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Abstract

Presently, the resistance of Influenza A virus isolates causes great difficulty for the prevention and treatment of influenza A
virus infection. It is important to establish a drug-resistance detection method for epidemiological study and personalized
medicine in the clinical setting. Consequently, a cost-effective oligonucleotide microarray visualization method, which was
based on quantum dot-catalyzed silver deposition, was developed and evaluated for the simultaneous detection of
neuraminidase H275Y and E119V; matrix protein 2 V27A and S31N mutations of influenza A (H3N2), seasonal influenza A
(H1N1), and 2009 influenza A (H1N1). Then, 307 clinical throat swab specimens were detected and the drug-resistance
results showed that 100% (17/17) of influenza A (H3N2) and 100% (259/259) of 2009 influenza A (H1N1) samples were
resistant to amantadine and susceptible to oseltamivir; and 100% (5/5) of seasonal influenza A (H1N1) samples were
resistant to both amantadine and oseltamivir.
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Introduction

Influenza A virus significantly influences modern society and

kills 500,000 to 1,000,000 people every year [1]. Though

vaccination is a useful and primary strategy to control influenza

pandemic, antiviral drugs have been shown to be effective for

preventing and treating influenza infection. Presently, there are

two categories of first-line influenza antiviral drugs used in clinical

settings: neuraminidase (NA) inhibitors (oseltamivir and zanamivir)

and matrix protein 2 (M2)-ion channel blockers (amantadine and

rimantadine).

As these drugs are used, influenza A virus produces different

proportions of drug resistance. In the USA, from 2007 to 2009,

99.4% of seasonal influenza A (H1N1) was oseltamivir resistant,

and 0.4–0.7% of seasonal influenza A (H1N1) was amantadine

resistant; from 2009 to 2011, 0.9–1.1% of 2009 influenza A

(H1N1) (A novel swine-origin H1N1 subtype of influenza A virus

emerged in Mexico in April 2009) and 0.2% of influenza A

(H3N2) were oseltamivir resistant, while almost 100% of 2009

influenza A (H1N1) and influenza A (H3N2) were amantadine

resistant (http://www.cdc.gov/flu/weekly/). In China, 100% of

influenza A (H3N2) and 31.3–46.7% of seasonal influenza A

(H1N1) was amantadine resistant in 2009 [2,3]. None of 2009

influenza A (H1N1) and 94.4% of seasonal influenza A (H1N1)

was oseltamivir resistant in 2009. Therefore, resistance detection

of influenza is very important for influenza prevention, treatment,

and surveillance.

Most N1 subtypes that are resistant to oseltamivir have been

associated with the NA H275Y mutation [4], while N2 subtypes

have been associated with the NA E119V mutation [5].

Furthermore, more than 99% of amantadine resistance generally

resulted from mutations V27A and S31N in M2 [6,7,8]. To ensure

rapid resistance diagnosis, several molecular assays based on real-

time PCR, microarrays, and sequencing have been reported for

the resistance detection of influenza A virus [8,9,10,11]. However,

to the best of our knowledge, simultaneous detection of resistance

mutations of oseltamivir and amantadine on a single assay has not

been reported previously.

DNA microarrays, a technology with rapid, reliable, efficient,

precise, and high-throughput characteristics, have been used for

gene expression analysis [12], single-nucleotide polymorphism

(SNP) detection [13], disease diagnosis [14], pathogenic microor-

ganism detection [15], etc. Quantum dots, semiconductor

nanocrystal, have been widely used for diverse bio imagine

applications due to their robust fluorescence characteristics

[16,17]. However, microarray visualization technology based on

quantum dot-catalyzed silver deposition has rarely been reported.

In this paper, this microarray visualization technology was used for

drug-resistance detection of influenza A virus.
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Objective
The objective of this study was to design a cost-effective

oligonucleotide microarray visualization method to simultaneously

detect NA H275Y, NA E119V, M2 V27A, and M2 S31N

mutations of influenza A (H3N2), seasonal influenza A (H1N1),

and 2009 influenza A (H1N1).

Materials and Methods

Ethics Statement
This assay did not involve human participants or human

experimentation. The only human materials used were throat

swab samples collected from hospital patients with fever. Informed

written consent was obtained from patients. Ethical approval for

this research was obtained from the Research Ethics committee,

Academy of Military Medical Sciences, People’s Republic of

China.

Specimen collection and processing
Clinical throat swab samples of influenza A virus were collected

from the Yiwu Centers for Disease Control (CDC) of Zhejiang

province, People’s Liberation Army 301 Hospital of China, and

People’s Liberation Army 307 Hospital of China from April to

December 2009. Total RNA, extracted by the TIANamp Virus

RNA Kit (Tiangen Biotech Beijing Co., Ltd.), was used for

molecular diagnosis.

