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Abstract
Background: Over the last two decades, Australia has experienced four severe influ-
enza seasons caused by a predominance of influenza A (A/H3N2): 2003, 2007, 2012, 
and 2017.
Methods: We compared the epidemiology, genetics, and transmission dynamics of 
severe A/H3N2 seasons in Australia from 2003 to 2017.
Results: Since 2003, the proportion of notifications in 0-4 years old has decreased, 
while it has increased in the age group >80 years old (P < .001). The genetic diver-
sity of circulating influenza A/H3N2 viruses has also increased over time with the 
number of single nucleotide polymorphisms significantly (P < .05) increasing. We also 
identified five residue positions within or near the receptor binding site of HA (144, 
145, 159, 189, and 225) undergoing frequent mutations that are likely involved in 
significant antigenic drift and possibly severity. The Australian state of Victoria was 
identified as a frequent location for transmission either to or from other states and 
territories over the study years. The states of New South Wales and Queensland 
were also frequently implicated as locations of transmission to other states and ter-
ritories but less so over the years. This indicates a stable but also changing dynamic 
of A/H3N2 circulation in Australia.
Conclusion: These results have important implications for future influenza surveil-
lance and control policy in the country. Reasons for the change in age-specific infec-
tion and increased genetic diversity of A/H3N2 viruses in recent years should be 
explored.
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1  | INTRODUC TION

Influenza is a common, highly infectious virus that spreads from per-
son-to-person by droplet and airborne routes. Influenza A/H3N2 is 
one of four subtypes that circulate seasonally in humans every year 
causing annual epidemics in both temperate and tropical regions; 
the others being influenza A H1N1pdm09 (A/H1N1pdm09) and 
influenza B Yamagata (B/Yam) and Victoria (B/Vic).1 The predicted 
severity of seasonal influenza is not well understood but often de-
pends on the predominate subtype in the circulation, vaccination 
coverage in the population, and the individual immune response of 
infected persons.2 Studies have frequently observed higher rates of 
hospitalization and reduced vaccine effectiveness among A/H3N2 
predominate seasons when compared to seasonal A/H1N1pdm09 
(and the pre-pandemic seasonal A/H1N1) and influenza B viruses.3-5 
Increased disease burden and mortality in elderly people and chil-
dren have also been associated with A/H3N2 infection compared 
with other seasonal strains,6,7 while influenza B typically causes dis-
proportionate morbidity and mortality in children.8

Over the last 15 years, Australia has experienced four severe A/
H3N2 influenza seasons: 2003, 2007, 2012, and 2017. Among these 
2017 was the most severe, with reported vaccine effectiveness (VE) 
of approximately 10% for the then A/Hong Kong/4801/2014 A/
H3N2 vaccine strain in 2017.9 An overall 33% vaccine effectiveness 
was estimated during the 2017 season in Australia for all strains.9 
Notably, the circulating Australian A/H3N2 virus from 2017 quickly 
spread to other countries and regions such as the United States and 
Europe during the following 2017/2018 northern hemisphere sea-
son causing similarly severe seasons.9-11

In this study, we aimed to review the epidemiology and phy-
logenetics of the four most recent A/H3N2 predominant seasons 
in Australia as well as explore dynamics and temporal trends of A/
H3N2 transmission in Australia.

2  | METHODS

2.1 | Review of epidemiology

We searched the National Notifiable Diseases Surveillance System 
(NNDSS) for all laboratory-confirmed influenza notifications across 
all states and territories in Australia between 2001 and 2017 includ-
ing data on subtype and age.12 Age-stratified notification rates (per 
100 000 population) were calculated using respective population es-
timates during the study years. Differences in notification rates be-
tween age groups and study years were assessed using a chi-square 
test as the proportion of the total notification rate per year. Crude 
age-stratified hospitalization and mortality rates due to influenza 
(per 100  000 population) between 2001 and 2017 were sourced 
from Australian Institute of Health and Welfare (AIHW) analysis 
of National Hospital Morbidity Database and National Mortality 
Database,13-15 respectively. Differences of those two rates and 
notification rate of laboratory-confirmed influenza in each states/

territory between severe and mild A/H3N2 seasons were also as-
sessed using a chi-square test. General practitioner surveillance re-
ports on influenza-like illness (ILI), seasonal antigenic drift, and VE 
were obtained from annual National Influenza Surveillance reports.16 
Literature searches in Medline used a combination of keywords such 
as “vaccine effectiveness,” “influenza season,” “Australia,” “H3N2,” 
“vaccine,” “2003 season,” “2007 season,” “2012 season,” and “2017 
season.”

