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Abstract

During 2014, highly pathogenic (HP) influenza A viruses (1AVSs) of the A/Goose/
Guangdong/1/1996 lineage (GsGD-HP-H5), originating from Asia, were detected in domestic
poultry and wild birds in Canada and the US. These clade 2.3.4.4 GsGD-HP-H5 viruses included
reassortants possessing North American lineage gene segments; were detected in wild birds

in the Pacific, Central, and Mississippi flyways; and caused the largest HP 1AV outbreak in
poultry in US history. To determine if an antibody response indicative of previous infection with
clade 2.3.4.4 GsGD-HP-H5 1AV could be detected in North American wild waterfowl sampled
before, during, and after the 2014-15 outbreak, sera from 2,793 geese and 3,715 ducks were
tested by blocking enzyme-linked immunosorbent assay and hemagglutination inhibition (HI)
tests using both clade 2.3.4.4 GsGD-HP-H5 and North American lineage low pathogenic (LP)
H5 1AV antigens. We detected an antibody response meeting a comparative titer-based criteria
(HI titer observed with 2.3.4.4 GsGD-HP-H5 antigens exceeded the titer observed for LP H5
antigen by two or more dilutions) for previous infection with clade 2.3.4.4 GsGD-HP-H5 1AV in
only five birds, one Blue-winged Teal (Spatula discors) sampled during the outbreak and three
Mallards (Anas platyrhiynchos) and one Canada Goose (Branta canadensis) sampled during the
post-outbreak period. These serologic results are consistent with the spatiotemporal extent of the
outbreak in wild birds in North America during 2014 and 2015 and limited exposure of waterfowl
to GsGD-HP-H5 1AV, particularly in the central and eastern US.

Keywords

Clade 2.3.4.4; ducks; geese; hemagglutination inhibition; H5; influenza A virus; North America;
serology

INTRODUCTION
In November 2014, a highly pathogenic (HP) H5N2 influenza A virus (IAV) of the A/Goose/

Guangdong/1/1996 (GsGD-HP-H5) lineage was detected in domestic turkeys in Canada
(Pasick et al. 2015). Subsequently, this virus, a progenitor HP H5N8 1AV, and additional
reassortant viruses containing North American lineage 1AV gene segments were detected
in wild birds and domestic poultry in the US (Lee et al. 2016). Most of the isolates

from wild birds originated from ducks, geese, and raptors (Ip et al. 2015; Bevins et al.
2016; Ramey et al. 2017). Among poultry, backyard and commercial chicken and turkey
flocks were infected, with the most extensive losses occurring in Minnesota, lowa, and

Page 2

surrounding Midwestern states (US Department of Agriculture 2015). The H5N2 subtype
was the predominant GsGD-HP-H5 AV isolated from both domestic poultry and wild birds
during 2014-15 (Saito et al. 2015).

The clade 2.3.4.4 GsGD-HP-H5 IAV, which was first detected in Southeast Asia in 2014,
probably entered North America with migratory wild birds via Alaska and was further
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dispersed by wild birds within the continent (Lee et al. 2015; Ramey et al. 2016). From
November 2014 to June 2015, various subtypes of clade 2.3.4.4 GsGD-HP-H5 IAV were
detected from numerous waterfow! species sampled in the Pacific, Central, and Mississippi
flyways (Bevins et al. 2016; Krauss et al. 2016). However, from June 2015 to present in
North America, there have been no cases of clade 2.3.4.4 GsGD-HP-H5 IAV infection

in domestic poultry and few detections from wild waterfowl. After June 2015, there

have been only four detections from wild waterfowl, all from individual Mallards (Anas
platyrhynchos), including birds sampled during July 2015 in Utah, November 2015 in
Oregon, August 2016 in Alaska, and December 2016 in Montana (Lee et al. 2017; US
Department of Agriculture 2017). While these results and subsequent sequencing of the
August 2016 sample provide evidence that clade 2.3.4.4 GsGD-HP-H5 IAV persisted in
North America for more than a year after these viruses were eradicated from poultry, there
is no recent evidence that HP viruses continue to circulate among North American wild bird
populations (Krauss et al. 2016).