Primer and probe design
A total of 305 NA gene and 607 M2 gene FASTA sequences of

human influenza A (H3N2), seasonal influenza A (H1N1), and

2009 influenza A (H1N1) isolates were downloaded from NCBI’s

nucleotide database (http://www.ncbi.nlm.nih.gov/genomes/

FLU/FLU.html). Then, the sequences were aligned using AlignX

(a component of the Vector NTI Advance 10.3.0). We designed

degenerate primers to amplify the resistance-associated sequences

of oseltamivir and amantadine, respectively, in the conserved

upstream and downstream regions. Moreover, microarray probes

ranging from 17 to 21 nucleotides were designed to detect H275Y,

E119V, V27A, and S31N mutations, respectively, of the three

influenza subtypes. Eventually, nine primers and twenty-nine

probes, which were able to perfectly distinguish susceptible and

resistant genotypes, were selected. All the primers and probes were

verified by BLAST (http://blast.ncbi.nlm.nih.gov/), and the

sequences are shown in Tables 1 and 2.

Microarray preparation
All microarray probes were synthesized by Sangon Biotech Co.,

Ltd. (Shanghai), and a repeat sequence of 12T with an amino-

labeled 39-end was connected to the 39-end of all the probes so that

it could be fixed on the aldehyde-chip surface. Probes, at 50 mM

final concentration, were spotted on the aldehyde-chip after

mixing with uniform proportional printing buffer (5% glycerol,

0.1% sodium dodecyl sulfate (SDS), 66saline-sodium citrate buffer

(SSC), and 2% (wt/vol) Ficoll 400). The microarray was placed in

a dryer for 24 h at room temperature, and unbound probes were

removed by washing once with 0.2% SDS and once with distilled

water for 30 s each at room temperature prior to use. The

microarray layout is shown in Fig. 1.

RT-PCR amplification
The resistance mutation fragments of oseltamivir and amanta-

dine were respectively amplified by a RT-PCR system. Each RT-

PCR was performed in a 20 mL reaction volume containing 10 mL

of 261 Step Buffer, 5 mL of genomic RNA template, 0.8 mL of

PrimeScript 1 Step Enzyme Mix (Takara Biotechnology (Dalian)

Co., Ltd.). For the oseltamivir-resistant mutation fragment

amplification, the RT-PCR system contained each reverse primer

at 0.5 mM and each forward primer at 0.1 mM; while for the

amantadine-resistant mutation fragment amplification, it con-

tained each reverse primer at 0.75 mM and each forward primer at

0.15 mM. Amplifications were performed on a Veritil 96-Well

Thermal Cycler PCR system (Applied Biosystems) using the

following conditions: 30 min at 50uC; 2 min at 94uC; 45 cycles of

20 s at 94uC, 20 s at 55uC, and 20 s at 72uC; and a final extension

of 5 min at 72uC.

Hybridization and signal detection
After the resistance mutation fragments were amplified, 2.5 mL

of each amplification product of the two reactions was mixed with

5 mL of hybridization buffer (86SSC, 0.6% SDS, 10% formyla-

mine, and 106Denhardt). A total of 10 mL of hybridization

mixture was added to the hybridization region on the microarray,

then the chip was placed in the hybrid-box, and it was incubated

for 1 h at 45uC. Subsequently, the chip was washed once in turn

for 30 s with 16SSC and 0.2% SDS, 0.26SSC, and 0.16SSC at

room temperature.

In this assay, we introduced two approaches (fluorescence and

visible detection) to detect the microarray signal. For the

fluorescence method, Cy3-labeled reverse primers were used in

the RT-PCR amplification, and after hybridization and washing,

the dried chip was directly scanned by a GenePix Personal 4100A

(Axon Instrument). For the visible detection method, biotin-

labeled reverse primers were used in the RT-PCR amplification.

After hybridization and washing were complete, the chip was

incubated with 15 mL of 25 nM streptavidin-quantum dots (Str-

QDs, Wuhan Jiayuan Quantum Dots Co., Ltd.) for 10 min at

37uC. Then, the chip was washed with PBST (phosphate buffer,

0.05% Tween 20) five times for 20 s and distilled water once for

10 s at room temperature. Subsequently, 15 mL of aqueous silver

acetate solution (Acros Organics) and 15 mL of hydroquinone

citric acid solution (Acros Organics) were mixed before use and

added. Eventually, the chip was washed with distilled water to

terminate the reaction when the black signal point appeared. The

dried chip was scanned by Image Scanner (UMAX, Amersham

Biosciences).

The probe signal densities of the two microarray detection

methods were calculated by Arrayvision 7.0.

Specificity and sensitivity evaluation
The specificity of this microarray was evaluated by positive

strains of influenza (see in Table 3) and a panel of negative

controls. These negative controls include common human

respiratory viruses such as influenza B, parainfluenza 1, 2, 3,

adenovirus AD2, AD3, AD30, AD40, AD41, measles, rubella,

parotitis, respiratory syncytial virus HK6 and B. In vitro transcribed

RNAs of oseltamivir and amantadine-susceptible and resistant

genotypes, which were defined by sequencing, were also used as

templates to determine the reliability of genotypes detection

results.

