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ABSTRACT

Avian influenza viruses (AIVs) regularly circulate between wild and domestic bird populations. Following several
high-profile outbreaks, highly pathogenic AIVs (HPAIV) with zoonotic potential have been the subject of
increasing attention. While we know that HPAIV is transmitted between domestic birds, wildlife, and the
environment, little is known about persistence and spillover/back at these interfaces. We integrated the test
results of samples collected on and around an infected domestic poultry premise (IP) where HSN1 HPAIV was
confirmed in a flock of poultry in 2022 in Southern Ontario, Canada to explore the transmission cycle of AIVs in
wildlife and the environment. We sampled a captive flock of Mallards (Anas platyrhynchos) that resided on site,
sediment samples collected from water bodies on site, and examined samples collected through surveillance
within a 100 km radius of the IP from live wild ducks and sick and dead wildlife. We found serologic evidence of
H5 exposure in the captive mallards that resided on site despite no evidence of morbidity or mortality in these
birds and no PCR positive detections from samples collected at two different timepoints. Genetic material from
the same H5N1 HPAIV subtype circulating in the domestic birds and from low pathogenicity avian influenza
viruses were detected in wetlands on site. The results of live and sick and dead surveillance conducted within a
100 km radius confirmed that the virus was circulating in wildlife before and after IP confirmation. These results
suggest that biosecurity remains the most critical aspect of minimising spillover/back risk in a virus that has been
shown to circulate in asymptomatic wild birds and persist in the surrounding environment.

1. Introduction

HPAIV has affected more than 11 million domestic birds since it began in
late 2021 and has cost hundreds of millions of dollars in disease man-

Avian influenza outbreaks come at enormous economic and agement and containment costs and in lost revenue [1]. At a global scale,
ecological cost. In Canada as of April 10th, 2024, an ongoing outbreak of HPALV outbreaks harm the global poultry industry, lead to job losses,
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and result in population declines and deaths among wild birds and
susceptible mammalian species [2]. Some HPAIVs can infect humans
and the first cases of chicken-human transmission of H5N1 occurred in
China in 1997. Of eighteen human patients, six died [3]. Between 2003
and 2021, the WHO identified 862 cases of avian influenza A(H5N1) in
humans, 455 of which resulted in death, constituting a case-fatality rate
of more than 50 % [4]. While the extent of bird-human transmission is
limited, the lethality of AIV in humans and the potential for ongoing
spillovers to result in sustained human-human transmission of avian
influenza are of mounting concern [5-8].

While improved diagnostic techniques and reporting infrastructure
have increased our ability to detect HPAIV outbreaks, the increase in
their frequency and intensity is in part due to changes in agricultural
practices that have led to increased densities of poultry populations, and
their proximity to wild birds [9,10]. Despite efforts to control the spread
of HPAIVs (e.g. improved biosecurity and monitoring), the viruses have
continued to circulate and evolve, resulting in recurrent outbreaks
[10,11].

Wild migratory birds are known reservoirs of LPAIV which have
spilled over to domestic flocks, where the virus can evolve to become
HPAIV [12]. However, increasingly frequent detections of HPAIVs in
wild birds have raised questions about their role in the maintenance and
spread of HPAIVs [10,12,13]. More specifically, recent work suggests
that HPAIVs are maintained through bidirectional viral exchange be-
tween domesticated and wild birds [3,14]. Further, bidirectional viral
exchange facilitates the adaptation of HPAIVs to wild birds, and pro-
motes dispersal and spread through migration, thus helping to explain
the shifting epidemiology of HPAIVs towards asymptomatic infection in
wild birds, and unprecedented rates of spread across the globe
[3,14-17]. In particular, H5Nx viruses belonging to the A/Goose/
Guangdong/1/96-derived HA clade 2.3.4.4 have steadily increased
their geographic and host ranges, becoming atypically persistent in wild
bird populations [17-20].

