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Influenza A virus has the ability to overcome immunity from previous infections through the acquisition of
genetic changes. Thus, understanding the evolution of the viruses in humans is important for the surveillance
and the selection of vaccine strains. A total of 30 influenza A/H3N2 viruses and 35 influenza A/H1N1 viruses
that were collected in Vietnam from 2001 to 2006 were used to analyze the evolution of the hemagglutinin (HA),
neuraminidase (NA), and matrix protein (M) genes. Phylogenetic analysis of individual gene segments revealed
that the HA and the NA genes of the influenza A viruses evolved in a sequential way. However, the evolutionary
pattern of the M gene proved to be nonlinear and was not linked with that of the HA and NA genes. Genetic
drift in HA1 segments, especially in the antigenic sites of A/H3N2 viruses, occurred more frequently in A/H3N2
viruses than it did in A/H1N1 viruses. Two reassortants, one influenza A/H3N2 strain and one A/H1N1 strain,
were found on the basis of the phylogenetic analysis of the three genes. While both genetic mutation and
reassortment contributed to their evolution, the frequency of genetic changes and reassortment events differs
between the two subtypes. As influenza viruses circulate throughout the year, we emphasize the importance of
surveillance in tropical and subtropical zones, where the emergence of new strains may be detected earlier than
it is in temperate zones.

The influenza virus is a major viral respiratory pathogen that
causes yearly epidemics in tropical and subtropical countries,
with epidemic influenza remaining a major cause of morbidity
and mortality (27). Recurrent epidemics of influenza are due
to the frequent emergence of antigenic variants. With the co-
circulation of two influenza A subtypes, genetic reassortment
also has an important role in antigenic drift (6, 28). The ge-
nome structure of influenza A viruses, consisting of eight seg-
ments of negative-sense single-stranded RNA, provides a basis
for the remarkable antigenic variability in the human popula-
tion through mutation and genetic reassortment. The influenza
A virus surface glycoproteins, especially hemagglutinin (HA),
are under selective pressure for change in order to evade the
host’s immune system. Thus, the HA and neuraminidase (NA)
genes of influenza A viruses mutate at high frequencies (16,
17), resulting in the accumulation of point mutations that may
lead to gradual antigenic changes in surface glycoproteins. This
is known as antigenic drift. The matrix protein (M) gene, which
encodes two viral proteins, M1 and M2, contributes to the
control of virulence and growth (14, 36, 43, 44). Mutation in
the M2 gene has been correlated with amantadine resistance
(23).

The effectiveness of annually applied trivalent influenza vac-
cines depends on the selection of component strains that offer

optimal immunity from the numerous variants in the global
influenza virus circulation. Studies based on sequencing anal-
yses of viruses can be utilized as surveillance tools and can
contribute to the vaccine selection process when they are com-
bined with classical serological antigenic analysis (10). Contin-
uous monitoring of viral genetic changes throughout the year is
necessary for us to develop our ability to precisely define vari-
ation in influenza virus.

In the tropical zone, influenza virus circulates throughout
the year, as reported in southern China, Indonesia, and Thai-
land (2, 18, 20). A laboratory-based influenza virus surveillance
system has been in place in Hanoi, Vietnam, since 2001, and
we have reported on the presence of influenza virus through-
out the year, albeit with summer and winter peaks (21). In
order to elucidate the evolutionary patterns for influenza vi-
ruses in Vietnam, in this study we undertook a genetic analysis
of the influenza A viruses circulating from 2001 to 2006, fo-
cusing on two external genes (the HA gene and the NA gene)
and one internal regulatory gene (the M gene, which codes for
the M1 and the M2 channel proteins).

MATERIALS AND METHODS

Virus collection and isolation. Nasopharyngeal swabs were obtained from
outpatients residing in Hanoi and other provinces in Vietnam with symptoms of
influenza-like illness from 2001 to 2006. The samples were placed in viral trans-
port medium and transported to the Virology Department at the National In-
stitute of Hygiene and Epidemiology on the day of collection. One hundred-
microliter aliquots of the supernatants of the nasopharyngeal swabs were then
inoculated onto Madin-Darby canine kidney cells, prepared in 48-well multiple-
well plates. The plates were prepared at 37°C with 5% CO2, and virus growth was
monitored at 34°C with reference to cytopathic effects. The viruses were pas-
saged three times to obtain sufficient virus titers for virus identification. All
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isolates were typed and subtyped by the hemagglutination inhibition assay (8).
Selected virus isolates with sufficient titers were transferred for further analysis
to the Department of Public Health, Niigata University Graduate School of
Medical and Dental Science, for genetic analysis.