In these assays, Influenza A virus (H1N1) Nucleic Acid

Detection Kit (coProbes Real-Time PCR) (Shenzhen Puruikang

Biotech Co., Ltd.) and Influenza virus A Real-Time RT-PCR Kit

(Shanghai ZJ Bio-Tech Co., Ltd.) were used as references for

sensitivity evaluation. In particular, five dilutions (initial, 51, 52, 53,

and 54) of the RNA templates, the clinical throat swab sample

extracts of the three influenza A virus subtypes, were amplified to

compare the sensitivity of our microarray with that of the Real-

Detection of Resistant Influenza by Microarray
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Time RT-PCR Kit. Subsequently, some of the samples detected

by microarray analysis were sequenced to verify the subtypes.

In vitro transcribed RNAs (106 copies/ml) of oseltamivir and

amantadine-susceptible and resistant genotypes mixed at different

proportions (99:1, 95:5, 90:10, 50:50, 10:90, 5:95, 1:99) were used

as templates to evaluate the sensitivity of the microarray to

distinguish the mixed population.

3.8 Resistance detection of clinical samples
The resistance genotypes of 307 clinical throat swab samples of

influenza A virus, collected from three institutions, were detected

by microarray analysis, and the resistance genotypes of a portion

of samples were verified by sequencing.

Results

Specificity of the microarray
In this assay, the microarray was able to well distinguish the

subtypes and resistance genotypes of influenza A (H3N2), seasonal

influenza A (H1N1), and 2009 influenza A (H1N1) samples. The

ratio of the arithmetic mean of all the wild probes to that of all the

mutant probes for the definite subtypes was determined. If the

ratio was greater than 2.0, the sample was considered to be wild-

type, while if the ratio was less than 0.5, the sample was considered

to be resistant. The microarray images of the three subtypes are

shown in Fig. 2.

The results of susceptible and resistant subtypes for in vitro

transcribed RNAs showed the microarray was able to exactly

distinguish the variants of these nucleotides (see in Fig. S1). All the

negative controls showed the negative microarray results and

which also demonstrated the specificity of this assay (see in Fig.

S2).

Sensitivity of the microarray
For the sensitivity determination, we compared the two types of

microarray detection methods with the real-time RT-PCR

method, and we discovered that the Str-QDs and Cy3 methods

possessed similar detection sensitivities as the real-time RT-PCR

method. The sensitivity of the real-time RT-PCR kit was

1.06103 PFU/mL; consequently, our microarrays had similar

sensitivities. The sensitivity comparison results of 2009 influenza A

(H1N1) subtypes are shown in Fig. 3.

The sensitivity of the method to distinguish the mixed

population of the drug-sensitive and resistant was compared by

detection of the mixed in vitro transcribed RNAs templates, and the

results showed that the microarray detected the minor population

(.1% for oseltamivir mixed RNA and .5% for amantadine

mixed RNA; the compare results of 2009 influenza A (H1N1) see

in Fig. S3).

Resistance detection of clinical samples
A total of clinical throat swab specimens of three subtypes of

influenza A virus, collected from the hospital patients with fever

who couldn’t determine whether taking medication, were analyzed

by our microarray. The subtypes results of these samples were 17

influenza A (H3N2), 5 seasonal influenza A (H1N1), 259 2009

influenza A (H1N1), and 26 negative and the drug-resistance

results were as follows: 100% (17/17) influenza A (H3N2), 100%

(5/5) seasonal influenza A (H1N1), and 100% (259/259) 2009

influenza A (H1N1) clinical throat swab samples were resistant to

amantadine; 100% (5/5) seasonal influenza A (H1N1) samples

Table 1. The primer sequences for microarray.

Primersa Sequence(59-39)f Location Targeted genesg Targeted viruses

NF1-1 CAAGAGTCTGAATGTGCATG 699–718c Neuraminidase 2009 influenza A
(H1N1)

NF1-2 CAAGAGTCTGAATGTGTCTG 699–718c Neuraminidase Seasonal influenza A
(H1N1)

NF1-3 CTGACCAACACCACCATA 221–238d Neuraminidase Influenza A (H3N2)

NR2-1b GGATCCCAAATCATCTCAAA 1131–1150c Neuraminidase 2009 influenza A
(H1N1) Seasonal
influenza A (H1N1)

NR2-2b CATCAATAGGGTCCGATA 482–499d Neuraminidase Influenza A (H3N2)

MF2-1 CGAATGGGGGTGCAGATGC 752–770e Matrix protein Seasonal influenza A
(H1N1) Influenza A
(H3N2)

MF2-2 CGAATGGGAGTGCAGATGC 752–770e Matrix protein 2009 influenza A
(H1N1)

MR3-1b TCCACAGCATTCTGCTGTTCC 947–967e Matrix protein Seasonal influenza A
(H1N1) Influenza A
(H3N2)