The potential for environmental compartments such as wetlands to
act as reservoirs for low- and high-pathogenicity AIVs is also an area of
growing concern. Waterborne transmission of AIV has been well-
established [21-23], and depending on temperature and salinity,
LPAIV and HPAIV have been shown to be viable in pond, river, and
seawater for between ten and more than sixty days [24-30]. Addition-
ally, PCR testing and targeted genomic sequencing of wetland sediment
has been used to detect and genotype multiple hemagglutinin (HA) and
neuraminadase (NA) AIV subtypes, including low- and high-
pathogenicity viruses [31,32]. Interestingly, empirical studies have
found that even low levels of environmental transmission can act as a
“persistence mechanism”, by which AIVs can continue to circulate
within populations too small to support an epidemic by direct trans-
mission alone [33]. Theoretical studies have supported this claim, sug-
gesting that locations themselves, in addition to individuals, may be
infectious, resulting in the (re-)occurrence of outbreaks in the absence of
direct transmission by animals [34]. From a management perspective, it
has also been shown that neglecting to consider environmental trans-
mission may limit our ability to accurately predict the magnitude and
duration of AIV epidemics [34].

Here, we integrate the results of samples collected during a defined
221-day timeframe on and around an infected domestic poultry premise
(IP) where 2.3.4.4b H5N1 HPAIV was confirmed in 2022 in Southern
Ontario, Canada. Specifically, we describe: (1) AIV RT-PCR results from
sick and dead birds and mammals within a 100 km radius of the IP, (2)
AIV RT-PCR results from samples collected during live wild bird sur-
veillance conducted within a 100 km radius of the IP, (3) AIV RT-PCR
and serological results from samples collected from a captive flock of
Mallards (Anas platyrhynchos) maintained in wetlands on the domestic
premises, and (4) AIV targeted genomic sequencing results from water
and sediment samples collected from wetlands on the domestic pre-
mises. By comparing these data across sectors during a similar time-
frame, we aim to highlight patterns and differences in viral presence and
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exposure.
2. Methods
2.1. Site and context

Due to privacy considerations, sampling dates and locations will be
referred to in relative terms. HSN1 HPAIV was confirmed in fall on a
commercial poultry premises by the Canadian Food Inspection Agency’s
(CFIA) National Centre for Foreign Animal Disease (NCFAD). The day of
HPAIV confirmation on premises is referred to as Day 0 and the facility is
then referred to as an ‘infected premises’ (IP). Following detection, the
flock of domestic poultry was depopulated by the CFIA in accordance
with the Health of Animals Act (Fig. 1).

The IP in question had wetlands on site including a series of five
ponds where approximately 15,000 “premise mallards” were raised for
commercial sale (Fig. S1). In this paper, we define “premise mallards” as
phenotypically indistinguishable, but behaviorally distinct from wild
mallards (Anas platyrhynchos). The poultry barn was approximately 100
m from the nearest pond. Premise mallards were fed daily on the
shoreline of that same pond. For context, each year a breeding stock of
approximately 500 premise mallards was maintained indoors over the
winter and the remaining birds were processed for commercial sale.
Eggs were collected from the breeding stock and incubated at a local
hatchery, and ducklings were reared in captivity for 4-6 weeks before
being released on site. After egg collection, the breeding stock was
processed for commercial sale. The premise mallards were fed twice
daily, and although flighted, were maintained on-site through animal
husbandry practices. Therefore, at the time of HSN1 HPAIV detection in
the commercial poultry flock, there were approximately 15,000 premise
mallards, hatched that same year, maintained outdoors in and around
the ponds on site. Premise mallards did not have any direct contact with
the poultry or access to the barn where the commercial poultry were
housed. Following confirmation of 2.3.4.4b H5N1 HPAIV in the do-
mestic birds, premise mallards were depopulated over the course of
three months (Fig. 1).

2.2. Sick and dead wild bird and wild mammal sampling within 100 km
of the IP

Sick and dead wild birds in the region were submitted to the Cana-
dian Wildlife Health Cooperative (CWHC) as part of Canada’s Inter-
agency Agency Surveillance Program for Avian Influenza Viruses in Wild
Birds [15]. Sick and dead wild mammals were also received by the
CWHC during this time frame. The relevant data for the region within
100 km of the IP were extracted in March 2023 from a database export
provided by the CWHC.

