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ABSTRACT.	 From	2010	to	2013	in	Japan,	we	isolated	11	swine	influenza	viruses	(SIVs)	from	pigs	showing	respiratory	symptoms.	Sequence	
and	phylogenetic	analyses	showed	that	6	H1N1	viruses	originated	from	the	pandemic	(H1N1)	2009	(pdm	09)	virus	and	the	other	5	viruses	
were	reassortants	between	SIVs	and	pdm	09	viruses,	representing	4	genotypes.	Two	H1N2	viruses	contained	H1	and	N2	genes	originated	
from	Japanese	H1N2	SIV	together	with	internal	genes	of	pdm	09	viruses.	Additionally,	1	H1N2	virus	contained	a	further	NP	gene	originat-
ing	from	Japanese	H1N2	SIV.	One	H1N1	virus	contained	only	the	H1	gene	originating	from	Japanese	H1	SIV	in	a	pdm	09	virus	background.	
One	H3N2	virus	contained	H3	and	N2	genes	originating	from	Japanese	H3N2	SIV	together	with	internal	genes	of	pdm	09	virus.	The	results	
indicate	that	pdm	09	viruses	are	distributed	widely	in	the	Japanese	swine	population	and	that	several	reassortments	with	Japanese	SIVs	have	
occurred.
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Influenza	A	virus	of	the	Orthomyxoviridae	family	is	an	en-
veloped	RNA	virus	with	eight	segmented	negative-stranded	
RNAs.	In	April	2009,	a	new	swine-origin	virus	emerged	in	
humans and caused a worldwide pandemic. This new virus 
was	 named	 pandemic	 (H1N1)	 2009	 virus	 (pdm	 09).	 It	 is	
composed	of	genes	of	the	North	American	triple	reassortant	
swine	influenza	virus	(SIV)	and	European	avian-like	H1N1	
SIV	 [9,	 49].	 Soon	 after	 emergence	 of	 pdm	 09,	 human-to-
swine	transmission	was	observed	in	many	countries	[15,	17,	
34,	43,	44,	50,	51,	60].	Susceptibility	of	pigs	to	pdm	09	was	
confirmed	 by	 experiments	 showing	 that	 the	 virus	 induced	
disease	 similar	 to	 that	 induced	by	endemic	SIV	and	 trans-
mitted	efficiently	in	pigs	[3,	28,	59].	Reassortants	of	pdm	09	
and	circulating	SIVs	were	later	detected	in	many	countries	
[1,	6,	7,	12,	13,	16,	27,	29,	35,	37,	52,	57,	58,	64].	SIV	causes	
respiratory	disease	in	pigs	with	symptoms	of	high	fever,	de-
pression,	 anorexia	 and	 labored	 abdominal	 breathing.	 Such	
symptoms	result	in	weight	loss	of	fattening	pigs	and	gener-
ate	an	economic	loss	in	the	pig	industry.
In	 Japan,	 classical	H1N1	 SIVs	 are	 thought	 to	 have	 en-

tered	the	Japanese	pig	population	in	the	late	1970s	[40,	62].	
There	 have	 been	 few	 reports	 of	 its	 isolation	 after	 1980s.	
H3N2	virus	of	human	origin	was	isolated	from	a	pig	in	1969	
[39].	Serological	and	virological	examinations	revealed	that	
H3N2	viruses	were	maintained	in	pigs	in	the	1990s	[23,	24].	

However,	isolation	of	H3N2	viruses	from	pigs	has	only	oc-
curred	sporadically	in	Japan	[46].	A	reassortant	H1N2	SIV	
was	first	isolated	in	1978	[53].	The	virus	was	a	reassortant	of	
classical	H1N1	SIV	and	human	H3N2	virus.	This	virus	has	
become	the	predominant	 type	of	SIV	in	Japan	[22,	41,	42,	
45,	48,	63].	In	2009,	pdm09	viruses	were	isolated	in	2	pre-
fectures	in	Japan,	and	in	2011	and	2012,	reassortant	H1N2	
viruses	containing	H1	and	N2	genes	 from	Japanese	H1N2	
SIVs	 together	with	 internal	genes	of	pdm	09	viruses	were	
isolated	in	other	2	prefectures	[31].	Another	type	of	H1N2	
reassortant	containing	the	N2	gene	from	Japanese	H1N2	SIV	
in	a	pdm	09	background	was	isolated	[26].	However,	there	is	
little	information	on	the	circulating	SIV	phenotype	in	Japan	
after	the	spread	of	pdm	09	in	humans	in	Japan.	In	this	study,	
we	 investigated	 the	distribution	of	 influenza	viruses	 in	 the	
Japanese	 pig	 population	 with	 clinical	 symptoms,	 such	 as	
pneumonitis.

MATERIALS	AND	METHODS

Virus isolation from clinical specimens: Eleven clini-
cal specimens listed in Table 1	were	positive	 for	 influenza	
A	 virus	 as	 determined	 by	 using	 a	 rapid	 diagnosis	 kit	 for	
detection	 of	 influenza	 nucleoprotein	 antigen	 (FUJIREBIO	
Inc.,	Tokyo,	Japan).	Nasal	swabs	or	lung	homogenates	were	
inoculated	 on	 monolayers	 of	 Madin-Darby	 canine	 kidney	
(MDCK)	cells	and	into	the	allantoic	cavities	of	10-day-old	
embryonated	 chicken	 eggs.	The	 supernatants	 and	 allantoic	
fluids	 were	 harvested	 and	 tested	 by	 the	 hemagglutination	
(HA)	test	with	0.5%	chicken	red	blood	cells	or	by	using	the	
rapid	diagnosis	kit.	Subtypes	of	the	HA	and	NA	genes	were	
determined by reverse transcription polymerase chain reac-
tion	(RT-PCR)	with	primers	for	HA	and	NA	genes	[36].