2.2 | Collection of sequence data

We searched GISAID for all human A/H3N2 hemagglutinin (HA) se-
quences collected during the study years with location and date of 
sampling metadata.17 The WHO Collaborating Centre for Reference 
and Research on Influenza supplied additional HA sequences for 
2003 and 2007 that were not available in GISAID at the time. A 
total of 1619 HA sequences with the location (state or territory) and 
collection date were download from GISAID. We removed 223 re-
cords with duplicate isolate sources and egg-isolate sequences leav-
ing 1396 taxa. The number of sequences by states or territories is 
shown in Table S1. While most sequences were isolated in each state 
or territories capital city, for simplicity and subsequent analysis, we 
refer to each state/territory as a single discrete location.

To reduce the impact of spatial sampling bias across seasons, 
we randomly sampled up to 40 sequences from Australian states 
and territories with greater than 40 sequences per seasons while 
maintaining all sequences from states and territories with less than 
40 sequences per season. A total of 87 selected HA sequences in 
2003, 66 in 2007, 119 in 2012, and 310 in 2017 were included for 
subsequent phylogenetic analysis (Table  S1). We further collected 
corresponding vaccine strains in GISAD for each study season: 2003 
season (A/Panama/2007/99), 2007 season (A/Wisconsin/67/2005), 
2012 season (A/Perth/16/2009), and 2017 season (A/Hong 
Kong/4801/2014).18

2.3 | Phylogenetics analysis

We aligned each seasons taxa against the corresponding vac-
cine strain using MUSCLEv3.8.419 and identified the proportion of 
unique mutations by subclade using Geneious v11.1.4. We meas-
ured the genetic diversity across each study season as the num-
ber of Single Nucleotide Polymorphisms (SNPs) per season using 
SeqMan via DNAstar Lasergene v7.1.20 To control for differences 
in sample size by season, the average number of SNPs per season 
was calculated across three randomly subsampled subsets of 50 se-
quences each. We used an non-parametric Kruskal-Wallis H test in 
ibm® spss Statistics 24 to determine significant differences in SNP 
counts of four seasons.21 We estimated selection ratios (dN/dS) for 
each season using three separate methods: Single likelihood ances-
tor counting (SLAC) and fixed-effect likelihood (FEL) implemented 
via Datamonkey and default settings,22 and Bayesian renaissance 
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counting (BRC) implemented in beastv1.8.4. In BEAST, we specified 
100 million Markov Chain Monte Carlo generations sampling every 
10  000 steps. We considered selected sites as significant if they 
were supported by at least two of the three methods used.

2.4 | Phylogeography analysis

We generated time-scaled phylogenetic trees for each A/H3N2 
season using beast v1.8.423-25 specifying a GTR + I + Γ4 nucleotide 
substitution model as determined using jModelTest.26 We selected 
a relaxed (uncorrelated log-normal prior) molecular clock model over 
a strict clock model after additional model testing using path sam-
pling (PS) and stepping-stone sampling (SSS) methods in beast.v1.8.4 
(Table S2), and a non-parametric Bayesian skyline demographic tree 
prior.27-30 We specified a symmetric discrete-trait model using the 
Bayesian stochastic search variable selection (BSSVS) framework in 
beast.v1.8.4 to estimate transmission between each pair-wise loca-
tion per season.23-25 For each season, we again specified MCMC 
chains of 100 million generations sampling every 10 000 steps. We 
assessed for sufficient mixing and convergence using tracer.v1.6 
after considering the first 10% of samples as burn-in.31 We generated 
Maximum clade credibility (MCC) trees using treeannotator.v1.8.432 
and visualized each using figtree.v1.4.3.33 We used spread3.v0.9.6 to 
visualize transmission and the calculate Bayes factor (BF) support for 
each route.34 We considered statistical support for transmission as 
BF >3 which is convention in phylogeography studies.35

3  | RESULTS

3.1 | Epidemiology of A/H3N2 predominant 
seasons in year 2003, 2007, 2012, and 2017

Overall, a total of 714 867 laboratory-confirmed notifications of in-
fluenza (type A, type B, and un-typed) were reported to NNDSS in 
Australia between 2001 and 2017. Of those confirmed as influenza 
A, only a small proportion was subtyped with A/H3N2 accounting 
for 47 491 (6.64% = 47 491/714 867). The proportion of A/H3N2 
in type A notifications was 38.48% (N = 47 491/123 425, exclud-
ing un-subtyped A). A/H3N2 predominated in the years 2002-2007, 
2012, 2016, and 2017, with severe influenza seasons observed in 
2003, 2007, 2012, and 2017 (Table S3). The proportion of A/H3N2 
reported varied across these four seasons often co-circulating with 
other type A and B viruses.

