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The M2 blockers amantadine and rimantadine and the neuraminidase (NA) inhibitors (NAIs) oseltamivir
and zanamivir are approved by the FDA for use for the control of influenza A virus infections. The 2009
pandemic influenza A (H1N1) viruses (H1N1pdm) are reassortants that acquired M and NA gene segments
from a Eurasian adamantane-resistant swine influenza virus. NAI resistance in the H1N1pdm viruses has been
rare, and its occurrence is mainly limited to oseltamivir-exposed patients. The pyrosequencing assay has been
proven to be a useful tool in surveillance for drug resistance in seasonal influenza A viruses. We provide a
protocol which allows the detection of adamantane resistance markers as well as the I43T change, which is
unique to the H1N1pdm M2 protein. The protocol also allows the detection of changes at residues V116, I117,
E119, Q136, K150, D151, D199, I223, H275, and N295 in the NA, known to alter NAI drug susceptibility. We
report on the detection of the first cases of the oseltamivir resistance-conferring mutation H275Y and the I223V
change in viruses from the United States using the approach described in this study. Moreover, the assay
permits the quick identification of the major NA group (V106/N248, I106/D248, or I106/N248) to which a
pandemic virus belongs. Pyrosequencing is well suited for the detection of drug resistance markers and
signature mutations in the M and NA gene segments of the pandemic H1N1 influenza viruses.

In the spring of 2009, an antigenically novel influenza A
virus (H1N1) was detected in North America (7). The rapid
widespread transmission of the virus resulted in the declara-
tion of an influenza pandemic by the World Health Organiza-
tion (WHO) (42). The 2009 pandemic influenza A (H1N1)
virus (H1N1pdm) was determined to be a reassortant with a
combination of gene segments that had not been previously
described (12, 21). Phylogenetic analysis of the full genome
sequences revealed that in the late 1990s, reassortment be-
tween seasonal influenza A virus (H3N2), classical swine in-
fluenza virus, and North American avian influenza viruses led
to the appearance of triple-reassortant H3N2 and H1N2 swine
influenza viruses that have since circulated in pigs in North
America (40). The pandemic virus was a result of further
reassortment between a triple-reassortant swine influenza virus
and a Eurasian avian influenza virus-like swine influenza virus,
resulting in the acquisition of two gene segments, coding for
the M protein and neuraminidase (NA), from the Eurasian
avian influenza virus-like swine influenza virus lineage. Recent
genome sequence analysis performed with pandemic viruses
collected in different regions found variants with characteristic
amino acid changes, including 2 amino acid changes in the NA
(21, 29). The reports identified three NA variants among the
H1N1pdm viruses: one variant group has V106 and N248 (re-

ferred to as the A/California/04/2009 group); the second vari-
ant, named the A/Osaka/164/2009 group, is characterized by
I106 and N248; and the third NA variant group contains I106
and D248, such as the A/New York/18/2009 strain.

Currently circulating triple-reassortant swine influenza vi-
ruses in the United States do not contain any known markers
of adamantane resistance (L26F, V27A, A30V, A30T, S31N,
and G34E) (10, 25), whereas the Eurasian avian-like influenza
viruses as well as the pandemic virus contain the adamantane
resistance-conferring change S31N in the M2 protein. Cur-
rently, two classes of antiviral drugs are approved for use by the
FDA for the control of influenza virus infections: adamantanes
(M2 blockers) and neuraminidase inhibitors (NAIs). Resis-
tance to adamantanes makes the NAIs oseltamivir and zana-
mivir the only pharmaceutical options available for use for the
control of infections caused by the pandemic virus. Monitoring
of resistance to NAIs is mainly based on the NA inhibition
assay (23, 39, 41), which allows the detection of resistance
conferred by known and novel mutations. However, the NA
inhibition assay requires virus isolation and propagation, and
the detection of resistance by the NA inhibition assay requires
confirmation by sequencing of the NA gene segment to identify
the markers of resistance and their presence in the original
clinical material.