Sequence and phylogenetic analysis:	Viral	RNA	was	ex-
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tracted	from	supernatants	and	allantoic	fluids	described	above	
using	the	QIAamp	Viral	RNA	Mini	kit	(Qiagen	K.K.,	Tokyo,	
Japan).	The	extracted	RNA	was	reverse-transcribed	to	cDNA	
by	Superscript	III	(Life	Technologies	Co.,	Ltd.,	Tokyo,	Japan)	
with	 a	 universal	 primer	 for	 influenza	A	viruses	 [14].	Each	
gene	 segment	was	 amplified	 by	 PCR	with	KOD-Plus-Neo	
(Toyobo	Co.,	Ltd.,	Osaka,	Japan)	and	segment-specific	prim-
ers.	The	PCR	products	were	purified	with	the	High	Pure	PCR	
Product	 Purification	 kit	 (Roche	 Diagnostics	 K.K.,	 Tokyo,	
Japan)	 or	 the	QIAquick	Gel	Extraction	 kit	 (Qiagen	K.K.),	
if	extrabands	were	observed.	Sequencing	was	conducted	in	
Hokkaido System Science Co., Ltd. (Sapporo, Japan). Phylo-
genetic	analysis	of	the	nucleotide	sequences	was	conducted	
by	using	MEGA5	software	with	1,000	bootstrap	 replicates	
of	 the	neighbor-joining	method	 [47,	56].	Evolutionary	dis-
tances	were	estimated	according	to	the	Kimura	2-parameter	
method	 [25].	GenBank	 accession	 numbers	 assigned	 to	 the	
gene	 sequences	 of	 the	 analyzed	 isolates	 are	 AB909395-
AB909402,	AB910568-AB910583,	AB9111590-AB911621	
and	AB914481-	AB914542	(Table	1).

Sera:	 Immune	 sera	 to	 isolates	 of	 influenza	 A	 viruses	

were	prepared	 in	rabbits.	Briefly,	allantoic	fluid	containing	
viruses	 inactivated	with	 0.05%	 formalin	was	 concentrated	
by	 ultracentrifugation.	 Concentrated	 viruses	 were	 purified	
by	discontinuous	sucrose	gradient	 (20	 to	60%)	ultracentri-
fugation.	The	purified	viruses	with	protein	content	of	50	µg	
mixed	with	TiterMax	Gold	adjuvant	(TiterMax	U.S.A.,	Inc.,	
Norcross,	GA,	U.S.A.)	were	subcutaneously	injected	4	times	
at	 intervals	 of	 1	 month.	 Swine	 sera	 were	 collected	 from	
variously	aged	fattening	pigs,	gilts	and	sows	of	a	consistent	
management	 pig	 farm	 located	 in	 Hiroshima	 Prefecture,	
where	SIVs	were	isolated	2	times	at	an	interval	of	10	months	
at	6	months	after	the	second	SIV	isolation.

Hemagglutination inhibition (HI) test:	The	antigenic	 re-
activity	of	H1	viruses	and	antibody	 titers	 to	H1	viruses	 in	
pig	sera	were	examined	by	the	hemagglutination	inhibition	
(HI)	test.	Briefly,	immune	sera	and	pig	sera	were	treated	with	
a	receptor-destroying	enzyme	(RDE	II)	(Denka	Seiken	Co.,	
Ltd.,	Tokyo,	Japan)	overnight	at	37°C	to	remove	nonspecific	
inhibitors	 of	 HA.	Then,	 the	 sera	 were	 heated	 at	 56°C	 for	
30	min	and	absorbed	with	an	equal	volume	of	10%	chicken	
red	 blood	 cells	 at	 room	 temperature	 for	 60	min.	Antigens	

Table	1.	 Influenza	viruses	isolated	in	this	study

Virus Subtype Sampling	
period Sample Clinical	signs

Farm	(SIV	 
vaccine status  

in sows)

Segment	
sequenced

GenBank  
Accession	No.

A/sw/Ibaraki/46/2010 H1N1 Sep. 2010 Lung	from	 
a	fattening	pig	
(50 days old)

Pneumonitis Domestic	farm	in	
Ibaraki	Prefecture	
(No)

Full	genome AB911590-AB911597

A/sw/Kagoshima/60/2010 H1N1 Oct. 2010 Lung	from	 
a	fattening	pig	 
(5 months old)

Pneumonitis Domestic	farm	
in	Kagoshima	
Prefecture	(No)

Full	genome AB911606-AB911613

A/sw/Hiroshima/8/2011 H1N1 Jan. 2011 Lung	from	 
a	fattening	pig	 
(50 days old)

Pneumonitis Domestic	farm	in	
Hiroshima	Prefec-
ture	(No)

Full	genome AB909395-AB909402

A/sw/Hiroshima/52/2011 H1N1 Nov.	2011 Lung	from	 
a	fattening	pig	 
(60	days	old)

Pneumonitis The	same	farm	as	
above in Hiroshima 
Prefecture	(No)

Full	genome AB911598-AB911605

A/sw/Chiba/14/2012 H1N2 Jan. 2012 Nasal	swab	from	 
a	suckling	piglet	 
(16	days	old)

Pneumonitis Domestic	farm	in	
Chiba	Prefecture	
(No)

Full	genome AB914481-AB914488

A/sw/Kagoshima/23/2012 H1N1 Mar. 2012 Lung	from	 
a	fattening	pig	 
(70 days old)

Pneumonitis Domestic	farm	
in	Kagoshima	
Prefecture	(No)

Full	genome AB910568-AB910575

A/sw/Chiba/30/2012 H1N1 Apr. 2012 Lung	from	 
a	suckling	piglet	 
(29	days	old)

Pneumonitis Domestic	farm	in	
Chiba	Prefecture	
(Yes)

Full	genome AB910576-AB910583

A/sw/Chiba/107/2012 H1N2 Aug.	2012 Nasal	swab	from	 
a	fattening	pig	 
(35 days old)

Pneumonitis Domestic	farm	in	
Chiba	Prefecture	
(No)

Full	genome AB914489-AB914496

A/sw/Chiba/119/2012 H1N2 Oct. 2012 Nasal	swab	from	 
a	fattening	pig	 
(80	days	old)

Pneumonitis Domestic	farm	in	
Chiba	Prefecture	
(No)

Full	genome AB914497-AB914504

A/sw/Kagoshima/65/2012 H1N1 Nov.	2012 Lung	from	 
a	fattening	pig	 
(60	days	old)

Pneumonitis Domestic	farm	
in	Kagoshima	
Prefecture	(No)

Full	genome AB911614-AB911621

A/sw/Tochigi/14/2013 H3N2 Feb. 2013 Nasal	swab	 
from	a	sow	 
(2 years old)

Pneumonia Domestic	farm	in	
Tochigi	Prefecture	
(No)

Full	genome AB914505-AB914512

Abbreviation: sw, swine.
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were	 adjusted	 to	 8	 hemagglutinating	 units.	 The	 sera	were	
titrated	by	2-fold	dilution	and	mixed	with	an	equal	volume	
of	 the	 antigen	 (25	 µl).	 The	 mixtures	 were	 incubated	 for	
60	min	at	 room	temperature.	Fifty	µl	of	0.5%	chicken	 red	
blood	cells	was	added	to	each	mixture,	and	the	mixture	was	
left	to	stand	for	60	min	at	room	temperature.	HI	titer	of	20	or	
greater	was	regarded	as	positive	[55].

