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Full-genome sequencing of 11 Australian and 1 New Zealand avian influenza A virus isolate (all subtype H7)
has enabled comparison of the sequences of each of the genome segments to those of other subtype H7 avian
influenza A viruses. The inference of phylogenetic relationships for each segment has been used to develop a
model of the natural history of these viruses in Australia. Phylogenetic analysis of the hemagglutinin segment
indicates that the Australian H7 isolates form a monophyletic clade. This pattern is consistent with the
long-term, independent evolution that is, in this instance, associated with geographic regions. On the basis of
the analysis of the other H7 hemagglutinin sequences, three other geographic regions for which similar
monophyletic clades have been observed were confirmed. These regions are Eurasia plus Africa, North
America, and South America. Analysis of the neuraminidase sequences from the H7N1, H7N3, and H7N7
genomes revealed the same region-based relationships. This pattern of independent evolution of Australian
isolates is supported by the results of analysis of each of the six remaining genomic segments. These results,
in conjunction with the occurrence of five different combinations of neuraminidase subtypes (H7N2, H7N3,
H7N4, H7N6, H7N7) among the 11 Australian isolates, suggest that the maintenance host(s) is nearly
exclusively associated with Australia. The single lineage of Australian H7 hemagglutinin sequences, despite the
occurrence of multiple neuraminidase types, suggests the existence of a genetic pool from which a variety of
reassortants arise rather than the presence of a small number of stable viral clones. This pattern of evolution

is likely to occur in each of the regions mentioned above.

The emergence of highly pathogenic avian influenza viruses
of subtype H5N1 as a potential human pandemic disease threat
has focused attention on the roles that wild birds play in the
maintenance and distribution of avian influenza viruses (18,
22). Moreover, the H5 and H7 subtypes of avian influenza A
virus are major causes of economic loss in poultry production
through disease. In Australia, there have been five docu-
mented outbreaks of H7 subtype avian influenza A virus dis-
ease, with evidence of adaptation to the poultry host being
provided by sequence data supporting the presence of high-
pathogenicity avian influenza virus (HPAI) isolates in poultry.
Waterfowl (Anseriformes order, particularly ducks, geese, and
swans) and the waders and gulls (Charadriiformes order, par-
ticularly gulls, terns, and waders) have been found to be the
major global natural reservoirs of influenza A viruses. Trans-
mission of avian influenza viruses from wild birds to produc-
tion poultry and geographic spread are dependent upon the
migratory behavior of the wild bird reservoir hosts. Members
of the Anseriformes and Charadriiformes orders undertake
both irregular and regular transcontinental and intercontinen-
tal migrations. During these migrations, large numbers of birds
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congregate at aquatic feeding locations, providing ideal sites
for cross-species transmission of avian influenza viruses. A
variety of mechanisms have been observed whereby influenza
A viruses adapt rapidly. These include genetic shifts facilitated
through genome segment reassortment, as well as genetic drift
through the insertion, deletion, and substitution of nucleotides.
The error-prone RNA replication and a lack of error correc-
tion are the causes of drift. In vivo, this results in viral genetic
diversity within any viral sample, or a quasispecies, thus pro-
viding a pool of closely related variant viruses from enabling
events, such as viral adaptation to new hosts (25). Long-term
sampling of water birds in North America and Europe has
started to elucidate the ecology and biology of the avian influ-
enza A virus types in the natural reservoirs in these regions (8,
18, 22). There is a suggestion that two superfamilies, the Eur-
asia (which in the context of this paper includes Europe, Asia,
and Africa) and the Americas superfamilies, exist; however,
the extent of overlap and the rate of transfer of influenza
viruses between these two regions are not well-defined. Recent
studies suggest that intercontinental virus exchange is slow and
limited (17), while a detailed analysis of the differences be-
tween H7 hemagglutinin (HA) segments circulating in Europe
and China showed that the H7 hemagglutinin segments shared
a recent common ancestor and limited sequence divergence on
a background of multiple reassortant virus genotypes between
1999 and 2005 (7).

Avian influenza A viruses of the Oceania region (Australia,
New Zealand, and southwest Pacific) have been far less well
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studied (3). Australia and New Zealand are at the southern
extremity of a number of major bird migration pathways. Wad-
ers in the Charadriidae family migrate to south and southeast-
ern Australia and New Zealand from their summer breeding
grounds in Arctic regions of Siberia and Alaska, where they
freely mix with the same or other species which migrate into
the shared breeding grounds of Eurasia and the Americas (30).
Pelagic seabirds of the Procellariformes order breed on and
around Australian and New Zealand coasts during the south-
ern hemisphere summer and migrate to maritime regions of
the northern Pacific associated with Japan, Russia, and Alaska.
Some move as far as the west coasts of North and South
America (28). Unlike North and South America and Europe,
where regular migrations of ducks, geese, swans, etc., are es-
tablished, the members of the Anatidae family (ducks, etc.) in
Australia and New Zealand are mainly endemic residents
(30). However, within Australia, ducks undertake long-dis-
tance movements in response to water availability. Movements
of waterfowl from northern Australia to nearby areas of South-
east Asia are believed to occur but are limited, as suggested by
Wallace’s Line (19). Generally, these waterfowl movements
have not been well studied (30). The risks to Australian poultry
production systems by movement of HSNI via migratory
shorebirds and nomadic wildfowl have been assessed to be low
using risk-based analysis techniques (9, 10).