Prior to the 2007–2008 influenza season, the frequency of
resistance to NAIs had been very low (�0.5%) among field
isolates (28, 35, 36). During the 2007–2008 influenza season,
seasonal H1N1 viruses resistant to oseltamivir emerged and
spread globally (3, 17, 31, 39), and by April of 2009, the ma-
jority of the H1N1 viruses were resistant to oseltamivir but
sensitive to zanamivir. Of note, nearly all of the 2009 pandemic
H1N1 viruses were sensitive to NAIs (8); only sporadic cases of
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oseltamivir-resistant viruses with the H275Y mutation in the
NA gene segment were reported to the WHO, and they were
mainly detected following antiviral drug treatment (5, 6, 42).
The H275Y mutation is equivalent to the H274Y mutation in
the N2 subtype amino acid numbering. Throughout the text,
amino acids are described with the N1 numbering, and the
corresponding N2 amino acid numbering is shown in paren-
theses, when it differs from the N1 numbering. Recent reports
on the emergence of oseltamivir resistance highlight the need
for close monitoring of the susceptibility of the pandemic
H1N1 virus to the available drugs (5, 6, 42). Such information
is needed to make informed decisions on measures aimed at
managing pandemic virus infections.

The molecular markers of NAI resistance are type and sub-
type specific and are also drug specific (1, 23). The H275Y
(H274Y) change is the most commonly reported mutation
conferring resistance to oseltamivir in the N1 subtype of NA.
This change has been reported not only in seasonal H1N1
viruses but also in highly pathogenic H5N1 viruses (13, 22, 23,
31, 33). The H275Y (H274Y) mutation is also known to reduce
susceptibility to the investigational NAI peramivir (23). The
amino acid replacement N295S (N294S) in N1 has also been
shown to reduce susceptibility to oseltamivir and zanamivir
(33, 43). In addition, recent studies have demonstrated that
mutations in other residues located in and around the NA
active site can alter the susceptibilities of viruses to NAIs. For
instance, changes at residues V116, I117, E119, Q136, D199
(D198), and I223 (I222) were associated with reduced suscep-
tibility to NAIs in both seasonal and H5N1 viruses (26–28, 30,
32, 39). Moreover, crystal structure studies with the NAs of
H1N1 and H5N1 viruses (9, 37) suggested that mutations at
amino acids Q136, K150, and D151 (37) may affect suscepti-
bility to oseltamivir and zanamivir, presumably by interfering

with the binding of the drug to the NA. Changes at these
residues were reported to reduce the susceptibilities to NAIs of
viruses with the N1 enzyme (34; CDC, Atlanta, GA, unpub-
lished data).

It is important to develop the tools necessary for the rapid
detection of NA markers known or suspected of affecting sus-
ceptibility to NAIs. Pyrosequencing has previously been shown
to provide a rapid and high-throughput method for the detec-
tion of molecular markers of drug resistance in seasonal as well
as highly pathogenic avian influenza viruses (4, 8, 15, 16, 19, 30,
31, 38).

Here we report on the design and validation of pyrosequenc-
ing assays for the detection of signature markers in the M2 and
NA gene segments of the pandemic H1N1 viruses.

MATERIALS AND METHODS

Viruses. Viruses were collected and submitted to the WHO Collaborating
Center for Surveillance, Epidemiology, and Control of Influenza at the CDC.
Pandemic H1N1 influenza viruses A/Massachusetts/12/2009, A/New York/72/
2009, A/North Carolina/15/2009, A/North Carolina/16/2009, A/North Dakota/
04/2009, A/Tennessee/08/2009, A/Texas/41/2009, A/Utah/34/2009, A/Wiscon-
sin/53/2009, and A/Washington/29/2009 as well as triple-reassortant swine
A/Ohio/01/2007 and A/Illinois/09/2007 influenza viruses were analyzed for
molecular markers of drug resistance and signature amino acid changes. The
triple-reassortant swine influenza viruses were used mainly for comparison.
Unless they are identified as a triple-reassortant swine influenza virus strain,
all viruses referred to in the study are pandemic H1N1 strains.

