
Highly pathogenic avian influenza (HPAI) H5Nx viruses of 
the goose/Guangdong/96 lineage continue to cause out-
breaks in poultry and wild birds globally. Shorebirds, known 
reservoirs of avian influenza viruses, migrate from Siberia to 
Australia along the East-Asian-Australasian Flyway. We ex-
amined whether migrating shorebirds spending nonbreed-
ing seasons in Australia were exposed to HPAI H5 viruses. 
We compared those findings with those for a resident duck 
species. We screened >1,500 blood samples for nucleopro-
tein antibodies and tested positive samples for specific anti-
bodies against 7 HPAI H5 virus antigens and 2 low pathoge-
nicity avian influenza H5 virus antigens. We demonstrated 
the presence of hemagglutinin inhibitory antibodies against 
HPAI H5 virus clade 2.3.4.4 in the red-necked stint (Calidris 
ruficolis). We did not find hemagglutinin inhibitory antibod-
ies in resident Pacific black ducks (Anas superciliosa). Our 
study highlights the potential role of long-distance migratory 
shorebirds in intercontinental spread of HPAI H5 viruses.

Highly pathogenic avian influenza (HPAI) A(H5N1) 
viruses of the goose/Guangdong (gs/GD) lineage 

emerged in domestic birds in China in 1996, causing high 
morbidity and mortality rates in poultry; subsequent zoo-
notic spillover in 1997 caused fatal human infections (1,2). 
HPAI H5N1 virus reemerged in 2005 and subsequently 
spread throughout Asia, Europe, and Africa, becoming en-
demic in parts of Asia and Africa and causing economic 

losses and human fatalities (3,4). The role of wild birds in 
the spread of HPAI H5N1 virus is uncertain, but they prob-
ably were not the main culprits in virus spread before 2014 
(3–5). In 2014, and again in 2016, gs/GD lineage HPAI 
H5Nx virus clade 2.3.4.4 emerged and rapidly spread with 
wild birds from Asia to Europe, Africa, and North America 
(6–9). Unlike other lineages, these 2.3.4.4 clade viruses 
might cause low morbidity and mortality rates in wild 
birds, enabling their rapid intercontinental spread through 
bird migration (8,10,11). Asia, Europe, and Africa continue 
to report outbreaks of HPAI H5 viruses (10). Thus far, Aus-
tralia, South America, and Antarctica remain free from gs/
GD lineage viruses. 

Unlike HPAI viruses, low pathogenicity avian influ-
enza (LPAI) A viruses are part of the natural virodiversity 
of wild birds. Diverse subtypes and lineages circulate glob-
ally, causing no or limited clinical signs of disease (12–14). 
Waterfowl (Anseriformes), shorebirds, and gulls (Char-
adriiformes) are natural reservoirs of LPAI viruses, which 
have been detected in >100 wild bird species to date.

Natural annual cycles of migratory birds can contrib-
ute to the global and rapid spread of gs/GD lineage clade 
2.3.4.4 when birds move from northern breeding grounds 
and spend nonbreeding periods in southern latitudes (8). 
Outbreaks of HPAI H5 virus clade 2.3.4.4 in wild birds and 
poultry reflect spatial patterns of bird migration, particu-
larly waterfowl migration (8,10). Australia is part of the 
East-Asian-Australasian Flyway, and ≈8 million individual 
birds from 50 shorebird species migrate to the continent 
each year (15–17). In addition to Australia, birds in this 
flyway have stopover sites along the coast of East Asia and 
breed in Siberia (17). 

Shorebirds are involved in the epidemiology of LPAI 
viruses, particularly in amplifying viruses, as occurred in 
Delaware Bay, NJ, USA (18), but prevalence is generally 
low and their role in long-distance movement of avian in-
fluenza virus (AIV) is unknown (19–22). One hypothesis 
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is that shorebirds play a limited role in AIV epidemiology 
and long-distance dispersal, explaining the absence of gs/
GD lineage HPAI H5 viruses on the continent of Australia. 
In contrast to shorebirds, waterfowl in Australia are largely 
nomadic species that do not migrate outside the Australian-
Papuan zone (23).

We examined whether long-distance shorebird mi-
grants were exposed to gs/GD lineage viruses. We used the 
red-necked stint (Calidris ruficolis), which uses Australia 
as a nonbreeding area, as a model migratory species. The 
red-necked stint has known stopover locations in East and 
Southeast Asia, where HPAI virus is endemic. We con-
trasted findings from red-necked stints with those from the 
resident Pacific black duck (Anas superciliosa), a nonmi-
gratory dabbling duck believed to be a natural reservoir for 
LPAI virus in Australia. 

Materials and Methods

Ethics Statement
We received study approval from Deakin University 
Animal Ethics Committee under permit nos. A113-2010, 
B37-2013, and B43-2016; and from the Wildlife Ethics 
Committee of South Australia under permit nos. 2011/1, 
2012/35, and 2013/11. The Australian Bird Banding 
Scheme approved catching and banding procedures under 
authority nos. 2915, 8000, and 8001. We obtained fauna 
and research permits from all relevant jurisdictions. The 
University of Melbourne Biochemistry & Molecular Biol-
ogy, Dental Science, Medicine, Microbiology & Immunol-
ogy, and Surgery Animal Ethics Committee approved fer-
ret infections in accordance with the National Health and 
Medical Research Council code of practice for the care and 
use of animals for scientific purposes under project license 
no. 1714183.

Species and Sample Collection
We targeted mixed flocks of shorebirds for capture with 
cannon nets as part of a long-term ringing scheme. Since 
2011, these birds also have been used for avian influenza 
surveillance (24). Red-necked stints consistently are cap-
tured in large numbers during October–March each year, 
predominantly in the state of Victoria. We also opportunis-
tically collected samples from Western Australia, Northern 
Territory, and Queensland as part of ringing expeditions. 
Samples from these locations are not central to the long-
term avian influenza surveillance project. Because the red-
necked stint is in Australia during October–March, we ana-
lyzed and reported data for this species by using the austral 
summer season. We captured resident Pacific black ducks 
by using either baited funnel walk-in traps (25) or mist 
nets. We deployed walk-in traps on shorelines and baited 
them with a seed mix. We set these traps before dawn and 

operated them during the day; at night, we left traps open 
so birds could enter and leave freely. To capture waterbirds 
at night, we erected mist nets on poles above the water sur-
face. We collected most samples from the state of Victoria 
but also collected samples from South Australia and New 
South Wales.