During severe seasons (2003, 2007, 2012, and 2017) A/H3N2 
accounted for on average 82.06% (N = 4841/5899) of typed strains 
compared with 65.31% (N = 2001/3079) during mild A/H3N2 sea-
sons (Table S3). There was no observable trend in increasing notifi-
cation rates between states and territories when comparing severe 
and mild seasons (P > .05); however, the average notification rate of 
each state/territory was 1.75-5.53 times higher compared with mild 
seasons (Table S4).

3.2 | Influenza activity, ILI, and antigenic drift

Table  S5 shows a descriptive summary of each seasons by influ-
enza activity, influenza-like illness (ILI), and antigenic drift. Overall, 
peak ILI activity has shifted from August to June (2003 to 2017) 
and weekly influenza positivity, defined as greater than 50% of ILI 
cases presenting to GPs who test positive for influenza per week, 
has increased from 5 to 6 weeks (2012 to 2017; 2003 and 2007 data 
not available). In contrast, peak ILI activity during previous mild A/
H3N2 predominant seasons (2002, 2005, 2006, and 2016) occurred 
in mid-late August with weekly Influenza positivity exceeding 50% 
for 3 weeks.36-38 During mild seasons when A/H3N2 was not pre-
dominant (2010, 2013, and 2015) peak ILI activity similarly occurred 
in mid-late August with weekly Influenza positivity exceeding 50% 
for 2 weeks.38 Notification rates by age group have also significantly 
(P < .001) changed between the study years: The proportion of no-
tifications in 0-4 years old decreased, while increasing notifications 
in >80-year-olds since 2003 was observed (Figure 1 and Table S5), 
although this difference was not significant within the study years 
2007 (P = .134), 2012 (P = .784), and 2017 (P = .470).

Proportion of positive patients at sentinel hospitals who were 
admitted to intensive care units (ICU) in severe seasons (8.9% in 
2017, and 9% in 2012) were similar to mild A/H3N2 (10% in 2016) 
and non-predominant seasons (14.2% in 2013 and 8.7% in 2015) 
(Table S5). There was also no significant difference of hospitalization 
rate and mortality rates between severe and mild seasons (P > .05). 
Pediatric influenza outcomes in severe seasons seemed similar to 
those observed in mild seasons (Table  S6). However, the average 
crude hospitalization rates (5.91 times) and crude mortality rates 
(3.11 times) of elderly people were much higher compared with mild 
seasons (Table S6).

3.3 | Phylogenetic analysis

Figure 2 compares HA residue changes from 2003 to 2017 during 
the study years. From 2003 to 2017, a total of 36 mutations (29 in 
HA1 and seven in HA2) were observed in the HA surface protein 
(Figure 2A). Of those, 63.89% (23/36) of mutations were located 
within the known epitopes of HA.39 Residue changes at eight po-
sitions were reported in at least two seasons between 2003 and 
2017, and five of those eight positions (144, 145, 159, 189, and 
225) were located within the viral Receptor Binding Site (RBS) or 
edge of RBS (Figure 2A). Figure 2B shows that the genetic diver-
sity of A/H3N2 virus has significantly increased (P  <  .05) across 
the four severe A/H3N2 seasons: A total of 85, 82, 108, and 112 
SNPs relative to the corresponding study year's vaccine strain 
were identified in HA1 in 2003, 2007, 2012, and 2017 seasons, 
respectively.

In 2017, the majority of A/H3N2 viruses circulating were 
closely related to the vaccine strain (A/Hong Kong/4801/2014) 
from clade 3C.2a,40 however, these then diversified into additional 
subclades: 3C.2a1, 3C.2a2, 3C.2a3, and 3C.2a4 (Figures  2B and 
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3D, nextstrain nomenclature41). Notably, subclades within 3C.2a4 
carried an additional seven substitutions (N31S, D53N, R142G, 
S144R, N171K, I192T, and Q197H). Of those, six substitutions 
were located across four epitopes, R142G and S144R in epitope 
A, I192T and Q197H in epitope B, D53N in epitope C and N171K 
in epitope D.