RNA extraction and PCR. One hundred-microliter aliquots of the superna-
tants after the third culture passage were used for viral RNA extraction with an
Extragen II kit (Kainos, Tokyo, Japan), according to the manufacturer’s instruc-
tions. RNA was transcribed to cDNA with the influenza A virus universal primer
Uni12, as described elsewhere (24). The HA genes (segment 4), the NA genes
(segment 6), and the M genes (segment 7) of H1N1 and H3N2 viruses were
amplified with segment-specific primers as described elsewhere (3, 24).

Nucleotide sequencing and phylogenetic analysis. The PCR products were
purified with a MicroSpin S-300 HR column PCR purification kit (Amersham
Bioscience, Buckinghamshire, United Kingdom); labeled by use of a BigDye
Terminator (version 3.1) cycle sequencing kit (Applied Biosystems, Foster, CA),
according to the manufacturer’s instructions; and then analyzed on an ABI 3100
automatic DNA sequencer. The sequences were assembled by use of the MEGA
(version 3.1) program (26), and multiple-sequence alignment was conducted with
the Clustal W program for the major coding regions of the three segments: HA1
(906 bp), NA (1,363 bp), and M (with regions of the overlapping reading frames
of M1-M2; 923 bp) for H3N2 isolates and HA1 (829 bp), NA (1,363 bp), and M
(938 bp) for H1N1 isolates. Phylogenetic trees were constructed by using a
neighbor-joining and bootstrap analysis (n � 1,000) program to determine the
best fits for the HA, NA, and M genes. Major branches with bootstrap values of
�70% were identified as distinct groups. The phylogenetic grouping was not
consistent for the three genes. The genomic sequences of the vaccine strains and
the other strains used in this study were obtained from the Influenza Sequences
Database (http://www.flu.lanl.gov).

Nucleotide sequence accession numbers. The nucleotide sequence data from
this study were deposited in the DDBJ (DNA Data Bank of Japan), with the
accession numbers listed in Table 1.

RESULTS

Thirty influenza A/H3N2 viruses that were collected from
2002 to 2005 and 35 influenza A/H1N1 viruses from 2001 to
2006 were used in this study. Samples were collected from
various regions of Vietnam. No influenza A/H1N2 viruses were
found during the study period.

A/H3N2 influenza virus. For analysis of the sequences of the
HA, NA, and M genes of the influenza A/H3N2 viruses, we
used the consensus sequence of A/Moscow/10/99 as the phy-
logenetic root for the HA gene. Other isolates were also used
as reference strains for each year’s epidemic.

In the phylogenetic tree of the HA genes of the A/H3N2
isolates, the viruses formed a monophyletic group which could
be divided into four major subgroups with a bootstrap value of
�70% (Fig. 1A). These four groups were concurrent with the
influenza seasons: group I in 2002; group II in 2003; group III
in 2003, 2004, and 2005; and group IV in 2005. Six isolates
circulating during the 2002 season in Hanoi were in positions
between the A/Panama/2007/99 and the A/Fujian/411/02
groups of viruses and were clustered in group I. One 2003
isolate and the vaccine strain (A/Fujian/411/02) were clustered
in group II. Two isolates circulating in 2003, nine isolates
circulating in 2004, and strain A/Wellington/1/04 were classi-
fied as group IIIa; and three isolates circulating in 2005 and
strain A/California/7/04 were classified as group IIIb. The re-
maining nine isolates circulating in 2005 and the Northern
Hemisphere vaccine strain A/Wisconsin/67/05 clustered in
group IV.