Regular and extensive surveillance sampling of migratory
birds has been undertaken in North America and northern
Europe (17, 18). The findings have shed significant insights
into the ecology of the viruses and their hosts (8, 17). In
contrast, surveillance sampling of wild birds in Asia and Oce-
ania has been spasmodic and sparse, until the recent emer-
gence of H5N1 highly pathogenic avian influenza virus as a
poultry and human disease threat. Spasmodic and small-scale
outbreaks of highly pathogenic avian influenza virus have oc-
curred in Australian poultry production flocks located in the
southeastern region of the continent. These poultry production
areas are concentrated close to large human population cen-
ters (26, 33, 34). Each of the Australian outbreaks has been
rapidly controlled by slaughter of infected flocks. All have been
caused by avian influenza viruses of the H7 subtype, which
appear to have entered production poultry from water birds,
possibly wild ducks, via contaminated water supplies used on
the poultry farms. Disease has occurred on five occasions: 1976
(H7N7), 1985 (H7N7), 1992 (H7N3), 1994 (H7N3), and 1997
(H7N4) (13, 14, 26, 27, 31, 34). National on-farm biosecurity
measures have been focused on reducing the likelihood of
future outbreaks. The availability of avian influenza virus iso-
lates from poultry and wild birds associated with these out-
breaks, along with a small number of subtype H7 avian influ-
enza viruses isolated from wild ducks during recent national
surveillance programs in Australia and New Zealand, provided
the opportunity to explore the relationships of Australian and
New Zealand subtype H7 avian influenza virus isolates with
viruses circulating elsewhere in the world.

MATERIALS AND METHODS

Subtype H7 Australian and New Zealand avian influenza virus isolates. The
subtype H7 avian influenza viruses subjected to full-genome sequencing in this
study are listed in Table 1. The avian influenza viruses analyzed in this study were
collected over a 31-year period (1976 to 2007). Virus isolates associated with

TABLE 1. Australian and New Zealand avian influenza virus subtype H7 isolates used in this study
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Wales/2/97
A/Chicken/New South

26

Pathogenic

CY022701-CY 022708

Tamworth, NSW

November 1997

Chicken (D, F)

H7N4

Wales/327/97
A/Emu/New South Wales/

26

Pathogenic

CY022709-CY 022716

Tamworth, NSW

November 1997

Emu (E, F)

H7N4

775/97
A/Mallard/NZ/1365-355/05

A/Gray Teal/Victoria/07

CY061618-CY061625

CY061610-CY061617
CY033161-CY033168

Piako River, New Zealand

Victoria

2005

H7N7

Unpublished”

Nonpathogenic

Mallard duck (I, W)

Unpublished®

Nonpathogenic

2007

Gray teal duck (E, W)

Duck (E, W)

H7N6

Unpublished?

Nonpathogenic

Tasmania

February 2007

H7N2

A/duck/Tasmania/277/2007

@ Classifications: D, domestic; I, introduced, nonendemic; E, endemic; W, wild; F, farmed.

® Wlodek Stanislawek, Ministry of Agriculture and Forestry, New Zealand.
¢ Simone Warner, Department of Primary Industries, Victoria, Australia.
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@ Stephen Pyecroft, Department of Primary Industries and Water, Tasmania, Australia.
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8_H7N7_1976_Australia_chicken
2_HTN7_1976_Australia_duck
9_HT7N7_1985_Australia_chicken
6_HTN7_1985_Australia_starling
10_H7N3_1992_Australia_chicken
4_H7N3_1994_Australia_chicken
1_H7N4_1997_Australia_emu
5_H7N4_1997_Australia_chicken
7_H7N4_1997_Australia_chicken
138_H7N7_2005_New-Zealand_duck
11_H7N2_2007_Australia_duck
3_H7N6_2007_Australia_duck

AUSTRALIAN SUBTYPE H7 AVIAN INFLUENZA VIRUSES

HAL I HA2
Cleavage site |§8§§|
LPFONVNSRAVGKCPRYVKQKSLLLATGMKNVPEIPKKREKRGLFGAIAGF IENGWEGLV
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FIG. 1. Alignment of the protein sequence near the HA cleavage site for the Australian and New Zealand isolates. The top line shows the

protein from which the sequence is derived. The cleavage site region is indicated by §.

disease outbreaks in 1976 (H7N7), 1985 (H7N7), 1992 (H7N3), 1994 (H7N3),
and 1997 (H7N4) were sequenced along with three isolates from wild birds (two
Australian and one New Zealand) obtained during wild bird surveillance pro-
grams from 2005 to 2007. The wild bird isolates were derived from cloacal swab
samples, and virus isolation was by inoculation of embryonated eggs.