Serologic approaches to 1AV surveillance have been successfully used as supportive tools
in epidemiologic studies of low pathogenic (LP) 1AV in wild birds (Brown et al. 2010).
Most of these applications have utilized tests for influenza A conserved antigens such

as nucleoproteins (NPs) that provide no information related to the presence of antibodies
to specific 1AV subtypes or strains. There have been several attempts to serologically
identify birds that have been naturally infected with GsGD-HP-H5 lineage viruses. Gilbert
et al. (2014) tested wild bird sera collected in Mongolia, the Netherlands, and Norway by
hemagglutination inhibition (HI) against a panel of clade 0, 1, 2.1, 2.2, and 2.3 GsGD-HP-
H5 antigens. Serum samples from wild birds were collected from areas in Mongolia that
had experienced eight outbreaks of GsGD-HP-H5 lineage viruses representing clades 2.2
and 2.3.2.1 (Gilbert et al. 2012), while those from Europe were collected from areas where
HP 1AV outbreaks were rare or absent. Based on the Hl titer differences observed with

a panel of H5 antigens, a bias in HI antibody titers suggestive of previous exposure to

the GsGD-HP-H5 viruses was detected with the Mongolian samples, but not the European
serum samples (Gilbert et al. 2014). More recently, combined virologic and serologic (HI
and microneutralization [MNt]) approaches were used in Europe related to surveillance for
clade 2.3.4.4 HP H5N8 viruses (Poen et al. 2016, 2018; Hill et al. 2019). In those studies,
HI antibodies suggestive of clade 2.3.4.4 GsGD-HP-H5 IAV exposure were detected in
Mute Swan (Cygnus olor), Lesser White-fronted Geese (Anser erythropus), Egyptian Goose
(Alopo-chen aegyptiaca), Mallard, Eurasian Wigeon (Mareca penelope), Black-headed
Gull (Chroicocephalus ridibundus), and Common Coot (Fulica atrd). These results were
consistent with the wild bird species that were positive for virus isolation of HP HSN8 from
Russia, the Netherlands, and Sweden (Poen et al. 2016).

The introduction and subsequent outbreak of clade 2.3.4.4 GsGD-HP-H5 IAV in North
America during 2014-15 and the wild bird surveillance efforts that accompanied this
outbreak provided an opportunity to further evaluate the utility of serologic-based
surveillance to detect evidence of previous infection with these viruses. The objective of
this study was to determine if antibody responses suggestive of previous infection with
clade 2.3.4.4 GsGD-HP-H5 1AV could be detected in North American waterfowl sampled
before (prior to 1 November 2014), during 1 November 2014-30 May 2015), and after
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(1 June 2015-31 January 2016) the 2014-15 outbreak. Results provided information that
facilitates further evaluation of the spatiotemporal extent of the outbreak in North America
and information on the potential utility of subtype-specific serology as a complementary
surveillance tool related to HP 1AV outbreaks that involve both wild and domestic birds.

MATERIALS AND METHODS
Wild birds sampled

Serum samples tested in this study were collected by personnel from the Minnesota
Department of Natural Resources, West Virginia Division of Natural Resources,
Pennsylvania Game Commission, Georgia Department of Natural Resources, US
Department of Agriculture (USDA) Wildlife Services, US Geological Survey (USGS)
Alaska Science Center, USGS Patuxent Wildlife Research Center, USGS Western
Ecological Research Center, University of California—Davis, the Ohio State University,
and University of Georgia. Capture methods included rocket netting, swim-in traps, and
driving of flightless molting birds into capture pens. Samples were also collected from
hunter-harvested birds. Blood samples from live birds were collected via jugular, brachial,
or tarsal veins. All collections were made in compliance with the specific agency’s or
institution’s animal care and use policy, and, when applicable, committee approval and all
appropriate state and federal wildlife collection permits were obtained.

Antigen preparation

Virus antigens used for antibody testing included 1) wild type (wt) North America H5 low
pathogenicity avian influenza (LPAI) A/Blue-winged Teal/Texas/Al12-4150/2012 (H5N2)
(LP-wtBWT/TX) and A/Mallard/Minnesota/A111-3933/2011 (H5N1) (LP-wtmallard/MN)
viruses; 2) inactivated GsGD-H5 HPAI A/Gyrfalcon/Washington/41088-6/2014 (H5N8)
(HP-GYR/WA\) and GsGD A/Turkey/Minnesota/9845/2014 (H5N2) (HP-TKY/MN) viruses,
kindly provided by the National Veterinary Services Laboratory (NVSL), USDA, Ames,
lowa; and 3) viruses carrying hemagglutinin (HA) and neuraminidase (NA) from selected
virus strains with the internal genes of the laboratory-adapted A/Puerto Rico/08/1934
(HIN1) strain (PR/08). Recombinant viruses were rescued by standard reverse genetics
(rg) techniques (Perez et al. 2017) using HA/NA pairs from A/Chicken/Netherlands/
EMC-3/2014 (AH5N8) (HP-rgCHK/Netherlands, provided by Erasmus Medical Center,
Rotterdam, the Netherlands), A/Snow Goose/Missouri/CC15-84a/2015 (DH5N2) (HP-
rgSnow/MO, provided by St. Jude Children’s Research Hospital, Memphis, Tennessee),
and North America H5 LPAI A/Blue-winged Teal/Texas/Al12-4150/2012 (H5N2) (LP-
rgBWT/TX) viruses.