Because the NA gene for strain Fujian/411/02 was not avail-
able from the database, one for a Fujian-like strain was chosen
as a reference in the NA gene segment analysis. Analysis of the
NA gene in this study showed that the viruses circulating from

2002 to 2005 were divided into two groups (Fig. 1B). Six 2002
isolates and one 2003 isolate clustered in group I (group I and
group II for HA). The remaining isolates circulating in 2004
and 2005, an A/Fujian/411/02-like strain and strain A/Wiscon-

TABLE 1. Sequence data of influenza isolates used in this study

Strain group and
strain

Collection
date

(yr.mo.day)

Accession no. of sequences used in
this studya

Segment 4
HA gene

Segment 6
NA gene

Segment 7
MP gene

A/H3N2
A/Hanoi/1872/02 2002.01.01 AB281205 AB281206 AB281207
A/Hanoi/184/02 2002.06.19 BAE75900 AB281193 AB281194
A/Hanoi/190/02 2002.06.23 AB281195 AB281196 AB281197
A/Hanoi/197/02 2002.06.26 BAE75901 AB281198 AB281199
A/Hanoi/209/02 2002.07.01 AB281200 AB281201 AB281202
A/Hanoi/235/02 2002.07.10 BAE75904 AB281203 AB281204
A/Hanoi/695/03 2003.08.14 AB221020 AB281208 AB281209
A/Tay Nguyen/TN152/03 2003.09.18 AB221034 NAb NA
A/Tay Nguyen/TN160/03 2003.09.25 AB221035 NA NA
A/Hanoi/HN3068/04 2004.01.18 AB281210 AB281211 AB281212
A/Hanoi/HN3069/04 2004.01.18 BAE75910 AB281213 AB281214
A/Hanoi/HN3094/04 2004.01.28 AB281215 AB281216 AB281217
A/Hanoi/HN30109/04 2004.01.30 BAE75911 AB281218 AB281219
A/Hanoi/HN30138/04 2004.02.04 AB281223 AB281224 AB281225
A/Hanoi/HN30135/04 2004.02.04 AB281220 AB281221 AB281222
A/Hanoi/ND049/04 2004.02.11 AB281229 AB281230 AB281231
A/Hanoi/HN30188/04 2004.02.12 AB281226 AB281227 AB281228
A/Hanoi/BG003/04 2004.02.13 AB284161 AB284162 AB284163
A/Hanoi/ISBM63/05 2005.05.09 AB281232 AB281233 AB281234
A/Hanoi/ISBM69/05 2005.05.09 AB281235 AB281236 AB281237
A/Hanoi/TB285/05 2005.05.18 AB281247 AB281248 AB281249
A/Hanoi/HN30607/05 2005.05.29 AB281241 AB281242 AB281243
A/Hanoi/HN30602/05 2005.05.30 AB281238 AB281239 AB281240
A/Hanoi/TN403/05 2005.10.11 AB281256 AB281257 AB281258
A/Hanoi/TN405/05 2005.10.13 AB281259 AB281260 AB281261
A/Hanoi/TN406/05 2005.10.13 AB281262 AB281263 AB281264
A/Hanoi/HN30720/05 2005.06.23 AB281244 AB281245 AB281246
A/Hanoi/TN388/05 2005.09.26 AB281250 AB281251 AB281252
A/Hanoi/TN410/05 2005.10.17 AB281265 AB281266 AB281267
A/Hanoi/TN399/05 2005.10.07 AB281253 AB281254 AB281255