MR3-2b TCCACAGCACTCTGCTGTTCC 947–967e Matrix protein 2009 influenza A
(H1N1)

aF for forward primers and R for reverse primers.
bAll the reverse primers with a Cy3- or biotin-labeled 59-end.
cNumber of the position of the primer according to GenBank accession number CY081570.
dNumber of the position of the primer according to GenBank accession number CY091828.
eNumber of the position of the primer according to GenBank accession number HQ011421.
fNucleotides in italic showed the natural variants of different subtypes.
gThe primers for neuraminidase were used for oseltamivir-resistant mutation fragment amplification and the primers of matrix protein were used for amantadine-
resistant mutation fragment amplification.
doi:10.1371/journal.pone.0057154.t001

Detection of Resistant Influenza by Microarray
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were resistant to oseltamivir; and no influenza A (H3N2) or 2009

influenza A (H1N1) samples were resistant to oseltamivir. The

resistance genotypes of 161 positive samples of the three subtypes

were verified by sequencing (see in Fig. S4). V27A sites of two

cases of 2009 influenza A (H1N1) (27V confirmed by sequencing)

were not detected by microarray, while 31N and 275H were

consistent with sequencing. The accuracy of consistency between

sequencing and microarray was 98.8%. There were three

genotypes of the 281 positive clinical throat swab samples: 27V-

31N-119E for influenza A (H3N2), 27V-31N-275Y for seasonal

influenza A (H1N1), and 27V-31N-275H for 2009 influenza A

(H1N1) and all the statistics results of ratio for clinical throat swab

samples are shown in column graphs (see in Fig. 4). The statistics

showed that the ratios of wild-type sites were greater than 2 and

these of mutant-type sites were less than 0.5.

All of the cycle threshold (Ct) values of the 26 negative samples,

detected by real-time RT-PCR, were more than 35. The

microarray detection results of clinical samples are shown in

Table 4.

Discussion

To the best of our knowledge, this is the first report of a method

that simultaneously detects two types of influenza antiviral drug-

resistance mutations of three influenza subtypes on a single DNA

microarray. This microarray was fast and high-throughput, and

the entire experiment, from extraction of samples to microarray

detection, could be completed within 6 h. The detection cost per

sample was less than five dollars. These characteristics will aid the

treatment, prevention, resistance surveillance and epidemiological

study of influenza A virus. In order to determine the reliability of

the microarray, in vitro transcribed RNAs of oseltamivir and

amantadine-susceptible and resistant genotypes, which were

defined by sequencing, were used as templates to verify the

detection results. Some positive strains of influenza A virus were

Table 2. The probes sequences for microarray.

Virus Probes Sequence(59-39)a Locationb

Influenza A (H3N2) H3N2-27-W1 ACCCGCTTGTTGTTGCC M 784-800

H3N2-27-W2 ACCCGCTTGTTGTTGCT M 784-800

H3N2-27-M1 ACCCGCTTGCTGTTGCC M 784-800

H3N2-27-M2 ACCCGCTTGCTGTTGCT M 784-800

H3N2-31-W1 TTGCCGCGAGTATCATTG M 796-813

H3N2-31-W2 TTGCTGCGAGTATCATTG M 796-813

H3N2-31-M1 TTGCCGCGAATATCATTG M 796-813

H3N2-31-M2 TTGCTGCGAATATCATTG M 796-813

H3N2-119-W GTGACAAGAGAACCTTATGTG NA 346-366

H3N2-119-M GTGACAAGAGTACCTTATGT NA 346-365

Seasonal influenza A (H1N1) H1N1-27-W1 ACCCTCTTGTTGTTGCC M 784-800

H1N1-27-W2 ATCCTCTTGTTGTTGCC M 784-800

H1N1-27-W3 ATCCTCTCGTTATTGCC M 784-800

H1N1-27-M1 ACCCTCTTGCTGTTGCC M 784-800

H1N1-27-M2 ATCCTCTTGCTGTTGCC M 784-800

H1N1-27-M3 ATCCTCTCGCTATTGCC M 784-800

H1N1-31-W1 TTGCCGCAAGTATAATTG M 796-813

H1N1-31-W2 TTGCCGCAAGTATCATTG M 796-813

H1N1-31-W3 TTGCCGCAAGTATAGTTG M 796-813

H1N1-31-M1 TTGCCGCAAATATAATTG M 796-813

H1N1-31-M2 TTGCCGCAAATATCATTG M 796-813

H1N1-275-W ACCCAATTTTCATTATGAGGA NA 813-833

H1N1-275-M ACCCAATTTTTATTATGAGG NA 813-832

2009 influenza A(H1N1) PH1N1-27-W TCCTCTCGTCATTGCAG M 785-801

PH1N1-27-M ATCCTCTCGCCATTGCA M 784-800

PH1N1-31-W TGCAGCAAGTATCATTGG M 797-814

PH1N1-31-M TTGCAGCAAATATCATTGG M 796-814

PH1N1-275-W CCCTAATTATCACTATGAGGA NA 813-833

PH1N1-275-M CCCTAATTATTACTATGAGG NA 813-832

Quality controlC 20T TTTTTTTTTT TTTTTTTTTT

aA repeat sequence of 12T with an amino-labeled 39-end was connected to the 39-end of all the probes. The bold nucleotides represent the resistant or susceptible
genotypes and the natural variants nucleotides were shown in italics.
bM presented Matrix protein, NA presented Neuraminidase.
CA repeat sequence of 20T with an amino-labeled 39-end, Cy3- or Biotin-labeled 59-end was used as microarray quality control.
doi:10.1371/journal.pone.0057154.t002

