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Two distinct genetic clades of seasonal influenza A(H1N1)

viruses have cocirculated in the recent seasons: clade 2B

oseltamivir-resistant and adamantane-susceptible viruses,

and clade 2C viruses that are resistant to adamantanes and

susceptible to oseltamivir. We tested seasonal influenza

A(H1N1) viruses collected in 2008-2010 from the United

States and globally for resistance to antivirals approved by

the Food and Drug Administration. We report 28 viruses

with both adamantane and oseltamivir (dual) resistance

from 5 countries belonging to 4 distinct genotypes. Because

of limited options for antiviral treatment, emergence of dual-

resistant influenza viruses poses a public health concern, and

their circulation needs to be closely monitored.

Since the 2007–2008 influenza season, seasonal (prepandemic)

influenza A(H1N1) viruses with resistance to both classes of li-

censed antiviral drugs, M2 blockers (adamantanes) and neur-

aminidase inhibitors (NAIs), have been reported in the United

States and globally (http://www.cdc.gov/flu/weekly/fluactivity.

htm).

The markers of resistance to adamantanes are well established

and include mutations at residues 26, 27, 30, 31, and 34 in the

M2 protein [1, 2]; each change confers resistance to both ada-

mantanes: amantadine and rimantadine. High levels of resis-

tance to adamantanes have been reported globally since 2005

[3]; however, adamantane resistance in US seasonal influenza

A(H1N1) viruses has been relatively low in recent seasons:

10.7% and .7% for the 2007–2008 and 2008–2009 seasons, re-

spectively (http://www.cdc.gov/flu/weekly/). Conversely, ada-

mantane resistance in southeast Asia has remained elevated

(33%–100%) since 2007 [4]. Phylogenetically, the M genes of

adamantane-susceptible and resistant seasonal influenza

A(H1N1) viruses form 2 distinct clades: 2B and 2C, respectively

[3]. Among recent viruses, clade 2C viruses carry the S31N

mutation, the most commonly detected adamantane resistance

marker. If adamantane resistance is detected in the primarily

adamantane-susceptible clade 2B viruses, it is generally linked

with the development of resistance during adamantane

treatment [1, 2].

Rise in resistance to the NAI oseltamivir, due to the H275Y

mutation (H274Y in N2 numbering) in the neuraminidase

(NA), was first noted among seasonal influenza A(H1N1) viruses

in 2007–2008 [5, 6]. Prevalence of oseltamivir-resistant influenza

A(H1N1) viruses increased to approximately 100% in many

countries during 2008–2009 [6]. These viruses, belonging to

clade 2B, retained susceptibility to adamantanes and to the other

licensed NAI, zanamivir [5, 6]. Interestingly, in some geographic

regions, including China, the prevalence of oseltamivir-resistant

seasonal influenza A(H1N1) viruses was lower [7].

Because only 2 classes of antiviral agents are licensed, the

detection of viruses with resistance to drugs in both classes of

antiviral agents is concerning. Recently, a growing number of

seasonal influenza A(H1N1) viruses with resistance to both

oseltamivir and adamantanes were reported from Hong Kong

[8, 9]. We performed detailed analysis of 28 seasonal influenza

A(H1N1) viruses with resistance to both oseltamivir and ada-

mantanes (ie, dual-resistant) identified from global surveillance

to gain insight into possible mechanisms for the emergence of

these viruses.

MATERIALS and METHODS

Viruses. During the 2008–2009 and 2009–2010 influenza

seasons, US public health laboratories and National Influenza

Centers from other countries submitted influenza virus isolates

to the US Centers for Disease Control and Prevention (CDC)

for virus strain characterization and antiviral resistance sur-

veillance [5].
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Pyrosequencing. Pyrosequencing was conducted for the

detection of the H275Y mutation in the NA and for markers of

adamantane resistance in the M2 gene [3].

Conventional sequencing. Full genome sequencing (PB2,

PB1, PA, HA, NP, NA, M, and NS gene segments) of dual-

resistant viruses was performed using the Sanger sequencing

method on the 3730 xl DNA Analyzer (Applied Biosystems).

RNA extraction and reverse-transcription polymerase chain

reaction (RT-PCR) setup were performed using the same kits

as for pyrosequencing [3]. RT-PCR products were cleaned

up using ExoSAP-IT (USB Corporation). Sequencing reactions

were prepared with the BigDye Terminator kit (version 3.1)

and purified with the BigDye XTerminator kit (Applied Bio-

systems).

Phylogenetic analysis. Gene sequences were aligned using

BioEdit (version 7.0.9.0). The gene sequences of dual-resistant

influenza viruses were deposited into GISAID. Phylogenetic

analysis of each gene (data not shown) was performed using the

Neighbor-Joining method, nucleotide model Tamura-Nei,

MEGA version 4 [10].