On each occasion, the outbreaks were of limited scale and duration and were
rapidly controlled by slaughter of infected flocks. In addition to viruses isolated
from domestic chickens with disease, H7 avian influenza A viruses isolated from
healthy birds associated with the outbreaks are also available; these include
isolates from a domestic duck (1976), a feral European starling (1985), and a
farmed emu (1997). Attempts during these outbreaks to isolate H7 avian influ-
enza viruses from wild waterfowl were unsuccessful, although on each occasion,
the introduction of H7 virus into domestic chickens was most likely caused by
water supplies contaminated by wild waterfowl.

In response to the emergence of H5SN1 in Asia, renewed surveillance activities
in Australia and New Zealand were successful in isolating avian influenza viruses
from wild and feral waterfowl. Among these viruses were three H7 subtype
isolates: two from southeastern Australia (Victoria H7N6 and Tasmania H7N2,
2007) and one from New Zealand H7N7 (2005). These isolates were from wild
indigenous ducks in the case of Australia and wild feral mallard ducks in the case
of New Zealand (Table 1).

Cultivation of influenza isolates. The viruses were cultivated in the allantoic
cavity of 7- to 10-day-old embryonated eggs. Virus isolates were recovered from
the lowest passage available in the collection held at the Australian Animal
Health Laboratory. Virus stocks were prepared after a single round of limiting-
dilution purification by inoculation of embryonated eggs with 10-fold dilutions of
virus (three to five eggs per dilution). Eggs with the highest dilution positive for
virus growth by death (highly pathogenic strains) and/or eggs that were hemag-
glutinin positive (low pathogenic strains) were used for the preparation of virus
seed stocks, which were then passaged once more for the preparation of allantoic
fluids for RNA extraction. Allantoic fluids were harvested 3 to 5 days after
inoculation of the eggs.

Preparation of RNA for sequencing. RNA was extracted directly from allan-
toic fluids, which had been clarified by centrifugation at 1,500 X g for 10 to 15
min, using an RNeasy minikit (Qiagen). Alternatively, the virus in the allantoic
fluid was concentrated by ultracentrifugation at 100,000 X g for 1.5 h prior to
extraction using the RNeasy minikit (Qiagen). After spectrophotometric deter-
mination of the concentration, the RNA was precipitated with ethanol and
shipped to the J. Craig Venter Institute for sequencing.

Confirmation of avian influenza virus. The presence of avian influenza virus
RNA in each of the samples was confirmed by a reverse transcription-PCR
(RT-PCR) TagMan assay targeted at the matrix (M) gene; this assay is capable
of detecting all influenza A virus types (16).

Nucleotide sequencing. Each of the viruses was subjected to full-genome
sequencing from the purified RNA using the pipeline developed at the J. Craig
Venter Institute. Briefly, the RNA samples were reverse transcribed and ampli-
fied with a OneStep RT-PCR kit (Qiagen), using primers designed for a universal
high-throughput sequencing pipeline. An M13 sequencing tag was added to the
5" end of each primer to facilitate sequencing. Sequencing reactions were con-
ducted with BigDye Terminator chemistry (Applied Biosystems). An ABI 3730
sequencer was used for sequence determination, and assembly was undertaken
with a software pipeline developed specifically for the large-scale sequencing
project (8). The primers used in this study are listed in Table S1 in the supple-
mental material.

Sequence quality assurance and editing were undertaken as described previ-

ously before the finished annotated full-genome sequences were submitted to
GenBank (15). GenBank access numbers are listed in Table 1.

Phylogenetic and bioinformatics analysis. Details for the subtype H7 influenza
A virus isolates from Australia and New Zealand are listed in Table 1. The
details for the isolates and the sequence accession numbers of the other subtype
H7 influenza A sequences used in this study are listed in Table S2 and Table S3
in the supplemental material. The sequences were downloaded from the NCBI
Influenza Virus Resource Center (http://www.ncbi.nlm.nih.gov/genomes/FLU
/FLU.html) in April 2009, using the database search facility available at this
site (4).

Multiple-sequence alignments of nucleic acid or protein sequences were con-
structed using the MUSCLE program (11). Phylogenetic analysis was performed
using features of the MEGAA4 suite of programs (29). In most instances, trees
were inferred using the minimum-evolution method (24), and the bootstrap
method was used to evaluate statistically the robustness of the trees presented
with bootstrap values above 70%, considered to show a statistically supported
node (12).