Pyrosequencing assay primer design. The NA sequences from the pandemic
H1N1 viruses available from databases in the public domain were aligned by
using BioEdit software (version 5.0.6; North Carolina State University). Simi-
larly, M genes from these viruses were also aligned by using BioEdit software.
Consensus sequences were generated from both data sets and were used to
design pyrosequencing primers, as described elsewhere (4, 15). Table 1 summa-
rizes the pyrosequencing-reverse transcription-PCR (pyro-RT-PCR) and se-
quencing primers used in the present study.

TABLE 1. Pyro-RT-PCR and sequencing primers designed in the present study

Primer purpose and primer Sequence Target gene or residue(s)

Pyro-RT-PCR
H1N1pdm-M2-F670 5�-AGCTCCAGTGCTGGTCTGAAAG-3� H1N1pdm-M2
H1N1pdm-M2-R900-biot 5�-GACTCAGGCACTCCTTCCGTAGAA-3�
H1N1pdm-N1-F256 5�-GCSGGCAATTCCTCTCTYTG-3� H1N1pdm-N1 fragment A
H1N1pdm-N1-R730-biot 5�-CGGTCATTACAGTAAARCAHGAACC-3�
H1N1pdm-N1-F524 5�-ARTCAGTYGCTTGGTCAGCAAG-3� H1N1pdm-N1 fragment B
H1N1pdm-N1-R908-biot 5�-CAYGGTCGATTCGARSCATG-3�
H1N1pdm-N1-F780 5�-GGGGAAGATTGTYAAATCAGTYGA-3� H1N1pdm-N1 fragment Ca

H1N1pdm-N1-R1273-biot 5�-CWACCCAGAARCAAGGYCTTATG-3�

Pyrosequencing
H1N1pdm-N1-F292 5�-GCTATATACAGTAAAGAC-3� V106b,c

H1N1pdm-N1-F325 5�-GGTTCYAARGGGGA-3� V116, I117, E119c

H1N1pdm-N1-F386 5�-GCAGAACCTTYTTCYTG-3� Q136c

H1N1pdm-N1-F427 5�-AARCATTCCAATGGAAC-3� K150, D151c

H1N1pdm-N1-F568 5�-TGG CTA ACA AT-3� D198c

H1N1pdm-N1-F647 5�-TCAAGAGTTGGAGAAACA-3� I222c

H1N1pdm-N1-F723 5�-AATGACYGATGGMCC-3� N247b,c

H1N1pdm-N1-F804 5�-GYTGAATGCMCCTAATT-3� H274c

H1N1pdm-N1-F864 5�-CACRTGTGTKTGCAG-3� N294c

H1N1pdm-M2-F747 5�-GCGATTCAAGTGATCC-3� L26, V27, A30, S31, G34d

H1N1pdm-M2-F801 5�-TGA TAT TGT GGA-3� L43d

a Set of primers published in 2009 by the CDC (8).
b Residues are used for NA variant signatures and not antiviral resistance markers.
c NA target residue(s).
d M2 target residue(s).
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RT-PCR and pyrosequencing. Viral RNAs were extracted either directly from
clinical specimens or from the supernatants of isolates propagated in MDCK
cells or in the allantoic cavities of 9- to 11-day-old embryonated chicken eggs.
Amplifications were performed with a SuperScript III one-step RT-PCR system
with Platinum Taq high-fidelity enzyme (Invitrogen, Carlsbad, CA) for 45 cycles,
with the primers being used at 20 �M.

Three sets of RT-PCR primers were used to generate three amplicons of the
NA gene segment covering the sequences encoding the target residues. One pair
of primers was used to amplify a 230-bp fragment containing the sequences
coding for the 5 amino acids responsible for resistance to adamantanes (Table 1).
The pyrosequencing reactions were performed as described previously (4, 15).
Briefly, biotinylated PCR products were washed through a series of buffers,
and single-stranded DNA was generated and used as a template for hybrid-
ization to residue-specific sequencing primers, which were used at a concen-
tration of 100 �M.

RESULTS

Detection of signature markers in M2 protein of pandemic
H1N1 viruses. The testing of the first pandemic viruses in April
2009 showed that the M-gene pyrosequencing primers previ-
ously developed and used at the CDC for the detection of
adamantane resistance in seasonal influenza A and H5N1 vi-
ruses (4, 14, 15) failed to amplify most of the M genes (8).
Therefore, new RT-PCR and pyrosequencing primers specific
to swine-origin viruses were designed by using pyrosequencing
assay design software (Biotage, Uppsala, Sweden) (Table 1).
The newly designed primers were tested and successfully used
to amplify all viruses (n � 518) tested at the CDC.

