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Background Swine have receptors for both human and avian

influenza viruses and are a natural host for influenza A viruses.

The 2009 influenza A(H1N1) pandemic (H1N1pdm) virus that

was derived from avian, human and swine influenza viruses has

infected pigs in various countries.

Objectives To investigate the relationship between the H1N1pdm

viruses isolated from piggery outbreaks in Australia and human

samples associated with one of the outbreaks by phylogenetic

analysis, and to determine whether there was any reassortment

event occurring during the human-pig interspecies transmission.

Methods Real-time RT-PCR and full genome sequencing were

carried out on RNA isolated from nasal swabs and ⁄ or virus

cultures. Phylogenetic analysis was performed using the Geneious

package.

Results The influenza H1N1pdm outbreaks were detected in

three pig farms located in three different states in Australia.

Further analysis of the Queensland outbreak led to the

identification of two distinct virus strains in the pigs. Two staff

working in the same piggery were also infected with the same two

strains found in the pigs. Full genome sequence analysis on the

viruses isolated from pigs and humans did not identify any

reassortment of these H1N1pdm viruses with seasonal or avian

influenza A viruses.

Conclusions This is the first report of swine infected with

influenza in Australia and marked the end of the influenza-free

era for the Australian swine industry. Although no reassortment

was detected in these cases, the ability of these viruses to cross

between pigs and humans highlights the importance of

monitoring swine for novel influenza infections.

Keywords 2009 A(H1N1) pandemic, influenza A, swine.

Please cite this paper as: Deng et al. (2012). Transmission of influenza A(H1N1) 2009 pandemic viruses in Australian swine. Influenza and Other Respiratory

Viruses 6(3), e42–e47.

Introduction

Swine have receptors for both human and avian influenza

viruses and are a natural host for influenza A viruses,

potentially serving as a mixing vessel for co-infecting influ-

enza A viruses to exchange different gene segments and

create novel reassortant viruses. Swine influenza viruses

have long circulated in pigs in different regions of the

world, including the North American swine H1N1 lineage,1

the triple-reassortant swine H3N2 lineage2,3 and the Eur-

asian avian-like swine H1N1 lineage.4,5 In Australia, there

have been no reports of swine influenza in pigs prior to

2009, and swine influenza is classified as a notifiable disease

(Australian Government DAFF, 2008).

In April 2009, a novel A(H1N1) virus was first discov-

ered infecting humans in Mexico and spread rapidly across

the world, resulting in the 2009 A(H1N1) pandemic

(H1N1pdm).6 Through phylogenetic analysis, the

H1N1pdm virus was found to be a swine–human–avian tri-

ple-reassortant virus with gene segments of the polymerase

basic protein 2 (PB2) and polymerase acidic protein (PA)

from avian, polymerase basic protein 1 (PB1) from human

H3N2, hemagglutinin (HA), nucleoprotein (NP) and non-

structural protein (NS) from the classical swine lineage,

and the neuraminidase (NA) and matrix protein (M) from

Eurasian avian-like swine H1N1 lineage.7 Apart from

infecting millions of humans, the H1N1pdm virus has also

infected pigs probably via human contact. The first con-

firmed H1N1pdm influenza outbreak in a commercial

swine herd was in Alberta, Canada, in late April 2009.8

Subsequently, many other countries around the world also

reported outbreaks of H1N1pdm influenza in farmed
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pigs.9–11 The majority of those cases implicated humans as

the source of infection. There have been cases where novel

reassortant viruses were detected in pigs that were derived

from H1N1pdm and other swine influenza strains.11–14 More

recently, it has been reported that humans were infected with

reassortant viruses between H1N1pdm and swine triple-reas-

sortant H3N2 in the United States.15 There are concerns that

further mutations in these reassortant viruses might occur in

pigs to make them more adaptable to humans, potentially

leading to another influenza pandemic.11

Here we report the characterization of the first influenza

outbreaks in commercial pig farms in Australia caused by

H1N1pdm influenza. Most importantly, two staff working

with sick pigs in the same Queensland piggery also devel-

oped influenza-like illness (ILI) after the outbreak of dis-

ease in pigs and were infected with two H1N1pdm viruses

unique to that piggery outbreak, but genetically distinct

from other viruses circulating in the human population.

Our results suggest that human–pig–human transmission

of H1N1pdm 2009 viruses had most likely occurred in

these instances.