RESULTS

Subtype H7 hemagglutinin sequence relationships. The
hemagglutinin segment of each of the Australian and New
Zealand isolates encodes a predicted HA,, protein of between
560 and 563 amino acid residues, with the variability being
associated with the number of basic residues at the HA,-HA,
cleavage site (Fig. 1). The isolates recovered from wild ducks in
2007, the domestic duck in 1976, and the New Zealand feral
duck in 2005 have three basic residues associated with the
cleavage site, typical of low pathogenic isolates, while the re-
maining highly pathogenic isolates have either two (1992 and
1994 isolates) or three (1976 and 1985 isolates) additional
residues. Outbreaks for which multiple isolates are available
(1976, 1985, and 1997) have HA,, proteins with greater than
99% identity. In addition, the recent wild duck isolates from
2007 (Victoria and Tasmania) have greater than 98% sequence
identity. The most distantly related Australian isolates are the
1976 and 2007 isolates, with 92% identity. The most related
Eurasian isolate has 90% identity with an Australian isolate.
The New Zealand isolate is most related to several Eurasian
isolates, with the identities being up to 94.1%. It also shares up
to 89.6% identity with the Australian isolates. The minimum
HA, sequence identity between two H7 isolates is 76.4% (de-
termined from a total of 371 full-length sequences; see Table
S2 in the supplemental material). The differences between the
Australian and New Zealand HA, sequences and the HA,
sequence of the A/turkey/Italy/8535/2002 (H7N3) isolate used
in structural comparisons (23) reveal uniform divergence pat-
terns across the protein, with the exception of the leader se-
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quence and the cleavage site, where lower levels of sequence
conservation were observed, thus discounting the possibility of
intrasegment recombination. Approximately 93% sequence
similarity was observed across the protein, with minimal devi-
ation from this similarity being detected in any of the major
regions of HA, (E, F, F’, and R) and HA,. In addition, N-
glycosylation sites were found to be conserved, including the
group-specific (H7, H10, and H15) glycosylation site at Asn 82
of HA, (data not shown).

The nucleotide sequences of the HA,-coding region were
aligned using the MUSCLE program, and the minimum-evo-
lution method was used to infer relationships between the 371
full-length sequences (see Table S2 in the supplemental mate-
rial). The inferred trees show strongly supported geographi-
cally based clades (Fig. 2; see also Fig. S1 in the supplemental
material), with the exception of a small number of isolates
from about 1930 which form a separate, statistically well sup-
ported clade (labeled “Old clade”). Concurring with the amino
acid sequence similarity analysis presented above, the Austra-
lian isolates form a deep branching clade most related to the
Eurasia and Old clades, and the New Zealand isolate is not
closely related to any other isolate but is present as a deep
branching taxon associated with the Eurasia clade (Fig. 2).

The relationship between the HA nucleotide sequences of
the Australian isolates was inferred using the minimum-evolu-
tion method. In the tree shown in Fig. 3, the 1976 isolates have
been used as the outgroup, and bootstrap values indicate that
the inferred relationships are statistically supported; these re-
lationships are related to the time of isolation and therefore
indicate that the sequences are diverging from a single genetic
pool.

As indicated by the tree (Fig. 3), the HA, sequences of
intraoutbreak isolates are highly related, although the cleavage
sites of the 1976 isolates differ, with the duck isolate being low
pathogenic and the chicken isolate being highly pathogenic
(Fig. 1). Modification to the cleavage site resulting in the HPAI
polybasic cleavage site is a common adaptation to passage in
chickens (1).

Neuraminidase sequences of subtype H7 isolates. Isolates of
the subtype H7 hemagglutinin have been found in combi-
nation with each of the nine neuraminidase (N) subtypes.
Remarkably, five out of the nine combinations have been
observed among the 11 Australian isolates (H7N2, H7N3,
H7N4, H7N6, and H7N7), while the New Zealand isolate is
H7N7. Among the 285 subtype H7 isolates for which full
neuraminidase sequences are available (see Table S2 in the
supplemental material), the distribution of subtypes is as
follows: N1 (49 sequences), N2 (121 sequences), N3 (79
sequences), N4 (3 sequences), N5 (1 sequences), N6 (2
sequences), N7 (23 sequences), N8 (4 sequences), and N9 (3
sequences). Examination of the relationship between the
sequences and the geographic location from which isolates
were obtained is, in this instance, limited to where there are
sufficient sequences for comparison and there is a geo-
graphic distribution of isolates; for this reason the analysis
of neuraminidase sequences is limited to H7N1, H7N2,
H7N3, and H7N7. In overview, it is noted that H7N1 isolates
are predominantly from Eurasia and that H7N2 isolates are
predominantly from North America; the small sample size
means that it is unclear if there is a geographic bias for