After capture, we individually banded all birds with a 
metal ring with a unique identifier and collected <200 μL 
of blood from the brachial vein by using the Microvette 
200 Z (Sarstedt, https://www.sarstedt.com) capillary blood 
collection system. We released all birds after banding and 
collecting blood samples. We stored blood samples at 
4°C–8°C until we separated serum by centrifugation 12–24 
hours after sampling. We collected 1,531 serum samples 
from red-necked stints and 394 serum samples from Pacific 
black ducks for this study.

General AIV Immunity
We screened serum samples for nucleoprotein (NP) anti-
bodies to ascertain general AIV seroprevalence. We as-
sessed NP antibodies by using a commercially available 
ELISA, MultiS-Screen Avian Influenza Virus Antibody 
Test Kit (IDEXX, https://www.idexx.com), following the 
manufacturer’s recommendations, where a sample/nega-
tive (S/N) ratio of <0.5 indicates a positive result. We con-
sidered S/N ratios of 0.5–0.6 inconclusive, although this 
ratio has been demonstrated to correspond to antibody 
presence in wild birds (26,27). We calculated seropreva-
lence and 95% CI by using the bioconf() function of the 
Hmisc package in R 3.5.1 (https://www.r-project.org).

Hemagglutinin Inhibition Assay
After NP antibody screening, we assayed positive and 
inconclusive serum samples for H5 antibodies by using 
a hemagglutinin inhibition (HI) assay with 1% vol/vol 
chicken erythrocytes. We selected 7 contemporary HPAI 
H5 viruses from different gs/GD lineage clades and 2 
LPAI H5 viruses endemic to Australia as antigens (Table). 
We could only test up to 8 antigens per sample because 
we could collect only a small volume of serum from red-
necked stints; for some samples, we could only test against 
4 relevant viruses. 

We selected representative H5 viral lineages because 
of their known spatial and temporal distribution and avail-
ability of reference viral antigens, such as those selected 
by the World Health Organization (WHO) as candidate 
vaccine viruses (CVVs; http://www.who.int/influenza/vac-
cines/virus/candidates_reagents/a_h5n1/en/) for pandemic 
preparedness. WHO’s CVVs are 6:2 recombinant viruses 
on an A/Puerto Rico/8/1934(H1N1)(PR8) backbone with 
the multibasic cleavage site removed. The 2 LPAI H5 vi-
ruses from Australia were gamma-irradiated antigens. We 
conducted a hemagglutinin assay on selected antigens to 
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determine virus titer, which we then added to HI plates 
at a dilution of 4 hemagglutinin units. We treated all NP- 
positive ELISA field samples with a Vibrio cholerae  
receptor-destroying enzyme (RDE II; Denka Seiken Co., 
https://denka-seiken.com), then inactivated samples with 
1.5% sodium citrate.

We raised control antiserum against all virus anti-
gens, except the LPAI viruses A/duck/Victoria/0305-
2/2012(H5N3) and A/wild bird/Queensland/P17-14428-
30-01/2017(H5N1), in 6–18-month-old ferrets. In brief, 
we inoculated ferrets intranasally with 1 mL of virus; at 
14 days postexposure, we boosted ferrets by intramuscu-
lar delivery of a concentrated dose of the same virus into 
the hind leg; and at 21 days postexposure, we collected 
a terminal blood sample. We monitored ferrets’ weights, 

temperatures, and clinical signs throughout. We used anti-
bodies for all 7 H5 viruses in each assay to measure both 
homologous titers and cross reaction; we also ran anti-
bodies without virus to assess nonspecific agglutination. 
We serially diluted all serum samples across assay plates, 
starting with a titer of 1:20, and calculated specificity of 
antigen-antibody agglutination (Appendix Table 1, http://
wwwnc.cdc.gov/EID/article/25/10/19-0699-App1.pdf).

Results

Population Immunity to AIVs
During 2011–2018, we collected 1,531 serum samples 
from red-necked stints, ≈200 samples per year, most from 
Victoria. Overall, 20% of red-necked stints were seroposi-
tive for NP antibodies, with variations among collection 
years and locations (Figure 1, panel A; Appendix Table 2).

We collected 394 blood samples from Pacific black 
ducks during 2011–2018. Temporal structure of the data for 
this species was more variable, with few samples collected 
during 2015–2017 (Appendix Table 3). We only collected 
samples from the southeastern states of Australia. Overall, 
≈55% of Pacific black ducks sampled were seropositive for 
NP antibodies. We experienced some variation across sam-
pling events, but average seropositivity was similar across 
locations (Figure 1, panel B).

Differences in Exposure to HPAI H5 Virus in  
Migratory and Resident Birds
We assayed 307 NP ELISA–positive or –inconclusive se-
rum samples from red-necked stints and 240 from Pacific 
black ducks for antibodies against H5 viruses by HI assay 
(Appendix Tables 2, 3). Of HI-positive serum samples, 
≈12% were inconclusive by NP ELISA. Because of the 
small volume of serum collected from red-necked stints, 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1905

 
Table. Antigens used to assess exposure of red-necked stints 
and Pacific black ducks to highly pathogenic avian influenza H5 
viruses, Australia* 
H5 virus 
clade† Strain 
HPAI   
 1.1.1 A/Cambodia/X0810301/2013(H5N1) 
 2.1.3.2a A/Indonesia/NIHRD11771/2011(H5N1) 
 2.3.2.1b A/barn swallow/Hong Kong/D10-1161/2010(H5N1) 
 2.3.2.1c A/duck/Vietnam/NCVD-1584/2012(H5N1) 
 2.3.4.2 A/Guizhou/1/2013(H5N1) 
 2.3.4.4 A/gyrfalcon/Washington/41088-6/2014(H5N8) 
 2.3.4.4 A/Hubei/29578/2016(H5N6) 
LPAI H5 A/duck/Victoria/0305-2/2012(H5N3) 
 A/wild bird/Queensland/P17-14428-30-

01/2017(H5N1)‡ 
*All HPAI virus strains were 6:2 recombinant viruses on a PR8 backbone 
with the multi-basic cleavage site removed. All LPAI strains were gamma-
irradiated. HPAI, highly pathogenic avian influenza; LPAI, low 
pathogenicity avian influenza.  
†Clade notation as defined by World Health Organization/World 
Organization for Animal Health/Food and Agriculture Organization H5N1 
Evolution Working Group (28). 
‡Only used for hemagglutinin inhibition assays for serum samples from 
Pacific black ducks. 