Across the other three severe A/H3N2 seasons, 2012 had 
the most (N  =  14) mutations relative to the vaccine strain rec-
ommended for that year (Figure  2B) and isolates fell into three 
phylogenetic clades (3A, 3B, and 3C) (Figure 3C). Clade 3C viruses 
became the majority clade by 2012. Ten and seven substitutions 
were observed in the new subclades in 2003 and 2017 season, 
respectively, compared with the corresponding vaccine strain. 
HA positions under positive selection changed between each se-
vere season (Table S7). We identified four positions in 2017 (res-
idues 78, 160, 194, and 261), one in 2007 (reside 186) and two 
in 2003 (residues 50 and 105) exhibiting strong positive selec-
tion. No positions in 2012 were identified as being under positive 
selection.

3.4 | Phylogeographic analysis of A/H3N2

Between the eight states and territories of Australia across four A/
H3N2 predominant seasons (2003, 2007, 2012, and 2017), we iden-
tified 28 routes (56 given two locations per route) of statistically 
supported (BF > 3) transmission, 11 of which were considered de-
finitively supported (BF > 100) or 22 given two locations per defini-
tive symmetric route (Figure 4 and Table S8). Across all four seasons, 
Victoria was the most frequently implicated location for transmis-
sion either to or from another state or territory (25%; N = 14/56) fol-
lowed by New South Wales (21%; N = 12/56), and then Queensland 
(18%; N = 10/56). Victoria was again the most frequently supported 
location for transmission either to or from another state or territory 
among definitively supported routes (32%; N = 7/22) followed this 
time by Queensland (23%; N  =  5/22) and then New South Wales 
(18%; N  =  4/22). Transmission between Queensland and Victoria 
was supported in every season separately while transmission be-
tween Queensland and New South Wales was supported in three 
seasons excluding 2012. Most (50%; N = 14/28) other transmission 

F I G U R E  1   Notification rate of laboratory-confirmed influenza (per 100 000 population), Australia, by 5-year age group. A: 2003. B: 2007. 
C: 2012. D: 2017. Black bars represent the total number of influenza notifications by age group while red bars represent type A notifications, 
and grey bars represent type B notifications. The separate notification rate of type A and type B were not available in 2003 and 2007 
seasons. Data source: NNDSS
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F I G U R E  2   A, Timeline of mutations by season. Blue bars represent the proportion among taxa per season and red superscript represents 
the relative HA epitope. Blue boxes highlight sites that mutated at least twice and # represents the sites located on RBS and edge of RBS of 
HA protein. B, Mutations relative to vaccine-strains (red dotted arrow) and HA sites under strong positive selection by season (blue dotted 
arrow). Percentage represents the proportion of taxa within that subclade each season
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pairs were supported in at least two other seasons while seven (25%; 
N = 7/28) remaining transmission pairs were only supported during 
a single season (Table S8).

4  | DISCUSSION

In this study, we have reviewed the epidemiology of severe and 
mild A/H3N2 predominant seasons in Australia since 2003 and in-
vestigated the genetics and transmission patterns of four severe A/
H3N2 seasons. We have observed a significant difference (P < .001) 
between age-stratified notification rates across the study years, 
with increasing rates among those 80 years and over and decreas-
ing rates among 0-4 years (Figure 1). This suggests the elderly are 
an increasingly important risk group for A/H3N2, perhaps even 
more so than currently expected, as Australia's population contin-
ues to age: The proportion of over 80 population was 3.31%, 3.61%, 
3.82%, and 3.91% in 2003, 2007, 2012, and 2017, respectively.42-45 
Recent increases in influenza vaccine coverage for children (children 

>6 months of age), from 10.1% in 2014 to approximately 30% in 2017 
season may also explain this trend.46,47 Influenza A/H3N2 is typically 
characterized by the limited circulating diversity of HA such that en-
tire lineages are replaced within 2-8 years.48 In our study, however, 
we observed that the genetic diversity of A/H3N2 per season has 
increased significantly (measured as the average number of SNPs 
per season) even when controlling for increased sampling effects 
(Figure 2B). This may be due to changing population dynamics rather 
than inherent viral changes and hypothesize that increasing global 
population size may provide the potential for increased diversity of 
globally circulating A/H3N2. Further in Australia, increased arrivals 
from international visitors and Australian residents traveling over-
seas similarly increasing opportunities for importation and spread 
of diverse global strains. These results have important implications 
on vaccination policy, where increasing circulating diversity means 
vaccination may have progressively lower impact if the vaccine 
cannot cover the increased diversity adequately.49 Alternatively, 
viral changes might also explain these changes. When counting the 
number of significant residue changes since 2003, we identified five 