Antibody testing

All serum samples were initially screened using a commercial blocking enzyme-linked
immunosorbent assay (bELISA; IDEXX Al MultiS-Screen AB test, IDEXX Laboratories,
Westbrook, Maine, USA). Samples were classified based on serum/negative (s/n) optical
density ratios as positive (s/n<0.5), suspect (0.5>s/n<0.7), or negative (s/n>0.7). The s/n<0.5
value represents the positive threshold recommended by the manufacturer. Classification of
samples as suspect was based on results for experimentally and naturally infected waterfowl
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that suggest such samples may also represent previously 1AV-exposed birds (Brown et al.
2010; Tolf et al. 2013; Shriner et al. 2016). All samples testing positive were further tested
by HI. In order to validate the use of the bELISA as a screening test, limited numbers of
bELISA suspect and negative samples also were tested by HI.

Serum samples were tested for antibodies to H5 AV using a standard HI procedure. The
testing protocol, with minor exceptions, paralleled the testing strategy used in Europe

as described by Poen et al. (2016). All samples were treated at a 1:4 dilution with
receptor-destroying enzyme (Denka Seiken Co., Ltd., Tokyo, Japan). Sera (25 pL) were
initially screened by HI using turkey red blood cells at a serum dilution of 1:16 against
LP-rgBWT/TX and HP-GYR/WA antigens at four HA units each. Samples demonstrating
nonspecific hemagglutination of turkey red blood cells were not tested further and were not
included in the HI data summaries. Samples testing HI positive at the 1:16 screen for either
antigen were tested a second time at dilutions from 1:16 to 1:512 against LP-rgBWT/TX,
HP-GYR/WA, and HP-TKY/MN antigens.

To validate HI as a means of differentiating between antibodies to clade 2.3.4.4 GsGD-
HP-H5 and North American lineage LP H5 1AV, additional antigens that included clade
2.3.4.4 HP-TKY/MN as well as North American lineage LPAI antigens LP-rgBWT/TX, LP-
wtBWT/TX, and LP-wtmallard/MN were tested against control and field sera. The serum
panel included antisera against HP-GYR/WA and clade 2.3.4.4 GsGD-HP-H5 A/northern
pintail/Washington/40964/2014 (H5N2) produced in chickens provided by NVSL and the
Southeast Poultry Research Laboratory (SEPRL), Agricultural Research Service, USDA,
sera from experimental infections of mallards with HP-GYR/WA provided by SEPRL

or North American LP A/mallard/Minnesota/355779/2000 (H5N2) 1AV, and field serum
samples collected in 2012 from Mute Swans in Michigan (provided by Wildlife Services,
USDA) and Snow Geese (Anser caerulescens) sampled in Texas, prior to the 2014-15
detection of clade 2.3.4.4 GsGD-HP-H5 viruses in North America.

In order to investigate the potential utility of MNt to differentiate between antibodies to
clade 2.3.4.4 GsGD-HP-H5 viruses and North American LP H5 1AV, LP-rgBWT/TX, HP-
rgCHK/Netherlands, and HP-rgSnow/MO were used. Testing was limited to serum samples
with HI titers for the clade 2.3.4.4 GsGD-HP-H5 antigens that exceeded titers observed with
LP-rgBWT/TX by at least a single dilution. The MNt was conducted as previously described
using Madin-Darby canine kidney cells and 100 median tissue culture infective doses of
antigen (Wong et al. 2016).

