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ABSTRACT
Background    Although it has been suggested that an-
tigenic drift does not occur in a single epidemic season 
in temperate countries, there is not enough evidence on 
the circulation period of influenza virus with identical 
nucleotide sequences. Therefore, strains of influenza 
virus were isolated sequentially during five consecutive 
epidemic seasons in Japan and their nucleotide sequenc-
es were determined.
Methods    Nasal swabs or aspirated nasal discharges 
were collected from influenza A virus antigen-positive 
individuals living in Tottori Prefecture, Japan for five 
consecutive winters starting in 2009–2010, and sub-
jected to viral isolation, determination of hemaggluti-
nin nucleotide sequence and phylogenic analyses. The 
nucleotide sequences were compared with each other 
and also with those of foreign strains in the International 
Nucleotide Sequence Database. 
Results    Totally 288 A(H1N1)pdm09 strains were 
tested and those composed 38 clusters with identical 
ones displaying 100% nucleotide homology. One strain 
showed sequential infections more than three months 
without any detectable mutation, and a maximum inter-
val of two detection timings of strains was 94 days. This 
implies that influenza viruses mutate rarely in an epi-
demic season in Japan if they can be hypothesized, mu-
tation frequency of influenza viruses being mostly the 
same among strains. Among these identical strains, two 
strains were not only identical to other Japanese isolates, 
but also to those isolated in Mongolia and Thailand in 
the same epidemic season. 
Conclusion    These results suggest that genetic drift has 
occurred infrequently in Japan as shown in some other 
countries. The drifted strains may have generated some-

where else and entered into Japan. These results support 
the proposed ‘sink-source’ model of viral ecology in 
which new lineages are seeded from a persistent influ-
enza reservoir in tropical countries to ‘sink’ populations 
in temperate regions including Japan.

Key words    genetic drift; influenza A virus; Japan; se-
quence homology; temperate country

An international influenza study group estimated the 
global burden of respiratory infections due to seasonal 
influenza in young children in 2008. The findings re-
vealed that 90 million new cases of influenza, 20 million 
cases of influenza-associated acute lower respiratory 
infections, and one million cases with severe symptoms, 
occurred worldwide in children younger than 5 years.1 
Older adults (over 65 years) are also vulnerable to influ-
enza, with the highest prevalence mainly occurring in 
this age group.2 Increasing age has been associated with 
a higher risk of hospitalization due to influenza during 
an influenza epidemic season.3, 4

 The human immune response to viral infection is 
not completely cross-protective. Therefore, natural se-
lection favors amino acid variants of the hemagglutinin 
and neuraminidase proteins that allow the virus to evade 
immunity. The continual change observed in the anti-
genic structure over time is referred to as antigenic drift. 
However, this process does not appear to occur within 
the time frame of a single epidemic season in a single 
locality and few amino acid changes occur in hemag-
glutinin within a local population at the seasonal scale.5 
Eight identical viruses identified in a French study and 
these virus groups appeared to have clustered due to the 
accumulation of secondary infections in this locality. 
The average nucleotide diversity was 0.0034 nucleotides 
per site in this study.6 Another study concluded that 
no major clade of viruses in a season appeared to have 
evolved in New York State and a virus circulating in this 
area was mostly replenished each season from an exten-
sive global gene pool.7 Although it has been estimated 
that antigenic drift does not occur in a single epidemic 
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season as described above, further research is needed to 
address the time scale on which this antigenic process 
occurs, as suggested previously.5

 In the present study, the mutational profile of the 
seasonal influenza A viruses (H1N1)pdm09 that spread 
among community members in a local setting in Japan 
was investigated over an interval during which a pair of 
identical strains could be isolated.

MATERIALS AND METHODS
Samples
After written informed consent was obtained, nasal 
swabs and/or aspirated nasal discharges were collected 
from influenza A virus antigen-positive and suspected 
patients living in Tottori Prefecture, Japan, during five 
consecutive winters since 2009-2010 (Table 1). Each 
swab or aspirate was kept in 3 mL of a virus transporta-
tion medium [2% Difco Veal Infusion Broth (Becton 
Dickinson, Tokyo, Japan), 0.4% gelatin, 0.06% bovine 
serum albumin, 200 unit/mL penicillin G, and 100 µg/
mL streptomycin in Dulbecco’s Modified Eagle Me-
dium (Thermo Fisher Scientific, Waltham, MA)] at 4 °C 
prior to virus isolation. The Institutional Review Board 
of Tottori University Faculty of Medicine approved this 
study protocol. 