 

Figure 1. Seroprevalence for nucleoprotein antibodies in red-necked stints and Pacific black ducks, Australia, 2011–2018. A) For red-
necked stint, year represents the austral summer period, October–April, when this species has a migratory nonbreeding stopover in 
Australia. B) For Pacific black duck, year represents calendar year. (No samples were collected in 2015.) Inset maps show the number 
of samples collected from each species in each state over the course of this study. Error bars represent seroprevalence 95% CIs for 
each state across all years; color dots represent estimates of seroprevalence at each sampling occasion. NSW, New South Wales; NT, 
Northern Territory; QLD, Queensland; SA, South Australia; TAS, Tasmania; VIC, Victoria; WA, Western Australia.
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we could assay only 33 serum samples for <4 antigens each 
(Appendix Table 2). Nonetheless, 23 red-necked stint se-
rum samples contained detectable HI antibodies against 
>1 of the 7 HPAI H5 virus antigens tested (1.5%, 95% CI 
1.0%–2.3%) (Figure 2 panel A). We detected HI antibodies 
against antigens belonging to clade 2.3.4–derived lineages, 
specifically 2.3.4.2 A/Guizhou/1/2013(H5N1) (n = 10); 
2.3.4.4 A/gyrfalcon/Washington/41088-6/2014(H5N8) 
(n = 8); and 2.3.4.4 A/Hubei/29578/2016(H5N6) (n = 5). 
We detected antibodies against A/Guizhou/1/2013(H5N1) 
during each sampling season, with the exception of birds 
captured during the 2012–13 austral summer. We detected 
antibodies against 2.3.4.4 A/gyrfalcon/Washington/41088-
6/2014(H5N8) from the 2014–15 austral summer through 
the 2016–17 austral summer. We also detected antibodies 
against 2.3.4.4 A/Hubei/29578/2016(H5N6) in samples 
from the 2016–17 austral summer and the subsequent aus-
tral summer. The presence of antibodies against these 2 
HPAI virus lineages corresponds with reported circulation 
of these lineages in Eurasia (Figure 2, panel A). Across all 
seasons, prevalence of HPAI H5 virus HI antibodies var-
ied from 0.7%–2.1%, with the exception of 2016–17, when 
4.5% (95% CI 2.1%–9%) of serum samples contained HI 
antibodies against HPAI H5Nx virus (Appendix Table 2). 

Overall, HI titers were low; 9/23 serum samples had an 
HI titer of 20 and 14/23 an HI titer of 40. One serum sam-
ple had HI antibodies against the LPAI H5 virus A/duck/
Victoria/0305-2/2012(H5N3) (Figure 2, panel A). Overall, 

no red-necked stint samples were positive for both HPAI 
and LPAI virus antigens.

Of the 240 Pacific black duck serum samples used for 
HI assays, none had detectable HI antibodies against any 
of the HPAI H5 virus antigens (Figure 2, panel B; Appen-
dix Table 3). However, 16 (6%) of the NP–positive serum 
samples contained HI antibodies that reacted with LPAI 
H5 virus A/duck/Victoria/0305-2/2012(H5N3), of which 2 
samples also had HI antibodies that reacted with LPAI A/
wild bird/Queensland/P17-14428-30-01/2017(H5N1) virus 
(Figure 2, panel B).

Discussion
Despite intercontinental spread of gs/GD lineage HPAI 
H5Nx viruses from Asia to Europe, Africa, and North 
America, we have no evidence that incursions of these 
viruses have occurred in Australia. A leading hypothesis 
for the lack of incursion is the absence of Anseriformes 
birds migrating between Asia and Australia (23,29). 
However, millions of shorebirds that are reservoirs for 
AIV migrate from Siberia to Australia, with stopover 
sites along the coast of East Asia (15–17,29). We dem-
onstrated that these intercontinental migratory birds have 
been exposed to gs/GD lineage HPAI H5Nx viruses and 
have the potential to bring these viruses into Australia. 
The absence of HI antibodies against gs/GD lineage 
HPAI H5Nx viruses in a widespread and abundant An-
seriformes birds in Australia and the lack of detection 
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Figure 2. Avian influenza H5 virus hemagglutinin inhibition (HI) antibody patterns, Australia, 2011–2018. A) For red-necked stint, year 
represents the austral summer period, October–April, when this species has a migratory nonbreeding stopover in Australia. Boxes 
represent periods of circulation for each strain’s lineage, as determined by genomic sequences (Appendix Table 4, https://wwwnc.cdc.
gov/EID/article/25/10/19-0699-App1.pdf). B) For Pacific black duck, year represents calendar year. White indicates untested serum 
samples; gray indicates a titer <20, the starting titer for this assay; blue indicates hemagglutinin inhibition (HI) antibodies, and shades 
vary depending on HI titer (20–160). Sample numbers are ordered by collection year and sequentially from left to right in the order in 
which individual birds were caught. Antigens used in this study are on the y-axis, and abbreviated with relevant clade information; full 
strain names are available in the Table. NT, no titer. Greater detail on positive samples appears in Appendix Figure 1.
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during ongoing surveillance activities (12) suggest that a 
virus incursion has not occurred yet.  

Overall, red-necked stints we sampled had low preva-
lence (≈20%) of NP antibodies, and 1.5% of all serum sam-
ples contained HI antibodies against gs/GD lineage HPAI 
H5Nx virus antigen. We detected the highest seropreva-
lence of gs/GD lineage HPAI H5Nx virus HI antibodies, 
4.5% of all serum samples collected, during the 2016–17 
austral summer. A previous study in northwestern Austra-
lia during 1992–2009 showed that the red-necked stint and 
other members of the Scolopacidae family had higher AI 
virus seroprevalence than other shorebird species tested. 
Furthermore, H5 HI antibodies were common; 31/260 NP 
ELISA–positive serum samples had HI titers against HPAI 
H5N1 virus clade 1 A/chicken/Vietnam/8/2004 (21). Simi-
larly, serum samples from ducks during this period also 
had HI antibodies against this clade but not HPAI H5N1 
clade 2 viruses (21,30). One explanation for the lack of 
evidence for circulation of HPAI H5N1 virus clade 1 dur-
ing this time is that exposure to endemic H5 virus strains 
in Australia produces HI antibodies with broad serologic 
cross-reactivity (24,31). 