F I G U R E  3   HA maximum clade credibility (MCC) phylogeographic tree of 2003, 2007, 2012, and 2017 A/H3N2 seasons. Branches were 
colored according to the most probable locations at which the nodes were formed. A, 2003 season, B, 2007 season, C, 2012 season, D, 2017 
season
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positions, 144, 145, 159, 189, and 225, that were common in at least 
two severe seasons between 2003 and 2017. These positions were 
also located within the RBS or edge of RBS implicating their impor-
tant role as potential determinates of antigenicity. In fact, four of 
the five positions have previously been identified as critical antigenic 
positions and similar amino acid changes have also been observed in 
other influenza subtypes.50,51 Furthermore, frequent mutations at 
site 225, suspected to have a maintenance role in amantadine resist-
ance, have been found among clusters of M2 characteristic A/H3N2 
which bear S31N.50

Our study has also identified patterns and possible transmis-
sion trends in circulating A/H3N2 between states and territories in 
Australia. In each of the study years, we found strong evidence con-
sistently linking transmission between Victoria and other states and 

territories across the continent. As cold temperatures are known to 
affect the transmissibility of influenza,52 this could be related to the 
cool-temperate weather the state experiences during winter, along 
with a large growing population.26 New South Wales, Australia's most 
populous state, was also frequently implicated in transmission to or 
from other states and territories, and experiences similarly but less 
severe cool-temperate winters. International tourism and Australian 
residents returning from overseas may also explain the observed 
results, with 63% of international overseas arrivals intending to 
stay in New South Wales and Victoria,53 and 62% of all short-term 
Australian departures and arrivals coming from the same states54 
increasing the likelihood of importation and ignition of seasonal 
outbreaks from these states, especially in the cities of Sydney (New 
South Wales) and Melbourne (Victoria). Interestingly, Queensland, 

F I G U R E  4   Phylogeographic projection of supported routes of influenza A/H3N2 transmission between states and territories in based on 
HA across four predominant H3 seasons
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a state which experiences rather mild winters and subtropical cli-
mates, was also frequently implicated in transmission across the 
study years. Potential reasons for this observation warrant further 
investigations but suggest demographic factors are more impactful 
on influenza transmission between Australian states and territories 
than climactic ones. Recent evidence of synchronization of seasonal 
onset across the continent also supports this conclusion.55 There 
was also an apparent trend towards increasing circulation on the 
east coast of Australia from 2003 to 2017. As Australia's popula-
tion has continued to grow, particularly concentrated in major cities 
along the east coast,26 along with increasing domestic travel28 this is 
not unexpected but does highlight opportunities for epidemic con-
trol. For example, the emergence of a severe novel strain in Victoria 
or New South Wales might be expected to reach most major cities 
along the east coast in a relatively short period, perhaps weeks,55 
and epidemic/pandemic plans should therefore account for this po-
tential scenario.

There are a few of limitations to our study. We can only in-
clude data on laboratory-confirmed influenza notifications to indi-
cate the impact of A/H3N2 viruses. These notifications are likely 
to be a significant underestimate of the true incidence of influ-
enza infection in the population.56 Furthermore, large numbers 
of un-subtyped notifications also likely conceal the true propor-
tion of subtype A/H3N2 among typed influenza A. We therefore 
make the assumption that the typed sample is representative of 
the true composition of circulating influenza A. The relative lack 
of sequence data in the earlier seasons studied here also means 
our analysis is likely to be affected by sampling bias, even when 
controlling for the known effects of oversampled locations in phy-
logeography studies.57 More frequent subtyping of influenza-pos-
itive cases as well ensuring sequence data is routinely collected 
and uploaded onto publicly accessible databases would help to 
improve the accuracy of influenza surveillance in Australia and un-
derstandings of A/H3N2 severity.

5  | CONCLUSION

We identify increasing rates of influenza notifications among those 
aged over 80 years in Australia as proportion of the total notification 
rate, while rates for those under 5 years have decreased as a pro-
portion. This indicates an increasing influenza-associated health bur-
den for elderly Australians and may correlate with Australia's aging 
population. The genetic diversity of circulating A/H3N2 viruses has 
also increased since 2003 with more diversified strains observed in 
recent severe seasons. We hypothesize that increasing global popu-
lation size and travel to Australia provides the potential for increased 
A/H3N2 circulating diversity, importation, and reduced VE, which 
has implications for domestic and international influenza vaccina-
tion policy. This, however, warrants further investigation. Lastly, we 
identified the states of Victoria and New South Wales as important 
locations for the dissemination of A/H3N2 viruses to other states 
and territories, possibly due to climate and/or population effects. 