J. VIROL.
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FIG. 2. Inferred relationships for 371 subtype H7 protein-coding
sequences for HA,,. Clades based on geographic regions are shown.
Individual taxa are not shown on the tree; the size of the shaded arca
is proportional to the number of taxa. The evolutionary history was
inferred using the minimum-evolution method. The optimal tree with
the sum of branch length of 3.05693659 is shown. The percentage of
replicate trees in which the associated taxa clustered together in
the bootstrap test (100 replicates) is shown next to the branches. The
tree is drawn to scale, with branch lengths being in the same units as
those of the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the maximum-com-
posite-likelihood method and are in units of the number of base sub-
stitutions per site. The minimum-evolution tree was searched using the
close-neighbor-interchange algorithm at a search level of 1. The neigh-
bor-joining algorithm was used to generate the initial tree. All posi-
tions containing gaps and missing data were eliminated from the data
set (complete deletion option). There were a total of 1,557 positions in
the final data set. Phylogenetic analyses were conducted in the
MEGA4 program (29).
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100 —— 3 H7N6 2007 Australia duck

95

100

[6 H7N7 1985 Australia starling
99 k= 9 H7N7 1985 Australia chicken
— 8 H7N7 1976 Australia chicken
100 b—— 2 H7N7 1976 Australia duck

0.01

L—— 11 H7N2 2007 Australia duck

1 H7N4 1997 Australia emu
99 100 P 7 H7N4 1997 Australia chicken
5 H7N4 1997 Australia chicken

4 H7N3 1994 Australia chicken
10 H7N3 1992 Australia chicken

FIG. 3. Inferred relationships for the 11 subtype H7 protein-coding sequences for HA,, showing the chronological relationship between the
Australian isolates. The evolutionary history was inferred using the minimum-evolution method. The optimal tree with the sum of branch length
of 0.19747488 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is
shown next to the branches. The tree is drawn to scale, with branch lengths being in the same units as those of the evolutionary distances used to
infer the phylogenetic tree. The evolutionary distances were computed using the maximum-composite-likelihood method and are in units of the
number of base substitutions per site. The minimum-evolution tree was searched using the close-neighbor-interchange algorithm at a search level
of 1. The neighbor-joining algorithm was used to generate the initial tree. The codon positions included were 1st + 2nd + 3rd + noncoding. All
positions containing gaps and missing data were eliminated from the data set (complete deletion option). There were a total of 1,674 positions in
the final data set. Phylogenetic analyses were conducted in the MEGA4 program (29).

particular neuraminidase subtypes or if the distribution pat-
tern is merely a sampling artifact.

Relationships between neuraminidase sequences from H7N3
isolates. Seventy-nine full-length H7N3 neuraminidase nucle-
otide sequences, representing the coding regions of the gene,
were aligned using the MUSCLE program, and the relation-
ships between these sequences were inferred using the min-
imum-evolution method. While substantially fewer se-
quences were examined in this analysis, with only two
sequences from Australian isolates being examined, the
overall relationships were similar to the relationship found
for the HA nucleotide sequences. There were four statisti-
cally supported clades associated with the geographic ori-
gins of the isolates. Again, the North America clade is most
related to the South America clade and the Australia clade
is most related to the Eurasia clade (Fig. 4a; see also Fig.
S2a in the supplemental material); the only exception was a
gull isolate from 1980. Expanding the analysis, all subtype
N3 neuraminidase sequences revealed that the 1980 gull
isolate is part of a deep branching clade derived from iso-
lates collected in both Eurasia and North America. For this
clade, the hosts were exclusively shorebirds (see Fig. S3 in
the supplemental material). Another notable feature of the
relationships inferred from the expanded set of N3 se-
quences is the loss of separate Eurasia and Australia clades.

Relationships between neuraminidase sequences from H7N7,
H7N1, and H7N2 isolates. The relationships inferred between
the H7N7 neuraminidases again show an exclusive correlation
between the geographic region of isolation and the clades.
Despite the availability of only 23 taxa for analysis, there are
four statistically supported clades, exclusively representing
North America, Eurasia, Australia, and Old isolates, respec-
tively (Fig. 4b; see also Fig. S2b in the supplemental material).
The New Zealand isolate is the deepest taxon in the Eurasia
clade. This topography shows considerable congruency with

the relationships inferred for HA, and the H7N3 neuramini-
dase protein-coding sequences. The 49 H7N1 nucleotide se-
quences are derived from isolates with a narrower geographic
base, and in this instance, only three statistically supported
clades (North America, Eurasia, and Old) were identified (Fig.
4c; see also Fig. S2c in the supplemental material), with no
isolates being from Australia or New Zealand. Again, these
clades are associated with geographic regions. There are in-
congruencies between the H7N2 tree (inferred using 121 nu-
cleotide sequences using the minimum-evolution method [Fig.
4d; see also Fig. S2d in the supplemental material]) and the
trees presented in Fig. 2 and Fig. 4. The correlation between
region of isolation and genetic grouping is not exclusive. In this
case, three statistically supported clades were observed (Fig.
4d): two North American clades and a Eurasian clade that
included an Australian isolate. Despite being part of the Eur-
asia clade, the long branch length indicates that the Australian
isolate is distantly related to other taxa in the clade. The dearth
of Eurasia taxa may mean that sublineages, such as those
apparent for the North America taxa, are not obvious. The two
North America clades indicated in Fig. 4d represent two dis-
tinct sublineages of the N2 subtype. The North America taxa,
in this instance, show temporal as well as geographic relation-
ships.