A/H1N1
A/Hanoi/1823/01 2001.12.21 AB285934 NA AB285935
A/Hanoi/1863/01 2001.12.27 AB285936 AB285937 AB285938
A/Hanoi/1873/02 2002.01.01 AB285939 AB285940 AB285941
A/Hanoi/1892/02 2002.01.06 AB285942 NA AB285943
A/Hanoi/1928/02 2002.01.14 AB285944 AB285945 AB285946
A/Hanoi/2006/02 2002.01.23 AB285947 AB285948 AB285949
A/Hanoi/188/02 2002.06.21 AB285950 NA AB285951
A/Hanoi/191/02 2002.06.23 AB285952 AB285953 AB285954
A/Hanoi/337/03 2003.01.26 AB285955 NA AB285956
A/Hanoi/784b/03 2003.06.25 AB285967 AB285968 AB285969
A/Hanoi/719/03 2003.08.26 AB285957 AB285958 AB285959
A/Hanoi/870b/03 2003.09.19 AB285970 NA NA
A/Hanoi/777/03 2003.09.22 AB285960 AB285961 AB285962
A/Hanoi/893b/03 2003.10.10 AB285971 NA NA
A/Hanoi/898b/03 2003.10.12 AB285972 NA NA
A/Hanoi/902b/03 2003.10.16 AB285973 AB285974 AB285975
A/Hanoi/859/03 2003.10.24 AB285963 NA AB285964
A/Hanoi/910b/03 2003.10.27 AB285976 NA NA
A/Hanoi/867/03 2003.10.28 AB285965 NA AB285966
A/Hanoi/979/03 2003.12.09 AB285981 NA NA
A/Hanoi/981/03 2003.12.09 AB285982 NA NA
A/Hanoi/949b/03 2003.12.10 AB285977 NA NA
A/Hanoi/1004/03 2003.12.17 AB285983 AB285984 AB285985
A/Hanoi/1007/03 2003.12.18 AB285986 NA NA
A/Hanoi/959b/03 2003.12.19 AB285978 AB285979 AB285980
A/Hanoi/1024/03 2003.12.24 AB285987 NA NA
A/Hanoi/ISBM15/05 2005.03.24 AB285988 AB285989 AB285990
A/Hanoi/ISBM23/05 2005.04.01 AB285991 AB285992 AB285993
A/Hanoi/ISBM27/05 2005.04.05 AB285994 AB285995 AB285996
A/Hanoi/ISBM31/05 2005.04.08 AB285997 AB285998 AB285999
A/Hanoi/Q137/06 2006.03.07 AB286000 AB286001 AB286002
A/Hanoi/Q177/06 2006.03.15 AB286003 AB286004 AB286005
A/Hanoi/BM344/06 2006.05.11 AB286006 AB286007 AB286008
A/Hanoi/BM356/06 2006.05.19 AB286009 AB286010 AB286011
A/Hanoi/TX09/06 2006.06.08 AB286012 AB286013 AB286014

a All accession numbers are for the DNA Data Bank of Japan.
b NA, not addressed.
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sin/67/05, clustered in group II (group III and group IV
for HA).

In the phylogenetic tree of the M gene (with regions of the
overlapping reading frames of M1-M2), the viruses were di-
vided into two groups. Isolates circulating in 2002, 2003, and
2005 were clustered in group I (group I, group II, and group IV
for HA) (Fig. 1C). Nine isolates circulating in 2004 and three
isolates circulating in 2005 were clustered in group II (group
III for HA).

The amino acid sequences encoded by the HA (HA1 sub-
unit) genes are shown in Table 2. For group I, all six isolates
had amino acid changes, at positions S21P, R50G, E83K,
N145K, S186G, V202I, W222R, and G225D, in comparison
with the sequence of A/Panama/2007/99 strain. Four of the six
isolates had additional double changes at positions N144D and
G275D, and two of the six had an additional amino acid dif-
ference at position A131T. The single isolate circulating in

2003 and some other reference strains circulating in the same
year were in group II and had four additional amino acid
changes, L25I, H75Q, H155T, and Q156H, compared to the
sequence of the isolates in group I. Among the isolates in
group IIIa, 11 had additional changes at Y159F, S189N, and
S227P and 4 of the 11 had another change at V226I, while
among the isolates in group IIIb, three isolates circulating in
2005 further changed at K145N. All the remaining nine isolates
in 2005, which were in group IV, had double amino acid
changes at S193F and D225N. All isolates in this group were
amantadine resistant and had the S31N amino acid change in
the M2 gene.

A/H1N1 influenza virus. The phylogenetic tree for the HA
genes of the A/H1N1 strains, including 35 isolates from 2001 to
2006 and 7 reference strains, showed four groupings (Fig. 2A).
The isolates collected in 2004 were not included in our analysis
because there was no collection of A/H1N1 viruses at the