Epidemiological investigation. For US surveillance iso-

lates, state health departments were asked to obtain epidemio-

logical and clinical information for each patient (data not

shown); the collection of information was deemed to be for

surveillance purposes and not research.

RESULTS

Antiviral susceptibility surveillance for seasonal A(H1N1)

viruses. From 1 October 2008 to 30 September 2009 (the

2008–2009 influenza season), of the 1157 seasonal (prepan-

demic) influenza A(H1N1) viruses submitted from US public

health laboratories, 1146 (99.0%) were resistant to oseltamivir

and all were susceptible to zanamivir (http://www.cdc.gov/flu/

weekly/). Of the 275 viruses submitted from other countries, 182

(66.2%) were resistant to oseltamivir and all were susceptible to

zanamivir. Eight (7%) of 1157 viruses collected in the United

States and 100 (34.8%) of 287 foreign viruses were resistant to

adamantanes. From 1 October 2009 to 20 January 2010 (part of

the 2009-2010 influenza season), 25 seasonal influenza A(H1N1)

viruses collected globally were tested, and all were susceptible to

both NAIs with the exception of one US virus that was resistant

to oseltamivir. Of these 25 viruses, 18 (72%) were adamantane-

resistant (Table 1).

Epidemiological investigation of US cases of dual re-

sistance. Four seasonal influenza A(H1N1) viruses were re-

sistant to both oseltamivir and adamantanes among US isolates

from 2008 to 2010 (http://www.cdc.gov/flu/weekly/) (Table 1).

Two of these patients with immunocompromising conditions

were treated with amantadine prior to the collection of re-

spiratory specimens. The other patients, one pregnant and the

other with neurological conditions, did not receive

adamantanes. None of the patients reported travel during the 7

days before onset of illness, and none reported illness in a family

member or close contact during the week before or after their

illness.

Dual-resistant viruses detected globally. Twenty-one vi-

ruses collected in China, including 8 from Hong Kong SAR, as

well as 1 virus each from Canada, Kenya, and Vietnam, were

dually resistant to adamantanes and oseltamivir (Table 1). In-

formation on exposure to adamantanes or to other antiviral

agents was not available.

Full genome phylogenetic analysis of dual-resistant viruses.

On the basis of full genome sequences, the genome composition

of dual-resistant US seasonal influenza A(H1N1) isolates was

consistent with genomes of previously characterized viruses

bearing a clade 2B hemagglutinin (genotype 1), with the ex-

ception of A/Texas/57/2009 (H1N1) (Figure 1, Table 1). The

genomes of Canadian and Kenyan dual-resistant viruses also

belonged to genotype 1, whereas the majority of dual-resistant

viruses from China and Vietnam were reassortants (genotype 2).

A/Texas/57/2009 (H1N1) also belonged to genotype 2. Geno-

type 2 viruses are reassortants that inherited the M gene from

clade 2C viruses and all other genes from clade 2B viruses. Two

single instances of different genotypes, genotypes 3 and 4, were

detected in viruses received from China. A/Guangdong-

Zhuangsuyaozuzizhi/51/2009 (H1N1), possessed both the

M and NS genes from clade 2C viruses (genotype 3), whereas

A/Liaoning-Huanggu/1144/2009 (H1N1) contained a clade 2B

NA gene in a clade 2C background (genotype 4).

DISCUSSION

We characterized 28 seasonal influenza A(H1N1) viruses from

2008 to 2010 that were dually resistant to oseltamivir and ada-

mantanes from 5 countries: the United States, Canada, China,

Kenya, and Vietnam. These viruses retained susceptibility to

only 1 licensed influenza antiviral agent, inhaled zanamivir.

Seven of the dual-resistant viruses were collected during the

2009–2010 influenza season, 21 were from the previous season

(2008–2009), and 1 was detected during the 2007–2008 season.

Although dual-resistant viruses are still rare, the increase in

prevalence among seasonal influenza A(H1N1) viruses was

notable during the last 3 seasons, .06% (1 of 1753 tested in

2007–2008), 1.5% (21 of 1426 in 2008–2009), and 28% (7 of 25

in 2009–2010) (v2; P,.001). Although few seasonal A(H1N1)

viruses circulated during 2009-2010 and it is uncertain whether

seasonal and pandemic A(H1N1) viruses will cocirculate in fu-

ture seasons, the detection of dual-resistant seasonal A(H1N1)

viruses from 5 countries warrants concern because of the limited

treatment options currently available for dual-resistant influenza

A viruses.