Relationships between NS1 gene sequences from subtype
H7. Two distinct subtypes of the nonstructural (NS1) gene are
known and are distributed globally. The relationship between
the subtype B NS1 nucleotide sequences (258 NS1 sequences,
inferred using the minimum-evolution method; see Fig. S4 in
the supplemental material) shows an association between
geographic region of isolation and genetic grouping similar
to that observed with the neuraminidase and hemagglutinin
sequences, with statistically supported North America, South
America, and Eurasia clades being identified. A statistically
supported and geographically exclusive Australia clade was not
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FIG. 4(a) Inferred relationships for 79 H7N3 neuraminidase protein-coding regions. The tree shows the relationships between the major
geographic clades of the H7N3 neuraminidase protein-coding region. The optimal tree with the sum of branch length of 0.81060971 is shown. There
were a total of 1,247 positions in the final data set. (b) Inferred relationships for 23 H7N7 neuraminidase protein-coding regions. The tree shows
the relationships between the major geographic clades of the H7N7 neuraminidase protein-coding region. The optimal tree with the sum of branch
length of 0.88321959 is shown. There were a total of 527 positions in the final data set. (c) Inferred relationships for 48 H7N1 neuraminidase
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951 ® 3 H7N7 1985 Australia chicken 7
© 1 H7N7 1985 Australia starling
@ 6 H7N7 2005 New-Zealand duck
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® 13 H7N2 2007 Australia duck
100 r. 10 H7N7 1976 Australia chicken
100 L ® 4 H7N7 1976 Australia duck

Subtype A
87

72

Subtype B

0.1

FIG. 5. Inferred relationships for the NS1 protein-coding regions of the 12 subtype H7 isolates from Australia and New Zealand. Subtypes A
and B are indicated. The evolutionary history was inferred using the minimum-evolution method. The optimal tree with the sum of branch length
of 1.16593153 is shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is
shown next to the branches. The tree is drawn to scale, with the branch lengths being in the same units as those of the evolutionary distances used
to infer the phylogenetic tree. The evolutionary distances were computed using the maximum-composite-likelihood method and are in units of the
number of base substitutions per site. The minimum-evolution tree was searched using the close-neighbor-interchange algorithm at a search level
of 1. The neighbor-joining algorithm was used to generate the initial tree. The codon positions included were the 1st + 2nd + 3rd + noncoding.
All positions containing gaps and missing data were eliminated from the data set (complete deletion option). There were a total of 693 positions
in the final data set. Phylogenetic analyses were conducted in the MEGA4 program (29).

identified for the four subtype B Australian taxa. However, the
tree indicates that these taxa, while not closely related to any
other taxa, are most related to the Eurasia taxa.

The inferred relationship between the subtype A NSI nu-
cleotide sequences again shows the grouping of taxa into geo-
graphically based clades of North America and Eurasia as well
as the Old isolate clade. The Eurasia clade includes some
Australian taxa as well as the New Zealand taxon; again, the
isolates in these Oceania taxa are distinct from other Eurasia
isolates, despite being part of the Eurasia clade. Among the
Australian taxa, there are clearly multiple sublineages. It seems
that the multiple sublineages are being maintained exclusively
within Australian host populations, as indicated by the close
relationship between the 1994 chicken and the 2007 duck iso-
late sequences (Fig. 5). Also striking is that while both the 1992
and 1994 Australian isolates are H7N3, they contain different
NSI1 subtypes, further reinforcing the notion of a pool of in-
fluenza A virus segments from which reassortant viruses are
frequently arising and circulating in populations of Australian
water birds.