Despite the highly conserved nature of the M-gene sequence
among influenza A viruses (18), the region encompassing the 5
amino acid markers of adamantane resistance in M2 is variable
among the different genetic lineages and subtypes (14).
While the assay was primarily designed for the detection of
markers of adamantane resistance, the variability in the
target sequences also provides information on the M-gene
lineage [i.e., if the M gene is of seasonal human A(H1N1),
A(H3N2), swine, or avian A(H5N1) origin (14)]. It is impor-
tant to note, however, that the M-gene sequence alone cannot
be used to infer the virus hemagglutinin (HA) subtype due to
possible intersubtype reassortment. Figure 1 summarizes the
alignment of the partial sequence of the M2 protein-coding
region (Fig. 1A) as well as the alignment of the corresponding
amino acids from residues 25 to 44 of the M2 protein sequence
(Fig. 1B). All pandemic viruses contain the change I43T in M2
which is not present in seasonal, triple-reassortant swine or
H5N1 influenza viruses. The amino acid at residue 43 there-
fore allows distinction of the pandemic H1N1 viruses from
viruses of other subtypes and lineages. Figure 1C to H repre-
sents pyrograms of the different influenza virus subtypes used
to analyze sequences at this position.

Figure S1 in the supplemental material presents examples of
the detection of adamantane resistance markers. Figure S1A in

the supplemental material illustrates the results for the ada-
mantane-sensitive virus A/Ohio/01/2007, which has wild-type
sequences at all five positions. Figure S1B in the supplemental
material shows the pyrograms of the adamantane-resistant
pandemic virus with sequences CTC (leucine) at residue 26,
GTC (valine) at residue 27, GCA (alanine) at residue 30, AAT
(asparagine) at residue 31, and GGG (glycine) at residue 34.
All pandemic viruses tested so far contain the adamantane
resistance-conferring mutation S31N. The only exception was
found in a single virus, A/Wisconsin/53/2009, which was sensi-
tive to adamantanes and which had AGT at position 31; it
appears to have lost the S31N resistance marker due to a
reversion (see Fig. S1C in the supplemental material). This
virus was detected by pyrosequencing during routine surveil-
lance for adamantane resistance. To our knowledge, this is the
first and only adamantane-sensitive pandemic H1N1 virus re-
ported.

Detection of signature markers in the neuraminidase of
pandemic H1N1 viruses. The target region for NA analysis is a
gene region spanning over 600 nucleotides. For optimal assay
design on the basis of the manufacturer’s recommendations,
three pyro-RT-PCR amplification primer sets were used to
generate three fragments (fragments A, B, and C). Position-
specific sequencing primers were then used to determine the
sequences encompassing the residues of interest (Table 1).
The fragment A amplicon was used to analyze the sequences at
residues V106, V116, I117, E119, Q136, K150, D151, and D199
(D198). Fragment B was used to detect changes at residues
I223 (I222) and N248 (N247), and fragment C was used to
analyze changes at H275 (H274) and N295 (N294). It is worth
noting that assays are not limited to a specific strain, and a set
of 12 viruses was tested with each primer. We present here only
the results for a representative strain for each site tested.

(i) Detection of oseltamivir resistance marker H275Y (H274Y).
The primers designed generated sequences that allowed a clear
distinction between the wild-type sequence, CAC (histidine)
(A/Texas/41/2009), and oseltamivir resistance-conferring mu-
tation TAC (tyrosine) in A/Washington/29/2009 and A/North
Carolina/16/2009 viruses (Fig. 2A to C). For this test, viral
RNA was extracted from clinical specimens, which expedited
the detection of oseltamivir resistance (5, 6). These were the
first reported cases of oseltamivir resistance in pandemic vi-
ruses. Moreover, the assay allowed the detection of a mixture
of the wild-type H275 sequence and oseltamivir resistance-
conferring mutation H275Y in A/Utah/34/2009 virus. Figure
2D shows the presence of T/CAC at codon 275.

