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a b s t r a c t

Pandemic influenza A/H1N1 2009 and seasonal influenza viruses are currently co-circulating worldwide.
A rapid, sensitive, and specific assay for distinguishing pandemic influenza A/H1N1 2009 from seasonal
influenza viruses and for subtyping seasonal influenza A viruses could aid in the surveillance and control
of these viral infections. Here, such a multiplex real-time RT-PCR (rRT-PCR) assay for typing influenza A
and B viruses and the pandemic influenza A/H1N1 2009 is developed. This assay can also subtype seasonal
influenza A viruses simultaneously. The analytical sensitivity is 10–104 copies/reaction. The coefficients
of variation of inter-assay and intra-assay are 0.04–0.45% and 0.08–0.97%, respectively. The new multi-
andemic influenza A/H1N1 2009
easonal influenza
ultiplex detection

ubtyping
eal-time RT-PCR

plex rRT-PCR assay is more sensitive in subtyping seasonal influenza viruses than the conventional PCR
techniques. Results obtained with this assay for the detection of pandemic influenza A/H1N1 2009 are
highly consistent (96.88%) with those achieved using the US CDC’s rRT-PCR protocol. A sample identified
as “pandemic influenza A/H1N1 2009 positive” by the US CDC’s rRT-PCR was reclassified correctly as
subtype H3N2 using this assay. Taken together, this new multiplex rRT-PCR protocol could be an impor-
tant tool for improving diagnosis and management of the pandemic influenza A/H1N1 2009 and seasonal

influenza viruses.

. Introduction

In April 2009, outbreaks of influenza-like illnesses caused by
novel influenza A virus, pandemic influenza A/H1N1 2009 (also

eferred to as “swine-origin influenza virus, S-OIV”), were identi-
ed in Mexico and the United States (Centers for Disease Control
nd Prevention, 2009; Dawood et al., 2009). These outbreaks have
ed to a global influenza pandemic (Brownstein et al., 2009). Recent
urveillance data show that the pandemic influenza A/H1N1 2009
s co-circulating with seasonal influenza viruses in many coun-

ries (http://www.cdc.gov/flu/weekly/pdf/External F0939.pdf;
ttp://www.who.int/csr/don/2009 10 23/en/index.html). Because
andemic influenza A/H1N1 2009 and seasonal influenza transmit

n a similar manner and present almost identical symptoms
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(http://www.cdc.gov/h1n1flu/qa.htm), the control and prevention
of this novel pandemic has been challenging. Critical for viral
containment, surveillance, and treatment is the development
of sensitive, accurate, and reliable diagnostic tests that can
discriminate the H1N1 influenza virus from other strains.

Among the current laboratory diagnostic tests, real-time reverse
transcriptase polymerase chain reaction (rRT-PCR), which deter-
mines virus copies by monitoring the fluorescence accumulations,
has many advantages over other detection techniques. These
include: ease of performance, great accuracy, high sensitivity and
specificity, fast turn-around time, a high-throughput capacity, and
minimal carry-over contamination (Mackay et al., 2002). However,
rRT-PCR assays for subtyping seasonal influenza viruses (Daum et
al., 2007) have not been suitable for the detection of pandemic
influenza A/H1N1 2009 because of genetic variations.

Several rRT-PCR assays have been developed recently to detect
the pandemic influenza A/H1N1 2009 (Carr et al., 2009; Hall et al.,

2009; Jiang et al., 2010; Pabbaraju et al., 2009; Wang et al., 2009;
Whiley et al., 2009). However, these assays are not able to type and
subtype seasonal influenza viruses simultaneously. Another limi-
tation of these rRT-PCR assays is that they only target the novel
H1 gene of the pandemic influenza A/H1N1 2009 virus (Jiang et al.,

http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
http://www.cdc.gov/flu/weekly/pdf/External_F0939.pdf
http://www.who.int/csr/don/2009_10_23/en/index.html
mailto:wangjw28@163.com
mailto:zdsys@vip.sina.com
http://www.cdc.gov/h1n1flu/qa.htm
dx.doi.org/10.1016/j.jviromet.2010.03.007
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Table 1
Sequences of primers and probes in the multiplex rRT-PCR assay.