FIG. 1. Phylogenetic analysis of the HA1 domain of HA gene nucleotide sequences (906 bp), NA gene nucleotide sequences (1,363 bp), and
M gene (with regions of the overlapping reading frames of M1-M2) nucleotide sequences (923 bp) of influenza A/H3N2 viruses circulating in
Vietnam from 2002 to 2005. Reference strains shown in black were obtained from the genetic database. The isolates were assigned to group I
(orange), group II (green), group III (purple), or group IV (red) in the phylogenetic tree of the HA gene (A). The grouping of the NA and the
M genes was made in accordance with the branching in each tree. The colors of the strains in the phylogenetic trees of the NA gene (B) and the
M gene (C) comply with those for the HA gene. Sequence data for the reference strains were obtained from the GenBank database. The asterisks
denote the amantadine-resistant strain with the amino acid change S31N in the M2 protein. Bootstrap values of �70% are shown for the main
groups.
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National Institute of Hygiene and Epidemiology. Among the
samples, one isolate collected in 2001 and four isolates col-
lected in 2002 were clustered in group I. The other 2 isolates
from 2001 and 2002 and 18 isolates from 2003 clustered in
group II. One isolate, A/Hanoi/1928/02, was localized between
groups II and III. With the exception of one A/Hanoi/
BM344/06 isolate, all samples from 2005 and 2006 clustered in
group III. One A/Hanoi/BM344/06 isolate and the A/Solomon
Islands/3/06 isolate, which is recommended as an influenza
vaccine component in the 2007–2008 season in the Northern
Hemisphere, were clustered in group IV, with a high bootstrap
value of 100%.

Of the total 35 isolates, the NA genes of 20 isolates and the
M genes of 26 isolates were examined. In the phylogenetic
analysis of the NA genes, the isolates were divided into four
groups (Fig. 2B). Intermediate strain A/Hanoi/1928/02 (in the
position between groups II and III in the HA phylogenetic
tree), two isolates from 2002, and one isolate from 2001 (group
I for HA) were clustered in group I. Seven isolates from 2003
were clustered in group II (group II for HA). The isolates from
2005 and 2006 were divided into two groups: group III (group
III for HA) and group IV. Isolate A/Hanoi/BM344/06 and
isolate A/Hanoi/TX09/06, together with isolate A/Solomon Is-
lands/3/06, which clustered in group III in the HA gene phy-
logenetic tree, were classified in group IV from the NA anal-
ysis.

In the phylogenetic analysis of the M genes (with regions of
the overlapping reading frames of M1-M2) of the viruses, all
except two isolates from 2001 to 2006 clustered in group I (Fig.
2C); isolates A/Hanoi/BM344/06 and A/Hanoi/TX09/06 clus-
tered in group II with a bootstrap value of 89%.

In comparison to vaccine strain A/New Caledonia/20/99, the
HA genes of the A/H1N1 isolates in groups I, II, and III from
2002 to 2006 had mutations at positions 158, 169, 190, 255, and
256. In particular, two amino acid changes at V169A and
W255R consistently occurred in the samples (Table 3). At
position 158, isolates in group II from 2002 and 2003 demon-
strated an N158S change, while an isolate in group III from

2005 had a change at N158K. At position 190, isolates in
groups I, II, and III demonstrated N190D and N190V changes.
At position 256, isolates in group III from 2005 and 2006
featured Y256F. Isolate A/Hanoi/BM344/06 of group IV, on
the other hand, exhibited 12 amino acid changes in comparison
with the sequence of A/New Calidonia/20/99; these were
E72D, K77R, T86K, Y98H, V132T, K144T, R149K, V169A,
V190D, R212K, W255R, and T270N.

DISCUSSION

Influenza A viruses have segmented genomes consisting of
eight RNA segments which encode viral proteins. Because of
immunological pressure, genetic variability is mostly confined
to regions of the genome responsible for viral surface proteins
(33). However, other factors, including interactions of internal
and surface proteins, are likely to affect viral fitness in a poly-
genic manner (25). Our present genetic analysis of A/H3N2
and A/H1N1 viruses isolated in Vietnam from 2001 to 2006
revealed various topologies for the phylogenetic trees of the
HA and the NA genes, which encode two external proteins,
and the M gene, which encodes an internal protein, indicating
that genetic evolution did not occur at the same rate.

During the 5 years, influenza A/H3N2 virus evolved from a
strain intermediate between A/Panama/2007/99 and A/Fujian/
411/02 to an A/Wiscosin/67/05-like strain. The HA and NA
genes evolved independently in a sequential way, whereas the
M gene demonstrated a nonlinear pattern not linked to the
evolution of the HA and NA genes (29). Furthermore, the HA
gene could be divided into four groups with shifts from groups
I to IV. The NA and M genes were divided into two groups, but
the grouping of the M genes was not in accordance with that of
the NA or the HA gene. The results also suggest that the HA
gene evolved more rapidly than both the NA and the M genes
and that these three genes of influenza A/H3N2 virus change in
a nonsynchronous manner.