Data analysis

A sample was regarded as having an antibody titer biased to clade 2.3.4.4 GsGD-HP-H5
IAV and indicative of previous exposure if the HI titer observed with HP-GYR/WA or
HP-TKY/MN exceeded the titer observed for LP-rgBWT/TX by two or more dilutions.
Samples with a one dilution bias were regarded as suggestive of clade 2.3.4.4 GsGD-HP-H5
IAV exposure. The same criteria were used for MNt with LP-rgBWT/TX antibody titer
results compared with titers obtained with the HP-rgCHK/Netherlands and HP-rgSnow/MO
antigens.

J Wildl Dis. Author manuscript; available in PMC 2022 January 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stallknecht et al.

RESULTS

HI validation

Page 6

Comparisons of antibody titers for clade 2.3.4.4 GsGD-HP-H5 and North American LP
IAV antigens for control sera (/7=3) and sera from experimentally infected Mallards (/7=7)
correctly identified exposures to either clade 2.3.4.4 GsGD-HP-H5 or North American
lineage LP H5 1AV (Table 1). Comparative antibody titers (<2 dilution difference) also
correctly identified North American lineage LP H5 1AV exposure in 11 of 14 Snow Geese
and Mute Swans sampled 2 years prior to the detection of clade 2.3.4.4 GsGD-HP-H5 1AV
in North America (Table 1). Antibody titers in the remaining three samples were too low
to discriminate. Although there was good agreement among results derived using different
clade 2.3.4.4 GsGD-HP-H5 and North American lineage LP 1AV, the most consistent results
were observed with HP-GYR/WA and LP-rgBWT/TX. Consequently, these viruses were
selected as antigens for subsequent HI screening.

Waterfowl samples

Serum samples were obtained from 2,793 hatch year and adult geese representing three
species from seven states (Supplementary Material Table 1). All geese were sampled during
the post-outbreak period from 1 June 2015 to 30 January 2016 (Fig. 1). Samples from geese
were distributed among the Pacific (7=305), Central/Mississippi (7=1426), and Atlantic
(m=1062) flyways. Serum samples were obtained from 3,715 ducks representing 12 species
from nine states (Supplementary Material Table 2). Ducks were sampled from March

2014 to March 2016 during the pre-outbreak (7=111), outbreak (/7=968), and post-outbreak
(m=2636) periods (Fig. 1). Samples were distributed among the Pacific (7=528), Central/
Mississippi (/7=2205), and Atlantic (7=982) flyways.

bELISA, HI, and MNt

Of the 2,793 geese tested, 734 tested positive for antibodies to the 1AV NP as determined by
bELISA. A higher proportion of antibody-positive samples originated from after hatch year
(AHY; 37.3%, 703/1,886, 95% confidence limit [CL] 0.351-0.395) compared to hatch year
(HY; 3.4%, 31/907, 95% CL 0.023-0.048) birds (Supplementary Material Table 1). This
same relationship was observed with ducks; 1,934 of 3,715 ducks tested were NP antibody—
positive by bELISA, and a higher proportion of bELISA-positive samples originated from
AHY (57.4%, 1,361/2,370, CL 0.553-0.592) as compared to HY ducks (42.2%, 559/1,327,
CL 0.397-0.450; Supplementary Material Table 2).

Although some samples were excluded from HI testing as a result of nonspecific binding

to turkey red blood cells, sample losses were not excessive; for geese and ducks, HI

results were recorded for 91.3% (1,623/1,776) and 87.1% (2,038/2,340) of samples tested,
respectively. To evaluate the use of bELISA as a screening test for subsequent HI testing, all
birds collected from Minnesota, Pennsylvania, and West Virginia regardless of bELISA
status were tested by HI. With geese (all samples were from Canada Goose [ Branta
canadensis]), HI results were obtained from negative, suspect, and bELISA-positive samples
with 0.4% (3/760), 7.3% (12/165), and 19.3% (75/389) testing positive for one or more

H5 LAV antigens, respectively. Overall, 86% of the total HI-positive samples from geese
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also tested positive on the bELISA screen, and 97% tested either bELISA-positive or
suspect. Similar results were observed with ducks, where HI tests results obtained from

295 negative, 150 suspect, and 523 bELISA-positive sera samples yielded 1.0% (3/295),
8.6% (13/150), and 15.3% (80/523) H5 HI—positive results, respectively. Overall, 83% of
the total HI-positive samples from ducks also tested positive on the bELISA screen; 97% of
these HI-positive samples were classified as positive or suspect on the bELISA screen.

