogeny of the A(H3N2) viruses also
showed that the M genes of the circulating A(H3N2) viruses fell
into the same clades as the vaccine strain A/Victoria/361/2011 and
diverged from the vaccine strains isolated prior to 2009 (Fig. 1D).
These results indicate that the new variants with the mutated M
genes emerged after 2011. Among the changed nucleotides, some
of the mutations were located between positions 144 and 251,
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which were designed for the primer- and probe-binding sites of
commonly used real-time RT-PCR assays. Of the 14 tested
A(H1N1)pdm09 viruses, some carried the G225A (n � 2), T228C
(n � 4), and G238A (n � 14) mutations, and of 11 tested
A(H3N2) viruses, some carried the C153T (n � 11), C163T (n �
5), and G189T (n � 11) mutations in the M genes (Fig. 2). These
mutations were generated sequentially. The M genes of the clade
11 and 12 A(H1N1)pdm09 viruses in 2010 to 2011 had the G238A
mutation (Fig. 2). The G225A and T228C mutations emerged in
2012 to 2013 in Taiwan and appeared in some of the clade 11.1
viruses and all of the clade 12.1 viruses, respectively. Regarding the
A(H3N2) viruses, the C163T mutations in the M genes emerged in
the TW2011-13 clade strains that circulated beginning in 2011 in
Taiwan. Because positions 144 to 251 were usually selected as the
targets of molecular detection assays for the broad detection of the
influenza A viruses, we investigated the influence of these M gene
mutations on the widely used M gene real-time RT-PCRs recom-
mended by the WHO (designated Aw1 and Aw2 in this study).
The alignment between the nucleotide sequences of the viral M
genes and the primers and probes used in the Aw1 and Aw2 assays
are shown in Fig. 2. The C154T, G225A, T228C, and G238A mu-
tations of the A(H1N1)pdm09 viruses can cause mismatches with
the forward and reverse primers of both the Aw1 and Aw2 assays
(Fig. 2); the C153T, C163T, and G189T mutations of the A(H3N2)
viruses can result in mismatches with the forward primers of the
Aw1 and Aw2 assays, as well as the probe of the Aw1 assay (Fig. 2).

Modification of the real-time RT-PCR assay for the broad
detection of newly evolved influenza A viruses. The mismatches
found in the M genes of the new A(H1N1)pdm09 and A(H3N2)
variants potentially affect the detection ability of the Aw1 and Aw2

real-time RT-PCR assays. To test this hypothesis and to overcome
the impact of these mismatch mutations, we established a real-
time RT-PCR assay (the At assay) using degenerate nucleotide
bases; the At assay described here was modified from the Aw1
assay. We compared the performances of the three Aw1, Aw2, and
At real-time RT-PCR assays. The modified primer and probe se-
quences were designed to completely match the currently circu-
lating A(H1N1)pdm09 viruses of clades 11, 11.1, 12, 12.1, and
12.2, as well as the A(H3N2) viruses of the TW2011-13 clade. To
examine whether the modified At assay could improve the detec-
tion sensitivity, a subset of clinical specimens that were positive for
influenza viruses from each evolutionary clade were randomly
selected and simultaneously analyzed using the Aw1 and At assays.
Some problematic specimens that had positive results in the real-
time RT-PCR subtyping assays (targeting the HA gene) but were
undetectable by the Aw1 assay were also selected and reanalyzed
using the At assay. In the detection of A(H1N1)pdm09 specimens,
6 of 40 samples tested negative in the Aw1 assay and positive in the
At assay, and overall, the threshold cycle (CT) values of all tested
samples shortened 3.1 to 14.25 cycles (Table 1). For the detection
of A(H3N2) specimens, 10 of 40 samples were missed using the
Aw1 assay, and overall, the CT values of all tested samples short-
ened 2.24 to 12.74 cycles (Table 2). The results indicate that the At
assay is more sensitive for detecting the newly emerging
A(H1N1)pdm09 and A(H3N2) viruses than the Aw1 assay. To
further determine the detection sensitivity of the assay, 10-fold
serial dilutions were made of DNA templates from the
A(H1N1)pdm09 viruses belonging to various HA clades, as well as
A(H3N2) viruses of the TW2011-13 clade, and these dilutions
were analyzed using the At assay. The results were then compared