Detection of Resistant Influenza by Microarray
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also collected to verify the microarray results. Moreover, the

sequencing results of 161 positive samples also verified the

reliability of the microarray results and the accuracy between

sequencing and microarray was 98.8%. But this accuracy result

has some limitation due to the scant date of influenza A virus

(H3N2) and influenza A virus (H1N1). In this assay, we compared

the sensitivity and genotyping of two kinds of microarray detection

methods, and they had similar sensitivities as the real-time RT-

PCR kit. Though the Cy3 method had a shorter detection time

and the simpler detection step, it required an expensive

fluorescence scanner. In contrast, the Str-QDs approach could

significantly reduce testing costs, and it also could be used for field

diagnostics because the results can be visualized by the naked eye.

Therefore, funded institutions are able to choose the Cy3 method,

while other users can choose the lower cost Str-QDs method.

In this assay, multiple probe pairs were used for amantadine

resistance detection of influenza A (H3N2) and seasonal influenza

A (H1N1) since the existence of natural variants nucleotides near

the resistance mutations and that maybe a limitation of DNA

microarray methods compare with sequencing methods. However,

for the mixed infection samples (infected two or more influenza A

virus at the same time), which could not be detected by direct

sequencing of PCR products, were able to well distinguish the

subtypes and resistance genotypes by microarray. All of the cycle

threshold (Ct) values of the 26 negative samples, detected by real-

time RT-PCR, were more than 35, so the negative results detected

by microarray may be due to these reasons: the concentrations of

these samples below the microarray sensitivity, infected with other

subtypes of influenza virus, or indeed negative samples. In

addition, a small number of high viral load specimens, which

could not exactly distinguish the resistance genotypes, could be

Figure 1. Microarray layout. Capture probes were spotted in
triplicate in rows and were grouped in three areas by subtypes. The
sequence of 20T was repeated 20 times for quality control and
indicated the situations of capture probes.
doi:10.1371/journal.pone.0057154.g001

Table 3. Positive strains of influenza A virus.

Subtypes Strainsa

2009 influenza A (H1N1) A/Beijing/SWL1/2009/(H1N1)

A/Hunan/SWL3/2009/(H1N1)

seasonal influenza A (H1N1) A/Hufang/7/1999(H1N1)

influenza A (H3N2) A/Yunnan/1145/2005/(H3N2)

aThe positive strains of influenza A virus were collected to develop and evaluate
the microarray.
doi:10.1371/journal.pone.0057154.t003

Figure 2. Fluorescence and visible detection of three subtypes of influenza A virus. a b c All of the three viruses used for comparing the
accuracy between fluorescence and visible detection were clinical throat swab samples.
doi:10.1371/journal.pone.0057154.g002

Detection of Resistant Influenza by Microarray
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diluted 20-fold before or after RT-PCR amplification to increase

the discriminatory power.

NA inhibitors and M2-ion channel blockers are two classes of

antiviral drugs that have been approved for specific management

of influenza. In this study, all of the clinical throat swab samples

were resistant to amantadine and none of the influenza A (H3N2)

and 2009 influenza A (H1N1) samples were resistant to

oseltamivir. However, all of the five seasonal influenza A (H1N1)

Figure 3. The sensitivity comparison results of 2009 influenza A (H1N1)a. a The real-time RT-PCRs were amplified by the CFX96 TouchTM

Real-Time PCR Detection System (Bio-Rad). Five dilutions (initial, 51, 52, 53, and 54) of 2009 influenza A (H1N1) templates, the extracts of clinical throat
swab samples, were amplified to compare the sensitivity of our microarray with that of the Influenza A virus (H1N1) Nucleic Acids Detection Kit
(coProbes Real-Time PCR) (Shenzhen Puruikang Biotech Co., Ltd.). All three methods could detect templates at 52 dilutions, so they had similar
sensitivities. The sensitivity comparison results of the other two subtypes showed similar conclusions (the results were no shown).
doi:10.1371/journal.pone.0057154.g003

Figure 4. The ratio statistic results of resistance and susceptibility of the clinical throat swap specimens. The ratio of the arithmetic
mean of all the wild probes to that of all the mutant probes for the definite subtypes was determined and the statistic results of 281 positive clinical
throat swab samples were separately shown in two column graphs by the ratio range of resistance and susceptibility. The statistics showed that the
ratios of wild-type sites were greater than 2 and these of mutant-type sites were less than 0.5.
doi:10.1371/journal.pone.0057154.g004