We found no evidence of cross-reactivity in control 
antibodies (Appendix Table 1) or cross-reaction in any 
positive serum samples, including no cross-reactivity 
between LPAI and HPAI virus antigens. Furthermore, 
the clades we detected HI antibodies against, 2.3.4.2 and 
particularly 2.3.4.4, are antigenically distant from previ-
ously circulating H5 viruses (32), so LPAI virus cross-
reactivity is unlikely. Long-distance migratory shore-
birds captured in Australia could have been exposed 
to HPAI H5 virus in the northern hemisphere. Indeed, 
a red-necked stint tested positive for HPAI H5N6 virus 
in Hong Kong in 2016 on its southward migration (pers. 
comm.), strengthening evidence of gs/GD H5Nx virus 
exposure in this species. 

Studies of ducks in Europe and Mongolia provide fur-
ther perspective. Gilbert et al. demonstrated the presence 
of HI antibodies against gs/GD lineage HPAI H5N1 virus 
in waterfowl in Mongolia. These birds had higher serologic 
reactivity to HPAI H5 virus than to LPAI H5 virus anti-
gens. That study found limited or no evidence of exposure 
to HPAI virus antigens in a small representation of water-
fowl in Europe (31). However, Gilbert et al. conducted the 
study before the reemergence of gs/GD HPAI virus in Eu-
rope. In 2016, Poen et al. demonstrated that 4.2% of birds 
they surveyed in Europe had HI antibodies against 2.3.4.4 
HPAI H5Nx viruses, with much higher prevalence in some 
species: up to 33% in the mute swan (Cygnus olor) and 
lesser white-fronted goose (Anser erythropus) (33). Hill et 
al. reported 80% of mute swans had HI antibodies against 
HPAI H5N8 virus after several AI outbreaks at a swannery 
in the United Kingdom (34). 

The prevalence of HI antibodies we detected in red-
necked stints during the 2016–17 season were comparable to 
those reported in ducks in Europe, even though red-necked 
stints have a much lower seroprevalence of AIV in general. 
Some studies suggest that long-lived avian species, such 
as swans and seabirds, retain HI antibodies over the course 
of many years, which could enable expansion of antibody 
breadth, increasing the number of subtypes against which 
these birds have antibodies over time (35,36). An additive 
effect could explain why mute swans maintained high rates 
of HPAI H5N8 virus HI antibodies after AIV outbreaks in 
the United Kingdom (34). In contrast, ducks are believed 
to have relatively poor immune memory and to retain HI 
antibodies only briefly (37,38). The expected antibody lon-
gevity patterns in shorebirds such as the red-necked stint 
is unknown, but given the relatively high prevalence of HI 
antibodies, particularly during 2016–17, we hypothesize 
that shorebirds retain antibodies longer than ducks. We saw 
generally low HI titers in serum samples from red-necked 
stints; 82% of serum samples with detectable HI antibod-
ies had titers <40. Gilbert et al. also reported low titers and 
hypothesized that tested waterfowl were exposed months 
or years previously (31). Alternatively, the antigens might 
not have matched the antibodies tested.

Waterfowl species comprise the bulk of avian spe-
cies sampled in most surveillance schemes for avian influ-
enza and are sampled heavily for H5Nx viruses (33,39). 
Shorebirds are central to the ecology of AIV (13) but are 
tested rarely beyond the study from Delaware Bay, NJ, 
USA, and infection prevalence is much lower (18–22) than 
in waterfowl (13). However, virology and serology data 
from Delaware Bay suggest both ruddy turnstones (Are-
naria interpres) and red knots (Calidris canutus) are ex-
posed to a large diversity of hemagglutinin subtypes, and 
<36% of birds tested had neutralizing antibodies against 
multiple subtypes, demonstrating host competency (40). 
Furthermore, migratory shorebirds have been implicated in 
the long-distance movement of LPAI viruses (41). Experi-
mental studies have shown limited morbidity and mortality 
rates associated with infection of some 2.3.4.4 subclades in 
ducks, demonstrating their ability to act as migratory vec-
tors for these viruses (11,42–45). 

Our understanding of infection and pathogenesis 
of HPAI H5Nx virus in shorebirds is extremely limited. 
Experimental exposure of dunlins (Calidris alpina) and 
ruddy turnstones to HPAI H5N1 virus clade 2.2 resulted 
in contrasting outcomes (46,47). Immunologically naive 
dunlins showed clinical signs of infection, and 19/20 birds 
receiving high or mild doses of the virus died. Birds inocu-
lated with low doses did not get infected (46). Ruddy turn-
stones, in contrast, were not immunologically naive, none 
died, and birds infected with LPAI and HPAI had simi-
lar patterns of viral shedding (47). The authors attribute  
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the contrasting results between dunlins and ruddy turn-
stones to the immunological status of birds, suggesting 
that cross-immunity played a key role in limiting clinical 
disease (47,48). In these experiments, infection rates were 
the same between birds that were seropositive (subtype un-
known) before capture, were first exposed to a LPAI H5 vi-
rus strain, or were first exposed to an H7 virus strain, sug-
gesting both homosubtypic and heterosubtypic immunity 
could play a role in protection (47,48). However, in ducks, 
phylogenetic distance between hemagglutinin subtypes 
plays a role in the degree of the heterosubtypic protective 
response (49), and closely related hemagglutinin subtypes 
likely drive protection. Red knots were more susceptible 
to acquiring HPAI H5N1 virus, especially clade 2.2.1, 
and shed higher viral titers before the onset of clinical 
disease during the migratory phase because of increased 
plasma corticosterone (50). The authors saw no difference 
in susceptibility to disease between birds in premigration, 
fueling, or migratory phases and suggested that, assum-
ing no effect of subclinical exposure on the likelihood of 
migratory takeoff, red knots could spread HPAI H5 virus 
through migration (50). These studies demonstrate shore-
birds could be exposed, survive infection, and potentially 
disperse HPAI H5 virus over long distances during their 
migratory phase.

