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We found a relatively high frequency of unique amantadine-resistant H3N2 and H9N2 avian influenza
viruses (Val27Ile on M2 protein) isolated from live poultry markets in South Korea and confirmed that a
Val27Ile single substitution in the M2 protein is enough to acquire the amantadine resistance phenotype by
using reverse-genetically created human-avian reassortant viruses.

Influenza A viruses are important pathogens for humans,
birds, pigs, and other species that possess eight segments of
single-stranded negative-sense RNA. Vaccination is the pri-
mary measure to control influenza virus infections in humans.
However, for individuals who have not been vaccinated, or for
when a vaccine is not available, antiviral agents can provide an
important alternative. Two adamantane derivatives, amanta-
dine and rimantadine, are used for prophylaxis and treatment
of influenza virus infection. These drugs bind to and block the
function of the influenza A virus Matrix 2 (M2) ion channel
protein, preventing virus replication within the infected cell (4,
9, 18, 22). However, single amino acid substitutions in the M2
transmembrane domain leading to amantadine resistance oc-
cur at residue 26, 27, 30, 31, 34, or 38 (2, 6, 17). Furthermore,
resistant mutants emerge readily in drug-treated patients, and
the mutant viruses are transmissible (7, 11, 19). Between 1991
and 1995, surveillance for adamantane-resistant (H3N2) type
A influenza viruses revealed the global frequency of resistance
to be as low as 0.8% (23). However, a substantially rising
percentage of drug-resistant H3N2 viruses were isolated dur-
ing 1995 to 2005 from the United States (14.5%) and specific
Asian countries, including China, (96%), Hong Kong (72%),
South Korea (36%), and Japan (65.3%) (3–5, 16).

With the relatively high frequencies of amantadine-resistant
influenza A viruses being reported in human isolates in Asia (3,
5, 15), we surveyed the frequency of amantadine-resistant vi-
ruses isolated in Korea from December 2004 to April 2008 by
a previously described method (12) from humans (nasopha-
ryngeal suction) and avian species (tracheal swabs and fecal
specimens) of live poultry markets (LPMs), backyard poultry
farms (BPFs), and wild birds in order to investigate the pres-
ence of amantadine-resistant mutants and to discover any po-
tential relationships between human and animal drug-resistant
viruses.

DNA sequences of the M2 genes were compiled and edited
using the SeqMan program (DNASTAR) and aligned using

Clustal_X (1, 21). A phylogram was generated by the neighbor-
joining method using the tree drawing program NJplot (14).

A total of 207 influenza A viruses isolated in South Korea
were analyzed, and a subset was found to contain point muta-
tions in regions implicated as hot spots for amantadine resis-
tance. In 17 avian H3N2 LPM isolates and 1 H9N2 BPF iso-
late, we observed a single amino acid substitution in the M2
protein (Val27Ile) previously correlated with amantadine re-
sistance. The base change was more common in the H3N2
subtype (94.4%) than in the H9N2 subtype (5.6%) (Table 1).
Interestingly, an H5N2 wild bird virus (Dk/Korea/W224/07)
had the same mutation. Six out of 12 H3N2 human viruses
isolated in 2008 had a different amino acid substitution
(Ser31Asn) in the M2 protein. No other amino acid changes
associated with influenza virus resistance to amantadine were
detected in other various subtypes of wild bird and poultry
isolates.

Phylogeny of the M2 genes of avian and human isolates from
South Korea revealed that avian influenza viruses were clearly
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TABLE 1. Summary of amantadine-resistant influenza A viruses
characterized in this studya

Source Host/subtype
No. of

samples
tested

No. of samples with
M2 substitution

(position)

Wild bird Dk/H1-H12 83 0
Dk/H5N2 16 1 (Val27Ile)

LPM DkH3N2 13 9 (Val27Ile)
Dk/H3N6 2 0
Dk/H9N2 2 0
Ck/H3N2 8 8 (Val27Ile)
Ck/H9N2 11 0

BPF Ck/H9N2 37 0
Dk/H9N2 11 1 (Val27Ile)
Dk/H3N2 12 0

Human Hu/H3N2 12 6 (Ser31Asn)

Total 207 25

a LPM, live poultry market; BPF, backyard poultry farm; Dk, duck; Ck, chicken;
Hu, human.
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distinct from human isolates, separating into at least seven
different sublineages (Fig. 1). It is noteworthy that the M2
genes of all amantadine-resistant avian H3N2 and H9N2 vi-
ruses were clustered together except for that of one H5N2
virus that also has the M2 mutation conferring drug resistance.
Nevertheless, this result suggests that all amantadine-resistant
H3N2 avian influenza viruses analyzed have the same M gene
lineage.

