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a  b  s  t  r  a  c  t

For  the  early  detection  of  the  H275Y  mutation  as  a  marker  of  oseltamivir  resistance  in A(H1N1)  pan-
demic  strains,  a  sensitive  and  specific  pyrosequencing  assay  was  developed.  This  assay  analyses  a  region
99  nts  long,  encompassing  the  H275Y  site,  amplified  by  a nested  PCR.  Seventy-five  respiratory  specimens,
obtained  from  62  patients  during  the pandemic  and  in  the  2010–2011  influenza  season,  in  Tuscany,  were
vailable online 29 May 2012
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tested.  Resistant  strains  were  demonstrated  in  10 patients.  In three  other  patients,  resistant  and  sensitive
variants  were  found.  This  pyrosequencing  assay  may  be  a useful  method  for  monitoring  the  spread  of
resistant  influenza  H1N1  2009  strains.

© 2012 Elsevier B.V. All rights reserved.
yrosequencing
ested PCR

The H275Y mutation in the neuraminidase (NA) gene of the
1 subtype is known to confer resistance to the neuraminidase

nhibitor (NAI) oseltamivir (Collins et al., 2009; Gubareva, 2004;
enaud et al., 2011). In the epidemic season 2007–2008, the rate
f resistance of type A(H1N1) influenza viruses to oseltamivir, pre-
iously very low (<0.5%), started to increase, spreading globally. In
he season 2008–2009, the majority of the seasonal H1N1 strains
ere resistant to oseltamivir (but still sensitive to zanamivir), inde-
endent of patient exposure to the drug (Renaud et al., 2011;
ang et al., 2011). Fortunately, the pandemic H1N1 2009 virus
as sensitive to both oseltamivir and zanamivir. Nevertheless, the
idespread use of these drugs, predominantly oseltamivir, for pan-
emic control in economically developed countries, was  followed
y great concern. Many efforts have been aimed at developing
apid molecular assays for the early detection of the H275Y muta-
ion as a marker of oseltamivir resistance of pandemic strains.
s an alternative to Sanger sequencing, many of the proposed

ssays were based on PCR genotyping (Renaud et al., 2011). In May
009, the World Health Organization (WHO) suggested the use of a
yrosequencing method set up at the Centres for Diseases Control
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(CDC) (Atlanta) (Deyde et al., 2010; World Health Organization
Collaborating Centre, 2010), which targeted a region of the NA RNA
493 nts long.

In the current study, using the method suggested by WHO, taken
as a reference method, a preliminary observation showed that only
positive samples, with a threshold cycle not >28 at the diagnostic
real time (slightly less than the 50% of the samples included in this
study), were amplified.

With the aim of increasing the sensitivity of the reaction, and
considering as well the performance of the instrument available
for pyrosequencing in the laboratory, a nested PCR was developed
which amplified a region 99 nts long, encompassing the H275Y
mutation site. This was suitable for analysis via pyrosequencing
using the Pyromark ID 1.0 (Biotage-Diatech, Iesi, An, Italy). In order
to localize the target region and the primers for its amplification,
published NA sequences of pandemic H1N1 viruses were aligned
using BioEdit software (version 7.0.9; North Carolina State Univer-
sity). The primers for the nested PCR (Table 1) were designed using
Primer3.

The extraction of viral RNAs directly from clinical samples was
carried out using a commercially available kit (E.Z.N.A. Viral RNA
kit, Omega bio-tek, Norcross, Georgia, USA) according to the man-

ufacturer’s instructions.

Superscript III Platinum One-step qRT-PCR System (Invitro-
gen, Carlsbad, California, USA) was used for RT-PCR according to
the manufacturer’s instructions, with the outer primers listed in

dx.doi.org/10.1016/j.jviromet.2012.05.018
http://www.sciencedirect.com/science/journal/01660934
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Table 1
Selected primers for the nested PCR and amplicons length.

Nested PCR Primers Sequence Length of
the product

First round
IC1 F 724 ATGACCGATGGACCAAG

181 bp
IC2 R 905 GGTCGATTCGAGCCAT

Second 801F CGAAATGAATGCCCCTAAT
99 bp
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Table 2
Number of resistant and sensitive strains revealed by pyrosequencing.