The genetic drift of the HA genes of the influenza A/H3N2
viruses, located at positions believed to have functional or

TABLE 2. Comparison of amino acid sequences for the HA1 subunit of H3N2 viruses collected from 2002 to 2005

Group Strain
Substitution at the following amino acid residue in HA1a:

21 25 50d 75 83 131 144 145 155 156 159 186 189 193 202 222 225 226 227 275

A/Panama/2007/99b S L R H E A N N H Q Y S S S V W G V S G
I A/Hanoi/197/02 P —c G — K — D K — — — G — — I R D — — D
I A/Hanoi/1872/02 P — G — K T — K — — — G — — I R D — — —
II A/Fujian/411/02 P I G Q K T — K T H — G — — I R D — — —
II A/Hanoi/695/03 P I G Q K T — K T H — G — — I R D — — —
IIIa A/Wellington/7/04 P I G Q K T — K T H F G N — I R D — P —
IIIa A/Tay Nguyen/TN152/03 P I G Q K T — K T H F G N — I R D — P —
IIIa A/Hanoi/HN3069/04 P I G Q K T — K T H F G N — I R D — P —
IIIa A/Hanoi/HN3068/04 P I G Q K T — K T H F G N — I R D I P —
IIIb A/Califonia/7/04 P I G Q K T — — T H F G N — I R D I P —
IIIb A/Hanoi/ISBM69/05 P I G Q K T — — T H F G N — T R D I P —
IV A/Wisconsin/67/05 P I G Q K T — — T H F G N F I R N I P —
IV A/Hanoi/TN405/05 P I G Q K T — — T H F G N F I R N I P —
IV A/Hanoi/ISBM63/05 P I G Q K T — — T H F G N F I R N I P —

a Results are reported as amino acid differences between the sequences of the isolates and the sequence of the A/Panama/2007/99 vaccine strain.
b Italic type indicates the reference vaccine strain.
c —, no change.
d Differences located in the proposed antigenic sites are underlined.
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antigenic significance, was found to have occurred during all
epidemic periods. The HA genes of viruses isolated in 2002
were clustered between strains A/Panama/2007/99 and A/Fu-
jian/411/2002 in the phylogeny, with some strains having five
amino acid changes within the antigenic sites (38, 39), namely,
R50G (site C), E83K (site E), A131T (site A), N144K (site A),
and S186G (site D). The same variant began to circulate in
other parts of Asia between the end of 2001 and the beginning
of 2002 (9). One isolate that was collected in August 2003
showed two key amino acid changes at residues H155T and
Q156T (site B). This result indicated invasion of the A/Fujian/
411/02 like strain into Vietnam, which was roughly coincident
with our antigenic findings from influenza virus surveys in
Hanoi (21). Between September 2003 and February 2004, the
predominant strain circulating in Asia, the Americas, and Eu-
rope was an A/Fujian/411/02-like strain (40). However, two
Vietnamese isolates circulating in September 2003 had drifted
from the A/Fujian/411/02-like strain and showed additional
changes at residues 159 (site B), 189 (site B), and 227 (site D).

They had a higher degree of genetic homology to strain
A/Wellington/1/04, which was isolated in New Zealand in Jan-
uary 2004 and which also circulated in Vietnam in the winter
season of 2003–2004. Moreover, strain A/California/7/04 like,
characterized by further changes at residues 145 (site A) and
226 (11, 30, 31), was isolated in Vietnam in May 2005 in this
study.

High proportions of amantadine-resistant influenza A/H3N2
viruses with specific amino acid changes at residues 193 and
225 (named clade N) were reported from the 2005–2006 sea-
son in Japan and the United States (4, 12, 34, 35). Residue 193
is located within antigenic site B (37), and residue 225 is lo-
cated within the receptor-binding site. In this study, clade N
viruses were found from April to May of 2005 in Vietnam and
the surrounding areas (1). However, it was in September and
October of 2005 and the subsequent winter in Japan and North
America when the strain caused a large community outbreak
(5, 12, 34, 35).