The CWHC conducts opportunistic surveillance for AIV on samples
submitted from carcasses, often by members of the public, as described
previously [15]. From each bird, an oropharyngeal and cloacal swab
were collected and pooled in a 3 mL Universal Transport Medium
(Copan Italia S.p.A., Brescia, Italy) and from each mammal an oral and
rectal swab were collected and pooled as above. Vials were kept cold
until transport to the diagnostic laboratory. The data were filtered to
include carcasses originating within a 100 km radius of the IP in the
eight weeks preceding and following Day 0. We included mammals in
this analysis in addition to birds given their susceptibility to HPAIV [35]
to provide a more comprehensive understanding of viral presence on the
landscape within the vicinity of the IP. Sample data were aggregated by
week for descriptive purposes.

2.3. Live apparently healthy wild bird sampling within 100 km of the IP
We queried the Environment and Climate Change Canada (ECCC)

ALV surveillance dataset for live wild birds captured and sampled for AIV
as part of Canada’s Interagency Agency Surveillance Program for Avian
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Fig. 1. Timeline of events in relation to the detection of Highly Pathogenic Avian Influenza Virus (HPAIV) on the infected premise (IP). The date of the detection at

the IP is referred to as 0, with days before and after represented as integers.

Influenza Viruses in Wild Birds [15] that were within 100 km of the IP
prior to or shortly after Day 0. Live wild birds were sampled opportu-
nistically in conjunction with ongoing ECCC banding programs. Birds
were recorded as either “hatch-year” (for the purposes of this paper, this
is defined as birds hatched in the same calendar year as sampling
occurred) or “after hatch year” (hatched in a previous calendar year)
determined based on wing feather characteristics (i.e., wear, and shape)
[36]. From each bird, one oropharyngeal and one cloacal swab was
collected, and both swabs were pooled in a 3 mL UTM-RT vial. Vials
were kept cold until transport to the diagnostic laboratory.

2.4. Premise mallard sampling

On Day 12, oropharyngeal and cloacal swabs were collected and
pooled in 3 mL UTM-RT vials from 250 premise mallards. Swabs were
submitted to the Animal Health Laboratory (AHL) at the University of
Guelph, Ontario, Canada on the day of sampling. Blood samples were
collected from a subset of 50 birds. Decapitation was performed and
blood collected from the jugular vein into a sterile collection container.
Concurrent depopulation efforts by the property owner necessitated this
approach to minimize stress and handling time and PPE requirements on
the infected premises restricted alternative methods. Blood samples
were transferred into individual vials and either centrifuged in the field
by ECCC staff or at the AHL. In both cases, serum was separated and
stored at —20 °C until testing. On Day 66, swabs and blood samples were
similarly collected from 30 premise mallards. Sampling and euthanasia
of premise mallards was conducted under the authority of a scientific
permit from ECCC (SC-OR-2022-00085).

2.5. Sediment sampling

On Day 12, sediment samples were collected from five ponds on the
premises one meter into the water from the shore at three locations
around each of the five ponds (i.e. six samples from each pond; Fig. S1).
Collection protocols were based on Kuchinski et al. (2024). Sediment
samples from each site were collected concurrently and stored in two 60
mL sterile urine collection containers for a total of 120 mL per sample
and left to settle for thirty to sixty seconds. If the sample was insufficient
(10 mL), water was removed from the sample before re-sampling.
Containers were then re-sealed and placed in a Ziploc bag. GPS

coordinates, environmental characteristics (pH, salinity, temperature),
and site characteristics (sample depth, distance from shore, sediment
type, presence/absence of waterfowl, species/abundance of waterfowl,
presence/absence of bird faeces, type of wetland, and estimated depth of
water) were recorded at each site using a water probe and observation
key. Sediment samples were kept cool and sent to the National Wildlife
Research Centre (NWRC) in Ottawa for pre-processing and storage,
before being sent to the British Columbia Centre for Disease Control
(BCCDC) for testing [32].

