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Abstract

The American White Ibis (Eudocimus albus) is a nomadic wading bird common to wetland
habitats in the southeastern US. In south Florida, US, habitat depletion has driven many ibis

to become highly urbanized. Although they forage in neighborhood parks, artificial wetlands,
backyards, and golf courses, the majority continue to nest in natural wetlands, often in dense,
mixed species colonies. Adults and juveniles commonly disperse thousands of kilometers to other
breeding colonies along the Gulf and southeast Atlantic coasts, presenting the potential for close
contact with humans, domestic animals, and other wild bird species. Historically, wading birds
were not considered to be significant hosts for influenza A virus (1AV), yet as ibis regularly move
among various human, domestic animal, and wildlife interfaces, their potential to be exposed to
or infected with AV deserves attention. We experimentally challenged wild-caught, captive-reared
White Ibis (/7=20) with 1AV, tested wild White Ibis for 1AV, and serologically tested wild White
Ibis for antibodies to IAV. White Ibis were highly susceptible to experimental challenge with
H6N1 and H11N9 1AVs, with cloacal shedding lasting an average of 6 d. All 13 infected

birds seroconverted by 14 d postinfection as determined by microneutralization. In contrast, no
birds challenged with H3N8 were infected. We tested 118 swabs and 578 serum samples from
White Ibis captured in southeastern Florida for LAV infection and antibodies to 1AV, respectively.
Although no 1AVs were isolated, 70.4% serum samples were antibody positive by blocking
enzyme-linked immunosorbent assay (bELISA). Neutralizing antibodies to H1-H12 were detected
in 96.0% of a subset of bELISA positive birds (/7=196) and 81.0% tested antibody positive to

two or more hemagglutinin subtypes, indicating that exposure to multiple 1AVs is common. These
results provide evidence that White Ibis are susceptible and naturally infected with 1AV and may
represent a component of the 1AV natural reservoir system.

3Corresponding author (cbahnson@nd.gov).
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INTRODUCTION

Since the isolation of influenza A virus (1AV) in free-ranging waterfowl in 1972, extensive
research and surveillance efforts have firmly established that wild bird species of two orders,
Anseriformes and Charadriiformes, are important for maintaining 1AVs (Slemons et al.
1974; Webster et al. 1992; Olsen et al. 2006). Although our understanding of temporal and
spatial patterns of infection of birds in these orders has grown considerably, many questions
pertaining to 1AV maintenance and the potential contribution of other species within avian
communities remain. To understand the full scale of the natural 1AV reservoir, our research
scope may need to be broadened to focus on the role of other species not conventionally
recognized as AV hosts (Caron et al. 2017).

A starting point is to consider species with life histories compatible with established

IAV ecology and that have contact with known 1AV reservoirs. One such species is the
American White Ibis (Eudocimus albus). Like dabbling ducks, gulls, and shorebirds, ibis
utilize aquatic habitats and nest and roost in dense colonies that can number as high as
100,000 pairs in a single colony (Frederick et al. 1996; Cook and Baranski 2019). Although
not a true migratory bird, White Ibis are nomadic, undertake long-distance, unpredictable
movements, and cohabit areas utilized by overwintering Anseriforme and Charadriiforme
species (Heath et al. 2009). Although most White Ibis return to natural areas during the
breeding season in the spring, a large portion of White Ibis in southern Florida, US have
become highly urbanized, resulting in close contact with humans, peridomestic waterfowl,
backyard poultry, and other avian species that utilize urban parks, golf courses, backyards,
and zoos to forage (Hernandez et al. 2016; Murray et al. 2018). Furthermore, individual
White Ibis may disperse as far as 1,600 km to other populations throughout the southeastern
US (Frederick et al. 1996). Thus, White Ibis may serve to maintain, amplify, or disseminate
IAVs throughout the region, while also presenting a potential threat to human and domestic
animal health.