The acquisition of a mutation in an influenza A virus that

confers resistance to an antiviral agent may occur as a result of
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drug selection, spontaneous mutation, or through genetic re-

assortment with another drug-resistant influenza A virus. The

development of resistance to oseltamivir while on therapy was

documented to occur in 1%–18% of patients, including im-

munocompromised patients, depending on age, treatment reg-

imens, and other differences [11]. The emergence and

Table 1. Antiviral data and genetic clades for influenza A(H1N1) viruses with dual resistance to oseltamivir and adamantanes, 2008–2010

Strain designation

Collection

date

Country NA

mutation

M2

mutation

Antiviral

exposure

Passage

history* PB2 PB1 PA HA NP NA M NS Genotype

A/Texas/38/2009ab 02/08/09 US H275Y V27A Yes X/C2 2B 2B 2B 2B 2B 2B 2B 2B 1

A/West Virginia/02/2009 03/18/09 US H275Y S31N No R1/C1 2B 2B 2B 2B 2B 2B 2B 2B 1

A/Kentucky/08/2009ab 05/11/09 US H275Y V27A Yes E1/C1 2B 2B 2B 2B 2B 2B 2B 2B 1

A/Alberta/RV2859/2009 09/24/09 Canada H275Y V27A Unknown C1/C1 2B 2B 2B 2B 2B 2B 2B 2B 1

A/Kenya/1720/2009 08/14/09 Kenya H275Y L26F Unknown X/C1 2B 2B 2B 2B 2B 2B 2B 2B 1

A/Fujian-Gulou/1581/2009 05/27/09 China H275Y S31N Unknown E2/E1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hunan-Changning/52/
2009

07/06/09 China H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/4458/2009 07/06/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/4508/2009 07/10/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Fujian-Gulou/1896/2009 07/16/09 China H275Y S31N Unknown E2/E1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Vietnam/2036/2009 07/22/09 Vietnam H275Y S31N Unknown X/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/14775/2009 08/08/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Texas/57/2009a 08/12/09 US H275Y S31N Yes M1/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Jiangsu-Quanshan/377/
2009

09/07/09 China H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/26547/2009 09/07/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Beijing-Chaoyang/1792/
2009

09/09/09 China H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/26552/2009 09/11/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Zhejiang-Liandu/1339/
2009

09/23/09 China H275Y S31N Unknown C1/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Sichuan-Xiqu/325/2009 09/23/09 China H275Y S31N Unknown C3/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Beijing-Chaoyang/11230/
2009

10/15/09 China H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Beijing-Chaoyang/11263/
2009

10/17/09 China H275Y S31N Unknown C1/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/33773/2009 10/17/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/33774/2009 10/21/09 Hong Kong H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Fujian-Shanghang/523/
2009

10/22/09 China H275Y S31N Unknown C1/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Hong Kong/33775/2009 10/23/09 Hong Kong H275Y S31N Unknown C2/C2 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Sichuan-Dongqu/1836/
2009

11/02/09 China H275Y S31N Unknown C2/C1 2B 2B 2B 2B 2B 2B 2C 2B 2

A/Guangdong-
Zhuangzuyaozuzizhi/
51/2009

03/13/09 China H275Y S31N Unknown E1/E1 2B 2B 2B 2B 2B 2B 2C 2C 3

A/Liaoning-Huanggu/1144/
2009

03/23/09 China H275Y S31N Unknown C2/C1 2C 2C 2C 2C 2C 2B 2C 2C 4

NOTE. NA 5 neuraminidase;

* X 5 Unknown passage history;

E# 5 number of passages in embryonated chicken eggs;

C# 5 number of passages in MDCK cells;

R# 5 number of passages in RMK cells;

M# 5 number of passages in Monkey kidney cells;

passage indicated before the/indicate passages from submitting laboratory;

passage indicated after the/indicate passages at CDC;
a treated with oseltamivir;
b treated with adamantanes: amantadine or rimantadine;

GISAID accession numbers: EPI89455-EPI89457, EPI89861-EPI89863, EPI90085-EPI90087, EPI211257-EPI211259, EPI211263-EPI211265, EPI215523-

EPI215525, EPI215535-EPI215536, EPI215538-EPI215540, EPI232853-EPI232855, EPI241608-EPI241610, EPI244128-EPI244130, EPI244149-EPI244157,

EPI244243-EPI244245, EPI249557-EPI244560, EPI266810-EP1266935.
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widespread detection of oseltamivir-resistant seasonal influenza

A(H1N1) viruses in the 2008–2009 season is not well un-

derstood; however, some evidence suggests that the H275Y

mutation in the NA may have occurred spontaneously, without

apparent drug pressure or reassortment [12, 13]. In contrast,

adamantane resistance has been reported in 30%–80% of iso-

lates from patients treated in clinical studies or during outbreak

investigations [3]. In addition, current seasonal influenza

A(H1N1) viruses from clade 2C are typically oseltamivir-

susceptible and carry the S31Nmarker of adamantane resistance

in the M2 protein, whereas recent clade 2B seasonal influenza

A(H1N1) viruses are primarily adamantane-susceptible and

carry the oseltamivir resistance-conferring mutation H275Y in

the NA gene.