Set Primer Sequence (5′ → 3′) Gene target-nucleotide position Amplicon (bp) Origin

Set 1 Subtype H1-Consensus H1 Hemagglutinin (Segment 4) 187
H1-Consensus-F ATGCSAACAAYTCRACCGACACa 74 → 95 This study
H1-Consensus-R AGTRATTCRCATTCTGGGTTTa 260 → 240 This study
H1-Consensus-P FAM-CANCCDGCAAYGYTRCANTTMCCCAA-BHQ-1a 230 → 205 This study
Subtype H1-2009 H1 Hemagglutinin (Segment 4) 179
H1-2009-F TTATCATTTCAGATACACCAGT 845 → 866 This study
H1-2009-R AATAGACGGGACATTCCT 1023 → 1006 This study
H1-2009-P HEX-CCACGATTGCAATACAACT-BHQ-1 1045 → 1067 This study

Set 2 Subtype N1-2009 N1 Neuraminidase (Segment 6) 93
N1-2009-F CAGAGGGCGACCCAAAGAGA 1281 → 1300 (Whiley et al., 2009)
N1-2009-R GGCCAAGACCAACCCACA 1373 → 1356 (Whiley et al., 2009)
N1-2009-P Cy5-CACAATCTGGACTAGCGGGAGCAGCAT-BHQ-2 1302 → 1328 (Whiley et al., 2009)
Subtype N2 N2 Neuraminidase (Segment 6) 77
N2-F TGTATCTGACCAACACCACCATAGA 197 → 221 This study
N2-R TTGCGGCTTTGACCAATTTC 273 → 254 This study
N2-P HEX-AAGGAAATATGCCCCAAACTAGCAGAATAC-BHQ-1 223 → 252 This study

Set 3 Subtype H3 H3 Hemagglutinin (Segment 4) 120
H3-F ACCAGAGAAACAAACTAGAGGCATATT 1020 → 1046 This study
H3-R TGTCCTGTGCCCTCAGAATTT 1119 → 1139 This study
H3-P FAM-CGGTTGGTACGGTTTCAGGCA-BHQ-1 1095 → 1115 This study
Subtype N1-Consensus N1 Neuraminidase (Segment 6) 135
N1-F TATAAGACCTTGCTTCTGGGTTGA 1273 → 1296 This study
N1-R GCACCGTCTGGCCAAGAC 1390 → 1407 This study
N1-P HEX-AATYTGGACTAGYGGGAGCAGCATWTCYTTTTG-BHQ-1a 1330 → 1362 This study

Set 4 Flu A M Matrix (Segment 7) 106
Flu-M-F GACCRATCCTGTCACCTCTGACa 91 → 112 WHO
Flu-M-R AGGGCATTYTGGACAAAKCGTCTAa 196 → 173 WHO
Flu-M-P FAM-TGCAGTCCTCGCTCACTGGGCACG-BHQ-2 169 → 146 WHO
GAPDH GAPDH 136
GAPDH-F CCAGGTGGTCTCCTCTGACTTC 939 → 960 This study
GAPDH-R CACCCTGTTGCTGTAGCCAAA 1074 → 1054 This study
GAPDH-P ROX-CTGGCATTGCCCTCAACGACCAC-BHQ-2 998 → 1020 This study
Flu B NP NP (Segment 5) 121
Flu B-NP-F AAGACCTRAGAGTTTTGTCTGCAYTa 1184 → 1208 This study
Flu B-NP-R ATCAGAGCTGCYCCCATTC 1304 → 1286 This study
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Flu B-NP-P Cy5-TGCAAGGGTTTCCAYGTTCCAGCA-BHQ-2 a

a D = 33.3% mixture of A, T and G; H = 33.3% mixture of A, T and C; M = 50% mixtur
f C and G; W = 50% mixture of A and T; Y = 50% mixture of C and T.

010; Whiley et al., 2009), resulting in a limited specificity that can
esult in false-negative diagnosis when sequence variations exist
n the primer- or probe-targeted genes. In addition, there has been
report of some cross-reactivity between the pandemic influenza
/H1N1 2009 virus and the influenza A virus H5N1 when using

he US CDC’s rRT-PCR assay, which is recommended by the World
ealth Organization (WHO) (Peacey et al., 2009). The development
f an rRT-PCR assay with improved sensitivity, specificity, and per-
ormance, as well as the ability to distinguish pandemic influenza
/H1N1 2009 from seasonal influenza viruses would be most use-

ul.
A TaqMan probe-based, multiplex rRT-PCR assay is described

hat can detect all currently circulating human seasonal influenza
iruses, including the pandemic influenza A/H1N1 2009 virus. The
ssay can type simultaneously influenza viruses A and B, and the
ajor human subtypes: human H1, H3, N1 and N2. This rRT-PCR

rotocol could aid in the surveillance, diagnosis, and management
f the pandemic A/H1N1 2009 influenza and seasonal influenzas.

