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The analysis of A/H1N1 and A/H3N2 influenza viruses collected between 2005 and 2008 in Cambodia
detected strains resistant to oseltamivir and confirmed widespread resistance to adamantanes. Phylogenetic
analyses revealed intrasubtype reassortment, probable reemergence of A/H3N2 viruses in two consecutive
seasons, and cocirculation of different lineages in each subtype.

Influenza A/H3N2 and A/H1N1 viruses are recurrent respi-
ratory pathogens causing 250,000 to 500,000 deaths annually
worldwide (16). Vaccination is the primary means of protec-
tion against influenza virus infections. Antiviral drugs are al-
ternative options to prevent or treat infections and are divided
into two classes: M2 protein inhibitors (adamantanes) and
neuraminidase inhibitors (NAI). However, in recent years, the
emergence of resistance due to several amino acid substitu-
tions has become widespread (1, 13, 17). We analyzed the
genetic relationships of 25 A/H3N2 and 21 A/H1N1 influenza
strains, representative of the overall influenza virus circulation
from 2005 to 2008 in different regions of Cambodia.

Maximum likelihood-based phylogenies (4) showed that
most of the H3N2 Cambodian isolates formed two major
groups (Fig. 1A and 1B), where group 1 and group 2 contained
isolates from 2005 to 2006 and from 2007 to 2008, respectively.
The phylogenies of the H1N1 subtype genes showed that the
Cambodian isolates formed a separate group during each in-
fluenza season (Fig. 1C and 1D).

Although the A/Cambodia/Q069/2006 (H1N1) isolate was
part of group 1, as shown by the phylogenetic relatedness of
the HA and M (data not shown) segments, the phylogeny of
the segment NA suggested a different evolutionary history,
where A/Cambodia/Q069/2006 (H1N1) was located between
group 1 and 2. Furthermore, the NA protein of A/Cambodia/
Q069/2006 (H1N1) differed from those of the other 2006 Cam-
bodian viruses by a significant number of amino acid changes.
Reassortment is believed to play an important role in gener-
ating antigenically novel viruses. For instance, intersubtype
reassortments between human and avian influenza viruses
were responsible for past and current influenza pandemics
(14). Intrasubtype reassortment generates diversity with the
possibility of increasing the frequency of immune escape vari-
ants (3, 5, 10, 11).

The A/Cambodia/S220/2008 (H1N1) and A/Cambodia/21/
2007 (H1N1) isolates contained the H275Y mutation (N1
numbering), which is associated with a high level of resistance

to oseltamivir, a major NAI widely used for influenza infec-
tion treatment and chemoprophylaxis. Phylogenetically, A/
Cambodia/S220/2008 (H1N1) belongs to clade 2B (6), which
is characterized by many resistant variants. This suggests that
this isolate was probably part of the overall emergence of
that resistant variant but introduced at a very low level in
Cambodia. A/Cambodia/21/2007 (H1N1) was more of a
transient strain. The virus belonged to the A/Hong Kong/2652/
2006-like clade (group 2, Fig. 1C), which usually did not in-
clude strains resistant to oseltamivir (6). It is worth noting that
the use of NAI for influenza treatment is very uncommon in
Cambodia. The A/Cambodia/S220/2008 (H1N1) strain did not
grow in Madin-Darby canine kidney cells, even after several
passages, but the A/Cambodia/21/2007 (H1N1) strain was
tested successfully for susceptibility to neuraminidase inhibitor
drugs. The mean concentrations of oseltamivir and zanamivir
required to inhibit 50% of neuraminidase activity (IC50) for
this virus were 1,144 nM and 0.81 nM, respectively. These
results are in concordance with those obtained with other
H275Y mutant viruses tested under the same conditions (6).

The S31N mutation responsible for adamantane resistance
was present in the majority of the circulating A/Hong Kong/
2652/2006-like H1N1 viruses, including Cambodian isolates
from 2007 and 2008, with the exception of A/Cambodia/S220/
2008 (H1N1), which belongs to the A/Brisbane/59/2007-like
clade (where the S31N mutation is not common). A/Cambodia/
P038/2005 (H1N1) and all the H3N2 sequences obtained from
2007 and 2008 Cambodian strains contained the S31N muta-
tion.

These results suggest that NAI would be the drugs of choice
for influenza treatment and chemoprophylaxis in Cambodia, as
adamantanes are no longer expected to be effective.

The HA, NA, and M gene trees showed that A/Cambodia/
P105/2005 (H3N2) and A/Cambodia/P106/2005 (H3N2) clus-
tered with 2006 isolates from Cambodia but also with strains
isolated in 2007 in other countries. Few polymorphic sites were
observed between the neuraminidase proteins of A/Cambodia/
P105/2005 (H3N2) and A/Cambodia/P106/2005 (H3N2) and
those of the 2006 isolates, while the proteins coded by the M
gene were identical. The 2005 and 2006 Cambodian isolates
probably shared close antigenic properties, since no differences
in the HA antigenic sites were found. Since these two 2005
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FIG. 1. Rooted phylogenies of H3 hemagglutinin (A), N2 neuraminidase (B), H1 hemagglutinin (C), and N1 neuraminidase (D) gene
sequences obtained from influenza viruses isolated between 2005 and 2008 in Cambodia. Cambodian isolates harboring a mutation H275Y on the
NA protein are shaded. Cambodian isolates sequenced in 2005, 2006, 2007, and 2008 were labeled with triangles, circles, squares, and diamonds,
respectively. The vaccine reference strains are boxed.
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sequences belonged to a cluster supported by a significant
bootstrap, it is possible that 2006 viruses resulted from a re-
emergence phenomenon. The seasonality that characterizes
influenza virus circulation is still poorly understood. Endoge-
nous seeding has been previously reported (2, 5, 7, 15), al-
though its apparent random emergence is not well understood.
The frequency and the underlying mechanisms of endogenous
seeding are important factors for predicting the next candidate
vaccine composition. Furthermore, Southeast Asian countries
are believed to play an important role in the spread of influ-
enza due to the atypical year-round infections that could ignite
the epidemic every year (12). It is then of paramount impor-
tance to unravel the circulation and the seasonality patterns of
human influenza by expanding its surveillance, particularly in
Southeast Asia, during influenza seasons and also between
seasons, during which most antigenic drift is believed to occur
(9, 10).

The phylogenies of the three genes suggested that multiple
introductions of both subtypes occurred. A/Cambodia/S220/
2008 (H1N1) was separated from the other Cambodian se-
quences obtained from viruses sampled during the same year
by branches with high bootstrap values and long branches. A
similar observation was made in 2005, as A/Cambodia/P105/
2005 (H3N2) and A/Cambodia/P106/2005 (H3N2) HA1 se-
quences were significantly different from that of A/Cambodia/
P038/2005 (H3N2) at the amino acid level. Indeed, A/Cambodia/
P038/2005 (H3N2) did not cluster with other 2005 strains,
suggesting the occurrence of another multiple introduction
event, confirming that genetically different viruses can cocir-
culate, as previously suggested (5). Although A/Cambodia/
S220/2008 (H1N1) HA1 differs from the other Cambodian
isolates by two amino acids at the Sb antigenic site, these
isolates could still have similar antigenic properties, as amino
acid variation within a single antigenic cluster can be up to 19
substitutions while the intercluster variation can be as little as
one substitution (8). Antigenic properties are therefore diffi-
cult to predict based solely on genetic analyses, and antigenic
tests using a hemagglutination inhibition assay should ideally
always be performed.

Nucleotide sequence accession numbers. Sequences are
available from GenBank under accession numbers FJ865225
through FJ865351.
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