Materials and methods

Clinical specimen collection and influenza virus
characterization
Nasal swabs and blood samples from infected pigs were

submitted to the Australian Animal Health Laboratory,

and all the animal samples and subsequent virus isolation

were prepared in physical containment level 3 biosecurity

facilities. Swabs in viral transport media (VTM) were typi-

cally treated with antibiotics (penicillin, streptomycin and

gentamycin) and incubated for at least 30 minutes before

filtration through a 0Æ2-lm filter. Embryonated SPF eggs

of 3, 9- to 11-day old (SPAFAS, Woodend, Australia)

were inoculated into the allantoic sac with 0Æ2 ml per egg

for each sample and incubated at 35�C for up to 5 days

for virus propagation based on protocols from the OIE

Manual of Diagnostic Tests and Vaccines for Terrestrial

Animals.16 Allantoic fluid was tested for haemagglutinat-

ing activity with 0Æ5% chicken red blood cells. The virus

was passaged up to five times using 0Æ2 ml as inoculum

for each egg passage. Infected allantoic fluid was con-

firmed for haemagglutinating agents and subjected to

molecular analysis. Human clinical specimens of influenza

linked to the Queensland piggery outbreak were collected

under the direction of the Darling Downs Public Health

Unit and submitted through Queensland Health Pathology

Services to Queensland Health Forensic and Scientific Ser-

vices, Australia, for influenza screening. These samples

were submitted to the WHO Collaborating Centre for

Reference and Research on Influenza at VIDRL, Mel-

bourne, Australia.

Influenza detection by real-time RT-PCR
RNA extracted from the clinical specimens or allantoic

fluid were used for real-time RT-PCR for influenza detec-

tion on a ABI 7500Fast instrument, according to the

CDC17 procedure.

Genome sequencing and phylogenetic analysis
Reverse transcription was first carried out using Super-

Script III RT system (Invitrogen) according to the manu-

facture’s instruction with a universal primer, and the

resulting cDNA (5 ll each) was subjected to PCR amplifi-

cation of all eight influenza genes using Platinum Taq

DNA polymerase high fidelity and the specific primers

developed in our laboratory (primer sequences available on

request). Sequencing of the PCR products was performed

as described previously.18 Sequence assembly and multiple

sequence alignments were performed using the SeqMan

Pro module of Lasergene version 8.0 software (DNASTAR,

Madison, WI, USA). A maximum likelihood tree was cre-

ated using PhyML19 with HKY85 as the substitution model

on the Geneious 5.14 software (Biomatters Ltd, Auckland,

New Zealand) and FigTree v1.3.1.

Pyrosequencing
cDNA from viral RNA isolated from pigs was used as tem-

plate for PCR with eight pairs of primers covering full

genomes of H1N1pdm we developed for pyrosequencing.20

The PCR products were used for pyrosequencing analysis

as described before.20 Briefly, biotinylated PCR amplicons

were bound to streptavidin-coated beads and were then

subjected to denaturation and washing to generate single

stranded DNAs, which were then released to a PSQ plate

pre-filled with 40 ll annealing buffer containing pyrose-

quencing primer (100 lm). The sample plate was heated at

80�C for 2 minutes and cooled to room temperature for

primer annealing. Pyrosequencing reactions were per-

formed with the PyroMark Gold enzyme, substrate and nu-

cleotides using the PyroMark ID instrument (Qiagen,

Valencia, CA, USA). Pyrosequencing data were analysed

using Identifier software (Qiagen) with a library con-

structed containing the signature sequences of each gene

from all subtypes to determine the origin of each gene.

Nucleotide sequence accession numbers
GenBank accession numbers of the complete genome

sequences of A ⁄ swine ⁄ Queensland ⁄ 02865-7 ⁄ 2009 from egg

isolates or original specimen were assigned CY080437-449;

for HA gene of A ⁄ swine ⁄ Victoria ⁄ 0902767 ⁄ 2009 was

CY080402; and for HA gene of A ⁄ swine ⁄ Victoria ⁄ 0902797

⁄ 2009 was CY080404. GenBank accession numbers of the

complete genome sequences of A ⁄ Brisbane ⁄ 2015 ⁄ 2009 were

assigned HQ712177-183, and for HA gene of A ⁄ Bris-

bane ⁄ 2014 ⁄ 2009 was HQ712184.