. Materials and methods

.1. Primers and probe design
The primers and TaqMan probes for the pandemic influenza
/H1N1 2009 named N1-2009 and for the consensus influenza
virus named Flu A M were synthesised as previously described

Whiley et al., 2009) and based on the WHO’s recommendations
http://www.euro.who.int/Document/INF/CDC realtime RTPCR
1246 → 1269 This study

and C; N = 25% mixture of A, C, T and G; R = 50% mixture of A and G; S = 50% mixture

H1N1.pdf). Other primers and probes for the pandemic
influenza A/H1N1 2009 virus and for seasonal influenza
viruses such as human H1N1 and H3N2 were designed based
on the sequence data obtained from the Influenza Virus
Resource (http://www.ncbi.nlm.nih.gov/genomes/FLU/) (Table 1).
Primers/probes for typing of the viral strains were designed to
target the conserved regions of the M gene segment for the
influenza A virus and of the NP gene segment for the influenza B
virus. Primers/probes for subtyping of viral strains were designed
to target the HA gene segment for each of the three HA sub-
types (H1-consensus, H1-pandemic A/H1N1 2009 and H3) and
the NA gene segment for each of the three NA subtypes (N1-
consensus, N1-pandemic A/H1N1 2009 and N2). In silico coverage
of primers/probes was calculated using an in-house program
based on work described previously (Bose et al., 2009), with
some modifications. Briefly, a sequence was defined as a “hit” if
there were two or less substitutions within the probe, or if there
were no substitutions within five bases from the 3′ end; one or
less substitutions within 10 bases from the 3′ end; or three or
less substitutions within the primers. For degenerate primers or
probes, an acceptable “hit” was defined by the presence of an
accurate match between the sequence data consensus (made by
BioEDIT 7.01 software) and its primers or probes.
All primers/probes were grouped into four sets based on the PCR
product size, fluorochrome-labels, and the pilot tests (Table 1). The
four sets were designed for the detection of different subtypes: set
1 for H1 of pandemic influenza A/H1N1 2009 and for the consen-
sus H1 of influenza A viruses; set 2 for N1 of pandemic influenza

http://www.euro.who.int/Document/INF/CDC_realtime_RTPCR_H1N1.pdf
http://www.ncbi.nlm.nih.gov/genomes/FLU/
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Table 2
Analysis of the specificity of the multiplex rRT-PCR assaya.

Virus strain Subtype TCID50/mL Copies/rxnb H1-2009 H1-Consensus H3 N1-2009 N1-Consensus N2 Flu A M Flu B NP

A/PR/8/1934 H1N1 1.8 × 104 1 × 108 − + − − + − + −
A/Beijing/01/2009 A/H1N1 2009 0.7 × 104 1 × 108 + + − + + − + −
A/Jiangxi/242/2004 H3N2 1.5 × 104 1 × 108 − − + − − + + −
A/Beijing/4046/2008 H1N1 1 × 108 − + − − + − + −
A/Beijing/4053/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/3012/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/CY-30/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/3005/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/CY-29/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/4365/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/3032/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/3028/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/4368/2008 H3N2 1 × 108 − − + − − + + −
A/Beijing/3016/2008 H3N2 1 × 108 − − + − − + + −
B/SH/361/2002 Influenza B 1.8 × 104 − − − − − − − +
OC43 1.8 × 103 − − − − − − − −
Adenovirus Holden Serotype 35 1.8 × 104 − − − − − − − −
Influenza B (#426A) Influenza B Sample − − − − − − − +
Influenza C (#828A) Influenza C Sample − − − − − − − −
Adenovirus (#8313) Unknown Sample − − − − − − − −

−
−
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hMPV (#1152A) Unknown Sample −
PIV (#2722) Serotype 3 Sample −
a The mean CTs were all at 15.3–22.7, Std. Dev. CTs were all at 0.0–0.4, and CVs w
b rxn refers to “reaction”.

/H1N1 2009 and for the consensus N2 of influenza A viruses; set
for the consensus N1 and H3 of influenza A viruses; and set 4 for

onserved regions of the M gene of influenza A viruses, the NP gene
or influenza B viruses and the GAPDH internal marker gene for
omo sapiens. The four sets of primers and probes were aliquoted
nto four different tubes for the multiplex rRT-PCR assay.