Detection of Resistant Influenza by Microarray
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samples, collected in 2009, were resistant to both oseltamivir and

amantadine. Thus, zanamivir or other drugs should be selected to

treat these dual-resistant virus-infected patients. However, the date

for seasonal A (H1N1) was scant because only five seasonal A

(H1N1) viruses were tested. Since 2009, influenza A (H3N2) and

2009 influenza A (H1N1) have increased more rapidly than

seasonal influenza A (H1N1) to become the predominant epidemic

strains of influenza A virus. According to the literature, multiple

amino acid mutations are associated with drug-resistance of

influenza A virus. In addition to the resistance mutations detected

in this paper, there are some rare mutations that could lead to

drug-resistance. For instance, I117V [18], I117M [18], S247N

[19], I223R [20], N294S [21], and R292K [22] of NA have been

reported to be associated with NA inhibitor resistance, and some

of them had combinatorial, compensatory, or synergistic effects

[18,23,24]. These effects significantly increased the virulence or

resistance of influenza virus. Furthermore, the mutations associ-

ated to the response of influenza A (H5N1) and Influenza B virus

to anti-viral drugs also could not be detected by this assay, which

limited the suitable extent of the microarray. In this paper,

oseltamivir-resistant clinical samples of influenza A (H3N2) and

2009 influenza A (H1N1) were not detected, but due to the limited

number of specimens, the short time frame of samples collection,

and the limited detection sites associate to resistance, we were not

able to demonstrate any oseltamivir-resistant strains in China.

Presently, NA inhibitors are still considered to be the most

effective drugs in treating and preventing infection of influenza A

(H3N2) and 2009 influenza A (H1N1); and although M2-ion

channel blockers have a high proportion of resistance, they are still

commonly used in clinical settings in China. According to report,

susceptible and resistant influenza infection studies in mouse

models have shown that the efficacy of reducing mortality and

weight loss with a combination of amantadine with oseltamivir and

ribavirin was significantly higher than that of dual and single drug

treatment; in addition, they demonstrated that the activity of

amantadine against a resistant strain could be restored with the

triple combination [25]. Furthermore, the combination of the

three antiviral drugs could enhance a high genetic barrier to

resistance; consequently, it continually suppressed drug-resistant

viruses [26]. A clinical retrospective report also showed that the

14-day mortality of patients who received the triple-combination

of the three antiviral drugs was significantly lower than that of

patients who received oseltamivir mono-therapy [27]. Thus,

although amantadine has a very high rate of resistance, it still

possesses a great significance in the clinical treatment of influenza

A virus infection.

For immune-deficient and severe hospitalized patients, rapid

determination of virus resistance and monitoring viral clearance

are extremely important. Furthermore, since currently there exists

a shortage of antiviral drugs, resistance surveillance is essential for

establishing appropriate treatment plans for patients, standardiz-

ing the application of antiviral drugs, and preventing abuse.

Presently, hundreds of oseltamivir-resistant cases have been

reported throughout the world [28,29,30]; so if we do not regulate

the use of oseltamivir, the same situation as with amantadine could

result in the near future – all influenza viruses could be resistant to

oseltamivir.

Supporting Information

Figure S1 The microarray and sequencing results to
detect susceptible and resistant templates of in vitro
transcribed RNAs. In vitro transcribed RNAs of oseltamivir and

amantadine-susceptible and resistant genotypes, which were

defined by sequencing, were used as templates to determine the

reliability of genotypes detection results. The results showed that

the microarray was able to exactly distinguish the variants of these

susceptible and resistant templates.

(PDF)

Figure S2 The microarray results of a panel of negative
controls. The specificity of this microarray was evaluated by a

panel of negative controls, which include common human

respiratory viruses such as influenza B, parainfluenza 1, 2, 3,

adenovirus AD2, AD3, AD30, AD40, AD41, measles, rubella,

parotitis, respiratory syncytial virus HK6 and B. The microarray

results of these negative controls demonstrated the specificity of

this assay.

(PDF)

Figure S3 The sensitivity of the method to distinguish
the mixed population of 2009 influenza A (H1N1). In vitro

transcribed RNAs (106 copies/ml) of oseltamivir and amantadine-

susceptible and resistant genotypes mixed at different proportions

(99:1, 95:5, 90:10, 50:50, 10:90, 5:95, 1:99) were used as templates

to evaluate the sensitivity of the microarray to distinguish the

mixed population. The results showed that the microarray

detected the minor population (.1% for oseltamivir mixed

RNA and .5% for amantadine mixed RNA).

(PDF)

Table 4. The subtypes and resistant genotypes results of clinical throat swab samples.