Virus isolation
The procedure for influenza virus isolation was based 
on the manual issued by the World Health Organization 
with slight modifications.8 Briefly, an aliquot (500 µL) of 
the diluted sample in transportation medium was inocu-
lated into the Madin-Darby canine kidney (MDCK) cell 
line for one hour under a 5% CO2/95% air atmosphere. 
The culture was maintained in Dulbecco’s Modified Ea-
gle Medium supplemented with 10 µg/mL trypsin (Difco 
Trypsin 250, Becton Dickinson), 0.2% heat-inactivated 
bovine serum albumin, 4 mM L-glutamine, 200 units/
mL penicillin G, and 100 μg/mL streptomycin at 34 °C 
under a 5% CO2/95% air atmosphere until the recogni-

tion of cytopathic effects. Culture medium was kept fro-
zen at –80 °C as a virus stock prior to further studies.

RNA extraction, Reverse Transcription, and Poly-
merase Chain Reaction
Total RNA was extracted using SMITEST EX-R&D 
(MBL, Nagoya, Japan) and QIAamp Viral RNA Mini 
Kit (Qiagen, Tokyo, Japan). Eight RNA segments of in-
fluenza A virus were simultaneously reverse-transcribed 
(RT) and amplified using the SuperScript III One Step 
RT-Polymerase Chain Reaction (PCR) System (Life 
Technologies, Tokyo, Japan) with the MBTuni-12/MB-
Tuni-13 primer pair.9 
 The first round of PCR products were subjected to a 
second round in order to amplify A(H1N1)pdm09 (266 
bases) for sub-typing.10 Primers uploaded to the World 
Health Organization website ‘Pandemic H1N1 2009 
guidance documents’ and others were used for the am-
plification of a longer hemagglutinin segment, A(H1N1)
pdm09.11 These second PCR products were separated 
on 2% agarose gel, stained with ethidium bromide, and 
visualized under ultraviolet light.

Analyses of nucleotide sequences and diversity
The nucleotide sequences of the amplified hemag-
glutinin fragments were determined using BigDye 
Terminators v3.1 Cycle Sequence kit according to the 
manufacturer’s instructions (Life Technologies). M13 
and PCR primers were used for the sequencing reaction. 
Nucleotide sequences except primer regions [1,701 bases 
of A(H1N1)pdm09] were aligned with those retrieved 
from the International Nucleotide Sequence Database. 
Inspection and manual modification and evolutionary 
analyses were conducted in Molecular Evolutionary Ge-
netics Analysis Version 6.0 (MEGA 6).12 A phylogenetic 
tree was constructed by neighbor-joining method (1,000 
bootstrap replications) in MEGA 6. An estimation of the 
mean evolutionary diversity was also conducted using 
MEGA 6.

Table 1. Numbers of tested samples and clusters of identical strains, and diversity of strains per year

Season*
A(H1N1)pdm09 A(H3N2) B
N† Clusters‡ Diversity§ N Clusters Diversity N Clusters Diversity

2009-2010 144 22 0.0040 0 0 nd 0 0 nd
2010-2011 144 16 0.0048 25 2 0.0052 31 7 0.0078
2011-2012 0 0 nd 0 0 nd 3 1 0.0000
2012-2013 0 0 nd 0 0 nd 6 1 0.4411
2013-2014 0 0 nd 0 0 nd 20 6 0.0356
Total 288 38 25 2 60 15

*From July 1 to June 30 of the following year. †The number of tested samples with nucleotide sequences that could be determined. 
‡Composed of identical strains. §Numbers of base substitutions per site from mean diversity calculations for the entire population are 
shown. nd: not done.
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Accession numbers
The sequences described in this study have been depos-
ited in the International Nucleotide Sequence Database 
under accession numbers AB745121–AB745408.

RESULTS
Phylogenetic analysis of influenza A virus (H1N1)
pdm09 in five consecutive seasons in Japan
Twenty-two clusters (no. 17–38) of isolates in 2009–2010 
and sixteen (no. 1–16) in 2010–2011 were composed 
of identical strains displaying 100% homology within 
the nucleotide sequences of A(H1N1)pdm09 hemag-
glutinin. (Table 1 and Fig. 1). The limited number of 
influenza A(H3N2) and B strains were also analyzed 
and are shown in Table 1. Clusters composed of strains 
with identical hemagglutinin nucleotide sequences were 
recognized although lengths of analyzed nucleotide se-
quences were shorter: A(H3N2), 969 bases; B, 519 bases.