.2. Virus stocks

Two known subtypes of influenza A virus strains, A/PR/8/34
H1N1) and A/Jiangxi/242/2004 (H3N2), together with an influenza

virus B/Shanghai/361/2002 strain were provided by the Chi-
ese National Influenza Centre (CNIC). An isolate of pandemic

nfluenza A/H1N1 2009 [A/Beijing/01/2009 (GenBank accession
umber: GQ183617–GQ183624)] and 11 seasonal influenza A virus

solates of unknown subtypes (named A/Beijing/4046, 4053, 3012,
Y-30, 3005, CY-29, 4365, 3032, 3028, 4368 and 3016/2008) were

solated from Beijing, China (Table 2). Human coronavirus OC43
OC43) was provided by the Peking Union Medical College Hospital.
he adenovirus serotype 35 (Ad35; Holden strain) was purchased
rom American Type Culture Collection (ATCC, Manassas, VA). All of
he known viruses were grown on continuous cell lines (influenza
virus strains on MDCK cells, influenza B virus strain and OC43 on

LC-MK2 cells, and Ad35 on Hela cells).

.3. Clinical specimens

Nasopharyngeal swab specimens were obtained from Peking
nion Medical College Hospital and from Beijing Children’s Hos-
ital between January 2007 and December 2008. Samples were
reliminarily screened for influenza viruses and other respiratory
iruses using PCR assays, as described elsewhere (Ren et al., 2009).
mong the 119 randomly selected samples, 105 samples tested
ositive for influenza A virus, two positive for influenza B virus,
wo positive for coronavirus OC43, two positive for adenovirus, and
ight negative for all known respiratory viruses.
In addition to these samples, 32 nasopharyngeal swab spec-
mens that were positive for pandemic influenza A/H1N1 2009

ere collected by the Beijing CDC between May and July 2009.
hese latter samples were screened using the US CDC’s real-
ime RT-PCR protocol for pandemic influenza A/H1N1 2009
− − − − − −
− − − − − −

l less than 5%.

as recommended by WHO (http://www.euro.who.int/Document/
INF/CDC realtime RTPCR H1N1.pdf).

2.4. Viral nucleic acid extraction

To extract viral nucleic acids, 200 �L of each nasopharyngeal
swab, clinical sample or viral culture were added into 2 mL of
lysis buffer and incubated at room temperature for 10 min. After
lysis, the samples were loaded onto the NucliSENS® easyMAGTM

(bioMérieux, Marcy L’Etoile, France) for total nucleic acid extraction
according to the manufacturer’s protocol. The viral nucleic acids
were stored at −80 ◦C prior to detection.

2.5. Multiplex rRT-PCR amplification

One-step reverse transcription-PCR (RT-PCR) was performed
and optimised using SuperScriptTM III One-Step RT-PCR System
with Platinum® Taq DNA Polymerase (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. Briefly, 2 �L of nucleic
acid solution was added to 23 �L of master mix containing the
following components at the indicated final concentrations: 1×
reaction buffer, 1 �L of SuperScriptTM III RT/Platinum® Taq Mix,
500 nM of each primer, and 300 nM of the probe labelled at the 5′

end with a reporter dye and at the 3′ end with a non-fluorescent
quencher based on the four sets of multiplex rRT-PCR assays
(Table 1). Thermocycling was carried out as follows: 30 min at
50 ◦C and 3 min at 95 ◦C for reverse transcription (RT) and denat-
uration; five pre-cycles at 95 ◦C for 15 s, at 50 ◦C for 30 s, and at
72 ◦C for 1 min; followed by 40 cycles at 95 ◦C for 10 s, and at 55 ◦C
for 40 s. The multiplex rRT-PCR assay was performed on a CFX 96
(Bio-Rad Laboratories Inc., Hercules, CA). The baseline fluorescence
threshold for each analysis was manually adjusted based on the
background fluorescence of the ‘no template’ control reaction using
the Baseline Subtracted Curve Fit analysis mode in Bio-Rad CFX
Manager Software. For each analysis, a sample amplification curve

exceeding baseline fluorescence with a corresponding CT (Cycle
threshold) value (not exceeding 36 in a 40-cycle run) was consid-
ered as positive. In addition, a CT value between 36 and 40 was
considered as weakly positive. An amplification curve lower than
the baseline fluorescence was defined as negative.

http://www.euro.who.int/Document/INF/CDC_realtime_RTPCR_H1N1.pdf
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Table 3
In silico coverage of the primers and probes in the multiplex rRT-PCR assay.