FIG 1 Phylogenetic relationships of the full-length HA gene (A and B) and the M gene (C and D) sequences of the influenza A(H1N1)pdm09 and A(H3N2)
viruses in Taiwan. The phylogenetic trees were constructed using the neighbor-joining method, with 1,000 bootstrap replications. Branch values of �70 are
indicated. The sequences of the vaccine strains, including that of A/California/7/2009 of the A(H1N1)pdm09 subtype, as well as A/Texas/50/2012, A/Victoria/
361/2011, A/Victoria/210/2009, A/Perth/16/2009, and A/Brisbane/10/2007 of the A(H3N2) subtype, were downloaded from the NCBI database and are included
as references. The classification of the specific evolutionary clades is defined. The major amino acid signatures of the virus clades are indicated, including
D114N-S202T-S468N for clade 11, V251I-K300E for clade 11.1, S160G-S202T-A214T-S468N for clade 12, H155Q for clade 12.1, and K180I for clade 12.2 of the
A(H1N1)pdm09 viruses and Q33R-N145S-N278K for clade TW2010-13 of the A(H3N2) viruses.
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with those obtained from the Aw1 and Aw2 assays. The calculated
detection limits of the At, Aw1, and Aw2 assays are shown in Table
3. Based on these results, the detection sensitivity of the At assay
was improved 10- to 20- and 200-fold compared to that of Aw1
assay for detecting the new variants of the A(H1N1)pdm09 and
A(H3N2) viruses, respectively (Table 3); this indicates that the At
real-time RT-PCR assay, which uses degenerate nucleotide bases
in its primers and probe, can overcome the impact of mismatch
mutations and can be used for the broad detection of human
influenza A viruses that emerged in 2012 to 2013.

DISCUSSION

Influenza A viruses exhibit rapid evolution that may be attrib-
uted to the lack of proofreading abilities of the viral RNA poly-
merases, strong selection pressure to evade the immune sys-
tem, and frequent genome segment rearrangement. In the
experimental virus-infected MDCK cells that did not have im-
mune pressure, the mutation rates of the nonstructural (NS)
genes in influenza A(H1N1) viruses were determined to be
2.0 � 10�6 mutations per site per infectious cycle and 2.6 �
10�3 mutations per site per year (21). For circulating influenza
viruses in humans, which were under selection pressure, the
fixation rates were estimated to be 3.7 � 10�3 and 5.72 � 10�3

nucleotide substitutions per site per year for the HA genes of
influenza A(H3N2) viruses; these rates were based on the esti-
mated accumulation of adaptive substitutions in human influ-
enza A(H3N2) viruses during the periods 1983 to 1997 and
1992 to 2005, respectively (22, 23). For the influenza
A(H1N1)pdm09 virus, the overall substitution rate was esti-
mated to be 3.2 � 10�3 mutations per site per year during 2009
to 2010. Each of the influenza virus genome segments may

evolve differently because of different selection pressures.
Comparing the rate differences of the various segments, the
substitution rates of the surface proteins, HA and NA, were
thought to be higher than those of the internal proteins (24).
However, the M and NS segments of the influenza A(H3N2)
viruses during 1992 to 2005 evolved at a rate of 5.2 � 10�3

nucleotide substitutions per site per year, which was compara-
ble to the rate of 5.72 � 10�3 nucleotide substitutions per site
per year for the HA gene (23). Because of the high mutation
rates of the HA, NA, and M segments, which are used for the
identification and subtyping of influenza A viruses, constant
real-time gene sequencing is required to maintain a high level
of sensitivity in the detection assays.