Clusters of influenza A virus (H1N1)pdm09 display-
ing 100% homology in hemagglutinin 
Influenza A(H1N1)pdm09 comprised 38 clusters and 
displayed 100% homology. Of these, nine clusters of 
A(H1N1)pdm09 kept 100% homology for more than 
30 days. One of these strains of A(H1N1)pdm09 main-
tained 100% homology for at least 94 days. Substituted 
amino acids in hemagglutinin were highlighted at 39 
positions (Table 2). 
 Some Japanese and foreign strains (e.g. isolates in 
Mongolia and Thailand) in the international database 
could be allocated to the clusters of identical strains 
(Table 2).

DISCUSSION
A number of clusters of identical influenza A virus 
(H1N1)pdm09 strains were detected and the 100% ho-
mology lasted longer than a single epidemic season in 
Japan (3 months on average). It was not unusual that 
isolates in other areas of Japan and abroad were identical 
to those originating from the sentinel area of the present 
study.
 Similar findings were reported also in France and 
New York State.6, 13 In the United States multiple clades 
of influenza viruses entered and circulated with no clear 
pattern of spatial spread even in minor cities and towns 
with small populations (<100,000) as well as large cit-
ies.7 The population size of the present study area was 
425,000 as of September 1, 2014. Therefore, our results 
reflect the overall trend in Japan to a considerable extent 
and demonstrated that the clustering of identical strains 
is not the trend restricted to the sentinel area of this 
study.

Fig. 1. Phylogenetic analysis of hemagglutinin of A(H1N1)pdm09. 
Half brackets with serial numbers indicate clusters of strains with 
100% homology. An A(H1N1)pdm09 tree was composed of 38 
of these clusters: no. 1–16 (isolated in the 2010–2011 season), no. 
17–38 (2009–2010). A/South Carolina/1/1918(H1N1) was used as 
out-groups.
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Table 2. Clusters of A(H1N1)pdm09 strains with identical amino acid sequences of hemagglutinin encompassing 
the position of A/California/07/2009, 1–567 Table 2–Continued

Cluster* Season
N† Longest

interval‡
Amino acid position from the first methionine§ Amino acid position from the first methionine§

Total 36 52 55 60 86 100 114 138 144 145 154 160 174 202 207 214 220 239 245 262 291 302 311 314 321 338 343 379 391 468 472 496 499 516 524 526 537 544 545

A/California/07/2009 V D N K S P D S D S P S S S S A S D N T D A N P P I S A E S N V G E S R V V V
1 2010–2011 2 6 – – – – – S – – – – – – – T – T T – D – – – D – – V – – K N – – – K – – – – –
2 – 11 94 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
3 – 8 85 – – – – – S – – E – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
4 – 2 38 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
5 – 2 14 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
6 – 6 33 – – – – – S – – – – – – – T – T T – – N – – D – – V – – K N – – – K – – – – –
7 – 4 4 – – – – – S – – – – – – – I – T T – – – – – D – – V – – K N – – – K – – – – –
8 – 19 33 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
9 – 4 22 – – – – – S – – – – – – – T – T T – – – – – – – – V – – K N – – – – – – – – –
10 – 2 14 – – – – – S – – – – – – – T – T T – – – – S – – – V – – K N – – – – – – – I –
11 – 3 6 – – – – – S – – – – – – – T – T T – – – – – – – – V F – K N – – – – – – – – –
12 – 2|| 0 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – E – – – – – –
13 – 2 12 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – – – – – – – –
14 – 13 49 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – – – – – – – –
15 – 7 8 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – – – P – – – –
16 – 2 4 – – – – – S N – – – – – – T – – T – – – – – – – – V – – K N – – – – – – – – I
17 2009–2010 2 0 – N D – – S – – – – – – – – – – T – – – – – – – – V – – K – – – – – – – – – –
18 – 3 1 – – – – – S – – – – – – – – – – T – – – – – – – – V – T K – – – – – – G – – –
19 – 2¶ 59 – – – – – S – – – – – – – – – T T – – – – – – – – V – – – – – – – – – – – – –
20 – 2** 20 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
21 – 2 3 – – – – – S – – – L – – – – – – T E – – – – – S – V – – – – – – – – – – – – –
22 – 2 5 – – – – – S – – – – – – – – – – T E – – – – – S – V – – – – – – – – – – – – –
23 – 2 1 – N – – L S – – – – – – – – – – T – – – N – – – – V – – K – – – – – – – – – –
24 – 8†† 90 – – – – L S – – – – – – – – – – T – – – N – – – – V – – K – – – – – – – – – –
25 – 4 6 – – – – – S – – – – – – – – – – T – – – N – – – – V – – – – – – – – – – – – –
26 – 2 4 – – – R – S – – – – L – T – – – T – – – – – – – – V – – V – T – – – – – – – –
27 – 4 14 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
28 – 2 8 – – – – – S – I – – – – – – – – T – – – – – – – S V – – – – – I – – – – – – –
29 – 4 4 – – – – – S – I – – – – – – – – T – – – – – – – S V – – V – – I – – – – – – –
30 – 5 5 I – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
31 – 3 13 I – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – A – –
32 – 2 0 I – – – – S – – – – – – – – – – T – – – – – – – – V – – V – – – – – – – A – –
33 – 2 4 I – – – – S – – – – – – – – – – T – – – – – – – – V – – V – – – – K – – – – –
34 – 30 56 I – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
35 – 2‡‡ NS – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
36 – 2 6 – – – – – S – – – – – – – – N – T – – – – – – – – V – – – – – – – – – – – – –
37 – 3 4 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
38 – 2 4 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –

*The serial number of a cluster composed of strains with identical amino acid sequences. †The number of strains in a cluster. ‡The longest 
interval (days) during which a pair of strains displayed 100% homology. §Positions containing substituted amino acids were highlighted 
in this Table. ||A/Ulaanbaartar (Mongolia) /190/2011 is included in this cluster as one of the identical strains. ¶A/Hokkaido (Japan)/256/2009 
included. **A/Thailand/0404–00–N0/2009 included. ††A/Tochigi (Japan)/350/2009 included. ‡‡A/Kobe (Japan)/91738/2009 included. 
NS: Duration could not be specified due to the unknown sampling date of the reference strain.

Continued on the following page
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Table 2. Clusters of A(H1N1)pdm09 strains with identical amino acid sequences of hemagglutinin encompassing 
the position of A/California/07/2009, 1–567 Table 2–Continued

Cluster* Season
N† Longest

interval‡
Amino acid position from the first methionine§ Amino acid position from the first methionine§

Total 36 52 55 60 86 100 114 138 144 145 154 160 174 202 207 214 220 239 245 262 291 302 311 314 321 338 343 379 391 468 472 496 499 516 524 526 537 544 545

A/California/07/2009 V D N K S P D S D S P S S S S A S D N T D A N P P I S A E S N V G E S R V V V
1 2010–2011 2 6 – – – – – S – – – – – – – T – T T – D – – – D – – V – – K N – – – K – – – – –
2 – 11 94 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
3 – 8 85 – – – – – S – – E – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
4 – 2 38 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
5 – 2 14 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
6 – 6 33 – – – – – S – – – – – – – T – T T – – N – – D – – V – – K N – – – K – – – – –
7 – 4 4 – – – – – S – – – – – – – I – T T – – – – – D – – V – – K N – – – K – – – – –
8 – 19 33 – – – – – S – – – – – – – T – T T – – – – – D – – V – – K N – – – K – – – – –
9 – 4 22 – – – – – S – – – – – – – T – T T – – – – – – – – V – – K N – – – – – – – – –
10 – 2 14 – – – – – S – – – – – – – T – T T – – – – S – – – V – – K N – – – – – – – I –
11 – 3 6 – – – – – S – – – – – – – T – T T – – – – – – – – V F – K N – – – – – – – – –
12 – 2|| 0 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – E – – – – – –
13 – 2 12 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – – – – – – – –
14 – 13 49 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – – – – – – – –
15 – 7 8 – – – – – S – – – – – G – T – T T – – – – – – – – V – – K N – – – – P – – – –
16 – 2 4 – – – – – S N – – – – – – T – – T – – – – – – – – V – – K N – – – – – – – – I
17 2009–2010 2 0 – N D – – S – – – – – – – – – – T – – – – – – – – V – – K – – – – – – – – – –
18 – 3 1 – – – – – S – – – – – – – – – – T – – – – – – – – V – T K – – – – – – G – – –
19 – 2¶ 59 – – – – – S – – – – – – – – – T T – – – – – – – – V – – – – – – – – – – – – –
20 – 2** 20 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
21 – 2 3 – – – – – S – – – L – – – – – – T E – – – – – S – V – – – – – – – – – – – – –
22 – 2 5 – – – – – S – – – – – – – – – – T E – – – – – S – V – – – – – – – – – – – – –
23 – 2 1 – N – – L S – – – – – – – – – – T – – – N – – – – V – – K – – – – – – – – – –
24 – 8†† 90 – – – – L S – – – – – – – – – – T – – – N – – – – V – – K – – – – – – – – – –
25 – 4 6 – – – – – S – – – – – – – – – – T – – – N – – – – V – – – – – – – – – – – – –
26 – 2 4 – – – R – S – – – – L – T – – – T – – – – – – – – V – – V – T – – – – – – – –
27 – 4 14 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
28 – 2 8 – – – – – S – I – – – – – – – – T – – – – – – – S V – – – – – I – – – – – – –
29 – 4 4 – – – – – S – I – – – – – – – – T – – – – – – – S V – – V – – I – – – – – – –