White Ibis are members of the Order Pelicaniformes, which also includes herons and
egrets. Birds in this order have rarely been a focus of 1AV surveillance, yet viral detections
or serologic evidence of infections have been reported from this group of birds on all
continents except Antarctica (Pfitzer et al. 2000; Ellis et al. 2004; Epstein et al. 2007).

In addition, Grey Herons (Ardea cinerea) are one of the species from which viruses have
been commonly isolated during recent highly pathogenic 1AV outbreaks in Eurasia, which
continue to threaten wild and domestic birds (Lee et al. 2017; Pohlmann et al. 2017; Woo et
al. 2017).

Given their life history, investigating the potential for White Ibis to be exposed to
and infected with AVs was warranted. In this study, we hypothesized that White Ibis
are susceptible and naturally infected with 1AV, and that related wading birds may be
an important component of the AV natural reservoir system. We assessed this by 1)
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experimentally challenging wild-caught, captive-reared White Ibis with three 1AVs; 2)
testing wild-caught White Ibis for IAVs; and 3) testing sera from wild-caught White Ibis
for antibodies to 1AV.

MATERIALS AND METHODS

Experimental infection

All husbandry, procedures, and methods used in this study were approved by the

University of Georgia (UGA) Institutional Animal Care and Use Committee (UGIACUC;
Animal Use permit A201609-012-A1). White Ibis were acquired under Florida scientific
collection permit LSSC-11-00119G and federal collection permit MB779238-2 through the
Southeastern Cooperative Wildlife Disease Study, UGA. Twenty, approximately 2-wk-old
nestlings were hand-caught in Broward County, Florida, US. They were transported to

UGA under Georgia Department of Natural Resources Import permit 1000529276, where
they were raised in confinement at UGA to approximately 7 mo old, then transferred to a
biosafety level 2 facility, where they were assigned to one of three groups housed in separate
rooms. The H3N8 and H6N1 groups each included five challenge birds with two control
birds that had direct contact with challenge birds. The H11N9 group included four challenge
birds and two control birds. Birds in each room were housed in large dog runs and had direct
contact with each other. Water was provided in four, approximately 40-cm-diameter, round
rubber tubs in each room, filled to a depth of approximately 7.5 cm. These were cleaned

and refilled with fresh water a minimum of twice daily. Birds were fed a mixture of a
commercially available pelleted diet (Mazuri Flamingo Breeder, PMI Nutrition International
LLC, St. Louis, Missouri, USA), seafood (smelt, shrimps), bread, eggs, and supplements in
platters twice daily. Platters were cleaned and sanitized twice daily. Cages were cleaned and
sanitized once daily.

The three Mallard (Anas platyrhynchos)-origin, low pathogenic avian influenza viruses used
in this study were A/mallard/MN/AI07-4724/2007 (H3N8), A/mallard/MN/AI109-4345/2009
(H6N1), and A/mallard/MN/AI08-3267/2008 (H11N9). Viruses were propagated by second
passage in 9-11-d-old specific-pathogen-free, embryonated chicken eggs (ECES). Viruses
were titrated in ECEs and the 50% embryo infectious dose (EIDsgq) was calculated (Reed
and Muench 1938). On day 0, inocula were diluted in brain—heart infusion (BHI) media

to the desired EIDsg, and back-titrations were performed in ECEs to confirm the titer. The
calculated titers were 1056 EID5p/0.1 mL of H3N8, 10%-2 EID5g/0.1 mL of H6N1, and 106-2
EID50/0.1 mL of H11NO.