RESULTS

Virus isolation:	 We	 isolated	 eleven	 hemagglutinating	
agents	from	all	11	specimens	in	MDCK	cells	and	embryo-
nated	 eggs	 after	 the	 first	 inoculation	 of	 the	 specimens.	A	
commercial	rapid	diagnosis	kit	for	human	influenza	revealed	
that	 all	 of	 the	 agents	were	 influenza	A	 viruses.	 Partial	 se-
quencing	 of	 the	HA	and	NA	genes	 showed	 that	 7	 isolates	
were	 H1N1	 viruses,	 3	 isolates	 were	 H1N2	 viruses,	 and	 1	
isolate	 was	 H3N2	 virus.	 Designations	 of	 the	 isolates	 are	
listed in Table 1.

Genetic analysis of the isolates:	 Sequences	 of	 the	
full-lengths	 of	 the	 11	 isolates	 were	 determined.	 BLAST	
analysis	 and	 construction	 of	 phylogenetic	 trees	 revealed	
genetic	origins	of	genes	of	the	isolates	as	shown	in	Table	2. 
Phylogenetic	 trees	 based	 on	H1	 and	N1	 genes	 are	 shown	
in	Figs.	1	 and	2.	Among	 the	7	H1N1	 isolates,	H1	and	N1	
genes	 of	 6	 isolates	 (A/swine/Ibaraki/46/2010,	 A/swine/
Kagoshima/60/2010,	 A/swine/Hiroshima/8/2011,	 A/swine/
Hiroshima/52/2011,	A/swine/Kagoshima/65/23/2012	and	A/
swine/Kagoshima/65/2012)	were	found	to	be	those	of	pdm	
09	viruses.	The	other	six	genes	of	the	isolates	were	also	found	
to	be	those	of	pdm	09	viruses	based	on	a	phylogenetic	tree	of	
the	6	genes	(data	not	shown,	except	for	NP	gene	in	Fig.	4). 
A/swine/Hiroshima/8/2011	and	A/swine/Hiroshima/52/2011	
were	isolated	from	the	same	pig	farm	in	Hiroshima	Prefec-
ture	 at	 intervals	 of	 10	months.	The	 last	H1N1	 isolate	 (A/
swine/Chiba/30/2012)	had	the	H1	gene	of	Japanese	H1	SIV	
and	N1	gene	of	pdm	09	virus,	and	the	other	6	internal	genes	
were	found	to	be	those	of	pdm	09	viruses.
In	 the	 3	 H1N2	 isolates,	 H1	 genes	 were	 located	 within	

a	cluster	of	 reassortants	of	pdm	09	and	Japanese	SIVs	(A/

swine/Tochigi/2/2011	 and	 A/swine/Mie/R02/2012)	 [31].	
The	H1	gene	of	the	H1N1	isolate	(A/swine/Chiba/30/2012)	
was	located	in	a	different	cluster	from	the	3	H1N2	isolates,	
despite	 the	 fact	 that	 the	 isolates	were	 from	 the	 same	 pre-
fecture,	Chiba.	Among	the	3	H1N2	isolates,	N2	genes	of	A/
swine/Chiba/107/2012	 and	 A/swine/Chiba/119/2012	 were	
located	in	the	same	cluster	(Fig.	3).	A/swine/Gunma/1/2012,	
A/swine/Tochigi/2/2011	and	A/swine/Mie/R02/2012,	which	
were	 reported	 to	 be	 reassortants	 of	 pdm09	 and	 classical	
SIV	 [26,	 31],	were	 located	 in	 the	 cluster.	The	N2	gene	of	
A/swine/Chiba/14/2012,	however,	was	located	in	a	different	
cluster.	The	other	six	genes	of	the	3	H1N2	isolates	were	from	
pdm09,	except	for	the	NP	gene	of	A/swine/Chiba/14/2012,	
which	was	located	within	a	cluster	of	Japanese	SIVs	(Fig.	4).	
The	evolutionary	distance	of	the	NP	gene	between	A/swine/
Chiba/14/2012	and	other	Japanese	SIVs	was	relatively	large.
The	 HA	 and	 NA	 genes	 of	 1	 H3N2	 isolate	 (A/swine/

Tochigi/14/2013)	were	derived	from	a	human-swine	lineage,	
and	the	other	6	genes	were	from	pdm	09	(Figs.	3	and	5).	The	
evolutionary	distance	of	H3	and	N2	genes	between	A/swine/
Tochigi/14/2013	 and	 the	 other	 Japanese	 H3N2	 SIVs	 was	
relatively	 large.	 The	N2	 gene	 of	A/swine/Tochigi/14/2013	
was	located	in	a	cluster	of	human-swine	lineage	that	was	a	
different	cluster	in	which	the	3	H1N2	isolates	in	this	study	
were located.