Set Primer Coverage yearsa Total sequencesb Hits Coverage (%)

Set 1 H1-Consensus-F 1918–2009 1402 1390c 99.1
H1-Consensus-R 1918–2009 1402 1311c 93.5
H1-Consensus-P 1918–2009 1402 1402d 100
H1-2009-F 2009 270 269 99.6
H1-2009-R 2009 270 270 100
H1-2009-P 2009 270 269 99.6

Set 2 N1-2009-F 2009 188 188 100
N1-2009-R 2009 188 188 100
N1-2009-P 2009 188 188c 100
N2-F 1957–2009 2274 2104 92.5
N2-R 1957–2009 2274 2226 97.9
N2-P 1957–2009 2274 2230 98.1

Set 3 H3-F 1968–2009 1389 1322 95.2
H3-R 1968–2009 1389 1251 90.1
H3-P 1968–2009 1389 1382 99.5
N1-F 1918–2009 1495 1470 98.3
N1-R 1918–2009 1495 1445 96.7
N1-P 1918–2009 1495 1457 97.5

Set 4 Flu-M-F 1918–2009 1326 1314c 99.1
Flu-M-R 1918–2009 1326 1300c 98.0
Flu-M-P 1918–2009 1326 1324 99.8
Flu B-NP-F 1940–2008 234 234 100
Flu B-NP-R 1940–2008 234 232 99.1
Flu B-NP-P 1940–2008 234 233 99.6

a The host parameter from the Influenza Virus Resource database was “Human”.
b The parameters selected from the Influenza Virus Resource database were “Coding region”, “Full-length sequences only”, “Remove identical sequences” and “Include Lab

strains”.
c “Hits” were calculated using an in-house program (S base matching C or G base, Y base matching C or T base and R base matching A or G base) considering degenerate

b
ensus

2
r

s
v
t
(
a
t
s
c
T
s
T
m
N
c
i
m
#
e
a
o
i
t
a
(
l
p
(
o

ases.
d “Hits” were determined by the accurate match between the sequence data cons

.6. Sensitivity, reproducibility, and specificity of the multiplex
RT-PCR assay

The titres of the three known influenza A virus strains (sea-
onal H1N1, H3N2 and pandemic A/H1N1 2009), influenza B
irus, OC43 and Ad35 were measured by 50% tissue culture infec-
ive dose (TCID50) and calculated by the Reed–Muench method
Cunningham, 1973). Copies of RNA extracts of the three known
nd 11 unknown subtypes of influenza A virus strains were quan-
ified by SYBR green rRT-PCR. Quantification was done using a
tandard curve made by serial dilutions of pGEM-NP, a plasmid
ontaining a partial NP gene of influenza A virus (data not shown).
he limits of detection (LODs) were determined using 10-fold
erial dilutions (108–1 copies/reaction or 1.8 × 104 to 1.8 × 10−6

CID50/mL) of the quantified viral RNA extracts and of the plas-
ids cloned with genes of influenza A viruses including H1-2009,
1-2009, H1, N1, H3, N2, and M. In addition, another five clini-
al respiratory specimens positive for influenza B virus (#426A),
nfluenza C virus (#828A), adenovirus (#8313), human metapneu-

ovirus (hMPV; #1152A) and parainfluenza virus type 3 (PIV3;
2722) were recruited for the cross-reaction assay. Viral RNA
xtracts were tested at high concentrations (108 copies/reaction
bove the LOD) (Table 2) to determine the analytical specificity
f the rRT-PCR assay. Other respiratory viral nucleic acid extracts
ncluding influenza B virus, coronavirus OC43 and adenovirus were
ested at high TCID50s (Table 2). The analytical reproducibility
ssay was calculated at a degree of dilution of 105 copies/reaction

3.6 × 10−2 TCID50/reaction for influenza B virus). All of the ana-
ytical assays were run at least three times and each run was
erformed on different days. Inter-assay and intra-assay variability
coefficient of variation, CV), both measures of the reproducibility
f the rRT-PCR assays, was determined by the following formula:
and its probe.

CV(%) = SD CTs
Mean CTs

× 100%

SD CTs: standard deviation of CT values; Mean CTs: mean CT val-
ues.