Birds were allowed to acclimate in the biosafety level 2 rooms for 10 d prior to inoculation.
Three days prior to inoculation, blood was collected from each bird by jugular venipuncture
at a total volume less than or equal to 1% of the individual’s body mass. All birds

tested negative for antibodies to the 1AV nucleoprotein (NP) by blocking enzyme-linked
immunosorbent assay (bELISA; IDEXX Laboratories, Westbrooke, Maine, USA) performed
according to the manufacturer’s instructions and using a serum neutralization cutoff value
of 0.5. On day 0, challenge birds were inoculated via the choanal cleft with 0.1 mL of
inoculum containing one of the three viruses listed. Control birds were inoculated via the
choanal cleft with 0.1 mL of BHI media.
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White Ibis were monitored at least twice daily for evidence of clinical signs. Cloacal and
oropharyngeal swabs were collected immediately prior to inoculation and at 2, 4, 6, 8, 10,
and 14 d postinoculation (DPI). All swabs were placed in separate tubes containing 2 mL

of BHI media supplemented with antimicrobials and were kept on ice packs until long-term
storage at =80 C. At 4 DPI, water from each tub (four per room) was sampled by saturating a
sterile cotton-tipped applicator (Puritan Medical Products Company LLC, Guilford, Maine,
USA) prior to the tub being cleaned. An additional serum sample was collected at 14 DPI,

at which time all birds were humanely euthanized via carbon dioxide inhalation, followed by
cervical dislocation.

Virus isolation from all swabs collected at 4, 10, and 14 DPI was attempted in 9—

11-d-old ECEs (Webster et al. 2002). Extraction of RNA and molecular detection via

matrix real-time reverse transcriptase PCR (RRT-PCR) was attempted on all swabs
(Latorre-Margalef et al. 2017). Cycle threshold (Ct) values below 40 were considered
positive. All sera were tested for antibodies to the NP by bELISA, and sera collected

at 14 DPI were tested for neutralizing antibodies to H1-H12 by microneutralization

(MN; Wong et al. 2016). Viruses used as antigens included A/mallard/New
Jersey/Al12-4823/2012 (HIN1), A/mallard/Minnesota/Al108-2755/2008 (H2N3), A/mallard/
Minnesota/Al10-2593/2010 (H3N8), A/mallard/Minnesota/Al10-3208/2010 (H4N6), A/
mallard/Minnesota/Al111-3933/2011 (H5N1), A/mallard/Minnesota/Sg-00796/2008 (H6N1),
A/mallard/Minnesota/Al08-3770/2009 (H7N9), A/mallard/Minnesota/SG-01048/2008
(H8N4), A/ruddy turnstone/Delaware/Al11-809/2011 (HON2), A/mallard/Minnesota/
SG-00999/2008 (H10N7), A/mallard/Minnesota/SG-00930/2008 (H11N9), and A/mallard/
Minnesota/Al07-3285/2007 (H12N5). Viral subtypes H13 and H16 were not included in
testing because appropriate viral titers cannot be achieved in Madin-Darby canine kidney
cells (American Type Culture Collection, Manassas, Virginia, USA) with conventional
techniques.

Virus isolation and serologic testing of wild White Ibis

White Ibis were live captured in Palm Beach and Martin counties in southern Florida

in March 2010 (/7=12); December 2012 (/=36); and July, August, and December 2013
(m=72), as part of a previous study (Hernandez et al. 2016); in March—-April 2014 (n7=120)
under Florida scientific collection permit LSSC-11-00119C, federal collection permit
MB779238-2, and UGIACUC Animal Use permit A2013 01-005-R3; and in October 2015-
August 2017 (7=338) under Florida scientific collection permit LSSC1-11-100119G, federal
collection permit MB779238-2, and UGIACUC Animal Use permit A2016 11-019-Y2-Al.

Birds were captured using nylon slip-knot leg lassos, modified manually operated flip traps,
and mist nets with decoys (Murray et al. 2018). An oropharyngeal swab and either cloacal
or fecal swab were collected and placed in a single vial containing 2 mL of BHI media
supplemented with antimicrobials. These were kept on ice packs until being placed in
long-term storage at —80 C. A subset of samples from March 2010 (/7=60), August 2013
(rm=21), and March 2014 (7=37) were later thawed and virus isolation was attempted in
9-11-d-old ECEs (Webster et al. 2002).
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Blood samples were collected by jugular venipuncture at a total volume less than or equal
to 1% of the individual’s body mass. Samples were kept on ice until centrifugation, within
8 h of collection. The plasma fraction was aliquoted and frozen, and later thawed and tested
by bELISA, then refrozen. Samples from 2015-17 that were positive by bELISA were
rethawed and tested for neutralizing antibodies to H1-12 by MN.