Antibodies to H5 1AV as determined by HI were detected in Canada Goose, Snow Goose,
Cackling Goose (Branta hutchinsif), Mallard, Blue-winged Teal (Spatula discors), Northern
Pintail (Anas acuta), American Black Duck (Anas rubripes), Green-winged Teal (Anas
creccd), Northern Shoveler (Spatula clypeata), White-winged Scoter (Melanitta fusca),
Long-tailed Duck (Clangula hymalis), Lesser Scaup (Aythya affinis), and Greater Scaup
(Aythya marila, Supplementary Material Tables 1, 2). The distribution of comparative
antibody titers to North American lineage LP H5 and GsGD-HP-H5 IAV antigens for goose
and duck sera demonstrated a strong bias toward North American lineage antigens (Fig. 2).
Comparative HlI titers indicative of clade 2.3.4.4 GsGD-HP-H5 IAV exposure (=2 dilution
difference) were restricted to sera obtained from a single Canada Goose, three Mallards, and
one Blue-winged Teal (Table 2). Three of these birds were sampled in Minnesota less than
4 mo after the end of the outbreak. A smaller bias toward clade 2.3.4.4 GsGD-HP-H5 1AV
suggestive of exposure (a one-dilution HlI titer difference) was identified in three samples
from Mallards: two from Minnesota and one from Alaska sampled in the summer and fall of
2015 (results not shown).

Although comparative antibody titers observed with MNt correctly identified previous
exposure to North American lineage or clade 2.3.4.4 GsGD-HP-H5 1AV in control sera

and experimentally infected Mallards, agreement with the clade 2.3.4.4 GsGD-HP-H5

HI comparative bias indicative of previous exposure (two dilutions higher than the LP-
rgBWT/TX titers) and weaker bias suggestive of prior exposure (one dilution higher
antibody compared to LP-rgBWT/TX) was limited to field serum samples from one Canada
Goose and two Mallards from Minnesota. The 2.3.4.4 GsGD-HP-H5 AV antibody titer
from the Canada Goose observed with MNt exceeded the LP-rgBWT/TX antibody titer by a
single dilution (Table 3).

DISCUSSION

Serologic testing of North American waterfowl sampled as part of this investigation
provided limited evidence of previous infection with the clade 2.3.4.4 GSGD-HP-H5 IAV,
which appears to contrast virologic results reported for wild birds inhabiting the Pacific
Flyway during 2014-15. The low numbers of birds exhibiting serologic evidence of previous
infections with clade 2.3.4.4 GsGD-HP-H5 1AV also is much lower than that reported for
Europe, where antibody prevalence in birds tested from 2014 to 2017 ranged from 1% to
33% depending on species (Poen et al. 2018). Possible explanations for this include a spatial
bias in sampling to eastern North American flyways and temporally after June 2015. Most of
the reported isolates of clade 2.3.4.4 GsGD-HP-H5 IAV in North America were associated
with waterfowl sampled in the Pacific and Central flyways (not including Texas) during the
winter of 2014-15. Most of our samples from geese and ducks were collected from the
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Mississippi-Central flyway (including Texas; 51% of geese, 59% of ducks) and the Atlantic
Flyway (38% of geese, 26% of ducks), where few clade 2.3.4.4 GsGD-HP-H5 viruses were
reported from wild birds (Bevins et al. 2016). Unlike the European studies, our sampling
also was primarily associated with a post-outbreak period, with 100% and 68% of sera from
geese and ducks, respectively, collected after 1 June 2015. An additional consideration is
the uncertainty associated with the actual prevalence of clade 2.3.4.4 GsGD-HP-H5 IAV in
North American waterfowl. Although these viruses were commonly reported in waterfowl
inhabiting the Pacific Flyway during 2014 and early 2015, prevalence estimates during the
peak period of waterfow! detections were estimated at 0.8-1.3% (Bevins et al. 2016; Ramey
et al. 2017). In contrast, few detections were reported from the Mississippi Flyway, where
active surveillance often failed to detect evidence of infection in waterfowl despite numerous
detections among commercial poultry flocks in this region (Jennelle et al. 2016).