Improving testing procedures to include routine subtyping and se-
quencing should be a priority for improving the accuracy and de-
tailed data from influenza surveillance in Australia and enable a 
better understanding of the true burden of disease due to A/H3N2 
influenza viruses.

ACKNOWLEDG EMENT
We gratefully acknowledge the authors and originating and submit-
ting laboratories of the sequences from GISAID’s EpiFlu™ Database 
on which this research is based. The list is detailed below.

This work was supported by a grant from the NHRMC Centre for 
Research Excellence in Integrated Systems for Epidemic Response 
(ISER) (grant number 1107393) to JX, DCA, AM, AC and CRM. Author 
CRM is also supported by a NHMRC Principal Research Fellowship 
(grant number 1137582). The WHO Collaborating Centre for 
Reference and Research on Influenza is supported by the Australian 
Government Department of Health.

AUTHOR CONTRIBUTION
Jing Xia: Data curation (lead); Formal analysis (lead); Investigation 
(lead); Validation (supporting); Visualization (equal); Writing-
original draft (lead). Dillon C. Adam: Formal analysis (supporting); 
Investigation (supporting); Methodology (supporting); Supervision 
(supporting); Validation (lead); Visualization (equal); Writing-
original draft (supporting); Writing-review & editing (supporting). 
Aye Moa: Methodology (supporting); Project administration (lead); 
Supervision (supporting); Writing-review & editing (equal). Abrar 
A. Chughtai: Methodology (supporting); Supervision (supporting); 
Writing-review & editing (equal). Ian G. Barr: Data curation (support-
ing); Methodology (supporting); Writing-review & editing (support-
ing). Naomi Komadina: Data curation (supporting); Writing-review & 
editing (supporting). C. Raina MacIntyre: Conceptualization (lead); 
Funding acquisition (lead); Methodology (lead); Project adminis-
tration (supporting); Resources (lead); Supervision (lead); Writing-
review & editing (lead). 

ORCID
Dillon C. Adam   https://orcid.org/0000-0002-7485-9905 
Aye Moa   https://orcid.org/0000-0003-4274-6241 

R E FE R E N C E S
	 1.	 Nelson MI, Holmes EC. The evolution of epidemic influenza. Nat 

Rev Genet. 2007;8(3):196-205.
	 2.	 Moa A, Muscatello D, Chughtai A, Chen X, MacIntyre CR. Flucast: a 

real-time tool to predict severity of an influenza season. JMIR Public 
Health Surveill. 2019;5(3):e11780.

	 3.	 Kelly HA, Sullivan SG, Grant KA, Fielding JE. Moderate influenza 
vaccine effectiveness with variable effectiveness by match between 
circulating and vaccine strains in Australian adults aged 20–64 
years, 2007–2011. Influenza Other Respir Viruses. 2013;7(5):729-737.

	 4.	 Thompson WW, Shay DK, Weintraub E, et al. Influenza-
associated hospitalizations in the United States. JAMA. 
2004;292(11):1333-1340.

	 5.	 Matias G, Taylor R, Haguinet F, Schuck-Paim C, Lustig R, Shinde V. 
Estimates of hospitalization attributable to influenza and RSV in the 

https://orcid.org/0000-0002-7485-9905
https://orcid.org/0000-0002-7485-9905
https://orcid.org/0000-0003-4274-6241
https://orcid.org/0000-0003-4274-6241


708  |     XIA et al.

US during 1997–2009, by age and risk status. BMC Public Health. 
2017;17(1):271.

	 6.	 Ng Y, Chua LAV, Ma S, Jian Ming Lee V. Estimates of influenza-as-
sociated hospitalisations in tropical Singapore, 2010–2017: higher 
burden estimated in more recent years. Influenza Other Respir 
Viruses. 2019;13(6):574-581.

	 7.	 Wong KC, Luscombe GM, Hawke C. Influenza infections in Australia 
2009–2015: is there a combined effect of age and sex on suscepti-
bility to virus subtypes? BMC Infect Dis. 2019;19(1):42.

	 8.	 Moa AM, Muscatello DJ, Turner RM, MacIntyre CR. Epidemiology 
of influenza B in Australia: 2001–2014 influenza seasons. Influenza 
Other Respir Viruses. 2017;11(2):102-109.

	 9.	 Sullivan SG, Chilver MB, Carville KS, et al. Low interim influenza 
vaccine effectiveness, Australia, 1 May to 24 September 2017. 
Eurosurveillance. 2017;22(43):17-00707.