Influenza A(H1N1) 2009 in Australian pigs
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Results

Influenza H1N1pdm 2009 outbreaks in Australian
pigs
Since July 2009, at least three H1N1pdm outbreaks in pig

farms have been detected in three states in Australia. The first

case was in western New South Wales at the end of July, fol-

lowed by an outbreak in northern Victoria on 18 August and

the third one in south-east Queensland on 23rd August. In

all cases, disease was self-limited in the swine, and almost all

of them made an uneventful recovery. Hemagglutinin genes

from viruses isolated from representative pigs of each piggery

were sequenced in an attempt to identify the origins of these

viruses. Full HA sequences were obtained from the viruses

from pigs in the Queensland and Victorian piggeries. Only

partial HA sequence was obtained from the outbreak in New

South Wales, and these data were not included in the phylo-

genetic analysis. The HA sequences isolated from the two

Victorian pigs were identical, and the HA sequences from

the four Queensland pigs showed that the HA sequence

obtained from one pig (A ⁄ swine ⁄ Queensland ⁄ 02865-

5 ⁄ 2009) had a two amino acids difference compared to the

HA sequence from the other three pigs (A ⁄ swine ⁄ Queens-

land ⁄ 02865-2 ⁄ 2009, A ⁄ swine ⁄ Queensland ⁄ 02865-7 ⁄ 2009,

and A ⁄ swine ⁄ Queensland ⁄ 02865-10 ⁄ 2009). When the HA

sequences were further analysed phylogenetically with the

known sequences of H1N1pdm viruses isolated from both

human and swine in Australia and other countries, it was

found that the viruses from different piggeries formed dis-

tinct groups, indicating they occurred via independent infec-

tions from different people (Figure 1). Despite the overall

high homology in the HA genes between the pig and human

H1N1pdm viruses, three HA mutations – A17T, D111N and

I283V (numbering starting from the first Methionine) – were

identified that were unique to the Queensland farm outbreak

(Table 1). The two H1N1pdm viruses isolated from the Vic-

torian pig farm (A ⁄ swine ⁄ Victoria ⁄ 0902767 ⁄ 2009 and

A ⁄ swine ⁄ Victoria ⁄ 0902797 ⁄ 2009) showed almost identical

HA sequences to a human H1N1pdm virus isolated from

Melbourne, Victoria, in June (A ⁄ Victoria ⁄ 2025 ⁄ 2009), with

only two silent mutations.

Possible further pig-to-human transmission of
H1N1pdm viruses in the Queensland outbreak
The piggery outbreak in Queensland was initially attended

by a veterinarian on 24 August 2009 following observation

of pigs being off their feed and coughing. Approximately

25% of animals in a shed holding 450 sows showed signs

of inappetence, coughing and elevated temperatures of

around 40Æ5�C. The course of disease was observed to be

5–7 days following onset of clinical signs with no long-term

health effects. At least one farm worker had reported ILI

around the time of investigation, and swine influenza was

suspected but unfortunately no sample was taken from the

worker. Nasal swabs and blood samples were collected from

symptomatic pigs, and multiple tissue samples were also

collected by necropsy from a deceased pig that had a long-

standing pre-existing pleuropneumonia infection. Duplicate

nasal swab samples from three infected pigs and fresh tra-

cheal tissue from the deceased pig were confirmed to carry

H1N1pdm virus based on real-time RT-PCR results on M,

HA and NP genes. H1N1pdm virus was isolated from the

above four positive samples after at least four passages

through embryonated chicken eggs.

Soon after the Queensland outbreak, two other staff who

attended the sick pigs at the same farm subsequently devel-

oped ILI and nasal swabs were taken from them on 27 and

28 August, 2009, respectively. Both samples were found to

be H1N1pdm positive by real-time RT-PCR; however, no

virus was recovered from these two specimens.

Hemagglutinin sequences from the specimens of these

two staff revealed that they had been infected with two dis-

tinct viruses separately (Figure 1 and Table 1). The first

virus was named A ⁄ Brisbane ⁄ 2014 ⁄ 2009, which had an HA

identical to the pig virus A ⁄ swine ⁄ Queensland ⁄ 0902865-

5 ⁄ 2009 with the A17T mutation; the second was named

A ⁄ Brisbane ⁄ 2015 ⁄ 2009, which was identical to the other

three pig viruses, except for a mixed N ⁄ D at position 111

in the HA of A ⁄ Brisbane ⁄ 2015 ⁄ 2009. The A17T and

D111N mutations were not found in any of the approxi-

mately 200 H1N1pdm viruses sequenced from the human

samples in Australia around the same period in 2009.

No reassortant virus in Australian pigs
The possible reassortment of the pig H1N1pdm virus

strains with other influenza A viruses was also investigated.