Antigenic analysis of H1 influenza viruses by the HI test: 
To	determine	 the	antigenic	 relationships	among	 the	10	H1	
isolates,	the	HI	test	was	performed	using	immune	rabbit	sera	
against	A/swine/Ibaraki/46/2010	 (H1N1)	 that	 had	 the	 HA	
gene	of	pdm	09	and	A/swine/Chiba/14/2012	(H1N2)	that	had	
the	HA	gene	of	Japanese	SIV	(Table	3).	An	8-fold	reduction	
in	the	titer	with	the	serum	against	A/swine/Ibaraki/46/2010	
(H1N1)	was	 observed	 for	A/swine/Chiba/30/2012	 (H1N1)	
and	 A/swine/Chiba/14/2012	 (H1N2)	 compared	 to	 the	 HI	
titer	 of	 a	 homologous	 virus.	 The	 antiserum	 to	 A/swine/
Chiba/14/2012	 (H1N2)	 showed	 an	 8-fold	 reduction	 in	 the	
HI	 titer	 in	A/swine/Kagoshima/60/2010	 (H1N1)	 compared	
to	the	titer	of	a	homologous	virus	and	did	not	react	with	A/
swine/Chiba/30/2012	(H1N1).

Analysis of amino acid sequences in HA of H1 viruses: To 

Table	2.	 Genetic	origins	of	swine	influenza	viruses	isolated	in	this	study

Virus Subtype
Gene	origin	from

HA NA PB2 PB1 PA NP M NS
A/sw/Ibaraki/46/2010 H1N1 pdm a) pdm pdm pdm pdm pdm pdm pdm
A/sw/Kagoshima/60/2010 H1N1 pdm pdm pdm pdm pdm pdm pdm pdm
A/sw/Hiroshima/8/2011 H1N1 pdm pdm pdm pdm pdm pdm pdm pdm
A/sw/Hiroshima/52/2011 H1N1 pdm pdm pdm pdm pdm pdm pdm pdm
A/sw/Chiba/14/2012 H1N2 Cl-Swb) Cl-Sw pdm pdm pdm Cl-Sw pdm pdm
A/sw/Kagoshima/23/2012 H1N1 pdm pdm pdm pdm pdm pdm pdm pdm
A/sw/Chiba/30/2012 H1N1 Cl-Sw pdm pdm pdm pdm pdm pdm pdm
A/sw/Chiba/107/2012 H1N2 Cl-Sw Cl-Sw pdm pdm pdm pdm pdm pdm
A/sw/Chiba/119/2012 H1N2 Cl-Sw Cl-Sw pdm pdm pdm pdm pdm pdm
A/sw/Kagoshima/65/2012 H1N1 pdm pdm pdm pdm pdm pdm pdm pdm
A/sw/Tochigi/14/2013 H3N2 Hu-Swc) Hu-Sw pdm pdm pdm pdm pdm pdm

a)	Originated	from	a	Pandemic	(H1N1)	2009	virus.	b)	Originated	from	a	classical	swine	influenza.	c)	Originated	from	a	human-
swine	influenza.	Abbreviation:	sw,	swine.
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Fig.	1.	 Phylogenetic	tree	of	H1	HA	genes	of	H1	isolates	in	this	study	and	others	available	from	GenBank.	H1	isolates	
in	this	study	are	indicated	by	closed	circles.	Reassortant	H1N2	SIVs	reported	previously	in	Japan	[31]	are	indicated	by	
closed	diamonds.	Japanese	SIVs	and	viruses	of	pdm	09	lineage	are	indicated	by	the	bar	on	the	right	of	the	tree.	Scale	
bar indicates substitution per site. sw: swine.
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investigate	the	difference	in	HI	activities	of	H1	viruses,	we	
compared	amino	acid	sequences	in	5	antigenic	sites,	Sa,	Sb,	
Ca1,	Ca2	and	Cb	[4,	5,	10,	19,	30],	in	the	H1	molecule	of	HA	
(Tables 4 and 5).	Among	the	6	isolates	of	pdm	09	lineage,	1	
or	2	amino	acid	differences	were	observed	at	site	Sa	in	2	iso-
lates	from	Kagoshima	Prefecture,	and	1	amino	acid	differ-
ence	was	observed	at	site	Sb	in	A/swine/Hiroshima/8/2011	
(H1N1)	 and	A/swine/Kagoshima/65/2012	 (H1N1).	At	 site	
Ca1,	1	amino	acid	difference	was	observed	in	A/swine/Ka-
goshima/23/2012	(H1N1).	At	site	Ca2,	1	and	2	amino	acid	
differences	 were	 observed	 in	A/swine/Kagoshima/60/2010	
(H1N1)	 and	A/swine/Kagoshima/65/2012	 (H1N1),	 respec-
tively.	At	site	Cb,	1	amino	acid	difference	was	observed	in	
A/swine/Kagoshima/65/2012	(H1N1).	These	amino	acid	dif-
ferences	did	not	affect	the	addition	of	an	N-glycosylation	site	

(N-X-S/T).	Among	 the	 4	H1	 reassortants	 originating	 from	
HA	of	Japanese	SIVs,	1	and	4	amino	acid	differences	at	site	
Sa	 were	 observed	 in	A/swine/Chiba/14/2012	 (H1N2)	 and	
A/swine/Chiba/30/2012	 (H1N1),	 respectively,	 compared	
to	 those	of	A/swine/Chiba/107/2012	 (H1N2)	 and	A/swine/
Chiba/119/2012	 (H1N2).	At	 site	 Sb,	 4	 amino	 acid	 differ-
ences	 were	 observed	 in	 A/swine/Chiba/30/2012	 (H1N1)	
compared	to	those	of	the	other	3	isolates.	At	sites	Ca1,	Ca2	
and	Cb,	2	or	4	amino	acid	differences	were	observed	in	A/
swine/Chiba/30/2012	(H1N1)	compared	to	those	of	the	other	
3	 isolates.	Among	 these	 amino	 acid	 differences,	A/swine/
Chiba/30/2012	(H1N1)	did	not	have	N-glycosylation	sites	at	
179	and	212	compared	to	the	other	3	viruses.

Resistance markers of anti-virus drugs in H1 and H3 
viruses:	In	the	amino	acid	sequences	of	NA	protein	of	all	11	

Fig.	2.	 Phylogenetic	tree	of	N1	NA	genes	of	H1	isolates	in	this	study	and	others	available	from	GenBank.	H1	isolates	
in	this	study	are	indicated	by	closed	circles.	Viruses	of	pdm	09	lineage	are	indicated	by	the	bar	on	the	right	of	the	tree.	
Scale bar indicates substitution per site. sw: swine.
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isolates	in	this	study,	no	resistance	markers	for	oseltamivir	
(H275Y	for	N1	protein	and	R292K	for	N2	protein)	[2,	11]	
or	 zanamivir	 (Q136K)	 [32]	 were	 observed.	 In	 analysis	 of	

M2	 protein	 of	 the	 11	 isolates,	 the	 amantadine	 resistance	
marker	S31N	[54]	was	observed	in	all	of	the	isolates	(data	
not shown).