A quantitative real-time RT-PCR assay developed by Ward et
al. (15) (Aw1 in this study) targeted the M gene of influenza A
virus and has been used in �100 studies; additionally, this assay
has been recommended by the WHO to be used for the detection
of all influenza A viruses (13). This assay is highly sensitive, rapid,
and accurate. At the time of that study’s publication, the detection
limit was estimated to be 2,138 viral cDNA copies/ml of virus
transport medium and 10 viral RNA copies/PCR (15). Due to
these advantages, we selected the Aw1 assay for routine influenza
A surveillance and integrated it with several HA gene-targeting
real-time RT-PCR assays to detect and determine the subtypes of
the A(H1N1)pdm09 and A(H3N2) viruses in the same run (17).
In general, the CT value given by the Aw1 assay was comparable to
that of the HA assays for the same sample. Notably, during the
2012-2013 influenza season, we found that the CT values of most
clinical specimens determined by the Aw1 assay were higher than
those of the HA assays for both the A(H1N1)pdm09 and A(H3N2)
viruses. These delayed M gene CT values sometimes caused prob-

FIG 2 Nucleotide sequence alignments between the M genes of the A(H1N1)pdm09 and A(H3N2) viruses and the primer and probe sequences of the three
real-time RT-PCR assays. The M gene sequence of the A/New Caledonia/20/1999 strain was used as a reference, and the identical nucleotide bases of the other
viruses and the primer/probe sequences are indicated by dashed lines. Different nucleotide bases, compared to the reference, are directly indicated. Positions that
contain modified nucleotide bases in the primer-probe sequences of the At assay established in this study, including positions 153, 154, 163, 189, 225, 228, and
238, are indicated by gray shading. Reference viruses of either A(H1N1)pdm09 or A(H3N2) subtypes included in the alignments are shown in bold along with
their sequence accession numbers. The evolutionary clades (based on the HA sequences) of the viruses are also shown in parentheses in the nomenclature.
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lems, as clinical specimens may have undetectable CT values of
influenza A virus while having a positive CT value for either the
A(H1N1)pdm09 or A(H3N2) subtype. To investigate these irra-
tional data, we performed a sequence analysis of the viral M genes
and found that some nucleotide mutations of the circulating
A(H1N1)pdm09 and A(H3N2) viruses occurred in the regions
targeted by the Aw1 assay. These observed sequence mismatches
between the viral templates and the primers and probe may affect
the detection ability of the Aw1 assay and may explain the delay in

the CT values of the Aw1 assay. The M gene mutations of
A(H1N1)pdm09 viruses were also reported to be problematic
with some commercial assays, causing a diagnostic conundrum
for clinical microbiology labs (25–27). This experience shows that
the simultaneous use of different gene-targeting assays is appro-
priate for correctly identifying influenza viruses, and it also pro-
vides some evidence for the existence of newly evolved variants.

When tracing the M gene sequences of previous isolates, it was
shown that the primer and probe sequences of the Aw1 assay
matched well with those of the old human seasonal influenza

TABLE 1 CT values of the A(H1N1)pdm09-positive clinical specimens
given by two real-time RT-PCR assays

Specimen no.

CT values
from the
indicated
assay

�CT
c

HA clade
A(H1N1)pdm09

Collection date
(in 2013)Aw1a Atb

95,316 34.92 31.00 3.92 12.2 28 Decemberd

95,380 UDe 32.62 NDf 7 March
95,402 32.85 25.74 7.11 12.1 14 March
95,409 34.53 30.12 4.41 ND 15 March
95,411 UD 34.95 ND 15 March
95,460 34.55 27.17 7.38 12.1 3 April
95,507 34.53 25.36 9.17 12.1 25 April
80,070 33.98 30.08 3.9 12.2 24 January
80,075 28.56 21.29 7.27 12.1 25 January
80,079 33.46 27.27 6.19 12.2 26 January
80,109 32.20 28.98 3.22 12.2 4 February
80,125 35.73 29.64 6.09 11.1 8 February
80,128 32.70 28.21 4.49 11.1 8 February
80,148 35.00 29.47 5.53 12.2 15 February
80,205 32.30 26.18 6.12 11.1 27 February
80,208 29.04 22.48 6.56 12.1 28 February
80,210 32.64 23.8 8.84 12 28 February
80,219 27.14 21.35 5.79 11.1 1 March
80,224 32.82 26.56 6.26 12.2 4 March
80,243 33.45 30.34 3.11 12.2 7 March
80,261 30.77 23.46 7.31 11.1 11 March
80,272 22.94 17.11 5.83 12.2 13 March
80,310 37.52 30.63 6.89 12.1 20 March
80,426 31.08 23.88 7.20 12.1 6 April
80,462 34.57 27.03 7.54 12.1 10 April
80,470 32.41 25.95 6.46 12.2 11 April
80,515 34.98 26.97 8.01 12.1 18 April
80,981 38.24 29.97 8.27 11.1 21 June
80,993 33.82 28.23 5.59 11.1 26 June
81,041 31.46 23.39 8.07 11.1 8 July
81,049 34.80 29.52 5.28 11.1 10 July
81,085 37.92 26.26 11.66 11.1 23 July
81,087 33.85 29.17 4.68 11.1 24 July
81,109 35.73 27.80 7.93 11.1 2 August
81,110 UD 32.94 ND 3 August
81,135 UD 27.76 11.1 17 August
81,157 UD 33.54 ND 23 August
77,757 34.58 27.68 6.90 12.1 17 June
78,049 UD 34.16 ND 1 August
78,123 37.81 23.56 14.25 11 18 August
a Assay recommended by the WHO for the detection of all influenza A viruses.
b Modified assay established in this study.
c Values � (CT of Aw1) � (CT of At).
d In 2012.
e UD, M gene of the influenza A virus was undetectable.
f ND, unavailable.