In conclusion, we demonstrated that the long-distance 
migratory red-necked stint, which spends nonbreeding 
seasons in Australia, has been exposed to HPAI H5 virus 
clade 2.3.4.4. We did not detect antibodies against this or 
other HPAI viruses in our sample of resident Pacific black 
ducks, suggesting exposure has not occurred in Australia. 
However, our study highlights the potential for migratory 
shorebirds to spread HPAI H5 viruses, which should in-
form future avian influenza surveillance.

Acknowledgments
We thank volunteers from the Victorian Wader Study Group, 
Field and Game Australia (Geelong), and members of the Centre 
for Integrative Ecology at Deakin University for assistance 
in sampling birds in Australia and members from Melbourne 
Water, Innamincka Station, Gidgealpa Station, and Innamincka 
Regional Reserve for logistical support. We thank Celeste Tai 
and Chris Durrant for assistance in raising avian influenza  
antibodies in ferrets.

Sampling was supported by grants from the National Institutes  
of Health, National Institute of Allergy and Infectious Diseases 
(no. HHSN266200700010C), Australian Research Council  
(nos. DP 130101935 and DP160102146), and the Australian  
Government Department of Agriculture and Water Resources 
as part of its Agricultural Competitiveness White Paper (no. 
4-85JCR12). The AgriBio Centre, Agriculture Victoria Re-
search, and the Biosecurity Sciences Laboratory of the Depart-
ment of Agriculture and Fisheries, Queensland, Australia,  

collected samples for low pathogenic avian influenza virus  
antigens under the National Avian Influenza Wild Bird  
surveillance program. 

The Australian Commonwealth Government Department of 
Health provided funds to the World Health Organization  
Collaborating Centre for Reference and Research on Influenza. 
The Department of Agriculture and Water Resources and the 
National Collaborative Research Infrastructure Strategy provided 
support to the Australian Animal Health Laboratory Facility.

About the Author
Dr. Wille is a postdoctoral researcher at the World Health  
Organization Collaborating Centre for Reference and Research 
on Influenza, Melbourne, Victoria, Australia. Her research  
interests include avian virus ecology, with a focus on avian 
influenza A virus.

References
  1. Guan Y, Peiris JSM, Lipatov AS, Ellis TM, Dyrting KC, Krauss S, 

et al. Emergence of multiple genotypes of H5N1 avian  
influenza viruses in Hong Kong SAR. Proc Natl Acad Sci U S A. 
2002;99:8950–5. https://doi.org/10.1073/pnas.132268999

  2. Xu X, Subbarao, Cox NJ, Guo Y. Genetic characterization of the 
pathogenic influenza A/Goose/Guangdong/1/96 (H5N1) virus: 
similarity of its hemagglutinin gene to those of H5N1 viruses 
from the 1997 outbreaks in Hong Kong. Virology. 1999;261:15–9. 
https://doi.org/10.1006/viro.1999.9820

  3. Chen H, Smith GJD, Zhang SY, Qin K, Wang J, Li KS, et al. H5N1 
virus outbreak in migratory waterfowl. Nature. 2005;436:191–2. 
https://doi.org/10.1038/nature03974

  4. Liu J, Xiao H, Lei F, Zhu Q, Qin K, Zhang XW, et al. Highly 
pathogenic H5N1 influenza virus infection in migratory birds.  
Science. 2005;309:1206. https://doi.org/10.1126/science.1115273

  5. Feare CJ. Role of wild birds in the spread of highly pathogenic  
avian influenza virus H5N1 and implications for global  
surveillance. Avian Dis. 2010;54(Suppl):201–12. https://doi.org/ 
10.1637/8766-033109-ResNote.1

  6. Lee YJ, Kang HM, Lee EK, Song BM, Jeong J, Kwon YK,  
et al. Novel reassortant influenza A(H5N8) viruses, South Korea, 
2014. Emerg Infect Dis. 2014;20:1087–9. https://doi.org/10.3201/
eid2006.140233

  7. Global Consortium for H5N8 and Related Influenza Viruses. Role 
for migratory wild birds in the global spread of avian influenza 
H5N8. Science. 2016;354:213–7. https://doi.org/10.1126/science.
aaf8852

  8. Verhagen JH, Herfst S, Fouchier RAM. How a virus travels the 
world. Science. 2015;347:616–7. https://doi.org/10.1126/science.
aaa6724

  9. Bevins SN, Dusek RJ, White CL, Gidlewski T, Bodenstein B, 
Mansfield KG, et al. Widespread detection of highly pathogenic 
H5 influenza viruses in wild birds from the Pacific Flyway of the 
United States. Sci Rep. 2016;6222:616–7. https://doi.org/10.1038/
srep28980

10. Bodewes R, Kuiken T. Changing role of wild birds in the  
epidemiology of avian influenza A viruses. Adv Virus Res. 
2018;100:279–307. https://doi.org/10.1016/bs.aivir.2017.10.007

11. Pantin-Jackwood MJ, Costa-Hurtado M, Bertran K, DeJesus E, 
Smith D, Swayne DE. Infectivity, transmission and pathogenicity 
of H5 highly pathogenic avian influenza clade 2.3.4.4 (H5N8  
and H5N2) United States index viruses in Pekin ducks and  

1908 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019



HPAI H5 Virus in Shorebirds, Australia

Chinese geese. Vet Res. 2017;48:33. https://doi.org/10.1186/
s13567-017-0435-4

12. Grillo VL, Arzey KE, Hansbro PM, Hurt AC, Warner S,  
Bergfeld J, et al. Avian influenza in Australia: a summary of  
5 years of wild bird surveillance. Aust Vet J. 2015;93:387–93. 
https://doi.org/10.1111/avj.12379

13. Olsen B, Munster VJ, Wallensten A, Waldenström J,  
Osterhaus ADME, Fouchier RAM. Global patterns of influenza a  
virus in wild birds. Science. 2006;312:384–8. https://doi.org/ 
10.1126/science.1122438

14. Kuiken T. Is low pathogenic avian influenza virus virulent for  
wild waterbirds? Proc Bio Sci. 2013;280(1763):20130990.  
https://doi.org10.1098/rspb.2013.0990 

15. Clemens RS, Kendall BE, Guillet J, Fuller RA. Review of  
Australian shorebird survey data, with notes on their suitability for 
comprehensive population trend analysis. Stilt. 2012;62:3–17. 