	10.	 Budd AP, Wentworth DE, Blanton L, et al. Update: influenza activ-
ity—United States, October 1, 2017–February 3, 2018. Morb Mortal 
Wkly Rep. 2018;67(6):169-179.

	11.	 Adlhoch C, Snacken R, Melidou A, Ionescu S, Penttinen P. Dominant 
influenza A (H3N2) and B/Yamagata virus circulation in EU/EEA, 
2016/17 and 2017/18 seasons, respectively. Eurosurveillance. 
2018;23(13):18-00146.

	12.	 National Notifiable Diseases Surveillance System. In: Health Do, ed 
2019.

	13.	 AIHW. Disparities in potentially preventable hospitalisations across 
Australia, 2012–13 to 2017–18. In: Welfare AIoHa, ed 2020.

	14.	 AIHW. Vaccine-preventable diseases. In: Welfare AIoHa, ed 2018.
	15.	 AIHW.General Record of Incidence of Mortality (GRIM) data. In: 

Welfare AIoHa, ed 2019.
	16.	 Australian influenza surveillance report and activity updates. In: 

Australian Government DoH, ed. 
	17.	 Shu Y, McCauley J. GISAID Global initiative on sharing all influenza 

data – from vision to reality. Eurosurveillance. 2017;22(13):30494.
	18.	 WHO recommendations on the composition of influenza virus vac-

cines. In: Organization WH, ed 2019.
	19.	 Edgar RC. MUSCLE: multiple sequence alignment with high accu-

racy and high throughput. Nucleic Acids Res. 2004;32(5):1792-1797.
	20.	 Swindell SR, Plasterer TN. SEQMAN. Contig assembly. Methods Mol 

Biol. 1997;70:75-89.
	21.	 Cronk BC. How to Use SPSS®: A Step-By-Step Guide to Analysis and 

Interpretation. Abingdon, UK: Routledge; 2017.
	22.	 Pond SL, Frost SD. Datamonkey: rapid detection of selective 

pressure on individual sites of codon alignments. Bioinformatics. 
2005;21(10):2531-2533.

	23.	 Suchard MA, Lemey P, Baele G, Ayres DL, Drummond AJ, Rambaut 
A. Bayesian phylogenetic and phylodynamic data integration using 
BEAST 1.10. Virus Evol. 2018;4(1):vey016.

	24.	 Drummond AJ, Nicholls GK, Rodrigo AG, Solomon W. Estimating 
mutation parameters, population history and genealogy simul-
taneously from temporally spaced sequence data. Genetics. 
2002;161(3):1307-1320.

	25.	 Pybus OG, Rambaut A. GENIE: estimating demographic history from 
molecular phylogenies. Bioinformatics. 2002;18(10):1404-1405.

	26.	 Posada D. jModelTest: phylogenetic model averaging. Mol Biol Evol. 
2008;25(7):1253-1256.

	27.	 Baele G, Li WL, Drummond AJ, Suchard MA, Lemey P. Accurate 
model selection of relaxed molecular clocks in bayesian phyloge-
netics. Mol Biol Evol. 2013;30(2):239-243.

	28.	 Baele G, Lemey P, Bedford T, Rambaut A, Suchard MA, Alekseyenko 
AV. Improving the accuracy of demographic and molecular clock 
model comparison while accommodating phylogenetic uncertainty. 
Mol Biol Evol. 2012;29(9):2157-2167.

	29.	 Drummond AJ, Rambaut A, Shapiro B, Pybus OG. Bayesian co-
alescent inference of past population dynamics from molecular se-
quences. Mol Biol Evol. 2005;22(5):1185-1192.

	30.	 Kingman JF. Origins of the coalescent. 1974–1982. Genetics. 
2000;156(4):1461-1463.

	31.	 Rambaut A, Drummond AJ, Xie D, Baele G, Suchard MA. Posterior 
summarization in Bayesian Phylogenetics using tracer 1.7. Syst Biol. 
2018;67(5):901-904.

	32.	 Rambaut A, Drummond A. TreeAnnotator v1. 8.2. Institute of 
Evolutionary Biology, University of Edinburgh. In: 2015.

	33.	 Rambaut A, Drummond A. FigTree v1. 4.3 2016. In.
	34.	 Bielejec F, Baele G, Vrancken B, Suchard MA, Rambaut A, Lemey 

P. Sprea D3: interactive visualization of spatiotemporal history and 
trait evolutionary processes. Mol Biol Evol. 2016;33(8):2167-2169.

	35.	 Lemey P, Rambaut A, Drummond AJ, Suchard MA. Bayesian phylo-
geography finds its roots. PLoS Computat Biol. 2009;5(9):e1000520.