Statistical analyses

RESULTS

Birds were considered infected if positive virus isolation or RRT-PCR results were
obtained from either cloacal or oropharyngeal swabs. The average duration of cloacal and
oropharyngeal shedding for each viral challenge group was calculated by taking the mean
number of days positive RRT-PCR results were obtained from challenged birds. The mean
Ct value was calculated for oropharyngeal and cloacal samples from challenged birds in
each group each day. For the purpose of determining the mean value, RRT-PCR results
greater than 40 were assigned a value of 45.

Wild White Ibis plasma samples collected in February and March were designated spring;
samples collected in June, July, and August were designated summer; and samples collected
in October, November, and December were designated fall. For serum samples collected
between 2015 and 2017, the proportion of urban land cover within a 650-m radius of each
capture site was calculated using the 2016 Cooperative Land Cover (CLC version 3.2,
Florida Fish and Wildlife Conservation Commission, Tallahassee, Florida, USA) map for the
state of Florida in ArcGIS (Murray et al. 2018).

A Pearson’s chi-squared test was used to compare the number of bELISA positive

samples between seasons. It was also performed to compare the prevalence of neutralizing
antibodies for each subtype between seasons. The median proportion of urban land cover
at capture sites was compared between bELISA-positive and bELISA-negative birds within
each season using a nonparametric test (Wilcoxon rank-sum test). All calculations were
performed in STATA 15.1 (StataCorp LP, College Station, Texas, USA).

Experimental challenge

No evidence of clinical disease was observed in any bird. All birds inoculated with HGN1
and H11N9 shed virus as detected by RRT-PCR and virus isolation, and no virus was
detected from the H3N8 group (Table 1). Cloacal shedding lasted longer than oropharyngeal
shedding for both infected groups, averaging 6 d for the HGN1 group and 5 d for the H11N9
(Fig. 1). For both groups, the inverse mean Ct value of oropharyngeal shedding peaked at 4
DPI, and the value for cloacal shedding peaked at 6 DPI.

Viral shedding was also detected in control birds in the HGN1 and H11N9 groups beginning
on day 4. Virus was detected by RRT-PCR in all water samples collected from the H6N1 and
H11N9 challenge rooms. It was isolated from three of four water samples collected in the
H6N1 room and two of four water samples from the HL1N9 room. Virus was not detected or
isolated from the four water samples collected in the H3N8 challenge room.
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By 14 DPI, three of five inoculated birds and one of two control birds in the HGN1

group seroconverted, as determined by bELISA (Table 1). Neutralizing antibodies to H6
were detected in all birds in this group. Two birds also had neutralizing antibodies to

the H1 antigen. All inoculated birds and one of two control birds in the HL1N9 group
seroconverted, as determined by bELISA. Neutralizing antibodies to H11 were detected in
all birds in this group. Antibodies to other hemagglutinin subtypes were not detected. None
of the birds in the H3N8 group seroconverted as detected by bELISA or MN.

Virus isolation and IAV antibodies in wild White Ibis

No viruses were isolated from the 118 samples collected from wild White Ibis. Antibodies
to the NP were detected by bELISA in 70.4% (95% confidence interval [CI] 66.7-74.1)
of serum samples collected from 578 wild birds. The seasonal NP antibody prevalence for
summer, fall, and spring were 56.3% (95% CI 48.1-64.6), 68.5% (95% CI 61.2-75.7), and
78.8% (95% CI 74.0-83.7), respectively. The spring NP antibody prevalence was higher
than the prevalence in summer (£<0.001) and fall (P=0.016) and the prevalence in the fall
was higher than the summer (£=0.028). In bELISA-positive samples from 2015 to 2017
(m7=198), neutralizing antibodies to one or more hemagglutinin subtypes were detected in
95.9% (95% CI 93.1-98.7; Fig. 2). Neutralizing antibodies to two or more subtypes were
detected in 80.8% (95% CI 75.2-86.4) of these birds. Antibodies to H6, H12, H9, H5,

and H1 were most commonly detected with prevalences ranging from 39.4% to 61.6%.
Antibodies to H3, H4, and H8 were rarely or never detected (<2.0%).