16. Studds CE, Kendall BE, Murray NJ, Wilson HB, Rogers DI,  
Clemens RS, et al. Rapid population decline in migratory shore-
birds relying on Yellow Sea tidal mudflats as stopover sites. Nat 
Commun. 2017;8:14895. https://doi.org/10.1038/ncomms14895

17. Minton C, Wahl J, Gibbs H, Jessop R, Hassell C, Boyle A.  
Recoveries and flag sightings of waders which spend the  
non-breeding season in Australia. Stilt. 2011;50:17–43. 

18. Krauss S, Stallknecht DE, Negovetich NJ, Niles LJ, Webby RJ, 
Webster RG. Coincident ruddy turnstone migration and horseshoe 
crab spawning creates an ecological ‘hot spot’ for influenza viruses. 
Proc Biol Sci. 2010;277(1699):3373–9. https://doi.org/10.1098/
rspb.2010.1090 

19. Winker K, Spackman E, Swayne DE. Rarity of influenza A 
virus in spring shorebirds, southern Alaska. Emerg Infect Dis. 
2008;14:1314–6. https://doi.org/10.3201/eid1408.080083

20. Hanson BA, Luttrell MP, Goekjian VH, Niles L, Swayne DE, 
Senne DA, et al. Is the occurrence of avian influenza virus in 
Charadriiformes species and location dependent? J Wildl Dis. 
2008;44:351–61. https://doi.org/10.7589/0090-3558-44.2.351

21. Curran JM, Ellis TM, Robertson ID. Surveillance of  
Charadriiformes in northern Australia shows species variations 
in exposure to avian influenza virus and suggests negligible 
virus prevalence. Avian Dis. 2014;58:199–204. https://doi.org/ 
10.1637/10634-080913

22. Iverson SA, Takekawa JY, Schwarzbach S, Cardona CJ,  
Warnock N, Bishop MA, et al. Low prevalence of avian influenza 
virus in shorebirds on the Pacific Coast of North America.  
Waterbirds. 2008;31:602–10. https://doi.org/10.1675/ 
1524-4695-31.4.602

23. McCallum HI, Roshier DA, Tracey JP, Joseph L, Heinsohn R.  
Will Wallace’s line save Australia from avian influenza? Ecol and 
Soc. 2008;13:41. 

24. Ferenczi M, Beckmann C, Warner S, Loyn R, O’Riley K, Wang X, 
et al. Avian influenza infection dynamics under variable climatic 
conditions, viral prevalence is rainfall driven in waterfowl from 
temperate, south-east Australia. Vet Res. 2016;47:23.  
https://doi.org/10.1186/s13567-016-0308-2

25. McNally J, Falconer DD. Trapping and banding operations Lara 
Lake. Emu. 1953;53:51–70. https://doi.org/10.1071/MU953051

26. Brown JD, Stallknecht DE, Berghaus RD, Luttrell MP, Velek K, 
Kistler W, et al. Evaluation of a commercial blocking enzyme-
linked immunosorbent assay to detect avian influenza virus 
antibodies in multiple experimentally infected avian species. 
Clin Vaccine Immunol. 2009;16:824–9. https://doi.org/10.1128/
CVI.00084-09

27. Shriner SA, VanDalen KK, Root JJ, Sullivan HJ. Evaluation  
and optimization of a commercial blocking ELISA for detecting 
antibodies to influenza A virus for research and surveillance of  
mallards. J Virol Methods. 2016;228:130–4. https://doi.org/ 
10.1016/j.jviromet.2015.11.021

28. World Health Organization/World Organisation for Animal  
Health/Food and Agriculture Organization (WHO/OIE/FAO) H5N1 
Evolution Working Group. Revised and updated nomenclature for 
highly pathogenic avian influenza A (H5N1) viruses. Influenza 
Other Respir Viruses. 2014;8:384–8. https://doi.org/10.1111/
irv.12230

29. Tracey JP, Woods R, Roshier D, West P, Saunders GR. The role 
of wild birds in the transmission of avian influenza for Australia: 
an ecological perspective. Emu. 2004;104:109–24. https://doi.org/ 
10.1071/MU04017

30. Curran JM, Ellis TM, Robertson ID. Serological surveillance of 
wild waterfowl in Northern Australia for avian influenza virus 
shows variations in prevalence and a cyclical periodicity of  
infection. Avian Dis. 2015;59:492–7. https://doi.org/10.1637/ 
11113-043015-Reg

31. Gilbert M, Koel BF, Bestebroer TM, Lewis NS, Smith DJ,  
Fouchier RAM. Serological evidence for non-lethal exposures of 
Mongolian wild birds to highly pathogenic avian influenza H5N1 
virus. PLoS One. 2014;9:e113569. https://doi.org/10.1371/ 
journal.pone.0113569 

32. World Health Organization. Antigenic and genetic characteristics 
of zoonotic influenza viruses and development of candidate vaccine 
viruses for pandemic preparedness. 2019 Feb 21 [cited 2019  
May 16]. https://www.who.int/influenza/vaccines/virus/ 
201902_zoonotic_vaccinevirusupdate.pdf?ua=1 

33. Poen MJ, Verhagen JH, Manvell RJ, Brown I, Bestebroer TM,  
van der Vliet S, et al. Lack of virological and serological evidence 
for continued circulation of highly pathogenic avian influenza 
H5N8 virus in wild birds in the Netherlands, 14 November  
2014 to 31 January 2016. Euro Surveill. 2016;21:e30349.  
https://doi.org/10.2807/1560-7917.ES.2016.21.38.30349

34. Hill SC, Hansen R, Watson S, Coward V, Russell C, Cooper J,  
et al. Comparative micro-epidemiology of pathogenic avian  
influenza virus outbreaks in a wild bird population. Philos Trans 
R Soc Lond B Biol Sci. 2019;374:e20180259. https://doi.org/ 
10.1098/rstb.2018.0259

35. Hill SC, Manvell RJ, Schulenburg B, Shell W, Wikramaratna PS, 
Perrins C, et al. Antibody responses to avian influenza viruses in 
wild birds broaden with age. Proc Biol Sci. 2016;283(1845). 
https://doi.org/10.1098/rspb.2016.2159

36. Ramos R, Garnier R, González-Solís J, Boulinier T. Long  
antibody persistence and transgenerational transfer of immunity  
in a long-lived vertebrate. Am Nat. 2014;184:764–76.  
https://doi.org/10.1086/678400