2.7. Conventional RT-PCR for subtyping of seasonal influenza
viruses

The primer sequences of conventional RT-PCR for sub-
typing of seasonal influenza A viruses were provided by
the CNIC. The sequences and nucleotide positions of the
primers were H1-F768: 5′-ACTACTGGACTCTGCTGGAAC-3′

(768-788nt), H1-R1094: 5′-CAATGAAACCGGCAATGGCTCC-3′

(1094-1073nt) for the H1 subtype; N1-F1059: 5′-
AAGGGGTTTTCATACAGGGTATGGT-3′ (1059-1083nt), N1-R1165:
5′-TCTGTCCATCCATTAGGATCC-3′ (1165-1185nt) for the N1 sub-
type; H3-F671: 5′-ATCAGGGAGAGTCACAGTCTC-3′ (671-691nt),
H3-R940: 5′-ATGCTTCCATTTGGAGTGATGC-3′ (940-919nt) for the
H3 subtype and N2-F779: 5′-GGAAATCGTTCATATTAGCCCATTG-3′

(779-803nt), N2-R955: 5′-AGCACACATAACTGGAAACAATGC-3′

(955-932nt) for the N2 subtype. Conventional RT-PCR assays were
performed and optimised using the SuperScriptTM III One-Step
RT-PCR System with Platinum® Taq DNA Polymerase (Invitrogen)
according to the manufacturer’s instructions. Briefly, 5 �L of each
nucleic acid sample were added to a 20 �L master mix containing

the following components at the indicated final concentrations:
1× reaction buffer, 1 �L of SuperScriptTM III RT/Platinum® Taq
Mix and 500 nM of each primer. Thermocycling was carried out
as follows: 1 min at 60 ◦C, 10 min at 42 ◦C, 30 min at 50 ◦C and
15 min at 95 ◦C for reverse transcription (RT) and denaturation;
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35 cycles at 94 ◦C for 30 s, at 52 ◦C for 30 s, and at 72 ◦C for 1 min,
followed by 10 min at 72 ◦C. Amplified products were analysed
using electrophoresis on a 1% agarose gel stained with ethidium
bromide.

2.8. Nucleotide sequencing

Purified PCR amplicons were cloned into the pGEM-T Easy vec-
tor (Promega, Madison, WI) and sequenced using an ABI3730 DNA
Analyzer (Applied Biosystems, Norwalk, CT).

2.9. Statistical analysis

Statistical significance for the multiplex rRT-PCR assay and other
standard detection methods such as for conventional subtyping
PCR and the US CDC’s real-time PCR was determined via McNemar’s
chi-square test for matched pairs. A P-value ≤0.05 was considered
significant.

3. Results

3.1. In silico coverage of the primer/probe sets

To evaluate the coverage of all the primers/probes designed for
the new multiplex rRT-PCR, an in silico analysis using an in-house
program was performed (see Section 2.1). The results showed
that the coverage of these primers/probes – including sequences
acquired from the literature (Whiley et al., 2009) and from the WHO
– was 90.1–100% (Table 3).

3.2. Specificity of singleplex rRT-PCR

To assess the specificity of the multiplex rRT-PCR, the sequences
of primers/probes were analysed by Blast analysis. No cross-
reactivity with other respiratory viruses was found (data not
shown). Subsequently, the cross-reactivity of the singleplex
primers/probe was examined using a panel of virus strains and clin-
ical specimens (Table 2). No obvious cross-reactivity was observed
within influenza A virus type and its subtypes nor with influenza
B virus type or any other respiratory viruses. In addition, one
(A/Beijing/4046/2008) of the 11 influenza A virus isolates with
unknown subtypes was identified as the H1N1 subtype, and the
other 10 strains as the H3N2 subtype (Table 2). These results were
confirmed by subsequent sequencing of the PCR products. All of the
specific reactions had high positive fluorescence signals. The mean
CTs were in the range of 15.3–22.7, the standard deviations (SDs) of
the CT values ranged between 0.0–0.4, and the coefficients of vari-
ation (CVs) were all less than 5%. These data demonstrate the high
specificity of the primers/probes designed for this novel multiplex
rRT-PCR assay.