H1N1 strains

Sensitive Resistant Mixed

Children Inpatients 10 5 2
Outpatients 13 0 0
round 900R
biotinylated

ATTCGAGCCATGCCAGTTAT

able 1. In particular, after retrotranscription and denaturation, 30
ycles of amplification at 94 ◦C for 15 s, 62 ◦C for 30 s, 72 ◦C for 1 min
ere performed, followed by a final extension at 72 ◦C for 7 min.

he reaction volume was 25 �l (12.5 �l of 2× reaction mix, 0.5 �l
f Superscript III Platinum Taq mix, 0.5 �l of each primer [10 �M],

 �l of extracted RNA and H2O to reach the final volume). The sec-
nd step consisted of denaturation for 5 min  at 95 ◦C, followed by
5 cycles of amplification, each performed at 94 ◦C for 30 s, 62 ◦C for
0 s, 72 ◦C for 1 min, followed by final extension at 72 ◦C for 7 min. It
as performed in a final volume of 20 �l using 1 �l of the first step
roduct as a template. Applied Biosystems reagents were employed
Buffer 2× 2 �l, dNTPs[10 �M]  0.6 �l, MgCl2[25 �M]  1.6 �l, 1 �l of
ach primer 801F and 900R biotinylated [20 �M], TaqGold 100U
.2 �l). Amplification reactions were performed on 2720 Thermal
ycler (Applied Biosystems, Milan, Italy). The sensitivity of this
ested PCR was compared with that of the PCR performed with
he primers used in the reference method and of a single step PCR
ith the internal primers used in the nested PCR. Using serial dilu-

ions of a H1N1 2009 strain already isolated, cultured and titrated
n our laboratory (Galli et al., 2010), the nested PCR was  more sen-
itive of 2 and 1 log than the PCR of the reference method and than
he single step PCR with the inner primers, respectively.

After Ethical Committee approval and patients’ informed con-
ent, a total of 75 clinical samples (70 throat swabs and 5
ndo-tracheal aspirates), were obtained from 62 patients, either
uring the pandemic or during the influenza season 2010–2011.
hese samples that were confirmed to be positive for H1N1 2009
andemic virus through a real-time RT-PCR (Galli et al., 2010), were
nalyzed by pyrosequencing, after nested PCR amplification. At the
iagnostic real time the threshold cycle (Ct) for these samples var-

ed between 20 and 37 (median 32, mean 30,54). Thirty patients
ere children (≤15 years) and 32 were adults. Altogether, 31 spec-

mens were from children and 44 from adult patients. Seventeen
hildren were hospitalized in the onco-hematology unit (Meyer
hildren’s Hospital, Florence, Italy) with severe influenza, while
3 were outpatients with a mild form of the disease. Twenty of
he 32 adult patients were hospitalized in the Intensive Care Unit
ICU) (Careggi Hospital, Florence, Italy), while 12 outpatients had

 mild form of the disease. From outpatients, who did not receive
seltamivir treatment, only one sample was available. From all hos-
italized patients a sample was taken at the moment of hospital
dmission, before starting antiviral therapy. From each out of 13
ospitalized patients (one child and 12 adults) a second positive
ample was obtained 5–12 days after the first administration of
seltamivir.

Several precautions were taken in order to avoid cross contami-
ation, which is a potential drawback of the nested PCR. In addition
o the precautions normally taken for all the PCRs performed in
ur laboratory, additional precaution were taken throughout this
tudy: no more than 10 samples were processed in each nested-
CR session and a negative control (water, instead of sample) was

nserted every two samples.

For pyrosequencing analysis, single-strand biotinylated DNA
rom the nested PCR product, 99 bp long, and encompassing the
olymorphic site C823T was purified using the PyroMark Vacuum
Adults Inpatients 14 5 1
Outpatients 12 0 0

Prep Workstation (Biotage-Diatech, Iesi, An, Italy). 30 �l of the PCR
biotinylated product were captured using streptavidin sepharose
beads (Streptavidin SepharoseTM High Performance, GE Healthcare
Bio-Science AB, Uppsala, Sweden).