37. Wille M, Latorre-Margalef N, Tolf C, Stallknecht DE,  
Waldenström J. No evidence for homosubtypic immunity of  
influenza H3 in Mallards following vaccination in a natural  
experimental system. Mol Ecol. 2017;26:1420–31.  
https://doi.org/10.1111/mec.13967

38. Magor KE. Immunoglobulin genetics and antibody responses to 
influenza in ducks. Dev Comp Immunol. 2011;35:1008–17.  
https://doi.org/10.1016/j.dci.2011.02.011

39. Poen MJ, Bestebroer TM, Vuong O, Scheuer RD, van der Jeugd HP, 
Kleyheeg E, et al. Local amplification of highly pathogenic avian 
influenza H5N8 viruses in wild birds in the Netherlands, 2016 to 
2017. Euro Surveill. 2018;23. https://doi.org/10.2807/1560-7917.
ES.2018.23.4.17-00449

40. Bahnson CS, Poulson RL, Krauss S, Webster RG, Stallknecht DE. 
Neutralizing antibodies to type A influenza viruses in shorebirds 
at Delaware Bay, New Jersey, USA. J Wildl Dis. 2018;54:708–15. 
https://doi.org/10.7589/2017-10-252

41. de Araujo J, de Azevedo Júnior SM , Gaidet N, Hurtado RF,  
Walker D, Thomazelli LM, et al. Avian influenza virus (H11N9) 
in migratory shorebirds wintering in the Amazon Region, Brazil. 
PLoS One. 2014;9:e110141. https://doi.org/10.1371/ 
journal.pone.0110141 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019 1909



RESEARCH

42. Kwon JH, Lee DH, Swayne DE, Noh JY, Yuk SS, Jeong S, et al. 
Experimental infection of H5N1 and H5N8 highly pathogenic  
avian influenza viruses in Northern Pintail (Anas acuta). Transbound 
Emerg Dis. 2018;65:1367–71. https://doi.org/10.1111/tbed.12872

43. Son K, Kim YK, Oem JK, Jheong WH, Sleeman JM, Jeong J.  
Experimental infection of highly pathogenic avian influenza 
viruses, Clade 2.3.4.4 H5N6 and H5N8, in Mandarin ducks from 
South Korea. Transbound Emerg Dis. 2018;65:899–903.  
https://doi.org/10.1111/tbed.12790

44. Kwon J-H, Noh J-Y, Jeong J-H, Jeong S, Lee S-H, Kim Y-J,  
et al. Different pathogenicity of two strains of clade 2.3.4.4c H5N6 
highly pathogenic avian influenza viruses bearing different PA  
and NS gene in domestic ducks. Virology. 2019;530:11–8.  
https://doi.org/10.1016/j.virol.2019.01.016

45. Pantin-Jackwood MJ, Costa-Hurtado M, Shepherd E, DeJesus E, 
Smith D, Spackman E, et al. Pathogenicity and transmission of H5 
and H7 highly pathogenic avian influenza viruses in Mallards.  
J Virol. 2016;90:9967–82. https://doi.org/10.1128/JVI.01165-16

46. Hall JS, Franson JC, Gill RE, Meteyer CU, TeSlaa JL, Nashold S, 
et al. Experimental challenge and pathology of highly pathogenic 
avian influenza virus H5N1 in dunlin (Calidris alpina), an  
intercontinental migrant shorebird species. Influenza Other  
Respir Viruses. 2011;5:365–72. https://doi.org/10.1111/ 
j.1750-2659.2011.00238.x

47. Hall JS, Krauss S, Franson JC, TeSlaa JL, Nashold SW,  
Stallknecht DE, et al. Avian influenza in shorebirds: experimental 

infection of ruddy turnstones (Arenaria interpres) with avian  
influenza virus. Influenza Other Respir Viruses. 2013;7:85–92. 
https://doi.org/10.1111/j.1750-2659.2012.00358.x

48. Fereidouni SR, Starick E, Beer M, Wilking H, Kalthoff D,  
Grund C, et al. Highly pathogenic avian influenza virus infection 
of mallards with homo- and heterosubtypic immunity induced by 
low pathogenic avian influenza viruses. PLoS One. 2009;4:e6706. 
https://doi.org/10.1371/journal.pone.0006706

49. Latorre-Margalef N, Brown JD, Fojtik A, Poulson RL, Carter D, 
Franca M, et al. Competition between influenza A virus  
subtypes through heterosubtypic immunity modulates re-infection 
and antibody dynamics in the mallard duck. PLoS Pathog. 
2017;13:e1006419. https://doi.org/10.1371/journal.ppat.1006419

50. Reperant LA, van de Bildt MW, van Amerongen G,  
Buehler DM, Osterhaus AD, Jenni-Eiermann S, et al. Highly  
pathogenic avian influenza virus H5N1 infection in a long- 
distance migrant shorebird under migratory and non-migratory 
states. PLoS One. 2011;6:e27814. https://doi.org/10.1371/ 
journal.pone.0027814

Address for correspondence: Michelle Wille, World Health  
Organization Collaborating Centre for Reference and Research on 
Influenza, Peter Doherty Institute for Infection and Immunity, 792 
Elizabeth St, Melbourne, Victoria 3000, Australia; email:  
michelle.wille@influenzacentre.org

1910 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 10, October 2019

EID Podcast
Community Interventions for Pregnant 
Women with Zika Virus in Puerto Rico

Visit our website to listen:
https://go.usa.gov/xy6nD
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Appendix Table 1. Hemagglutinin inhibition assay demonstrating fold differences between homologous and heterologous H5 clade 
antigens to the corresponding reference H5 clade ferret antibodies used in this study*  

Antigen 

Antibody 

1.1.1 
Cambodia 

2.1.3.2a 
Indonesia 

2.3.2.1b  
Barn Swallow 

2.3.2.1c 
Viet Nam 

2.3.4 
Guizhou 

2.3.4.4 
Gyrfalcon 

2.3.4.4 
Hubei 

1.1.1 Cambodia 1,280 <20 <20 <20 40 <20 <20 
2.1.3.2a Indonesia <20 640 <20 <20 <20 <20 <20 
2.3.2.1b BarnSwallow <20 <20 1,280 320 <20 <20 <20 
2.3.2.1c VietNam <20 <20 160 320 <20 <20 <20 
2.3.4.2 Guizhou 40 <20 <20 <20 640 <20 <20 
2.3.4.4 Gyrfalcon <20 <20 <20 <20 <20 160 <20 
2.3.4.4 Hubei <20 <20 <20 <20 <20 <20 80 
*1.1.1 Cambodia, A/Cambodia/X0810301/2013(H5N1); 2.1.3.2a Indonesia, A/Indonesia/NIHRD11771/2011(H5N1); 2.3.2.1b Barn Swallow, A/barn 
swallow/Hong Kong/D10-1161/2010(H5N1); 2.3.2.1c Viet Nam, A/duck/Vietnam/NCVD-1584/2012(H5N1); 2.3.4 Guizhou, A/Guizhou/1/2013(H5N1); 
2.3.4.4 Gyrfalcon, A/gyrfalcon/Washington/41088-6/2014(H5N8); 2.3.4.4 Hubei, A/Hubei/29578/2016(H5N6). Bold indicates homologous antigen-
antibody titer. 