Phylogenetic relationships of other genes from subtype H7
isolates. The relationships between the polymerase PA subunit
(252 sequences), M protein (222 sequences), polymerase PB1
subunit (229 sequences), polymerase PB2 subunit (229 se-
quences), and nucleoprotein (NP) (225 sequences) were inferred
from the nucleotide sequence of the protein-coding regions of
these segments using the minimum-evolution method. Con-
straints on sequence divergence are higher for these nonstruc-
tural proteins than for the neuraminidase and hemagglutinin,
and as a result, the phylogenetic signals are lower. Despite this,
the same exclusive, geographically based clades are apparent,
with the Eurasia, North America, and South America clades,
as well as the Old isolate clade, being statistically supported for
each of the five genes. An Australia clade was statistically
supported in the PB1 tree (see Fig. S5 to S9 in the supplemen-
tal material). The long branch lengths associated with the Aus-
tralian and New Zealand taxa in the trees for these nonstruc-
tural genes may indicate independent evolutions for the
lineages that are present in Australia, despite their relationship
to other Eurasian taxa.

protein-coding regions. The tree shows the relationships between the major geographic clades of the H7N1 neuraminidase protein-coding region.
The optimal tree with the sum of branch length of 0.52780887 is shown. There were a total of 1,271 positions in the final data set. (d) Inferred
relationships for 121 H7N2 neuraminidase protein-coding regions. The tree shows the relationships between the major geographic clades of the
H7N2 neuraminidase protein-coding region. The optimal tree with the sum of branch length of 0.64898981 is shown. There were a total of 1,312
positions in the final data set. (a to d) The evolutionary histories were inferred using the minimum-evolution method. The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown next to the branches. The trees are drawn to
scale, with the branch lengths being in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the maximum-composite-likelihood method and are in units of the number of base substitutions per site. The trees
were searched using the close-neighbor-interchange algorithm at a search level of 1. The neighbor-joining algorithm was used to generate the initial
trees. All positions containing gaps and missing data were eliminated from the data set (complete deletion option). Phylogenetic analyses were
conducted in the MEGA4 program (29). Virus name and sequence number for each taxon are listed in Table S2 in the supplemental material.
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TABLE 2. Relationships between gene segments among the Australian isolates

Isolate name* HA? NA? NS1° PA? M PB1 PB2 NP?
A/duck/Victoria/76 (H7TN7) H7 N7 NS1.B.3 PA3 M.2 PB1.2 PB2.1 NP.3
A/chicken/Victoria/1976 (H7N7) H7 N7 NS1.B.3 PA3 M.2 PB1.2 PB2.1 NP.3
A/chicken/Victoria/1/1985 (H7N7) H7 N7 NSL.A.1 PAS M.4 PB1.3 PB2.1 NP.2
A/starling/Victoria/1985 (H7N7) H7 N7 NS1.A.1 PAS M.4 PB1.3 PB2.1 NP.2
A/chicken/Victoria/224/1992 (H7N3) H7 N3 NS1.A.2 PA4 M.1 PB1.1 PB2.1 NP.2
A/chicken/Queensland/1994 (H7N3) H7 N3 NS1.B.4 PA4 M.1 PB1.1 PB2.1 NP.1
A/emu/New South Wales/775/97 (H7N4) H7 N4 NS1.A.2 PA.1 M.1 PB1.1 PB2.1 NP.1
A/chicken/New South Wales/327/1997 (H7N4) H7 N4 NS1.A.2 PA.1 M.1 PB1.1 PB2.1 NP.1
A/chicken/New South Wales/2/1997 (H7N4) H7 N4 NS1.A.2 PA.1 M.1 PB1.1 PB2.1 NP.1
A/duck/Victoria/512/2007 (H7N6) H7 N6 NS1.A.2 PA2 M.3 PB1.1 PB2.1 NP.1
A/duck/Tasmania/277/2007 (H7N2) H7 N2 NS1.B4 PA.2 M.3 PB1.1 PB2.1 NP.2

“ The seven outbreaks/isolation events are highlighted by alternate boldface type.

® Hemagglutinin and neuraminidase subtypes.

€ NS1 subtypes (subtype A or B), followed by further classification into four phylogenetic lineages.
@ Phylogenetic lineages assigned to each of the remaining segments. Lineage numbers are arbitrary. Lineages were assigned on the basis of the relationships shown

in Fig. S4 to S9 in the supplemental material.

DISCUSSION

Evidence of genetic isolation for Australian and New Zeal-
and subtype H7 avian influenza viruses. Previous studies in-
vestigating the relationships between HA,, sequences from sub-
type H7 influenza A virus isolates have demonstrated vast
geographic regions, such as Eurasia (Europe, Asia, and Af-
rica), across which subtype H7 avian influenza A viruses rap-
idly traverse. There are published examples of nearly identical
viruses being isolated as far apart as Italy and China (7).
Despite this viral mobility, there are apparent barriers across
which there is no or very limited virus movement, for example,
the Bering Straits (32), that are likely to related to the migra-
tory patterns of the host. The analysis presented in this paper
indicates that Australia and New Zealand may represent two
additional regions for which there is evidence that influenza
viruses are genetically isolated with respect to subtype H7
isolates. The tree in Fig. 2, representing the inferred relation-
ships between the HA, nucleotide sequences from the avail-
able subtype H7 isolates from around the world, shows that
the Australian isolates form a geographically exclusive clade,
within which the Australian subtype H7 isolates have under-
gone a period of independent evolution. In addition, the New
Zealand isolate, which is included as a deep branching member
of the Eurasia clade in the HA, tree (Fig. 2), has undergone a
period of genetic isolation, based on the long branch length to
its nearest relative. The relationships inferred for other seg-
ments shows a similar pattern of genetic isolation.