Full influenza genome sequencing was attempted on two

original human specimens and four original pig specimens

obtained from the Queensland outbreak. Owing to low

viral load in the original samples, full genome sequences

were only obtained from one human specimen (A ⁄ Bris-

bane ⁄ 2015 ⁄ 2009), and only partial sequences were acquired

from the swine specimen producing the A ⁄ swine ⁄ Queens-

land ⁄ 09022865-7 ⁄ 2009 isolate. However, full genome

sequences were achieved for the A ⁄ swine ⁄ Queens-

land ⁄ 09022865-7 ⁄ 2009 virus isolated in embryonated

chicken eggs. Their gene sequences were compared with

each other and the sequences from other H1N1pdm viruses

(Table 2). All the genes except HA and NP were identical

between original A ⁄ Brisbane ⁄ 2015 ⁄ 2009 specimen and egg

grown A ⁄ swine ⁄ Queensland ⁄ 0902865-7 ⁄ 2009 virus. The

mutations in the HA (T35S and Q240R) and NP (G102R)

were only found in the virus propagated in eggs, but not

the original pig swab, and these were likely to be mutations

arising from egg adaptation. Amino acid sequences of the

M2 and NA proteins indicated that these viruses were

Deng et al.
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resistant to the adamantanes (31N in M2) but not oseltam-

ivir (275H in NA), which was consistent to most of the cir-

culating H1N1pdm viruses. Sequences from all eight genes

confirmed that these viruses belonged to the H1N1pdm

lineage. Further, pyrosequencing of all eight genes was per-

formed on RNA isolated from ten original porcine nasal

swabs from the Victorian and Queensland pig farms, and

again no reassortment between H1N1pdm and other influ-

enza A viruses (human, swine or avian) was identified in

these samples.

Discussion

Pigs in Australia have been reported to be free of swine

influenza viruses prior to 2009.21 This study represents

the first cases of three independent human-to-pig trans-

mission of H1N1pdm influenza viruses in three geograph-

ically well separated piggeries in Australia. In addition,

transmission of two highly related but genetically distinct

virus strains occurred within the infected pig herd at the

same farm in Queensland. The Australian pigs may have

been susceptible to H1N1pdm infections because this

virus originated recently from swine; and Australian pigs

may have also lacked of any pre-existing immunity in as

swine influenza viruses have not been detected in Austra-

lia prior to 2009. In spite of this, H1N1pdm infected

Australian pigs generally recovered from the disease after

5–7 days without any long-term health problems, similar

to other studies in countries which have endemic swine

influenza.8–11

H1N1pdm virus from human
H1N1pdm virus from swine
H1N1pdm virus from Australian swine
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Figure 1. Phylogenetic analysis of HA sequences from influenza H1N1pdm viruses from both swine and humans in Australian. Hemagglutinin

sequences of H1N1pdm viruses obtained from pigs in Victoria and Queensland, Australia, during August 2009 were compared to those H1N1pdm

isolated from humans in Australia in 2009. Represented HA sequences obtained from pigs and humans in other countries (downloaded from

GenBank) were also included in the analysis. A maximum likelihood tree was created using PhyML with HKY85 as the substitution model on the

Geneious 5.14 software and viewed by FigTree v.1.3.1. The two HA sequences from staff working at the Queensland piggery are marked by the

arrows.
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In this study, several lines of evidence were obtained,

which suggested human-to-pig-to-human transmission of

2009 A(H1N1) pandemic viruses including (i) the two farm

staff who developed influenza-like symptoms while working

with the sick pigs in the Queensland farm following the

initial cases of infected pigs; (ii) the full virus genome

sequences from at least one staff were identical to the virus

genes isolated from one pig; and (iii) most importantly,

the signature HA mutations unique to the H1N1pdm

viruses from the pigs but absent from other H1N1pdm

viruses circulating in the human population at the same

time were also observed in these two human specimens.

Novel swine influenza reassortant viruses between the

H1N1pdm and classical swine influenza viruses have been

detected in a number of countries, including Hong Kong,11

Germany,13 Italy12 and United States.14 This is not surprising

because swine influenza viruses are endemically present in

these pig herds. Transmission of influenza viruses between

human and pigs is a public health concern, because reas-

sortment can take place in the pig reservoir and further

Table 1. Substitutions in hemagglutinin protein of pandemic H1N1 2009 influenza viruses isolated from humans and swine in Australia