The amplicon generated from primer set H1N1pdm-N1-
F780 and H1N1pdm-N1-R1273-biot (where biot represents bi-
otin; fragment C) was also used as a DNA template to analyze
changes at residue N295 (N294), which is known to confer

FIG. 1. The variability in M2 protein-coding sequences among influenza A viruses can be used to differentiate between the various subtypes.
(A) Partial nucleotide sequence alignment of the M2 protein-coding region from viruses of different subtypes: a pandemic virus, A/California/
04/2009; a triple-reassortant swine influenza virus, A/Ohio/01/2007; seasonal H1N1 and H3N2 viruses, A/Minnesota/04/2009 and A/Pennsylvania/
05/2009, respectively; and an H5N1 virus, A/Vietnam/1203/2004. (B) Partial amino acid sequence alignment of the M2 protein. Highlighted are
amino acids 26 through 43. (C to H) Analysis of the sequences at residue 43. Seasonal H1N1 virus shows the presence of ATT (isoleucine) at
residue 43 (I43) (C). Seasonal H3N2 virus, avian H5N1 virus, and a triple-reassortant swine H1N2 virus contain CTT (leucine) at this position,
which corresponds to residue L43 (D, E, and H). Another triple-reassortant swine H1N1 virus has TTT (phenylalanine) at this position (G). The
pandemic viruses have the unique sequence ACT (threonine) at residue 43 (F).
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FIG. 2. Detection of molecular markers for oseltamivir resistance among the H1N1pdm viruses. (A) The wild-type CAC (histidine) sequence was
detected in A/Texas/41/2009 virus. The oseltamivir resistance-conferring mutation CAC (histidine) to TAC (tyrosine) was detected in A/Washington/
29/2009 (B) and A/North Carolina/16/2009 (C). A mixture of wild-type sequence CAC (histidine) and oseltamivir resistance-conferring mutation TAC
(tyrosine) was detected in A/Utah/34/2009 (D). (E to G) Detection of changes at I223 (I222). Wild-type sequences ATA (isoleucine) at codon 223 (I222)
were present, as expected, in both A/Tennessee/08/2009 and the triple-reassortant swine influenza A/Ohio/01/2007 viruses. However, the change from
ATA (isoleucine) to GTA (valine) at residue 223 (residue 222) was detected in A/North Carolina/15/2009 virus (G).
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resistance to oseltamivir. Figure S2A in the supplemental
material represents pyrograms for oseltamivir-sensitive vi-
rus A/Tennessee/08/2009. The wild-type sequence, AAT (as-
paragine), is also shown for a triple-reassortant swine influ-
enza virus A/Illinois/09/2007 (H1N1) (see Fig. S2B in the
supplemental material).

It is worth noting that the NA sequences of the pandemic
H1N1 viruses and those of North American triple-reassortant
H1N1 viruses differ in the regions encoding residues H275
(H274) and N295 (N294). Moreover, primers were designed so
that they allowed the analysis of changes in other residues
previously reported to affect susceptibility to NAIs, although
the clinical relevance of some of these changes has yet to be
determined.

(ii) Detection of I223V (I222V) change conferring reduced
susceptibility to NAIs. A primer was designed to generate a
sequence around the highly conserved residue 223 (residue
222) in the enzyme active site. The DNA product from frag-
ment B was used as the template for sequencing. The wild-type
sequence, ATA (isoleucine), was detected in the A/Tennessee/
08/2009 virus as well as in a triple-reassortant swine influenza
virus, A/Ohio/01/2007 (Fig. 2E and F). The pyrogram gener-
ated allows the differentiation between pandemic 2009 viruses
and North American triple-reassortant swine influenza viruses.
Significantly, in addition to the oseltamivir resistance-confer-
ring mutation H275Y (H274Y), the change from ATA (isoleu-
cine) to GTA (valine) was detected in the clinical specimen
with A/North Carolina/15/2009 (Fig. 2G). This is the first time
that a substitution at highly conserved residue I223 (I222) has
been detected in pandemic 2009 viruses. Because the virus
isolate was not available, it remains unknown at this time
whether the I223V replacement had an effect on susceptibility
to NAIs. The individual from whom the clinical specimen was
obtained was receiving oseltamivir prophylaxis (6), which
raises the possibility that this mutation was selected under drug
pressure (6). It is essential to note that no evidence of a mixed
viral population at residue I223 (I222) was noticed on the
pyrograms from clinical specimens collected from the patient.