TABLE 2 CT values of the A(H3N2)-positive clinical specimens given by
two real-time RT-PCR assays

Specimen no.

CT values from
the indicated
assay

�CT
c

HA clade
[A(H3N2)]

Collection date
(in 2013)Aw1a Atb

95,298 29.34 23.74 5.60 TW2011-13 9 Octoberd

95,370 29.19 23.92 5.27 TW2011-13 2 March
95,537 35.68 25.08 10.60 TW2011-13 8 May
95,638 38.98 26.24 12.74 TW2011-13 6 July
95,666 35.33 24.33 11.00 TW2011-13 16 August
95,679 UDe 30.89 TW2011-13 23 August
80,068 30.72 25.81 4.91 TW2011-13 24 January
80,158 28.29 23.05 5.24 TW2011-13 18 February
80,159 29.09 23.72 5.37 TW2011-13 18 February
80,162 25.01 20.22 4.79 TW2011-13 18 February
80,222 33.45 22.64 10.81 TW2011-13 2 March
80,225 32.09 24.05 8.04 TW2011-13 4 March
80,710 31.35 21.16 10.19 TW2011-13 10 May
80,720 32.17 20.79 11.38 TW2011-13 13 May
80,723 35.80 26.79 9.01 TW2011-13 14 May
80,231 UD 33.21 NDf 5 March
80,270 UD 34.54 ND 13 March
80,636 35.35 33.11 2.24 ND 1 May
80,665 UD 36.15 ND 5 May
80,683 36.54 29.56 6.98 TW2011-13 7 May
80,864 31.77 23.71 8.06 TW2011-13 3 June
80,889 37.31 28.09 9.22 TW2011-13 July 6
80,911 37.90 29.41 8.49 TW2011-13 10 June
80,950 35.04 27.02 8.02 TW2011-13 15 June
80,978 24.52 20.57 3.95 TW2011-13 22 June
81,007 36.95 29.09 7.86 TW2011-13 29 June
81,013 UD 27.52 TW2011-13 28 June
81,018 21.88 19.12 2.76 TW2011-13 1 July
81,024 UD 32.54 ND 3 July
81,083 37.23 27.69 9.54 TW2011-13 22 July
81,111 UD 31.32 ND 4 August
81,130 34.31 22.58 11.73 TW2011-13 13 August
81,139 32.68 21.86 10.82 TW2011-13 16 August
81,156 39.78 29.33 10.45 TW2011-13 23 August
77,163 38.67 27.00 11.67 TW2011-13 1 May
77,917 35.08 24.27 10.81 TW2011-13 16 July
78,001 37.90 29.29 8.61 TW2011-13 29 July
78,056 UD 36.00 ND 3 August
78,093 UD 34.61 ND 13 August
78,128 UD 28.93 TW2011-13 19 August
a Assay recommended by the WHO for the detection of all influenza A viruses.
b Modified assay established in this study.
c Values � (CT of Aw1) � (CT of At).
d In 2012.
e UD, M gene of the influenza A virus was undetectable.
f ND, unavailable.
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A(H1N1) and A(H3N2) viruses circulating before 2003 (Fig. 2).
However, variations at positions 153, 154, 163, 189, 225, 228, and
238 gradually accumulated. Three nucleotide positions (153, 163,
and 189) were altered in the A(H3N2) variants, whereas four po-
sitions (154, 225, 228, and 238) were mutated in the
A(H1N1)pdm09 viruses (Fig. 2). Based on a total of 4,543 M gene
sequences (available from the National Center for Biotechnology
Information [NCBI]) from influenza A(H3N2) viruses that glob-
ally circulated between 1968 and 2012, the C153T mutation first
appeared and began to spread in 2001 and reached 100% pen-
etrance in 2005 (28). This was also the first fixed mutation and
resulted in a mismatch between the A(H3N2) virus and the
forward primer of the Aw1 assay. Next, the G189T mutation
appeared in 2010. This mutation also became fixed and caused
a mismatch with the Aw1 probe sequence. The C163T muta-
tion emerged in 2012 to 2013 and resulted in another mismatch