Fig.	3.	 Phylogenetic	tree	of	N2	NA	genes	of	N2	isolates	in	this	study	and	others	available	from	GenBank.	N2	isolates	in	
this	study	are	indicated	by	closed	circles.	Reassortant	H1N2	SIVs	reported	previously	in	Japan	[26,	31]	are	indicated	
by	closed	diamonds.	Japanese	SIVs	are	indicated	by	the	bar	on	the	right	of	the	tree.	Scale	bar	indicates	substitution	per	
site. sw: swine.
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Sero-epidemiology of the pig farm where SIVs were 
isolated 2 times at an interval of 10 months: A/swine/
Hiroshima/8/2011	(H1N1)	was	 isolated	 from	the	 lung	of	a	
50-day-old	 pig	 with	 pneumonitis	 in	 a	 consistent	 manage-
ment	farm	in	Hiroshima	in	January	2011.	Ten	months	later,	
A/swine/Hiroshima/52/2011	(H1N1)	was	 isolated	 from	 the	
lung	of	a	60-day-old	pig	with	pneumonitis	in	the	same	farm	
in	November	2011.	SIV	vaccine	was	not	used	in	that	farm.	

In	order	 to	determine	whether	SIV	had	been	circulating	 in	
the	farm,	we	examined	 the	prevalence	of	SIV	HI	antibody	
against	 both	 isolates	 using	 sera	 from	 pigs	 of	 various	 ages	
collected	6	months	after	the	second	SIV	isolation	(Table	6). 
Almost	half	of	the	fattening	pigs	and	gilts	had	low	levels	of	
the antibody, and the others did not have the antibody. All 
sows	had	 relatively	high	 levels	of	 the	HI	antibody	against	
the	first	isolate,	A/swine/Hiroshima/8/2011	(H1N1),	but	half	

Fig.	4.	 Phylogenetic	tree	of	NP	genes	of	all	eleven	isolates	in	this	study	and	others	available	from	GenBank.	Isolates	in	
this	study	are	indicated	by	closed	circles.	Japanese	SIVs	and	viruses	of	pdm	09	lineage	are	indicated	by	the	bar	on	the	
right	of	the	tree.	Scale	bar	indicates	substitution	per	site.	sw:	swine.
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of	 the	 sows	 did	 not	 have	 the	 antibody	 against	 the	 second	
isolate.	Overall,	most	 of	 the	 positive	 sera	 against	 the	 first	
isolate	 tended	 to	 show	 slightly	 low	 HI	 titers	 against	 the	
second	isolate.	These	results	indicate	that	most	of	the	sows	
were	infected	with	the	first	isolate	but	might	not	have	been	
infected	with	the	second	isolate.	The	HI	titers	in	the	fatten-
ing	pigs	and	gilts	 suggested	 that	SIV	might	not	have	been	
circulating	in	the	farm.	Antigenicity	of	the	2	isolates	might	
be	 slightly	 different.	 Furthermore,	 among	 the	 5	 antigenic	
sites	(Tables	4	and	5),	1	amino	acid	difference	was	observed	
at	site	Sb.	To	 investigate	whether	 the	second	isolate	was	a	
direct	 descendant	 strain	 of	 the	 first	 isolate,	 we	 compared	
all	nucleotide	sequences	of	8	RNA	segments	of	the	second	
isolate,	 A/swine/Hiroshima/52/2011	 (H1N1),	 with	 those	
of	 the	 first	 isolate,	 A/swine/Hiroshima/8/2011	 (H1N1),	
and	4	isolates	of	pdm	09	lineage	in	this	study	(Table	7). A/
swine/Hiroshima/52/2011	 (H1N1)	 was	 most	 similar	 to	A/
swine/Kagoshima/60/2010	 (H1N1)	 and	 next	 to	 A/swine/
Hiroshima/8/2011	(H1N1).	These	results	and	the	phylogenic	
tree	suggested	that	A/swine/Hiroshima/52/2011	(H1N1)	was	
not	a	direct	descendant	strain	of	A/swine/Hiroshima/8/2011	
(H1N1).

DISCUSSION

In	this	study,	we	isolated	6	H1NI	viruses	of	pdm	09 lin-
eage,	4	H1	reassortants	between	pdm	09	viruses	and	Japa-
nese	H1	SIVs	and	1	H3N2	reassortant	of	pdm	09	virus	and	
H3N2	SIV	from	several	prefectures	in	Japan.	We	did	not	iso-
late	any	Japanese	SIVs.	These	results	indicated	that	pdm	09	
viruses are distributed widely in Japan and have reassorted 
with	circulating	Japanese	SIVs.	These	viruses	were	isolated	
from	 pigs	 with	 clinical	 symptoms,	 such	 as	 pneumonitis.	
Therefore,	pdm	09	viruses	and	the	reassortant	viruses	might	
be	 relatively	 pathogenic	 to	 pigs	 compared	 to	 circulating	
Japanese	SIVs.
Among	the	5	reassortants	examined	in	this	study,	3	geno-

types	were	 detected	first	 in	 Japan:	A/swine/Chiba/14/2012	
(H1N2)	 contained	H1,	N2	 and	NP	genes	 of	 Japanese	SIV	
origin,	A/swine/Chiba/30/2012	 (H1N1)	 contained	 only	 the	

H1	gene	of	 Japanese	SIVs	 in	a	pdm	09	virus	background,	
and	A/swine/Tochigi/14/2013	(H3N2)	contained	H3	and	N2	
genes	of	 Japanese	H3N2	SIV	origin	 together	with	 internal	
genes	of	pdm	09	virus.	Four	of	the	5	reassortants	replace	HA	
and	NA	genes	simultaneously,	suggesting	that	some	genome	
constellations	might	be	evolutionarily	more	stable	[37].	Re-
cent	evidence	that	the	functional	balance	of	activities	of	HA	
binding	and	NA	cleavage	is	found	in	human	viruses	includ-
ing	pdm	09	viruses	but	not	in	swine	influenza	viruses	might	
explain	the	greater	restrictions	on	reassortment	between	the	
HA	and	NA	genes	in	humans	[37,	61].	In	the	swine	popula-
tion,	 reassortant	viruses	observed	 in	 this	 study	might	have	
spread	more	efficiently	than	pdm	09	viruses.
The	results	of	an	HI	test	using	antiserum	to	the	reassortant	