Microarray Sequencing

Subtypes Number Amantadine-resistance(resistance rates) Oseltamivir-resistance(resistance rates) Number(Coincidence rates)

Influenza A (H3N2) 17 17(100%) 0(0%) 14(100%)

Seasonal influenza A
(H1N1)

5 5(100%) 5(100%) 3(100%)

2009 influenza A
(H1N1)

259 259(100%) 0(0%) 144(98.6%)

negative 26 - -

total 307 281 5 161(98.8%)

All the positive samples were resistant to amantadine, none of influenza A (H3N2) and 2009 influenza A (H1N1) were resistant to oseltamivir, but all the five seasonal
influenza A (H1N1), collected in 2009, were resistant to both oseltamivir and amantadine. V27A sites of two cases of 2009 influenza A (H1N1) (27V confirmed by
sequencing) were not detected by microarray, while 31N and 275H were consistent with sequencing. The accuracy of consistency between sequencing and microarray
was 98.8%.
doi:10.1371/journal.pone.0057154.t004
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Figure S4 The sequencing results of 161 positive
samples of influenza A virus. 144 2009 influenza A

(H1N1), 14 influenza A (H3N2), and 3 Seasonal influenza A

(H1N1) positive clinical throat swab samples were verified by

sequencing using BigDye terminator cycle sequencing kit, version

3.1 (Applied Biosystems) in ABI 3730 Genetic analyzer (Applied

Biosystems), then the sequences were aligned by AlignX (a

component of Vector NTI Advance 10.3.0) respectively.

(PDF)

Acknowledgments

We wish to thank the YiWu CDC of Zhejiang province, People’s

Liberation Army 301 Hospital of China, and People’s Liberation Army

307 Hospital of China for providing clinical throat swab samples of

influenza A virus.

Author Contributions

Conceived and designed the experiments: YZ QL SC SW. Performed the

experiments: YZ QL DW. Analyzed the data: YZ. Contributed reagents/

materials/analysis tools: YZ QL DW. Wrote the paper: YZ.

References

1. Layne SP, Beugelsdijk TJ, Patel CK, Taubenberger JK, Cox NJ, et al. (2001) A
global lab against influenza. Science 293: 1729.

2. Lan Y, Zhang Y, Dong L, Wang D, Huang W, et al. (2010) A comprehensive
surveillance of adamantane resistance among human influenza A virus isolated

from mainland China between 1956 and 2009. Antivir Ther 15: 853–859.

3. Zhou J, Zou L, Zhang X, Liao J, Ni H, et al. (2011) Adamantane- and
oseltamivir-resistant seasonal A (H1N1) and pandemic A (H1N1) 2009 influenza

viruses in Guangdong, China, during 2008 and 2009. J Clin Microbiol 49:
2651–2655.

4. Meijer A, Lackenby A, Hungnes O, Lina B, van-der-Werf S, et al. (2009)

Oseltamivir-resistant influenza virus A (H1N1), Europe, 2007-08 season. Emerg
Infect Dis 15: 552–560.

5. Baz M, Abed Y, McDonald J, Boivin G (2006) Characterization of multidrug-
resistant influenza A/H3N2 viruses shed during 1 year by an immunocompro-

mised child. Clin Infect Dis 43: 1555–1561.
6. Bright RA, Medina MJ, Xu X, Perez-Oronoz G, Wallis TR, et al. (2005)

Incidence of adamantane resistance among influenza A (H3N2) viruses isolated

worldwide from 1994 to 2005: a cause for concern. Lancet 366: 1175–1181.
7. Bright RA, Shay DK, Shu B, Cox NJ, Klimov AI (2006) Adamantane resistance

among influenza A viruses isolated early during the 2005–2006 influenza season
in the United States. JAMA 295: 891–894.

8. Townsend MB, Smagala JA, Dawson ED, Deyde V, Gubareva L, et al. (2008)

Detection of adamantane-resistant influenza on a microarray. J Clin Virol 42:
117–123.

9. Baranovich T, Saito R, Suzuki Y, Zaraket H, Dapat C, et al. (2010) Emergence
of H274Y oseltamivir-resistant A(H1N1) influenza viruses in Japan during the

2008–2009 season. J Clin Virol 47: 23–28.

10. Redlberger-Fritz M, Aberle SW, Strassl R, Popow-Kraupp T (2011) Rapid
identification of neuraminidase inhibitor resistance mutations in seasonal

influenza virus A(H1N1), A(H1N1)2009, and A(H3N2) subtypes by melting
point analysis. Eur J Clin Microbiol Infect Dis.

11. Sheu TG, Fry AM, Garten RJ, Deyde VM, Shwe T, et al. (2011) Dual resistance
to adamantanes and oseltamivir among seasonal influenza A(H1N1) viruses:

2008–2010. J Infect Dis 203: 13–17.