3.3. Sensitivity of multiplex rRT-PCR assay

The limits of detection (LODs) for each influenza virus in
the multiplex reaction ranged from 10 to 104 copies/reaction
(Table 4). The LOD for pandemic influenza A/H1N1 2009 detected
by H1-consensus primers/probe in Set 1 was 107 copies/reaction
(6.67 × 102 TCID50/mL). However, as the LODs of the H1-2009 in

Set 1 and the N1-2009 in Set 2 were 104 and 102 copies/reaction,
respectively, the detection sensitivity of pandemic influenza
A/H1N1 2009 was not affected. The CVs of the CT values of the LODs
were all less than 4% based on statistical analysis, suggesting that
these results were reproducible.
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3.4. Reproducibility of multiplex rRT-PCR assay

To assess the reproducibility of the multiplex rRT-PCR assay,
mean CT values and SD CTs were calculated at 105 copies/reaction
for influenza A viruses and at 3.6 × 10−2 TCID50/reaction for
influenza B viruses. The results showed that the CVs were
0.08–0.97% for intra-assays and 0.04–0.45% for inter-assays, sug-
gesting that the multiplex rRT-PCR assay is highly reproducible
(Table 5).

3.5. Validation of multiplex rRT-PCR assay

To validate the performance of the new multiplex rRT-PCR assay,
parallel detections were performed using conventional subtyping
PCR protocols recommended by the CNIC and the US CDC’s protocol
for pandemic influenza A/H1N1 2009 with a panel of 151 clinical
samples. The results of these detections and those for influenza A
virus subtyping are summarised in Table 6.

The multiplex rRT-PCR assay subtyped the 105 seasonal
influenza A viruses into 34 H1N1 and 71 H3N2. Furthermore, the
multiplex rRT-PCR assay identified four new H1N1 and four new
H3N2 strains, which had not been identified by conventional PCR
previously. These new strains were confirmed through sequenc-
ing of the PCR products. Statistical analysis (Table 6) suggested
that there were significant differences between the new multiplex
rRT-PCR and the conventional subtyping PCR in the detection of
seasonal influenza A virus (P = 6.15 × 10−5) and in H1N1 subtyp-
ing (P = 8.74 × 10−4). However, there was no significant difference
between the two methods in H3N2 subtyping (P = 0.13). Based on
these observations, the new multiplex rRT-PCR assay is more sen-
sitive in subtyping influenza A viruses than the conventional PCR
techniques.

The newly developed multiplex rRT-PCR showed high consis-
tency (96.88%) in detecting pandemic influenza A/H1N1 2009. This
is consistent with US CDC’s rRT-PCR protocol, as no significant dif-
ferences were found between the two assays (P = 1.00) (Table 6).
Interestingly, sample #LS1125-4, which was identified as “pan-
demic influenza A/H1N1 2009 positive” by the US CDC’s rRT-PCR,
was subtyped as H3N2 with the multiplex rRT-PCR assay. The
identification of H3N2 was later confirmed by sequencing the PCR
product.

4. Discussion

In this report, a new and rapid four-tube multiplex rRT-PCR
system for influenza virus diagnosis was developed. This sys-
tem can simultaneously detect pandemic influenza A/H1N1 2009
virus, distinguish seasonal influenza A and B viruses, and subtype
influenza A viruses into three HA and three NA subtypes (pandemic
influenza A/H1N1 2009, seasonal H1N1, and H3N2) (Fig. 1). The
assay improves on current standard assays and may aid in mini-
mizing the transmission of pandemic influenza A/H1N1 2009 by
identifying and distinguishing new cases of pandemic influenza
A/H1N1 2009 from seasonal influenza.

The newly developed multiplex rRT-PCR system has several
advantages over other assays for detection of influenza viruses.
First, it is more sensitive than conventional PCR assays in sub-
typing influenza A viruses (P = 6.15 × 10−5 compared with seasonal
influenza A virus detection; and P = 8.74 × 10−4 for H1N1 subtyp-
ing). The analysis of the LOD for pandemic influenza A/H1N1 2009

virus indicates that the strategy of multiple-targeting detection
ensures the sensitivity of the assay system and effectively low-
ers the false-negative rate. Second, owing to the de-novo design
of primers/probes for two target genes (H1-2009 and N1-2009
of the pandemic influenza A/H1N1 2009 virus, and H3 and N2
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Table 6
Performance of the multiplex rRT-PCR compared to other molecular tests for influenza subtyping and for the detection of pandemic influenza A/H1N1 2009.