	36.	 Australian Influenza Surveillance Report No 11–15 October - 28 
October 2016. In: Health Do, ed. 2016.

	37.	 O'Brien K, Barr IG. Annual report of the National Influenza 
Surveillance Scheme, 2006. Commun Dis Intell Q Rep. 
2007;31(2):167-179.

	38.	 Australian Sentinel Practitioners Research Network (ASPREN). In. 
	39.	 Munoz ET, Deem MW. Epitope analysis for influenza vaccine de-

sign. Vaccine. 2005;23(9):1144-1148.
	40.	 Recommended composition of influenza virus vaccines for use in 

the 2018 southern hemisphere influenza season. In: Organization 
WH, ed 2018.

	41.	 Hadfield J, Megill C, Bell SM, et al. Nextstrain: real-time tracking of 
pathogen evolution. Bioinformatics. 2018;34(23):4121-4123.

	42.	 Population by age and sex, Western Australia, Jun 2003. In: 
Statistics ABo, ed 2003.

	43.	 Population by age and sex, regions of Australia, 2007. In: Statistics 
ABo, ed 2007.

	44.	 Population by age and sex, regions of Australia, 2012. In: Statistics 
ABo, ed 2012.

	45.	 Harvala H, Frampton D, Grant P, et al. Emergence of a novel sub-
clade of influenza A(H3N2) virus in London, December 2016 to 
January 2017. Eurosurveillance. 2017;22(8):30466.

	46.	 Blyth CC, Macartney KK, Hewagama S, et al. Influenza epidemiology, 
vaccine coverage and vaccine effectiveness in children admitted to 
sentinel Australian hospitals in 2014: the Influenza Complications 
Alert Network (FluCAN). Eurosurveillance. 2016;21(30):30301.

	47.	 Blyth CC, Macartney KK, McRae J, et al. Influenza epidemiology, 
vaccine coverage and vaccine effectiveness in children admitted 
to sentinel Australian hospitals in 2017: results from the PAEDS-
FluCAN Collaboration. Clin Infect Dis. 2019;68(6):940-948.

	48.	 Koelle K, Cobey S, Grenfell B, Pascual M. Epochal evolution shapes 
the phylodynamics of interpandemic influenza A (H3N2) in humans. 
Science. 2006;314(5807):1898-1903.

	49.	 Debbink K, McCrone JT, Petrie JG, et al. Vaccination has minimal 
impact on the intrahost diversity of H3N2 influenza viruses. PLoS 
Pathog. 2017;13(1):e1006194.

	50.	 Saito R, Li D, Suzuki Y, et al. High prevalence of amantadine-resis-
tance influenza a (H3N2) in six prefectures, Japan, in the 2005–
2006 season. J Med Virol. 2007;79(10):1569-1576.

	51.	 Koel BF, Burke DF, Bestebroer TM, et al. Substitutions near the re-
ceptor binding site determine major antigenic change during influ-
enza virus evolution. Science. 2013;342(6161):976-979.

	52.	 Lowen AC, Mubareka S, Steel J, Palese P. Influenza virus trans-
mission is dependent on relative humidity and temperature. PLoS 
Pathog. 2007;3(10):e151.

	53.	 International travel – short-term visitor arrivals to Australia - 2018–
19. In: Statistics ABo, ed 2019.

	54.	 Australian resident returns – short-term trips. In: Statistics ABo, ed 
2019.

	55.	 Geoghegan JL, Saavedra AF, Duchene S, Sullivan S, Barr I, Holmes 
EC. Continental synchronicity of human influenza virus epidemics 
despite climatic variation. PLoS Pathog. 2018;14(1):e1006780.



     |  709XIA et al.

	56.	 Muscatello DJ, Amin J, MacIntyre CR, et al. Inaccurate ascertain-
ment of morbidity and mortality due to influenza in administrative 
databases: a population-based record linkage study. PLoS One. 
2014;9(5):e98446.

	57.	 De Maio N, Wu C-H, O’Reilly KM, Wilson D. New routes to phylo-
geography: a Bayesian structured coalescent approximation. PLoS 
Genet. 2015;11(8):e1005421.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Xia J, Adam DC, Moa A, et al. 
Comparative epidemiology, phylogenetics, and transmission 
patterns of severe influenza A/H3N2 in Australia from 2003 to 
2017. Influenza Other Respi Viruses. 2020;14:700–709. https://
doi.org/10.1111/irv.12772

https://doi.org/10.1111/irv.12772
https://doi.org/10.1111/irv.12772