A/swine/Chiba/14/2012	 (H1N2)	 revealed	 that	 antigenicity	
of	 reassortant	A/swine/Chiba/30/2012	 (H1N1)	was	 greatly	
different	 from	 that	 of	 the	 3	 H1N2	 reassortants.	 The	 virus	
was	isolated	from	a	suckling	patient	piglet	that	had	not	been	
vaccinated	with	SIV	vaccine,	but	sows	in	the	same	farm	had	
been	vaccinated	with	an	imported	SIV	vaccine	as	described	
below.	The	piglet	might	have	possessed	 the	maternal	 anti-
body	against	SIV.	Therefore,	it	was	thought	that	the	isolated	
virus	 could	 replicate	 in	 the	 piglet	 due	 to	 its	 antigenic	 dif-
ference,	 despite	 the	 existence	of	 the	possible	maternal	 an-
tibody. It is known that the H1 HA molecule has 4 distinct 
antigenic	sites:	Sa,	Sb,	Ca	and	Cb.	Ca	is	further	divided	into	
Ca1	and	Ca2.	Through	 the	5	sites,	A/swine/Chiba/30/2012	
(H1N1)	has	2	to	4	amino	acid	differences	compared	to	the	
3	H1N2	reassortants.	The	Sa	and	Sb	sites,	which	contained	
many	amino	acids	involved	in	neutralizing	epitopes	near	the	
receptor	binding	pockets	 [4,	5],	were	different	 in	A/swine/
Chiba/30/2012	(H1N1)	and	the	3	H1	reassortants,	suggest-
ing	that	these	might	cause	the	antigenic	difference	between	
them.	Furthermore,	it	is	well-known	that	antigenic	changes	
of	HA	occasionally	result	in	the	addition	or	deletion	of	carbo-
hydrate	side	chains	on	the	HA	molecule	[5,	8,	18].	A/swine/
Chiba/30/2012	 (H1N1)	does	not	have	any	N-glycosylation	
sites	 (N-X	 -S/T)	 in	 the	 5	 antigenic	 sites,	 but	 the	 3	H1N2	
reassortants	have	a	total	of	2	N-glycosylation	sites	in	Sa	and	
Sb.	Although	A/swine/Chiba/14/2012	(H1N2),	A/swine/Chi-

Table	3.	 Antigenic	 relationship	among	pdm	09	 lineage	viruses	and	H1	 reassortants	
isolated in this study by HI assay

Virus subtype
Antiserum

A/sw/Ibaraki/46/2010 
(H1N1)

A/sw/Chiba/14/2012 
(H1N2)

A/sw/Ibaraki/46/2010 H1N1 160 160
A/sw/Kagoshima/60/2010 H1N1 80 40
A/sw/Hiroshima/8/2011 H1N1 80 160
A/sw/Hiroshima/52/2011 H1N1 80 80
A/sw/Kagoshima/23/2012 H1N1 40 160
A/sw/Kagoshima/65/2012 H1N1 160 320
A/sw/Chiba/30/2012 H1N1 20 <20
A/sw/Chiba/14/2012 H1N2 20 320
A/sw/Chiba/107/2012 H1N2 80 320
A/sw/Chiba/119/2012 H1N2 160 320

Abbreviation: sw, swine.
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ba/107/2012	 (H1N2)	and	A/swine/Chiba/119/2012	 (H1N2)	
possessed	very	similar	HA	(Fig.	1),	 the	HI	 titers	using	an-
tiserum	 to	A/swine/Ibaraki/46/2010	 (H1N1)	were	different	
between	 A/swine/Chiba/14/2012	 (H1N2)	 and	 the	 other	 2	
H1N2	isolates.	A/swine/Chiba/14/2012	(H1N2)	has	1	amino	
acid	difference	at	 the	178th	position	 in	 the	Sa	site	 (isoleu-
cine	 in	A/swine/Chiba/14/2012	 (H1N2)	 and	 leucine	 in	 the	
other	2	H1N2	isolates).	A/swine/Chiba/30/2012	(H1N1)	also	
showed a weak response to the antiserum to A/swine/Ibara-
ki/46/2010	(H1N1),	and	the	amino	acid	at	the	178th	position	
in	 the	 Sa	 site	 was	 isoleucine.	 In	A/swine/Ibaraki/46/2010	

(H1N1)	and	the	other	5	isolates	of	pdm	09	lineage,	the	amino	
acid	 at	 the	 178th	position	 in	 the	Sa	 site	was	 conserved	 as	
leucine.	Migunowa	et al.	 [33]	 reported	 that	a	single	muta-
tion	in	an	antigenic	site	C	(change	from	isoleucine	to	leucine	
at	position	51	of	the	HA1	gene)	of	influenza	virus	(H3N2)	
affected	 the	 antigenicity.	The	 amino	 acid	 difference	 at	 the	
178th	position	(isoleucine	and	leucine)	in	the	Sa	site	might	
affect	 the	antigenicity	by	an	HI	 test	using	antiserum	 to	A/
swine/Ibaraki/46/2010	 (H1N1).	 Among	 the	 6	 isolates	 of	
pdm	09	lineage,	4	viruses	have	almost	the	same	amino	acids	
in	 the	 5	 antigenic	 sites.	 The	 other	 2	 viruses,	A/swine/Ka-

Table	4.	 Comparison	of	amino	acid	residues	at	antigenic	sites	Sa	and	Sb	on	the	HA1	molecule	of	H1	viruses	used	in	this	study	with	those	of	A/
California/04/2009