12. Mazzatti D, Lim FL, O’Hara A, Wood IS, Trayhurn P (2012) A microarray
analysis of the hypoxia-induced modulation of gene expression in human

adipocytes. Arch Physiol Biochem.
13. Crameri A, Marfurt J, Mugittu K, Maire N, Regos A, et al. (2007) Rapid

microarray-based method for monitoring of all currently known single-

nucleotide polymorphisms associated with parasite resistance to antimalaria
drugs. J Clin Microbiol 45: 3685–3691.

14. Kolquist KA, Schultz RA, Furrow A, Brown TC, Han JY, et al. (2011)
Microarray-based comparative genomic hybridization of cancer targets reveals

novel, recurrent genetic aberrations in the myelodysplastic syndromes. Cancer
Genet 204: 603–628.

15. Chen EC, Miller SA, DeRisi JL, Chiu CY (2011) Using a pan-viral microarray

assay (Virochip) to screen clinical samples for viral pathogens. J Vis Exp.
16. Li L, Qu X, Sun J, Yang M, Song B, et al. (2011) Single-molecule-counting

protein microarray assay with nanoliter samples and its application in the
dynamic protein expression of living cells. Biosens Bioelectron 26: 3688–3691.

17. Sanvicens N, Pascual N, Fernandez-Arguelles MT, Adrian J, Costa-Fernandez

JM, et al. (2011) Quantum dot-based array for sensitive detection of Escherichia

coli. Anal Bioanal Chem 399: 2755–2762.

18. Hurt AC, Leang SK, Speers DJ, Barr IG, Maurer-Stroh S (2012) Mutations

I117V and I117M and oseltamivir sensitivity of pandemic (H1N1) 2009 viruses.

Emerg Infect Dis 18: 109–112.

19. Hurt AC, Lee RT, Leang SK, Cui L, Deng YM, et al. (2011) Increased detection

in Australia and Singapore of a novel influenza A(H1N1) 2009 variant with

reduced oseltamivir and zanamivir sensitivity due to a S247N neuraminidase

mutation. Eurosurveillance 16: 2–7.

20. van der Vries E, Stelma FF, Boucher CA (2010) Emergence of a multidrug-

resistant pandemic influenza A (H1N1) virus. N Engl J Med 363: 1381–1382.

21. Karthick V, Shanthi V, Rajasekaran R, Ramanathan K (2012) In silico analysis

of drug-resistant mutant of neuraminidase (N294S) against oseltamivir.

Protoplasma.

22. Abed Y, Nehme B, Baz M, Boivin G (2008) Activity of the neuraminidase

inhibitor A-315675 against oseltamivir-resistant influenza neuraminidases of N1

and N2 subtypes. Antiviral Res 77: 163–166.

23. Richard M, Ferraris O, Erny A, Barthelemy M, Traversier A, et al. (2011)

Combinatorial effect of two framework mutations (E119V and I222L) in the

neuraminidase active site of H3N2 influenza virus on resistance to oseltamivir.

Antimicrob Agents Chemother 55: 2942–2952.

24. Simon P, Holder BP, Bouhy X, Abed Y, Beauchemin CA, et al. (2011) The

I222V neuraminidase mutation has a compensatory role in replication of an

oseltamivir-resistant influenza virus A/H3N2 E119V mutant. J Clin Microbiol

49: 715–717.

25. Nguyen JT, Smee DF, Barnard DL, Julander JG, Gross M, et al. (2012) Efficacy

of Combined Therapy with Amantadine, Oseltamivir, and Ribavirin In Vivo

against Susceptible and Amantadine-Resistant Influenza A Viruses. PLoS One

7: e31006.

26. Hoopes JD, Driebe EM, Kelley E, Engelthaler DM, Keim PS, et al. (2011)

Triple combination antiviral drug (TCAD) composed of amantadine, oseltami-

vir, and ribavirin impedes the selection of drug-resistant influenza A virus. PLoS

One 6: e29778.

27. Kim WY, Young Suh G, Huh JW, Kim SH, Kim MJ, et al. (2011) Triple-

combination antiviral drug for pandemic H1N1 influenza virus infection in

critically ill patients on mechanical ventilation. Antimicrob Agents Chemother

55: 5703–5709.

28. Alonso M, Rodriguez-Sanchez B, Giannella M, Catalan P, Gayoso J, et al.

(2011) Resistance and virulence mutations in patients with persistent infection by

pandemic 2009 A/H1N1 influenza. J Clin Virol 50: 114–118.

29. (2009) Oseltamivir-resistant novel influenza A (H1N1) virus infection in two

immunosuppressed patients - Seattle, Washington, 2009. MMWR Morb Mortal

Wkly Rep 58: 893–896.

30. Memoli MJ, Hrabal RJ, Hassantoufighi A, Eichelberger MC, Taubenberger JK

(2010) Rapid selection of oseltamivir- and peramivir-resistant pandemic H1N1

virus during therapy in 2 immunocompromised hosts. Clin Infect Dis 50: 1252–

1255.

Detection of Resistant Influenza by Microarray

PLOS ONE | www.plosone.org 8 February 2013 | Volume 8 | Issue 2 | e57154


