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a b s t r a c t

To investigate the frequency of amantadine resistance among influenza A viruses isolated in Korea dur-
ing the 2003–2009 seasons, 369 (16.8%) 2199 A/H1N1 viruses and 780 (14.8%) of 5263 A/H3N2 viruses
were randomly selected. The M2 and HA1 genes of each isolate were amplified by reverse transcription-
polymerase chain reaction and followed by nucleotide sequencing. The results showed that the resistance
rate to amantadine among A/H1N1 viruses increased significantly from 2004–2005 (33.3%) to 2007–2008
mantadine resistance
nfluenza A virus
hylogenetic analysis
outh Korea

(97.8%) and then decreased dramatically in 2008–2009 (1.9%). The A/H1N1 isolates recently detected
in 2008–2009 turned amantadine-sensitive containing two new substitutions at specific sites (S141N,
G185A) in HA1. Compared with A/H1N1 viruses, the amantadine resistance among the A/H3N2 viruses
increased from 2003–2004 (9.7%) to 2005–2006 (96.7%) and decreased in 2006–2007 (57.4%). During
2006–2007, both of amantadine-resistant and -sensitive A/H3N2 viruses co-circulated but clustered in
different branches phylogenetically. All of A/H3N2 isolates tested during 2007–2009 appeared to cluster

resist
in the same group being

Influenza infects approximately 20% of the world’s popula-
ion and more than half a million individuals die every year of
nfluenza-associated complications (Englund, 2002). Vaccination
nd antiviral treatments are essential for the prevention and control
f influenza infection. With the use of antiviral drugs for the clin-
cal management of influenza, a high prevalence of adamantane
esistance in influenza A viruses was observed in both countries
here these drugs have been used and where they have not

een used (Bright et al., 2005; CDC, 2006; Hayden, 2006; Deyde
t al., 2007; Barr et al., 2008; Saito et al., 2008; Nelson et al.,
009).

To investigate the prevalence of amantadine resistance in
orea, we tested 1149 influenza A viruses (369 A/H1N1 and 780

/H3N2) isolated from throughout the country by the Korean

nfluenza Surveillance Scheme (KISS). Influenza isolates in this
tudy were collected between October 1, 2003 (2003–2004 sea-
on) and December 13, 2008 (2008–2009 season). The matrix gene
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(339 bp) and HA gene (1179 bp of A/H1 and 1141 bp of A/H3) were
amplified by PCR. The sequences were aligned with the MegAlign
program (DNASTAR Inc. Software, Madison, WI, USA). We analyzed
the amino acid substitutions at positions 26, 27, 30, 31, or 34 within
the transmembrane domain of the M2 protein, known to confer
resistance to amantadine (Abed et al., 2005). We also phylogenet-
ically analyzed the HA1-coding region (978 bp of A/H1 and 987 bp
of A/H3) in both of the influenza A/H1N1 and A/H3N2 viruses. All
the sequence of the Korean isolates used in this study was sub-
mitted to GenBank (accession nos. FJ794081–FJ794172) and was
compared with the reference sequences from GenBank (acces-
sion nos. CY031342, CY030230, EU100724, AY289929, EU103822,
EU501153, CY034108, CY031795, CY031799, and CY035022).

The resistance to amantadine among the influenza A/H1N1
viruses was 0% (0/1) in 2003–2004, 33.3% (6/18) in 2004–2005,
which might be attributable to the relatively small number
of viruses isolated. The resistance rates for A/H1N1 viruses
increased significantly from 8.5% (11/129) in the 2005–2006 sea-
son, 81.1% (60/74) in the 2006–2007 season, to 97.8% (91/93) in the
2007–2008 season. However, the resistance rate for A/H1N1 viruses
decreased dramatically to 1.9% (1/54) during the 2008–2009 sea-

son. In contrast, the frequency of A/H3N2-resistant viruses was 9.7%
(9/93) during the 2003–2004 influenza season, but increased sig-
nificantly to 51.9% (42/81) during the 2004–2005 influenza season
and to 96.7% (89/92) in the 2005–2006 influenza season. The resis-
tance rates increased consistently from 2003 to 2006. However,

ghts reserved.
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he resistance rate of A/H3N2 viruses decreased by half to 57.4%
226/394) during the 2006–2007 season and then increased to
00% (109/109) in the 2007–2008 season until December 13, 2008.
he frequency of amantadine-resistant H3N2 isolates (100%, 11/11)
as much higher than that of amantadine-resistant H1N1 isolates
1.9%, 1/54) in the 2008–2009 season. Of 1149 viruses tested (369
/H1N1 and 780 H3N2), all of them had the S31N substitution and
nly two (one in 2005–2006 and one in 2006–2007) had a double
27A/S31N substitution. Our data show that the S31N substitution

s the most common mutation for the acquisition of amantadine

ig. 1. Phylogenetic tree analysis of the HA1-coding region of the hemagglutinin (HA
ootstrap values are shown for nodes having values >70%. Reference strains are denoted
nd amantadine-sensitive strains, respectively. Scale bar indicates 5 substitutions per 10
arch 84 (2009) 199–202

resistance in influenza viruses. The amantadine resistance identi-
fied by sequencing was confirmed by virus yield reduction assay
(Bright et al., 2005).