with the Aw1 forward primer (Fig. 2). For the influenza
A(H1N1)pdm09 viruses, the C154T mismatch appeared in 2009
when the virus was first found to infect humans. Based on a total of
5,353 M gene sequences collected globally during 2009 to 2012
(available at NCBI), the G238A mutation, which results in a mis-
match with the Aw1 reverse primer sequence, first appeared in
2010 and reached 100% prevalence by 2012. In the 2012-2013
influenza season, we observed the newly emerged G225A and
T228C mutations in different clade viruses; the former was ob-
served in some of the HA clade 11.1 A(H1N1)pdm09 viruses, and
the latter was found in all of the HA clade 12.1 viruses. Both mu-
tations caused mismatches to the reverse primer sequences of the
Aw1 assay. In general, the M genes of influenza viruses are more
conserved than the HA and NA genes. The regions designed for
the primer or probe binding of real-time RT-PCR assays were
rarely found to be mutated. For example, for human seasonal
H1N1 viruses, the M gene sequences of the viruses isolated from
1999 to 2009, as well as those of the human A(H3N2) viruses
circulating before 2003, were well matched to the binding regions
of the primers and probe in the Aw1 real-time RT-PCR assay. It is
unexpected that the mutations in the M gene sequences of the
A(H1N1)pdm09 and A(H3N2) viruses accumulated rapidly from
2009 to 2013. Taken together, four mismatch mutations in the
A(H1N1)pdm09 virus and three mutations in A(H3N2) viruses
have occurred and may hamper the detection abilities of the Aw1
assays.

In this study, we modified the primer and probe sequences of
the Aw1 real-time RT-PCR assay in response to the newly emerg-
ing human influenza A viruses detected in 2012 to 2013. Using
degenerate sequences at the positions of the mutations, including

153Y (C/T), 154Y, and 163Y in the forward primer, 189N (A/T/
C/G) in the probe, and 225 R (A/G) and 228Y in the reverse primer
(Fig. 2), all of the modified primers and probe can recognize the
circulating A(H1N1)pdm09 and A(H3N2) viruses. The modified
At assay was able to overcome the impact of the mismatch muta-
tions and improved the detection sensitivity 10- to 20- and 200-
fold in the detection of new A(H1N1)pdm09 and A(H3N2) vari-
ants, respectively, in 2012 to 2013 (Table 3). Although we did not
test the effects of these mutations on the other Aw2 real-time
RT-PCR assay, the C153T, C154T, C163T, T228C, and G238A
mutations located at the forward and reverse primer sites may also
influence the performance of the Aw2 real-time RT-PCR assay. In
conclusion, given the increasing genetic diversity of influenza vi-
ruses, a highly sensitive degenerate real-time RT-PCR system can
be used for the fast and accurate identification of any novel influ-
enza A variants and can also minimize the need to frequently
update the assay parameters. The simultaneous use of real-time
RT-PCR assays targeting different genes is also appropriate to en-
sure accurate identification of the influenza virus.
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