Virus strain Sample date
Substitution at indicated amino acid position*

17 100 111 214 220 222 283 338 428

A ⁄ California ⁄ 07 ⁄ 2009 04 ⁄ 2009 A P D T S R I I V

A ⁄ Auckland ⁄ 1 ⁄ 2009 04 ⁄ 2009 S A V

A ⁄ Brisbane ⁄ 2011 ⁄ 2009 05 ⁄ 2009 S A T V I

A ⁄ swine ⁄ Queensland ⁄ 02865-2 ⁄ 2009 08 ⁄ 2009 S N A T V V I

A ⁄ swine ⁄ Queensland ⁄ 02865-5 ⁄ 2009 08 ⁄ 2009 T S A T V V I

A ⁄ swine ⁄ Queensland ⁄ 02865-7 ⁄ 2009 08 ⁄ 2009 S N A T V V I

A ⁄ swine ⁄ Queensland ⁄ 02865-10 ⁄ 2009 08 ⁄ 2009 S N A T V V I

A ⁄ Brisbane ⁄ 2014 ⁄ 2009 08 ⁄ 2009 T S A T V V I

A ⁄ Brisbane ⁄ 2015 ⁄ 2009 08 ⁄ 2009 S D ⁄ N A T V V I

A ⁄ Victoria ⁄ 2025 ⁄ 2009 06 ⁄ 2009 S A T K V I

A ⁄ swine ⁄ Victoria ⁄ 0902797 ⁄ 2009 08 ⁄ 2009 S A T K V I

A ⁄ swine ⁄ Victoria ⁄ 0902767 ⁄ 2009 08 ⁄ 2009 S A T K V I

*Amino acid position started at the first Methionine.

Table 2. Sequence similarities between the full genome sequence of A ⁄ Brisbane ⁄ 2015 ⁄ 2009 and other H1N1pdm viruses

Nucleotide identity

A ⁄ Brisbane ⁄ 2015 ⁄ 2009 original specimen

Hemagglutinin

(HA)* (%)

Neuraminidase

(%)

Matrix

protein

(%)

Polymerase

basic

protein 2 (%)

Polymerase

basic

protein

1 (%)

Polymerase

acidic

protein (%)

Nucleoprotein

(%)

Non-

structural

protein

(%)

A ⁄ swine ⁄ Queensland ⁄
02865-7 ⁄ 2009

original specimen

99Æ90 100 (partial) n.a 100 (partial) 100 (partial) 100 (partial) 100 (partial) n.a

A ⁄ swine ⁄ Queensland ⁄
02865-7 ⁄ 2009

egg isolate

99Æ90 100 100 100 100 100 99Æ90 100

A ⁄ Brisbane ⁄ 2011 ⁄ 2009 99Æ90 99Æ90 99Æ90 99Æ90 99Æ80 100 99Æ80 100

A ⁄ swine ⁄ Alberta ⁄
HTH-33-8 ⁄ 2009

99Æ40 99Æ40 99Æ50 99Æ50 99Æ60 99Æ70 99Æ20 99Æ40

A ⁄ California ⁄ 07 ⁄ 2009 99Æ50 99Æ70 99Æ70 99Æ70 99Æ90 99Æ90 99Æ60 99Æ80

A ⁄ Auckland ⁄ 1 ⁄ 2009 98Æ90 99Æ50 99Æ70 99Æ20 99Æ90 96Æ90 99Æ70 99Æ80

*The only nucleotide difference between the HA of A ⁄ Brisbane ⁄ 2015 ⁄ 2009 and ⁄ swine ⁄ Queensland ⁄ 02865-07 ⁄ 2009 original specimen is a mix

of N94 and N94D for A ⁄ Brisbane ⁄ 2015 ⁄ 2009, and pure N94 for A ⁄ swine ⁄ Queensland ⁄ 02865-07 ⁄ 2009 original specimen.
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cross-species infections may facilitate creation of a new

reassortant influenza virus. Indeed, sporadic cases of

humans infected with a reassortant virus that included

H1N1pdm matrix gene and other seven genes from swine

triple-reassortant H3N2 lineages have recently been

reported in the United States.15. Fortunately, Australian

pigs appeared to be free of endemic swine influenza prior

to 2009, hence the risk of infected H1N1pdm virus reas-

sorting with other swine influenza in these pigs was not

present; however, it is still possible that reassortment may

occur from co-infection with other human or avian influ-

enza viruses if the H1N1pdm becomes endemic in Austra-

lian pigs. In the cases reported here, strict quarantining of

infected properties was applied in these pig farms once the

H1N1pdm infection were detected and the virus did not

appear to spread further to other pig farms.

In conclusion, these findings drew an end to the era of

influenza-free pigs that had been observed in Australia

prior to 2009. The extent to which H1N1pdm is currently

circulating or not in Australian pig farms is currently

unknown because of discontinued surveillance, although

the most recent diagnosed outbreak was in June 2011 from

a Western Australian piggery (data not shown). Our study

highlights the importance of close surveillance of influenza

viruses in both humans and pigs, to minimize further

cross-species transmission between these populations.

Genetic analysis of complete influenza genomes is also

important to monitor for the potential emergence of reas-

sortant viruses that might lead to a new human pandemic

virus.
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