Sequence and phylogenetic analyses of the HA1-coding
region showed that amantadine-resistant A/H1N1 viruses during

the 2006–2007 and 2007–2008 seasons clustered in clade 2C,
represented by A/Hong Kong/2652/2006, and contained substitu-
tions at S26N and R188 M (Fig. 1). However, the recent A/H1N1
isolates collected during 2008–2009 belong to clade 2B and
these amantadine-sensitive strains are circulating extensively

) gene of human influenza A/H1N1 viruses isolated in Korea during 2003–2009.
in bold. A star sign and dotted circle symbol indicate amantadine-resistant strains

00 nucleotides.
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t present. The 2008–2009 A/H1N1 isolates were in the same
luster as A/Brisbane/59/2007, which is the 2008–2009 influenza
accine strain, but differ from A/Brisbane/59/2007 by changes
t two new positively selected sites (S141N, G185A) in HA1.
hese two amino acid changes in sensitive strains occurred at the
ntigenic sites Ca (residue 141) and near Sb (residue 185). This
ay have contributed to the extensive spread of A/H1N1 isolates

p to the 50th week in the 2008–2009 season. These 2008–2009
/H1N1 isolates collected during December 2008 showed high
omology (98.8–99.4%) at the amino acid level of HA1 to viruses

irculating in the first quarter of 2008 in the USA and several Euro-
ean countries (A/Washington/01/2008, A/Bucuresti/229/2008,
/Lisbon/3/2008, A/North Carolina/02/2008, A/New Jer-
ey/10/200/, A/Norway/773/2008), whereas the 2007–2008
/H1N1 isolates collected in December 2007 showed homology

ig. 2. Phylogenetic tree analysis of the HA1-coding region of the hemagglutinin (HA)
ootstrap values are shown for nodes having values >70%. Reference strains are denoted
nd amantadine-sensitive strains, respectively. Scale bar indicates 2 substitutions per 100
arch 84 (2009) 199–202 201

(96.0–96.6%) to viruses circulating in the first quarter of 2008 in
the USA and several European countries. It is unclear whether
the strains circulating in Korea in the 2008–2009 season were
derived from the USA or other European countries. More recent
data on the HA sequences of A/H1N1 in other countries, espe-
cially in Asia, are required to clarify the epicenters of these viral
epidemics.

Amantadine-resistant A/H3N2 viruses with double mutations
at S193F and D225N, designated clade N (Saito et al., 2007),
appeared at the end of the 2004–2005 season (Fig. 2). During the

2003–2004 and 2004–2005 seasons, amantadine-resistant A/H3N2
viruses contained aspartic acid at residue 225. The amantadine-
resistant isolates and amantadine-sensitive isolates during the
2004–2005 season were genetically close to A/Wisconsin/67/2005
and A/California/7/2004, respectively. Two subgroups of A/H3N2

gene of human influenza A/H3N2 viruses isolated in Korea during 2003–2009.
in bold. A star sign and dotted circle symbol indicate amantadine-resistant strains
0 nucleotides.
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ere circulating in the 2004–2005 season with resistance rates of
1.9%. Nearly all of the amantadine-resistant and -sensitive viruses

n the beginning and middle of the 2004–2005 season had aspartic
cid at residue 225 of HA1, whereas all the amantadine-resistant
iruses at the end of the 2004–2005 season had a mutation at
esidue 225, of HA1 from aspartic acid to asparagine (D225N),
nd were grouped together with A/Wisconsin/67/2005. During
he 2006–2007 season, both amantadine-resistant viruses and
mantadine-sensitive viruses co-circulated with a resistance rate
f 57.4%, but were clustered phylogenitically on different branches.
he amantadine-sensitive viruses as well as the amantadine-
esistant viruses in 2006–2007 had the amino acid changes S193F
nd D225N and these amantadine-sensitive N-lineage strains
ight be due to reassortment event, as reported previously (Furuse

t al., 2009). The recent A/H3N2 isolates from 2008–2009 cluster in
he same group as the isolates from 2007–2008 and are resistant
o amantadine.

In Korea, amantadine has been licensed as an antiviral drug
or clinical use since 1974 and has therefore been used for the
reatment of influenza A virus infection for more than 30 years.

doctor’s prescription is required for its use. However, the Korea
ood and Drug Administration recommended restrictions on the
se of amantadine as an anti-influenza drug at the beginning of
006 based on the CDC report (CDC, 2006). Based on the resis-
ance rates of influenza A/H1N1 and A/H3N2 viruses during six
easons, we assume that resistant viruses are circulating without
election pressure from the drug and the resistance rate of the
solates collected each season might depend on the degree of the
esistant strains among the circulating viruses. Here, our data pro-
ide the information on the adequate use of antiviral drugs in a
apid manner for influenza treatment in Korea through the antivi-

al resistance monitoring. This study raises concerns about the
ncreasing incidence of amantadine-resistant influenza A viruses
irculating in Korea and draws attention to the importance of
racking the emergence and worldwide spread of drug-resistant
iruses.
arch 84 (2009) 199–202
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