Multiplex rRT-PCR Conventional subtyping PCR US CDC’s rRT-PCR

Influenza A A/H1N1 2009 H1N1a H3N2 Influenza B A/H1N1 2009

+ − Total + − Total + − Total + − Total + − Total + − Total

+ 119 18 137 0 31 31 52 13 65 68 4 72 0 2 2 31 0 31
− 0 14 14 0 120 120 0 86 86 0 79 79 0 149 149 1 119 120
Total 119 32 151 0 151 151 52 99 151 68 83 151 0 151 151 32 119 151
�2 16.06 29.03 11.08 2.25 0.50 0.00
Pb 6.15 × 10−5 7.12 × 10−8 8.74 × 10−4 0.13 0.48 1.00
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a Including pandemic influenza A/H1N1 2009 strains because the H1 and N1 con
he conventional subtyping PCR method detected pandemic influenza A/H1N1 200

b Statistical significance was determined via McNemar’s chi-square test for matc

f the H3N2 subtype, etc.), the multiplex rRT-PCR assay is spe-
ific for the detection of the pandemic influenza A/H1N1 2009
irus (Fig. 1A) and that of the H3N2 subtype (Fig. 1C and Fig. 2A).
s shown here, one sample identified as pandemic influenza
/H1N1 2009 by the US CDC’s rRT-PCR assay was confirmed to
e the H3N2 subtype by the new assay. Based on sequence align-
ent, the H1-2009 primers/probes had very low homologies with

hat for H3N2 (Fig. 2B). However, there were high homologies
etween the SW H1 primers/probes of the US CDC’s rRT-PCR

nd some H3N2 strains (such as A/Hong Kong/1-9-MA21-3/1968,
strain that is highly homologous to the sequencing product

f this test). In particular, the SW H1 reverse primer has eight
ontinuous matches with HA sequences found at the 3′ end in

ig. 1. Representative amplification curve showing typical patterns obtained from the
1-2009 (HEX channel, green curve) and H1-Consensus (FAM channel, blue curve) in Set
urve) in Set 3, and Flu A M (FAM channel, blue curve) in Set 4. (B) Seasonal H1N1 virus d
hannel, green curve) in Set 3, and Flu A M (FAM channel, blue curve) in Set 4. (C) Seaso
hannel, blue curve) in Set 3, and Flu A M (FAM channel, blue curve) in Set 4. (D) Influen
cid extractions of human clinical specimens and mammalian cell lines were detected by
f the references to color in this figure legend, the reader is referred to the web version o
s primers/probes of this current multiplex rRT-PCR and the H1 and N1 primers of
1N1.
irs. A P-value of ≤0.05 was considered significant.

H3N2, an important terminal site for primer specificity (Kwok et
al., 1990; Peacey et al., 2009) (Fig. 2C). Third, in the new mul-
tiplex rRT-PCR system, the consensus primers/probes cover the
majority of HA and NA sequences of each human influenza A sub-
type (H1, H3, N1 and N2) found in the Influenza Virus Resource
database (http://www.ncbi.nlm.nih.gov/genomes/FLU/) (Table 3).
This allows the new assay to identify a wide range of influenza sub-
types, as seen in Tables 6 and 2, which present data for subtyping
105 randomly selected influenza A virus positive samples collected

between January 2007 and December 2008, and 11 influenza A
virus isolates of unknown subtypes. Fourth, the new multiplex
rRT-PCR assay is highly flexible, as primers/probes can be eas-
ily adapted for the detection of some other or newly occurring

multiplex rRT-PCR assay. (A) Pandemic influenza A/H1N1 2009 virus detected by
1, N1-2009 (Cy5 channel, violet curve) in Set 2, N1-Consensus (HEX channel, green
etected by H1-Consensus (FAM channel, blue curve) in Set 1, N1-Consensus (HEX
nal H3N2 virus detected by N2 (HEX channel, green curve) in Set 2, and H3 (FAM
za B virus detected by Flu B NP (Cy5 channel, violet curve) in Set 4. All the nucleic
GAPDH (ROX channel, brown curve) in Set 4 (see A, B, C and D).(For interpretation

f the article.)

http://www.ncbi.nlm.nih.gov/genomes/FLU/
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ig. 2. Sequence alignment of the primers/probes with A/Hong Kong/1-9-MA21-3/
A) H3 primers/probe designed in this study. (B) H1-2009 primers/probe designed i

ubtypes of influenza viruses. This adaptation would make the mul-
iplex rRT-PCR a useful platform for the simultaneous detection
nd surveillance of multiple influenza viruses and/or possibly other
athogens.

In summary, a rapid multiplex rRT-PCR assay with high analyti-
al sensitivity, specificity, and reproducibility has been developed.
he assay will be useful for the surveillance, control, and prevention
f pandemic influenza A/H1N1 2009 and seasonal influenzas.
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