The primer used to perform sequencing (5′-
AAATGAATGCCCCTAAT-3′) was designed using PSQ Assay Design
Software Version 1.0.6 2004 Biotage AB and utilized in a 2 �M final
concentration.

For pyrosequencing, the Pyromark ID 1.0 Biotage-Diatech, Italy,
was used with the PyroMarkGold reagents. The results were ana-
lyzed using the PyroMark ID 1.0 software (Biotage-Diatech, Iesi, An,
Italy).

In order to confirm the results of pyrosequencing, the nested PCR
products were cloned and analyzed by dideoxy Sanger sequenc-
ing, as reference method for nucleotide sequence determination.
The reverse inner primer 900R used in the second PCR was not
byotinilated for this use. The product of the PCR was purified using
QIAquick Gel Extration Kit (Qiagen, Valencia, CA, USA). The cloning
was performed according to the standard protocol of pGEM-T Easy
Vector System (Promega, Madison, Wisconsin, USA). The plasmid
DNA was  purified by QIAprep Spin Miniprep Kit (Qiagen, Valencia,
CA, USA).

Sequencing was carried out on an ABI Prism 377 automatic
sequencer (Applied Biosystems, Milan, Italy) using the ABI Prism
Dye Terminator cycle sequencing Ready Reaction kit.

In Fig. 1A and B the pyrograms of a sensitive and a resistant
sequence are shown. In three cases, a pyrogram like that in Fig. 1C
was obtained. This indicated the presence of a mixed population
containing sensitive and resistant variants in the sample. The anal-
ysis by Sanger sequencing of 10 clones for each of the three samples
demonstrated that in one sample 5 clones had the wild type condi-
tion with histidine at position 275, while the other 5 had tyrosine
at the same position. In the second sample, 4 clones had H and 6
Y at position 275. In the third sample 9 clones had H and 1 Y. The
cloning and subsequent sequencing by Sanger method of PCR prod-
ucts from the samples with a pyrogram like those shown in Fig. 1A
or B showed only clones with H275 or H275Y, respectively.

The presence of resistant strains was demonstrated in five out of
17 children hospitalized during the second wave of the pandemic
in autumn and winter 2009. Moreover, in two  of the remaining
12 children, mixed populations with sensitive and resistant vari-
ants were present. As regards adult patients, a resistant strain of
influenza A(H1N1)2009 was present in a respiratory sample from 2
of the 9 patients hospitalized in the ICU in November 2009. In addi-
tion, a resistant strain was detected in 3 of 11 ICU patients during
the epidemic season 2010–2011. In another adult ICU patient, hos-
pitalized during this last epidemic season, a mixed population was
demonstrated. No resistant strains have been observed in the out-
patients, either children or adults, affected by mild form of disease
and not treated with oseltamivir (Table 2).

Regarding the 10 resistant strains found in this study, the resis-
tant strain was already present in the specimen obtained at the

onset of symptoms, before the start of oseltamivir administration,
in 5 cases (4 children and 1 adult). In the other 5 cases (1 child and
4 adults), an oseltamivir sensitive strain was  present in the speci-
men  obtained at the onset of symptoms, while a resistant strain was
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ig. 1. Pyrograms of the sequence encompassing the target site C823T. Pyrograms rep
A),  of a resistant strain (TAC), with tyrosine at position 275 (B) and of a mixed pop

emonstrated in a second specimen, taken 5–12 days later, during
ntiviral treatment (data not shown). Pyrosequencing proved to be

 sensitive, specific and fast assay when applied to the detection of
he H275Y mutation in the NA gene of the Influenza virus A(H1N1)
009, as a marker of oseltamivir resistance. In fact, the use of a
ested PCR targeting a very short sequence of the NA allowed us to
etect the mutation H275Y by a pyrosequencing assay even in spec-

mens with low viral load, inferred approximately by the Ct (>30)
f the diagnostic real time (data not shown). The specificity of the
yrosenquencing, assessed by comparison with the classic Sanger
ethod, was 96%, due to the presence of 3 samples with mixed