Biosecurity and role of host migration in pattern of avian
influenza viruses in Australia and New Zealand. From a bio-
security perspective, the circulating subtype H7 avian influenza
viruses in Australia and New Zealand appear to have under-
gone an extended period of genetic isolation, with the most
recent genetic contact coming from Eurasia. This overview of
influenza virus evolution provides insight into the role of var-
ious avian virus species in the movement of avian influenza
virus in Australia and New Zealand. Previous studies have
suggested that members of the Anseriformes order, particu-
larly those in the Anatidae family, generally play a central role
as the natural reservoirs for avian influenza A virus. The pat-
terns of localized migration of these birds in Australia or New
Zealand are consistent with the patterns of genetic isolation of

subtype H7 avian influenza virus observed not only for the
hemagglutinin- and neuraminidase-encoding segments but also
for each of the viral segments. We speculate that the pelagic
seabirds of the Procellariformes order and the Charadriidae fam-
ily that often migrate into North America do not, in fact, play
a role in the movement of influenza viruses to Australia and
New Zealand. This is based on the closer relationship of the
Australian and New Zealand isolates to Eurasia avian influ-
enza virus isolates than to North America isolates, despite the
flyways that link the Australia, New Zealand, and North Amer-
ica regions. The limited exchange of genetic material between
Australia/New Zealand and Eurasia, as indicated by the distant
relationship of the viral sequences between these regions, is
more likely to occur as a result of the occasional interaction of
endemic Australian Anatidae species with the Asian Anatidae
species and is supported by Wallace’s Line (19). We emphasize
that these overviews are based on a small sample of virus
isolates; it will be of interest to see if the relationships hold in
a broader survey of Australian and New Zealand influenza
virus isolates that is under way.

Epidemiology of subtype H7 avian influenza virus circulat-
ing in Australia. Despite the limited sampling of the Austra-
lian subtype H7 viral genetic pool (11 isolates, equivalent to
seven sampling events [five poultry outbreaks and two inde-
pendent wild bird isolations]), there is extraordinary variety
in the associated neuraminidase subtypes. Consider that the
seven isolation events have yielded five of the nine known
neuraminidase subtypes (H7N2, H7N3, H7N4, H7N6, and
H7N7). We have also demonstrated that the inferred relation-
ship between the Australian HA, sequences (Fig. 3) indicates
a relationship consistent with hemagglutinin sequences evolv-
ing from a single source. In combination with the isolation of
multiple neuraminidase subtypes in Australia, this suggests
that stable influenza virus clones (as is seen with seasonal
human influenza viruses) are not likely to exist in the Austra-
lian waterfowl populations. Furthermore, analysis of each of
the remaining six segments (see Fig. S4 to S9 in the supple-
mental material) reveals lineages (summarized in Table 2) that
demonstrate that the virus from each of the seven isolation
events is a unique reassortant. These data support a model
whereby reassortants are arising regularly. This pattern of con-
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tinuous reassortment is more obvious in the small, isolated
waterfowl populations in Australia, although there is evidence
that similar patterns of regular reassortment occur in the more
expansive and complex Eurasia and North America avian in-
fluenza virus regions. This is based on the fact that multiple
neuraminidase subtypes are maintained in these populations,
and there is no evidence of H7 sublineages being associated
with a particular neuraminidase subtype. The absence of this
pattern argues strongly for continuous reassortment in the
North America and Eurasia clades.

Conclusions. Despite the limited sample of subtype H7
avian influenza A virus isolates in Australia and New Zealand,
the relationship between the sequences of these viruses, when
they are considered in conjunction with the sequences of other
related viruses from around the world, provides a relatively
clear picture of the dynamics of the circulation of this virus
in Australia and New Zealand. This understanding of viral
epizootiology is critical for managing biosecurity risks given
that it is now clear that, first, there is circulating endemic
subtype H7 influenza virus in Australia and New Zealand and,
second, that the risk of incursion of exotic avian influenza virus
is less from the migratory birds that traverse the Australia/New
Zealand to North America flyway than from bird migration
between Australia and Southeast Asia. The observation that
subtype H7 avian influenza virus in Australia has undergone
an extended period of genetic isolation has provided a
unique insight into the dynamics of the subtype H7 influenza
virus in its natural host. The fact that there is a single,
time-related lineage of Australian H7 sequences, despite the
multiple neuraminidase subtypes, suggests that virus is not
circulating in the natural host as a series of stable viral
clones but, rather, that virus diversity is maintained through
frequent reassortment.
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