(iii) Residue D199 (D198). The detection of changes at res-
idue D199 (D198) was assessed by using A/Washington/29/
2009 virus, and the results indicate that the virus contains
wild-type sequence GAC (glutamic acid) at this position (see
Fig. S2C in the supplemental material). Of note, a variation at
this position was recently found in a pandemic virus recovered
from an oseltamivir-treated patient (Kirsten St. George, un-
published data). The D199E (D198E) change has also been
detected in seasonal H1N1 viruses with reduced susceptibility
to oseltamivir (CDC, unpublished data).

(iv) Residues V116, I117, and E119. The pyrograms pre-
sented in Fig. S2D in the supplemental material reveal the
presence of GTC (valine), ATA (isoleucine), and GAA (glu-
tamic acid) at positions 116, 117, and 119, respectively, in
A/North Dakota/04/2009 virus.

(v) Residues Q136, K150, and D151. A/New York/72/2009
virus was used to analyze the sequences at residue 136, and the
results show the presence of CAA (glutamine), which corre-
sponds to the wild-type sequence at this position (Q136) (see
Fig. S2E in the supplemental material).

The wild-type sequences AAA (lysine) at residue 150 and

GAC (aspartic acid) at 151 were detected in A/Tennessee/08/
2009 virus (see Fig. S2F in the supplemental material).

Detection of NA molecular markers that distinguish between
the three NA variants of the currently circulating H1N1pdm
viruses. A set of viruses was used to demonstrate the utility of
the assay for the detection of amino acid changes at residues
V106 and N248 (N247). Figure 3A and C represents pyro-
grams showing the presence of GTA (valine) at residue 106
and AAT (asparagine) at residue 248 (residue 247) in A/Texas/
41/2009 virus; while Fig. 3B and D reveals the presence of ATA
(isoleucine) at residue 106 and GAT (aspartic acid) at residue
248 (residue 247) in A/North Dakota/04/2009 virus.

DISCUSSION

Monitoring of the susceptibilities of the pandemic H1N1
viruses to anti-influenza drugs, especially to NAIs, is critical,
since these viruses are resistant to adamantanes (8). NAIs,
most commonly, oseltamivir, have been stockpiled by many
countries for use in a pandemic. The widespread use of NAIs
can lead to the emergence of resistant viruses and is a serious
public health concern. For influenza surveillance laboratories,
pyrosequencing offers a valuable tool for the rapid high-
throughput detection of signature mutations linked to drug
resistance (15, 16, 19, 38). We previously designed primers for
the detection of the most common resistance markers in sea-
sonal H1N1 viruses (16), but due to differences in the NA
sequences between the seasonal H1N1 viruses and 2009 pan-
demic viruses (21), a new set of primers needed to be designed
and validated.

Immediately after the first cases of the H1N1 pandemic
outbreak, we designed a method for detection of the most
common mutation, H275Y, and posted a description of the
procedure on the WHO website (8). In the present study, we
provide evidence that the assay continues to perform well (over
1,100 virus isolates and clinical specimens have been tested to
date) (http://www.cdc.gov/flu/weekly/). It is worth noting that
the primers designed to generate fragment C in N1 of pan-
demic viruses cross amplified N1 from seasonal H1N1 strains
(n � 12) and generated partial NA sequences; however, these
sequences are distinguishable from those of the H1N1pdm
viruses.

We demonstrated in the present study the detection of the
H275Y (H274Y) mutation in pandemic viruses A/Washington/
29/2009, A/North Carolina/15/2009, and A/North Carolina/16/
2009. In addition, we describe the detection of the I223V
(I222V) change in the A/North Carolina/15/2009 virus. These
are among the first reported cases of oseltamivir-resistant pan-
demic viruses carrying the H275Y change in the United States.
To our knowledge, this is also the first report of the I223V
(I222V) mutation in pandemic viruses. Amino acid replace-
ments at this residue have previously been shown to affect
susceptibility to NAIs among seasonal H1N1 (27, 36), H3N2
(2), H5N1 (27), as well as type B influenza (36, 39) viruses.