The prevalence of H5 neutralizing antibodies in the summer and spring was 54.8% (95%

Cl 39.1-70.5) and 30.8% (95% CI 21.1-40.4) and was significantly different (=0.008).
The prevalence of H5 neutralizing antibodies in the fall was 49.2% (95% CI 36.7-61.7)

and was significantly different from the fall (A=0.019) but not the summer (P=0.576). There
was no significant difference in the prevalence of neutralizing antibodies by season for any
other subtype. The median urban land cover proportion of capture sites for birds positive
by bELISA in 2015-17 was higher than negative birds in the fall and spring (£=0.036 and
P=0.002, respectively) but not the summer (P=0.188).

DISCUSSION

A pathogen reservoir can consist of a system of interconnected maintenance and
non-maintenance populations (Haydon et al. 2002). Species in the Anseriformes and
Charadriiformes are well-recognized components of the 1AV reservoir system, yet we have
a nascent understanding of how other species contribute to 1AV maintenance dynamics. The
unique life history of White Ibis, particularly those that exploit urban environments during
their nonbreeding period, puts them in close contact with peridomestic and native waterfowl,
gulls, and several other aquatic and semiaquatic avian species, some of which they would
never contact in natural settings. Our results indicate that White Ibis can be experimentally
infected with 1AV and that a high proportion have serologic evidence of previous natural
infections. Given their shift from natural foraging to urban living, White Ibis may become
more significant to 1AV epidemiology.
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The relatively high antibody prevalence detected in wild White Ibis is comparable with
those detected in a number Anseriformes and Charadriiformes species (e.g., Maxted et al.
2012; Hall et al. 2014; Johnson et al. 2014). Interpreting serology in field investigations is
often confounded by incomplete information about antibody dynamics in a given species.
Knowing the length of antibody persistence following exposure would be helpful in
determining if the antibody profile we detected in the White Ibis population represents a
continuous cycle of frequent exposures or if it reflects single, sporadic exposures that occur
infrequently but remain detectable for many years, an important consideration, given White
Ibis’ relatively long lifespan. Regardless, our experimental challenge data suggested that
every White Ibis from which neutralizing antibodies were detected underwent a productive
infection that, in an experimental setting, was sufficient to infect other individuals in close
proximity.

We suspect that mock-inoculated birds in the HGN1 and H11N9 group became infected
through IAV-contaminated water, as we isolated 1AV in water samples at day 4, and
fecal-contaminated water is considered a major route by which 1AVs are transmitted in
Anseriformes (Stallknecht et al. 2010). Shedding patterns in White Ibis would have been
best characterized by performing viral titrations on fecal samples. Although we did not
attempt this, the RRT-PCR Ct-values obtained from cloacal swabs were comparable and
often much lower than values that were sufficient to infect Mallards (Brown et al. 2013).
Furthermore, we observed no detectable change in behavior during infection, suggesting that
I AV-infected wild White Ibis maintain the same movement, roosting, and foraging patterns,
regardless of infection status.

Our failure to isolate 1AV from free-ranging White Ibis may seem to undermine our
hypothesis. However, our sampling effort was far from exhaustive, assuming infection
dynamics within White Ibis have a spatial and temporal aspect, as is well documented

in Anseriformes and Charadriiformes (Krauss et al. 2004). For example, Stallknecht et al.
(1990) isolated only one 1AV from 272 ducks sampled in December and January in coastal
Louisiana, and there are numerous examples of failed efforts to detect virus in Ruddy
Turnstones (Arenaria interpres) outside of the Delaware Bay hot spot, where most viral
isolations are reported in this species (Krauss et al. 2010). Therefore, additional sampling
from White Ibis and related species throughout the year in the southeastern US is warranted.