30 – 5 5 I – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
31 – 3 13 I – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – A – –
32 – 2 0 I – – – – S – – – – – – – – – – T – – – – – – – – V – – V – – – – – – – A – –
33 – 2 4 I – – – – S – – – – – – – – – – T – – – – – – – – V – – V – – – – K – – – – –
34 – 30 56 I – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
35 – 2‡‡ NS – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
36 – 2 6 – – – – – S – – – – – – – – N – T – – – – – – – – V – – – – – – – – – – – – –
37 – 3 4 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –
38 – 2 4 – – – – – S – – – – – – – – – – T – – – – – – – – V – – – – – – – – – – – – –

Footnotes, refor to the previous page
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 As described above, a number of clusters were com-
posed of identical A(H1N1)pdm09 strains and some of 
these were detected after a 30-day interval or longer in 
the present study. This result suggests that antigenic drift 
occurred infrequently in Japan during a single epidemic 
season, supporting the opinion that antigenic drift does 
not occur within the time frame of a single epidemic 
season in a single locality5 as well as the hypothesis that 
genetic diversity is imported into temperate populations 
each epidemic season from the source population in 
which selection-driven antigenic drift is more efficient.14 

Tropical regions are one of the candidates for such a 
persistent influenza virus reservoir.14, 15 A previous study 
assumed that East and Southeast Asia is such a reservoir 
that allows circulation via a region-wide network of tem-
porally overlapping epidemics, and its seed strains reach 
Oceania, North America, Europe, and South America.16 
 Apart from the origins, antigenic drift has allowed 
viruses to escape from antibody-mediated neutralization 
through the accumulation of mutations in hemagglutinin 
segments. This escape was previously attributed to only 
seven positions in A(H3N2) hemagglutinin immediately 
adjacent to the receptor-binding site and such mutational 
sites were similarly detected among strains of influenza 
A(H1N1)pdm09.17 Other studies identified several muta-
tion sites in escape mutants from a monoclonal antibody 
in vitro,18, 19 by the study of transmission between naïve 
ferrets,20 and by a surveillance study21: K122N, N128D/
S, D130E, K133T, G134S, K145N, K156E, K157N, 
G158E, N159/D/E/K, S186P, D190E/N, S210N, G228E, 
and K286M (H3 numbering: 14 subtracted from each 
number in Table 2). However, in the present study, we 
did not detect such amino acid substitutions in the posi-
tions observed previously during natural and experimen-
tal antigenic drift. This result suggests that such escape 
mutants were not generated in the sentinel area of the 
present study.
 As described above, a number of clusters composed 
of identical strains of influenza A virus (H1N1)pdm09 
have been isolated in five consecutive epidemic seasons, 
and some of these identical strains were detected after 
long intervals in Japan. This implies that influenza vi-
ruses mutate rarely in an epidemic season in Japan if it 
can be hypothesized, mutation frequency of influenza 
viruses are mostly the same among strains. These sug-
gest that antigenic drift occurs infrequently in Japan, 
and genetic diversity may be introduced into the country 
from abroad each epidemic season. Results of the pres-
ent study support the proposed ‘sink-source’ model of 
viral ecology14 in which new lineages are seeded from 
a persistent influenza reservoir located in the tropics to 
sink populations in temperate regions including Japan.
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