We also describe a modification of the pyrosequencing pro-
tocol made to include markers previously associated with NAI
resistance or reduced susceptibility in viruses of the N1 subtype
(26–28, 30, 32, 35, 39). However, the relevance of some of
these changes remains to be established. For example, it is
possible that the Q136K change that caused zanamivir resis-
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tance in cell culture-grown seasonal H1N1 viruses in the NA
inhibition assay (27; CDC, unpublished data) may have the
same effect in the pandemic H1N1 viruses. While the D199E
(D198E) change was shown to affect drug susceptibility in
seasonal H1N1 viruses (CDC, unpublished data), the effect of
the recently detected D199N (D198N) mutation among the
pandemic viruses needs further investigation. The prudent ap-
proach to the detection of NAI resistance is to utilize the
functional NI assay complemented by confirmation by conven-
tional sequencing or pyrosequencing for the identification of a
novel or a known mutation(s). However, in many instances, an
NAI assay is not possible because of the unavailability of a
virus isolate. In such cases, pyrosequencing provides an alter-
native means for the detection of known markers of resistance
in clinical specimens. Furthermore, virus passaging in cell cul-
ture has been shown to lead to an alteration in the ratios of
sensitive to resistant viral populations, and pyrosequencing
provides an invaluable tool for the analysis of changes in such
ratios (16).

The NA is a surface antigen and is constantly evolving under
host immune pressure (20). Pyrosequencing could aid with the
tracking of changes associated with the evolution of the pan-

demic H1N1 viruses. For this purpose, pyrosequencing was
successfully used to determine the NA clade of viruses tested
on the basis of previously identified variant-specific amino acid
signatures (21, 29). It is worth noting that previously reported
M2 pyrosequencing primers (4) did not amplify all pandemic
viruses tested. Consequently, new pyrosequencing primers spe-
cific to the swine influenza virus M gene were also designed for
the detection of adamantane resistance markers. We note that
in addition to the pandemic and triple-reassortant swine influ-
enza viruses, the newly designed primers were able to amplify
all seasonal and H5N1 viruses tested (n � 25), although more
viruses need to be tested to demonstrate reliable coverage.

A variety of assays have been developed to monitor resis-
tance by sequence analysis of certain positions. Some of them
are based on single nucleotide polymorphism (SNP) analysis,
such as restriction fragment length polymorphism analysis and
real-time PCR (11, 24). The pyrosequencing approach de-
scribed here, which uses the PyroMark IdentiFire apparatus
(Biotage), both allows the detection of SNPs and provides
partial sequences. We believe that its ability to generate se-
quences, albeit partial sequences, is valuable especially for
virus surveillance laboratories because it provides highly infor-

FIG. 3. Analysis of sequences at residues 106 and 247 for distinction between the NAs from the three major groups of the pandemic H1N1
viruses. (A) Valine (GTA) at position 106 in A/Texas/41/2009 virus; (B) mutation from GTA to ATA (isoleucine) at the same residue in viral
isolate A/North Dakota/04/2009; (C) A/Texas/41/2009 with AAT (asparagine) at position 248 (N247); (D) change from AAT to GAT (aspartic
acid) at the same residue, N248D (N247D), in A/North Dakota/04/2009 virus.
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mative data in regard to virus origin and genetic lineages. The
pyrosequencing assays were performed directly with clinical
specimens prior to cell culture; this not only reduces the time
required for drug resistance and susceptibility testing but also
provides a tool for investigating the mechanisms of resistance
and allows the differentiation between changes that occur after
virus isolation.

In conclusion, the timely determination of drug susceptibil-
ity is critical and helps with making informed decisions about
antiviral usage in the control of influenza virus infections. Py-
rosequencing provides a high-throughput and rapid platform
and can be an invaluable tool in achieving such goals.
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