To evaluate whether the observed valine-to-isoleucine sub-
stitution would consequently result in an amantadine resis-
tance phenotype, a previously reported phenotypic assay for
amantadine susceptibility (13) was performed on a blind subset
of 60 avian H3N2 isolates (41 sensitive and 19 resistant iso-
lates). The results showed the presence of 19 drug-resistant
isolates (with a �2.5-fold higher log10 50% tissue culture in-
fective dose/0.2 ml virus titer) conforming to isolates also pos-
sessing the amino acid substitution at residue 27. Therefore,

amantadine resistance correlated 100% with the presence of
the mutation obtained by sequencing. These results are in
agreement with published reports of the Val27Ile mutation
conferring amantadine resistance (10).

To determine whether human influenza virus would acquire
the phenotype if the characteristic mutation is present, we
generated two recombinant viruses by plasmid-based reverse
genetics in 293T cells, as described previously (8). The A/PR/
8/34/L03M reassortant virus bore the M gene from the A/duck/
Korea/L03/05 (H3N2) virus, encoding the amantadine resis-
tance-conferring amino acid substitution (Val27Ile), and the
other genes from the A/PR/8/34 (H1N1) strain (A/PR/8/34
plasmids kindly provided by Robert G. Webster). The A/PR8/
34/ML03M reassortant virus contained the mutant M gene
from the A/duck/Korea/L03/05 isolate, encoding the single
amino acid change (Ile27Val) by PCR mutagenesis. To test for
susceptibility, the titers of the viruses were determined in the

FIG. 1. Phylogenetic analysis of the Matrix 2 (M2) genes of influenza virus isolates from South Korea. Phylogenetic neighbor-joining trees
comparing the nucleotide sequences of the M genes of the 207 avian and human isolates in South Korea in this study with nucleotide sequences
from other selected human and avian influenza virus strains. The scale represents the number of substitutions per nucleotide. Viruses in boldface
type indicate Korean LPM and BPF isolates bearing the amantadine resistance phenotype. Branch labels record the stability of the branches over
1,000 bootstrap replicates. Only bootstrap values of �60% are shown in the tree due to limited space and the reliability of groupings above 60%.
Standard nomenclature is used for human isolates. Dk, duck; Ck, chicken.
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presence and absence of drugs. As expected, there were no
differences in growth between the viruses in the media without
the antiviral drug; however, the A/PR/8/34/L03M virus had a
2.5-fold-higher log10 50% tissue culture infective dose/0.2 ml
titer than did the A/PR/8/34/ML03M virus in the media con-
taining the 1 �g/ml of amantadine. These results clearly dem-
onstrate that the Val27Ile single substitution in the M2 protein
is enough to acquire the amantadine resistance phenotype.

Historically, most adamantane-resistant influenza virus iso-
lates from humans (70 to 80%) contain mutations at position
31 of the M2 protein, whereas the Val27Ile mutation is ex-
tremely rare (1.6%) in frequency (3–5, 10). In this study, we
found a total of 19 out of 195 (9.7%) avian influenza viruses in
LPMs, BPFs, and wild birds in South Korea encoding the
Val27Ile mutation in the M2 protein. In line with the fact that
the Val27Ile mutation was sufficient to acquire the amantadine
resistance phenotype, our data strongly support a previous
report (13) that it could also be a potential marker for drug
resistance and, thus, should be considered during chemopro-
phylaxis. It is noteworthy that the majority of the amantadine-
resistant viruses in this study were of the H3N2 subtype, com-
monly isolated from LPMs in South Korea (20). Their genetic
evolution toward amantadine resistance indicates that the
presence of an undetermined selective pressure is involved;
however, more detailed studies are needed to identify the
possible means of selectivity in LPM settings compared to that
in wild bird habitats.

The close proximity of humans and poultry products in
LPMs could provide a convenient ground for interspecies virus
transmission. Amantadine-resistant avian viruses that find
their way into human hosts would present an additional prob-
lem when administering antiviral drugs for infection control.
Overall, the results of this study highlight the need to closely
monitor drug resistance in avian influenza viruses to aid in the
early detection of potentially pandemic strains, and they also
underscore the need for new therapeutics.

Gene sequences determined in this study have been depos-
ited in the GenBank database (EU819089 to EU819140).
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