Strain Amino acid position in HA1
Sa Sb

141 142 170 171 172 173 174 176 177 178 179 180 181 201 202 203 204 206 207 208 210 211 212
A/California/04/2009	(H1N1) P N K K G N S P K L S K S T S A D Q S L Q N A
A/sw/Ibaraki/46/2010	(H1N1) – – – – – – – – – – – – – – – – – – – – – – –
A/sw/Kagoshima/60/2010	(H1N1) – – – – – – – – – – – – – – – – – – – – – – –
A/sw/Hiroshima/8/2011	(H1N1) – – – – – – – – – – – – – – – – – – V – – – –
A/sw/Hiroshima/52/2011(H1N1) – – – – – – – – – – – – – – – – – – – – – – –
A/sw/Kagoshima/23/2012	(H1N1) A – – – E – – – – – – – – – – – – – – – – – –
A/sw/Kagoshima/65/2012	(H1N1) – Y – – – – – – – – – – – – – T – – – – – – –
A/sw/Chiba/30/2012	(H1N1) – – – – – S – – – I – – – – – D – R R – – – E
A/sw/Chiba/14/2012	(H1N2) – L – – – – – – – I Na) – – – – T – – – – – – Na)

A/sw/Chiba/107/2012	(H1N2) – L – – – – – – – – Na) – – – – T – – – – – – Na)

A/sw/Chiba/119/2012(H1N2) – L – – – – – – – – Na) – – – – T – – – – – – Na)

a) Putative N-glycosylation	site.	Abbreviation:	sw,	swine.

Table	5.	 Comparison	of	amino	acid	residues	at	antigenic	sites	Ca1,	Ca2	and	Cb	on	the	HA1	molecule	of	H1	viruses	used	in	this	study	with	those	
of	A/California/04/2009

Virus Amino acid position in HA1
Ca1 Ca2 Cb

183 184 185 186 187 220 221 222 252 253 254 154 155 156 157 158 159 238 239 87 88 89 90 91 92
A/California/04/2009	
(H1N1)

I N D K G S S R E P G P H A G A K R D L S T A S S

A/sw/Ibaraki/46/2010	
(H1N1)

– – – – – T – – – – – – – – – – – – – – – – – – –

A/sw/Kagoshima/	
60/2010	(H1N1)

– – – – – T – – – – – – – – – – – K – – – – – – –

A/sw/Hiroshima/8/2011 
(H1N1)

– – – – – T – – – – – – – – – – – – – – – – – – –

A/sw/Hiroshima/52/2011 
(H1N1)

– – – – – T – – – – – – – – – – – – – – – – – – –

A/sw/Kagoshima/	
23/2012	(H1N1)

– – – – – T – – D – – – – – – – – – – – – – – – –

A/sw/Kagoshima/	
65/2012	(H1N1)

– – – – – T – – – – – – R – – – – – G – Y – – – –

A/sw/Chiba/30/2012 
(H1N1)

V – N – R T – T – – – S Q G – – S – – – – K V N –

A/sw/Chiba/14/2012 
(H1N2)

V – N – E – – T – – – – – – – – – – – – – – V – –

A/sw/Chiba/107/2012 
(H1N2)

V – N – E – – T – – – – – – – – – – – – – – V – –

A/sw/Chiba/119/2012	
(H1N2)

V – N – E – – T – – – – – – – – – – – – – – V – –

Abbreviation: sw, swine.
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goshima/23/2012	(H1N1)	and	A/swine/Kagoshima/65/2012	
(H1N1),	 showed	 several	 amino	 acid	 differences,	 but	 these	
differences	did	not	affect	the	antigenicity	by	an	HI	test	using	
antiserum	to	A/swine/Ibaraki/46/2010	(H1N1)	in	this	study.	
However,	 1	 isolate,	A/swine/Kagoshima/60/2010	 (H1N1),	
showed a relatively weak response to the antiserum to the 
reassortant	A/swine/Chiba/14/2012	(H1N2),	suggesting	that	
lysine	at	the	238th	position	in	the	Cb	site	affected	the	antige-
nicity,	because	the	amino	acid	of	this	site	was	conserved	as	
arginine	in	the	other	nine	isolates.
A	phylogenetic	 tree	 of	 the	H3	gene	 (Fig.	 5) shows that 

the	 H3	 gene	 of	 A/swine/Tochigi/14/2013	 (H3N2)	 has	 a	

large	 branch	 length	 from	 Japanese	 isolates	 in	 2000,	 2002,	
2007	and	2008.	This	might	be	because	 several	 genetically	
evolved	 H3N2	 SIVs	 were	maintained	 on	 their	 own	 terms	
in	the	swine	population	underground	before	being	detected	
[38].	Concerning	the	antigenicity	of	H3N2	SIVs,	Takemae	et 
al.	[55]	reported	that	Japanese	H3N2	SIV	isolates	in	2000,	
2002,	2007	and	2008	showed	almost	the	same	antigenicity	
by	 the	HI	 test.	Therefore,	 our	 isolate	might	 also	 have	 the	
same	antigenicity	as	that	of	those	isolates.	We	would	like	to	
compare	the	antigenicity	of	our	isolate	to	that	of	those	H3N2	
isolates	by	the	HI	test	in	the	near	future.
SIVs	of	pdm	09	lineage	were	isolated	twice	in	the	same	

Table	6.	 Prevalence	of	SIV	HI	antibody	in	variously	aged	pigs	in	the	pig	farm	located	in	Hiroshima	Prefecture	where	
SIV	was	isolated	2	times	at	an	interval	of	10	months

Piga) A/sw/Hiroshima/ 
8/2011	(H1N1)

A/sw/Hiroshima/ 
52/2011	(H1N1) Piga) A/sw/Hiroshima/ 

8/2011	(H1N1)
A/sw/Hiroshima/ 
52/2011	(H1N1)

Fattening Fattening
30 days old 150 days old
No.1 40 80 N0.21 40 20
No.2 20 20 No.22 <20 <20
No.3 40 20 No.23 20 <20
No.4 20 <20 No.24 <20 <20
No.5 20 20 No.25 20 <20
60	days	old Gilt
No.6 20 <20 No.26 <20 <20
No.7 20 20 No.27 <20 <20
No.8 20 <20 No.28 <20 <20
No.9 <20 <20 Sow,	parity	No.:1
No.10 <20 <20 No.29 40 <20
90	days	old No.30 160 40
No.11 20 <20 No.31 80 40
No.12 <20 <20 Sow,	parity	No.:3
No.13 <20 <20 No.32 80 80
No.14 320 320 No.33 160 80
No.15 <20 <20 No.34 40 <20

120 days old Sow,	parity	No.:5
No.16 <20 <20 No.35 40 <20
No.17 <20 <20 No.36 40 <20
No.18 320 320 No.37 40 <20
No.19 20 <20 Sow,	parity	No.:7
No.20 <20 <20 No.38 160 80

No.39 160 40

a)	Pig	sera	were	collected	at	6	months	after	the	second	SIV	isolation	(A/swine/Hiroshima/52/2011	(H1N1)).	Abbreviation:	
sw, swine.