A continued area of interest in AV ecology is the role of avian communities on wintering
grounds in maintaining 1AVs and driving their evolution. In North American wintering
grounds, this may be a function of interactions between migrating birds and resident avian
species such as Mottled Ducks (Anas fulvigula) in coastal Louisiana or egrets (Egrettasp.)
and herons (Family Ardeidae) in California (Stallknecht et al. 1990; Siembieda et al. 2010).
Although the overall prevalence of infections at these areas is much lower than in northern
latitudes, a higher diversity of subtypes is typically isolated, suggesting that wintering
grounds are an important place for 1AV reassortment and evolution (Hill et al. 2012). Our
findings that White Ibis are susceptible and have antibodies against various subtypes are
consistent with this framework and provide a number of mechanisms by which White Ibis
and related wading birds may contribute to AV dynamics on wintering grounds. At the very
least, they may serve to maintain |AVs in the short term while also amplifying the viral load
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in aquatic environments. In addition, the diversity of neutralizing antibodies in wild White
Ibis indicates that coinfections are plausible, which is the well-recognized mechanism for
IAV reassortment. Finally, there was a marked paucity of neutralizing antibodies to H3 and
H4, which are the most common subtypes isolated from ducks in northern latitudes (Wilcox
et al. 2011). Although this could be a function of White Ibis’ resistance to these subtypes,
as demonstrated in our experimental challenge, it may also reveal a temporal mismatch. The
vast majority of migrating waterfowl may clear infections with these subtypes by the time
they reach wintering grounds, resulting in a void in which less common 1AV subtypes can
circulate in avian communities.

In the US, agricultural and urban development in the last century has been
disproportionately intense in wintering areas, which may be resulting in a higher density
of mixed species of avian communities in remaining aquatic habitats (Dahl 2011; Hill et
al. 2012). Wetlands in Florida have been especially affected, yet White Ibis have been

able to respond by utilizing urban areas to forage (Dahl 2005; Hernandez et al. 2016). A
large portion of urbanized White Ibis shed Sa/monella, which may have important health
consequences to humans and the numerous gull and duck species with which they have
close contact (Hernandez et al. 2016). Our findings indicated that White Ibis with previous
exposure to |AV may use more urban areas during some portions of the year compared

to White Ibis with no evidence of previous exposure. The underlying causes for this are
unknown, but could reflect differences related to behavior or age structure within these
subpopulations. Nonetheless, this study demonstrated that the humans, domestic animals,
and peridomestic species in direct contact with White Ibis are epidemiologically linked to
IAV ecology in altered wintering areas. It is important to acknowledge the potential disease
risk this presents.
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Figurel.
Mean (£SE) real-time reverse transcriptase PCR cycle threshold (CT) values of

oropharyngeal and cloacal swabs collected from American White lbis (Eudocimus albus).
White Ibis were experimentally challenged with H3N8 (/7=5), H6N1 (/7=5), or H11N9 (r=4)
influenza A virus and sampled at 2, 4, 6, 8, 10, and 14 d postinfection. Cycle threshold
values less than 40 are considered positive. All values above 40 were assigned a value of 45.
No evidence of viral shedding was detected from the group challenged with H3NS8.
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Figure 2.
Prevalence of influenza A virus (IAV) neutralizing antibodies detected in serum samples

from American White Ibis (Eudocimus albus) that tested positive for antibodies by blocking
enzyme-linked immunosorbent assay (bELISA). Error bars represent 95% confidence
interval. White Ibis were live captured in Palm Beach and Martin counties in southern
Florida, USA in 2015-17. A total of 196 bELISA-positive samples were tested by
microneutralization. The bar labeled Mtpl represents the percentage of samples that
neutralized more than one 1AV subtype. These samples are also represented in individual
subtype columns.
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