ariants. These samples, without cloning, were classified by the
anger sequencing as sensitive or could not be accurately classified.
nother advantage of pyrosequencing is its ability to detect mixed
opulations of resistant and sensitive variants, without the need for
loning. The presence of such mixed populations could be a warning
o consider for a correct therapeutic approach. The data show that
yrosequencing can detect at least 10% of resistant (or sensitive)
ariants in a mixed population. These findings are in agreement
ith data from the literature reporting that pyrosequencing could
etect as little as 5% mutants in a mixed viral population (Deng
t al., 2011; Renaud et al., 2011; Yang et al., 2011). This pyrose-
uencing assay enables the analysis of approximately 20 samples
t the same time, in about 5 h, assuring a fast turn-around time in
omparison with Sanger sequencing.
The neuraminidase inhibitor oseltamivir was widely employed
uring pandemic and also in the following epidemic season in
atients developing severe influenza. In this study resistance to
seltamivir seemed to be quite wide-spread, in contrast to other
tative of a sensitive strain (CAC), coding for histidine at position 275 (N1 numbering)
 consisting of sensitive and resistant variants (C).

published data (Longtin et al., 2011; Hurt et al., 2011). However,
the number of the patients included in this study is too small to
draw statistical conclusions. Moreover, the hospitalized patients
analyzed within this study were selected as at risk patients for the
development of resistant virus due to immunodepression and/or
prolonged antiviral treatment.

This study confirms that resistance to oseltamivir may  develop
mainly during antiviral treatment and that the resistant strains may
be transmitted. The finding of strains with the H275Y mutation
in the NA gene, at the hospital admission, before antiviral treat-
ments, could suggest this conclusion (Baz et al., 2009; Lackenby
et al., 2011). As regards the demonstration of resistant strains at
the first day of disease in 4 children, we cannot ignore that three
of the cases occurred within the same days in the same hospi-
tal. Therefore, the transmission could have taken place within the
hospital. In 7 of the 10 cases, viral clearance occurred without turn-
ing to another antiviral drug. This could be documented by the
availability of a successive, real time PCR negative, specimen taken
4–14 days after the emergence of the resistant strain. In only one
patient the resistant strain persisted for at least 24 days. In this
case, it was not possible to establish the time of viral clearance,
because the patient recovered and was discharged from the hospi-
tal. The duration of the infection by resistant or sensitive strains in
patients with severe influenza disease (data not shown) seems to
indicate a trend towards a more prolonged infection by the resistant

strains. Broader and more in-depth studies are needed to confirm
this observation.

In conclusion, the development or the transmission of resistant
H1N1 2009 strains is of concern and must be controlled, as a report
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rom Australia outlined (Hardie, 2011). The high sensitive nested-
CR amplicon pyrosequencing assay described in this paper may
e a useful tool in achieving this purpose.

cknowledgment

This work was supported by grants from the Italian National
nstitute of Health, Rome, Italy (Project: Studio della farmaco-
esistenza nei virus influenzali pandemici ed epidemici) and from
he private Foundation “Istituto di ricerche virologiche Oretta Bar-
olomei Corsi”, Florence, Italy.

eferences

az, M.,  Abed, Y., Papenburg, J., Bouhy, X., Hamelin, M.E., Boivin, G., 2009. Emergence
of  oseltamivir-resistant pandemic H1N1 virus during prophylaxis. New England
Journal of Medicine 361, 2296–2297.

ollins, P.J., Haire, L.F., Lin, Y.P., Liu, J., Russell, R.J., Walker, P.A., Martin, S.R., Daniels,
R.S.,  Gregory, V., Skehel, J.J., Gamblin, S.J., Hay, A.J., 2009. Structural basis for
oseltamivir resistance of influenza viruses. Vaccine 27, 6317–6323.

eng, Y.M., Caldwell, N., Hurt, A., Shaw, T., Kelso, A., Chidlow, G., Williams, S., Smith,
D.,  Barr, I., 2011. A comparison of pyrosequencing and neuraminidase inhibition
assays for the detection of oseltamivir-resistant pandemic influenza A(H1N1)
2009 viruses. Antiviral Research 90, 87–91.