 
 
 
 
Appendix Table 2. Summary of red-necked stint serum samples assayed for avian influenza H5 viruses, Australia, 2010–2018* 

Year† No. collected ELISA–positive‡ ELISA–inconclusive§ 
Tested by HI 

assay¶ 
HPAI H5–
positive# 

HPAI H5 prevalence, % 
(95% CI) 

2011–12 129 27 8 25 1 0.7 (0.04–4.9) 
2012–13 175 55 0 51 0 <0.001 
2013–14 274 47 1 43 2 0.7 (0.1–2.9) 
2014–15 280 75 0 67 5 1.8 (0.6–4.3) 
2015–16 261 15 12 23 2 0.7 (0.1–3.1) 
2016–17 177 25 10 30 8 4.5 (2.1–9.0) 
2017–18 235 51 16 68 5 2.1 (0.8–5.2) 

TOTAL 1,531 295 47 307 23 1.5 (1.0–2.3) 
*CI, confidence interval; HI, hemagglutinin inhibition; HPAI, highly pathogenic avian influenza. 
†Austral summer, October–April, when the species is in Australia. 
‡Sample/negative ratio <0.5, as defined by manufacturer (IDEXX, https://www.idexx.com). 
§Sample/negative ratio between 0.5–0.6, demonstrated by Brown et al. (1) and Shriner et al. (2) to indicate a positive result in wild bird samples. 
¶Includes samples for which the ELISA result was positive or inconclusive, and sufficient volume to run at least 3 antigens. 
#Positive for >1 of 7 HPAI H5 antigens used in this study. 
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Appendix Table 3. Summary of Pacific black duck serum samples assayed for avian influenza H5 viruses, Australia, 2010–2018* 

Year No. Collected ELISA–positive† 
ELISA–

inconclusive‡ 
Tested by HI 

assay HPAI H5–positive§ LPAI H5–positive¶ 

2011 114 60 13 72 0 9 
2012 92 65 13 74 0 4 
2013 75 48 7 44 0 1 
2014 21 12 2 14 0 1 
2015 0 0 0 0 0 0 
2016 20 8 0 8 0 0 
2017 11 2 0 2 0 0 
2018 61 20 7 26 0 1 

Total 394 215 42 20 0 16 
*HI, hemagglutinin inhibition; HPAI, highly pathogenic avian influenza; LPAI, low pathogenic avian influenza. 
†Sample/negative ratio <0.5, as defined by manufacturer (IDEXX, https://www.idexx.com). 
‡Sample/negative ratio between 0.5–0.6, demonstrated by Brown et al. (1) and Shriner et al. (2) to indicate a positive result in wild bird samples. 
§Positive for any of 7 HPAI H5 antigens used in this study. 
¶Positive for either of the 2 LPAI H5 antigens used in this study. 

 
 
 
 
Appendix Table 4. Temporal patterns of circulation of avian influenza H5 virus clades, globally*  

H5 clade 

Year 

Total 2010 2011 2012 2013 2014 2015 2016 2017 2018 

1 2 
        

2 
1.1.1 13 1 2 

      
16 

1.1.2 14 16 29 39 
     

98 
1.1-like 1 

        
1 

2.1.3.1 3 2 
     

1 
 

6 
2.1.3.2 11 

        
11 

2.1.3.2a 16 22 4 2 1 
    

45 
2.1.3.2b 13 10 1 

   
1 

  
25 

2.1.3.2-like 7 
        

7 
2.1.3.3 2 

        
2 

2.2.1 46 11 1 1 1 
 

1 
  

61 
2.2.1.1 10 2 

   
2 2 

  
16 

2.2.1.1a 43 6 
  

1 
 

1 
  

51 
2.2.1.2 20 99 42 51 63 104 28 1 

 
408 

2.2.2 5 
        

5 
2.2.2.1 17 15 

       
32 

2.3.2.1 1 
        

1 
2.3.2.1a 4 50 147 43 32 24 37 61 11 409 
2.3.2.1b 7 19 4 4 

     
34 

2.3.2.1c 51 114 51 135 89 241 66 9 16 772 
2.3.4 19 5 3 

      
27 

2.3.4.1 6 
        

6 
2.3.4.2 15 3 

       
18 

2.3.4.4 7 6 7 56 233 403 117 85 6 920 
7.2 4 2 7 9 8 2 

   
32 

Am-nonGsGD 27 106 42 76 34 25 80 27 
 

417 
EA-nonGsGD 12 31 4 4 10 8 4 

  
73 

Total 376 520 344 420 472 809 337 184 33 3,495 
*Lineage determined by assessments of sequences deposited in GenBank (https://www.ncbi.nlm.nih.gov/genbank). We downloaded metadata for all 
avian influenza H5 virus hemagglutinin sequences from 2010–2018 (n = 3,495) curated in the Influenza Research Database (https://www.fludb.org). 
Bold indicates clades included in this study. 
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Appendix Figure. Heatmap of serum samples positive for either highly pathogenic or low pathogenic 

avian influenza H5 virus antigens used in this study. A) Samples from red-necked stints. Year refers to 

the austral summer (October–April), when this species is in Australia. B) Samples for Pacific black ducks. 

White indicates serum samples not tested; gray indicates a titer <20, which was the starting titer of this 

assay; and blue indicates samples containing neutralizing antibodies, shades vary by hemagglutinin 

inhibition titer (20–160). Sample numbers are ordered by collection year on the y-axis. Antigens used in 

this study are on the x-axis and abbreviated with relevant clade information. 
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