Table	7.	 Identity	of	nucleotide	sequences	of	8	RNA	segments	of	A/swine/Hiroshima/52/2011	(H1N1)	with	those	of	
corresponding	segments	of	5	pdm	09	lineage	isolates	in	this	study

Virus
Identity (%)

PB2 PB1 PA HA NP NA M NS
A/sw/Ibaraki/46/2010	(H1N1) 99.19a) 98.68 98.61 98.45 98.91 98.74 98.05 99.1
A/sw/Kagoshima/60/2010	(H1N1) 99.10 98.80 99.10 98.51 99.36 98.95 98.34 99.21
A/sw/Hiroshima/8/2011	(H1N1) 99.19 98.85 99.06 98.62 99.23 98.88 97.96 98.88
A/sw/Kagoshima/23/2012	(H1N1) 98.72 98.33 98.52 97.99 99.04 98.04 97.47 98.20
A/sw/Kagoshima/65/2012	(H1N1) 98.55 97.65 98.57 97.13 98.47 97.82 97.96 98.54

a)	Highest	identity	(%)	is	indicated	in	bold.	Abbreviation:	sw,	swine.
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Fig.	5.	 Phylogenetic	tree	of	H3	HA	genes	of	an	H3	isolate	in	this	study	and	others	available	from	GenBank.	The	H3	
isolate	in	this	study	is	indicated	by	a	closed	circle.	Past	H3	isolates	in	Japan	are	indicated	by	closed	triangles.	I,	II,	III	
and	IV	for	the	clusters	of	the	triple	reassortant	H3N2	SIVs	are	indicated	by	the	bar	on	the	right	of	the	tree.	Scale	bar	
indicates substitution per site. sw: swine.
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pig	farm	in	Hiroshima	Prefecture	at	an	interval	of	10	months.	
Since	the	2	isolated	viruses	showed	slight	genetic	and	anti-
genic	differences,	the	second	isolate	might	not	be	the	direct	
descendant	strain	of	the	first	isolate,	suggesting	that	the	first	
strain	might	not	have	circulated	continuously	in	the	pig	farm	
and	 that	 another	 SIV	might	 have	 re-entered	 the	 pig	 farm.	
Sero-epidemiological	 results	 also	 support	 this	 possibility.	
However,	 the	 possibility	 of	 sporadic	 SIV	 infection	 in	 the	
farm	could	not	be	ruled	out,	because	a	few	fattening	pigs	had	
high	levels	of	SIV	antibodies.

Two commercial vaccines are currently available in Japan. 
One	is	a	domestic	vaccine	consisting	of	A/swine/Kyoto/3/79	
(H1N1)	 and	 A/swine/Wadayama/5/1969	 (H3N2),	 and	 the	
other	is	an	imported	vaccine	containing	A/swine/Iowa/08/00	
(H1N1)	and	A/swine/Iowa/06/00	(H3N2).	All	SIV	isolates	in	
this	study	were	from	pigs	that	were	not	vaccinated	with	any	
SIV	vaccines.	Investigation	of	the	reactivity	of	the	viruses	to	
antisera	against	the	4	vaccine	strains	is	needed.	If	the	viruses	
are	efficiently	 inactivated	by	 those	antisera,	 these	vaccines	
might	be	useful	for	preventing	viral	 infections.	We	plan	to	
carry	out	the	serological	tests	in	the	near	future.
Analysis	of	 the	 amino	acid	 sequences	of	 all	 isolates	 re-

vealed	 that	 all	 isolates	might	be	 susceptible	 to	oseltamivir	
and	zanamivir	and	resistant	 to	amantadine.	 If	 the	pdm	lin-
eage	 virus	 is	 transmitted	 from	 pigs	 to	 humans	 and	 causes	
clinical	symptoms,	antiviral	drug	therapy	might	be	useful.
In	conclusion,	6	pdm	09	viruses	and	5	reassortants	of	Jap-

anese	SIVs	and	pdm	09	viruses	were	isolated	in	the	period	
from	2010	to	2013	in	Japan.	Among	the	reassortants,	3	were	
the	same	type	of	H1N2	reassortant.	This	type	of	reassortant	
had	 been	 isolated	 in	 2011	 and	 2012	 in	 other	 prefectures.	
Thus,	this	type	of	reassortant	SIV	could	form	another	lineage	
in	addition	to	Japanese	H1N2	SIVs	as	reported	in	Germany	
[27].	We	obtained	indirect	evidence	of	the	presence	of	H1N2	
and	H3N2	SIVs	 in	 the	 Japanese	pig	population	due	 to	 the	
presence	 of	 segments	 (HA	 and	 NA)	 derived	 from	 these	
viruses	in	the	reassortant	SIVs	examined	in	this	study.	The	
emergence	of	several	types	of	reassortant	SIVs	raises	further	
concerns	about	whether	the	viruses	will	undergo	further	ge-
netic	reassortment	and	gain	virulence.	In	humans	in	Japan,	
pdm09	viruses	had	been	displaced	with	seasonal	H3	viruses	
by	the	2011–2012	seasons	[20].	However,	the	pdm09	virus	
extensively	 reemerged	 in	 the	 2013–2014	 season	 in	 Japan	
[21].	Although	 the	 reason	 for	 its	 reemergence	 is	not	 clear,	
one	possibility	 is	 that	swine	serve	as	reservoirs	of	pdm	09	
viruses	that	can	be	transmitted	to	humans.	Systematic	influ-
enza	virus	surveillance	in	pigs	in	Japan	should	be	considered	
for	swine	hygiene	and	human	public	health.
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