The HA genes of the A/H1N1 isolates in groups I, II, and III

FIG. 2. Phylogenetic analysis of the HA1 domain of HA gene nucleotide sequences (829 bp), NA gene nucleotide sequences (1,363 bp), and
M gene (with regions of the overlapping reading frames of M1-M2) nucleotide sequences (938 bp) of influenza A/H1N1 viruses circulating in
Vietnam from 2001 to 2006. Reference strains shown in black were obtained from the genetic database. The isolates were assigned to group I
(orange), group II (dark red), group III (purple), or group IV (red) in the phylogenetic tree of HA gene (Fig. 1A). The grouping of the NA and
M genes was made in accordance with the branching in each tree. The colors of the strains in the phylogenetic trees of the NA gene (B) and the
M gene (C) comply with those for the HA gene. The asterisks denote the amantadine-resistant strain with the amino acid change S31N in the M2
protein. Bootstrap values of �70% are shown for the main groups.
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showed only five amino acid changes from the sequence of the
A/New Caledonia/20/99 vaccine strain. The HA1 subunit in-
cludes the globular head and contains five major antibody-
binding sites, namely, Sa, Sb, Ca1, Ca2, and Cb (7). A substi-
tution at residue 169 (V169A) occurred in the Ca1 antigenic
site in all isolates, while substitution at residue 158, located in
the Sb site, changed irregularly with the strain. The WHO
Influenza Center reported that the majority of H1N1 viruses
circulating in 2005 were antigenically closely related to current
vaccine strain A/New Caledonia/20/99 (22). One of the strains
analyzed at the WHO center, A/Virginia/4/05 (22), is antigeni-
cally related to strain A/New Caledonia/20/99 and grouped
together with our isolates in group III that were circulating in
Vietnam in 2005 and 2006. Therefore, we conclude that the
most of the H1N1 viruses circulated in Vietnam from 2001 to
2006 had antigenicity similar to that of strain A/New Cale-
donia/20/99 and underwent changes more slowly than the in-
fluenza A/H3N2 virus subtype, as reported elsewhere (15).

An A/Hanoi/BM344/06 strain collected in May 2006 showed
12 additional amino acid changes in the HA gene in compar-
ison with the sequence of strain A/New Caledonia/20/99. Two
of the 12 substitutions, K81R and V169A, were located in
antigenic sites Cb and Ca1, respectively. In addition, substitu-
tions at V133T and K144E were located in antibody-binding
sites (38). Also, strain A/Solomon Islands/3/06, which was iso-
lated in August 2006 and which was later recommended by
WHO as the vaccine strain for the 2007–2008 season (41),
clustered with strain A/Hanoi/BM344/06 in the phylogenetic
tree of the HA gene. Therefore, it is likely that we obtained an
early insight into the arrival of this novel strain of influenza
A/H1N1 virus.

In general, reassortment events are reported more often in
A/H3N2 viruses than in A/H1N1 viruses (25). Our analysis
indicated that reassortment occurred for both H1N1 and
H3N2 during this 6-year period. Isolate A/Hanoi/184/02
(H3N2) contained an HA gene intermediate between those of
A/Panama/2007/99 and A/Fujian/411/02 and an NA gene sim-
ilar to that of A/Wyoming/3/03, whereas the M gene proved
similar to that of A/Fujian/411/02. For H1N1, isolate A/Hanoi/
TX09/06 (H1N1) represents the result of a rarely reported
reassortment. The HA gene of the virus was closely related to

those in group III, which were antigenically related to the
A/New Caledonia/20/99-like strain, but the NA and M genes
were closely related to the A/Solomon Islands/3/06 strain. An
intersubtype reassortant, A/H1N2, was isolated from Japan as
well as from many other areas (13, 19, 32, 42) after 2001, but
this was not detected in our present analysis.

Continuous monitoring of viral genetic changes throughout
the year is warranted to monitor the variations of influenza
viruses. As influenza viruses circulate throughout the year in
the tropical and subtropical zones (18, 20), the results for
viruses from those areas are very suitable for monitoring pur-
poses. This applies especially in Asia, where the emergence of
new strains may be detected earlier than the emergence of new
strains in temperate zones, where there is only a single peak of
activity in each year.
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