eyde, V.M., Sheu, T.G., Trujillo, A.A., Okomo-Adhiambo, M.,  Garten, R., Klimov, A.I.,

Gubareva, L.V., 2010. Detection of molecular markers of drug resistance in 2009
pandemic influenza A (H1N1) viruses by pyrosequencing. Antimicrobial Agents
and  Chemotherapy 54, 1102–1110.

alli, L., Azzi, A., Chiappini, E., Corcioli, F., Bianconi, T., Mannelli, F., de Martino, M.,
2010. A real-time reverse transcriptase-polymerase chain reaction to evaluate
Methods 184 (2012) 113– 116

natural history of viral shedding in outpatients children and adolescents with
pandemic 2009 influenza A(H1N1). Chest 138, 456–457 (author reply 457–458).

Gubareva, L.V., 2004. Molecular mechanisms of influenza virus resistance to neu-
raminidase inhibitors. Virus Research 103, 199–203.

Hardie, K., 2011. Influenza (50): Australia (NS) H275Y mutation cluster. ProMed mail
25 August. Archive No. (20110825.2594).

Hurt, A.C., Deng, Y.M., Ernest, J., Caldwell, N., Leang, L., Iannello, P., Komad-
ina, N., Shaw, R., Smith, D., Dwyer, D.E., Tramontana, A.R., Lin, R.T.,
Freeman, K., Kelso, A., Barr, I.G., 2011. Oseltamivir-resistant influenza
viruses circulating during the first year of the influenza A(H1N1)2009
pandemic in the Asia-Pacific region, March 2009–2010. Euro Surveil-
lance 16 (3) (pii = 19770. Available online: http://www.eurosurveillance.org/
ViewArticle.aspx?ArticleId=19770).

Lackenby, A., Moran Gilard, J., Pebody, R., Miah, S., Calatayud, L., Bolotin,
S.,  Vipond, I., Muir, P., Guiver, M., McMenamin, J., Reynolds, A., Moore,
C., Gunson, R., Thompson, C., Galiano, M.,  Bermingham, A., Ellis, J.,
Zambon, M.,  2011. Continued emergence and changing epidemiology
of  oseltamivir-resistant influenza A(H1N1)2009 virus, United Kingdom,
winter 2010/11. Euro Surveillance 16 (5) (pii = 19784. Available online:
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=19784).

Longtin, J., Patel, S., Eshaghi, A., Lombos, E., Higgins, R., Alexander, D., Olsha, R., Doyle,
J.,  Tran, D., Sarabia, A., Lee, C., Bastien, N., Li, Y., Low, D., Boivin, G., Gubbay,
J.,  2011. Neuraminidase-inhibitor resistance testing for pandemic influenza A
(H1N1) 2009 in Ontario, Canada. Journal of Clinical Virology 50, 257–261.

Renaud, C., Kuypers, J., Englund, J.A., 2011. Emerging oseltamivir resistance in sea-
sonal and pandemic influenza A(H1N1). Journal of Clinical Virology 52, 70–78.

World Health Organization Collaborating Centre, 2010. Detailed pyrosequenc-
ing  protocol. www.who.int/csr/resources/publications/swineflu/NA Detailed
Yang, J.R., Lin, Y.C., Huang, Y.P., Su, C.H., Lo, J., Ho, Y.L., Yao, C.Y., Hsu, L.C., Wu,  H.S., Liu,
M.T., 2011. Reassortment and mutations associated with emergence and spread
of  oseltamivir-resistant seasonal influenza A/H1N1 viruses in 2005–2009. PLoS
One  6 (3), e18177, http://dx.doi.org/10.1371/journal.pone.0018177.

http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=19770
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=19770
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=19784
http://www.who.int/csr/resources/publications/swineflu/NA_DetailedPyrosequencing2010_20090513.pdf
http://www.who.int/csr/resources/publications/swineflu/NA_DetailedPyrosequencing2010_20090513.pdf
dx.doi.org/10.1371/journal.pone.0018177

	Monitoring the susceptibility to oseltamivir of Influenza A(H1N1) 2009 virus by nested-PCR and pyrosequencing during the p...
	Acknowledgment
	References