In this study, the dual-resistant viruses belonged to 4 genetic

backgrounds on the basis of full genome sequence analysis. Of

the US viruses of genotype 1, all genes similar to clade 2B viruses,

2 were identified in severely immunocompromised patients after

adamantane treatment. The third US genotype 1 virus was

isolated from a patient that did not have a severe im-

munocompromising condition and received no antiviral agents,

suggesting that the virus causing this infection either sponta-

neously acquired the S31N mutation in the M2 protein or was

possibly transmitted from a person treated with adamantane. All

3 of these cases would be consistent with an oseltamivir-resistant

clade 2B virus acquiring adamantane resistance through treat-

ment or transmission.

The fourth US case was a genotype 2 virus from a patient with

an influenza infection unassociated with adamantane treatment.

As evidenced by a 2B backbone and a 2C M gene (genotype 2),

adamantane resistance in this virus was likely the result of a re-

assortment between clade 2B and 2C viruses. An additional 21

dual-resistant viruses in this report were similar reassortants

belonging to genotype 2. The predominance of genotype 2 dual-

resistant viruses may suggest that the presence of the 2C M gene

provides either a fitness advantage over viruses with clade 2B M

gene or could be the result of the continued use of adamantanes

in some populations. The S31N mutation is also the marker

detected in nearly all recent adamantane-resistant seasonal

A(H3N2) viruses and 2009 pandemic A(H1N1) viruses (http://

www.cdc.gov/h1n1flu/) [3, 14, 15]. However, adamantane re-

sistance in A(H3N2) viruses and 2009 pandemic A(H1N1) vi-

ruses were acquired independently (http://www.cdc.gov/

h1n1flu/) [16].

Interestingly, 3 of the 5 viruses from North America, in-

cluding the Canadian virus, A/Alberta/RV2859/2009 (H1N1),

contained the less common V27A change in the M2 protein,

whereas the other 2 viruses contained the most commonly de-

tected mutation: S31N. Of note, one dual-resistant virus,

A/Kenya/1720/2009 (H1N1), also contained another less com-

mon adamantane resistance marker: L26F. At this time it is

unclear whether these uncommon changes (L26F and V27A) in

the M2 protein, all genotype 1 viruses, emerged due to treatment

as seen in the 2 US cases, A/Texas/38/2009 (H1N1) and A/

Kentucky/08/2009 (H1N1), or if adamantine-resistant viruses

with 2B M genes with those mutations circulate regionally.

Genotype 2 and genotype 3 dual-resistant viruses from Asia

appear to be genetically similar to previously reported dual-

resistant viruses from Hong Kong SAR [8, 9]. The genotype

4 virus, A/Liaoning-Huanggu/1144/2009 (H1N1), was the

only dual-resistant virus with a nearly complete 2C genome.

Oseltamivir resistance in the A/Liaoning-Huanggu/1144/2009

(H1N1) virus appears to be the result of a reassortment be-

tween 2B and 2C viruses, as revealed by the presence of the

oseltamivir-resistant clade 2B NA gene. Although the exact

mechanisms are unknown, it is likely that the development of

dual resistance in reassortant viruses, genotypes 2–4, arose

from coinfection with a clade 2B oseltamivir-resistant virus

and a clade 2C adamantane-resistant virus. Such intrasubtype

reassortment of cocirculating strains has been observed in

influenza A viruses [16].

The detection of influenza A(H1N1) viruses that are resistant

to both adamantanes and oseltamivir warrants close monitor-

ing. If circulation of viruses with dual resistance to both osel-

tamivir and adamantanes becomes more widespread among any

of the predominant circulating influenza A viruses (eg, 2009

pandemic H1N1, H5N1, etc), treatment options would be

Figure 1. Summary of genotypes of dual-resistant seasonal influenza
A(H1N1) viruses detected by full genome analysis, 2008–2010. Clade 2B
genes are indicated by blue rectangles, and clade 2C genes are indicated
by green rectangles. Oseltamivir resistance is indicated by a red solid
outline. Adamantane resistance in the clade 2B M gene is indicated by
a red dashed outline. Adamantane resistance in the clade 2C M gene is
indicated by a red dotted outline. Reassortant genotypes are indicated by
the bracket.
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extremely limited, especially in young children and for severely

ill patients. New antiviral agents and strategies for antiviral

therapy are likely to be necessary in the future.
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