Although sampling of wild waterfow! for this study was spatially and temporally biased,
our results are consistent with previous inference (Bevins et al. 2016) regarding the
spatiotemporal extent of the clade 2.3.4.4 GsGD-HP-H5 1AV outbreak in North America,
particularly pertaining to wild birds. Most of our waterfowl samples originated from the
Mississippi and Central flyways; all but one sample that met our criteria as antibody biased
to a clade 2.3.4.4 GsGD-HP-H5 virus originated from these flyways. These putatively
antibody-positive sera included samples from an AHY Canada Goose and a HY Mallard
that were collected in counties in Minnesota where domestic turkeys had been previously
infected, one HY Mallard that was sampled in northern Minnesota, and one HY Blue-
winged Teal sampled in Texas. Clade 2.3.4.4 GsGD-HP-H5 IAV infections were detected

in both Mallards and Canada Geese during the 2014-15 outbreak (Bevins et al. 2016). The
lone sample outside of the Mississippi-Central flyway that met the two dilution bias criteria
was from an AHY Mallard in western Pennsylvania (Atlantic Flyway). Although there were
no detections of clade 2.3.4.4 GsGD-HP-H5 viruses from this flyway during the 2014-15
outbreak, this bird was sampled from a location on Lake Erie where the Mississippi and
Atlantic flyways meet. Results from these few positive samples and the numerous negative
samples are difficult to interpret but are consistent with a very low prevalence of exposure
among wild birds within the central US during the outbreak and a dearth of evidence for the
spread of GsGD-HP-H5 1AV to wild or domestic birds in the eastern US.

Based on the results from this study and previous work in Europe (Gilbert et al. 2014;

Poen et al. 2016, 2018; Hill et al. 2019), serologic monitoring may have application

to understanding if an introduction of an exotic 1AV such as GsGD-HP-H5 1AV will

be maintained in wild waterfowl populations. However, many unknowns related to data
interpretation remain. Limitations include an unknown longevity of the detectable antibody
response, potential nonspecific reactions, a variable antibody response to a specific subtype
or strain, the effect of previous AV infections on serologic response, and unknown effects
related to antigenic diversity. All these limitations may be exacerbated by multiple exposures
to diverse AV subtypes, as often occurs in the normal life span of a waterfowl species.

Our results provide serologic evidence of previous infections with clade 2.3.4.4 GsGD-HP-
H5 1AVs in North American waterfowl. Based on the limited detections in this study, the
value of employing serologic surveillance for HP 1AV exposure in wild birds on a broad
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or national scale is unclear. However, such an approach may have value if applied to wild
bird species at specific sites, such as the testing of Eurasian Wigeon in Europe, where this
species has been implicated in dispersal of GSGD-HP-H5 1AV (Poen et al. 2016), or the
testing of intercontinental migrants in Beringia or the North Atlantic, where transcontinental
movements of avian influenza viruses have been documented (Dusek et al. 2014; Ramey

et al. 2015, 2018). This approach also may have application as a tool to support virologic
testing to assess if an introduced virus such as clade 2.3.4.4 GsGD-HP-H5 persists in North
American waterfowl populations. A third possible application relates to the potential use

of serologic assays to determine existing levels of AV immunity in wild bird populations
(Hill et al. 2019). In the present study, some species had a high prevalence of antibodies as
detected by bELISA, and antibodies to North American H5 IAV were detected using both
HI and MNL. It has been previously demonstrated in field and experimental studies that prior
infections with both homologous and heterologous 1AV can prevent infection, greatly reduce
the duration and extent of 1AV shedding, and result in a higher infective dose required for
subsequent infections (Latorre-Margalef et al. 2017; Segovia et al. 2018). Prevention and

a reduction in viral shedding also have been reported with GsGD-HP-H5 1AV challenges

of ducks and geese previously infected with LP IAV (Costa et al. 2011; Berhane et al.
2014). Unlike domestic poultry, wild waterfowl are routinely infected by multiple 1AVs;

it is possible that existing population immunity may limit the potential for a successful
introduction and subsequent spread of an exotic HP 1AV. Thus, serologic data, such as those
used in this study, may be useful to determine the potential for an exotic HP 1AV to cause
mortality and become established in waterfowl populations (Krauss et al. 2016; Hill et al.
2019).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Temporal distribution of serum samples from ducks and geese in relation to the clade
2.3.4.4 goose Guangdong lineage highly pathogenic H5 influenza A virus outbreak in North
America. Pre-outbreak (before 1 November 2014), outbreak (1 November 2014-1 June
2015), and postoutbreak (after 1 June 2015) periods are identified.
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Figure 2.
Hemagglutination inhibition (HI) titer bias among sera samples obtained from North

American waterfowl to clade 2.3.4.4 goose Guangdong lineage highly pathogenic (HP) H5
or North American lineage low pathogenic (LP) H5 influenza A viruses (1AV) antigens.
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