On Day 193 sediment samples were collected from the same ponds,
at the same locations. While the previously collected samples were
collected and stored in two separate 60 mL containers, these samples
were consolidated into a single 120 mL container for ease of storage.
These samples were sent to the National Wildlife Research Centre for
pre-processing and storage, before being sent to the British Columbia
Centre for Disease Control (BCCDC).

2.6. Nucleic acid extraction and PCR of swab samples

Pooled cloacal and oropharyngeal swabs were submitted to the AHL
at the University of Guelph. Total nucleic acids were extracted using the
MagMAX-96 Viral RNA Isolation Kit in a MagMAX Express-96 (Thermo
Fisher) with Armored RNA Enterovirus (Asuragen) as an internal con-
trol. RNAs were reverse-transcribed and amplified using Ag Path-ID
One-Step RT-PCR Kit (Thermo Fisher). Reverse transcription, PCR
amplification and detection were carried out in a Light Cycler 480
(Roche) with primers targeting influenza A virus matrix gene under
thermocycling conditions as described previously [37]. Samples with
cycle threshold (Ct) values below 36 were considered positive and
samples with Ct values of 36 and higher were considered inconclusive. If
no amplification was detected the sample was considered negative. Non-
negative samples were tested with H5 and H7 specific tests and were
subsequently sent to the National Centre for Foreign Animal Disease
(NCFAD) in Winnipeg, Manitoba, Canada for confirmatory testing.

2.7. Sequencing of bird specimens
PCR positive samples with Ct values <30 were directly processed for

Nanopore sequencing as described previously [15]. Samples that could
not be sequenced directly were processed for virus isolation and samples
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that yielded isolates were sequenced as described previously [35].
2.8. cELISA methods

Serum was tested for the presence of anti-NP, anti-H5 and anti-H7
antibodies using in-house developed competitive enzyme-linked
immunosorbent assay (cELISA) methods by NCFAD as described previ-
ously [35,38,39].

2.9. Hemagglutination inhibition

Hemagglutination inhibition (HI) assays were carried out on samples
that tested positive on the H5 cELISA to determine the presence of anti-
hemagglutinin antibodies. Serum samples were heat inactivated and
hemadsorbed using chicken red blood cells prior to testing. A/Fancy
chicken/NL/FAV-0033/2021 (clade 2.3.4.4b H5N1) was used as an
antigen (4HA units) in the HI assay. HI antibody titers were determined
as the reciprocal of the highest sample dilution resulting in complete
inhibition of the chicken red blood cells from hemagglutination.

2.10. Nucleic acid extraction, RT-PCR, and sequencing of environmental
samples

Sediment specimens were analyzed using the laboratory methods
and bioinformatic tools described in Kuchinski et al. (2024). Briefly,
total RNA was extracted from two grams of sediment then screened for
the presence of influenza A virus genomic material using an RT-qPCR
assay that targets a conserved region of the M segment. Sequencing li-
braries were constructed from specimens that tested positive by RT-
qPCR, during which each fragment of genomic material was tagged
with unique molecular identifiers on both ends. These libraries were
pooled, then influenza A virus genomic material was captured and
amplified using a custom panel of hybridization probes covering all 8
genome segments of all subtypes circulating in avian, swine, and human
hosts. Raw sequencing data was processed using HopDropper v1.0.0
(https://github.com/KevinKuchinski/HopDropper) to discard chimeric
artefacts, resolve unique molecular identifiers, and generate consensus
sequences for both ends of each genomic fragment recovered. These
fragment end consensus sequences were analyzed with FindFlu v1.0.1
(https://github.com/KevinKuchinski/FindFlu) ~ to identify  high-
confidence influenza A virus fragments, merge consensus sequences
from both fragment ends into a single fragment sequence, and determine
the genome segment from which each fragment originated. For HA and
NA fragments FindFlu also determined subtype, and for H5 fragments it
further determined lineage and clade.

2.11. Phylogenetic analysis

H5N1 whole-genome sequences were genotyped according to
Signore et al. [40]. Briefly, individual viral segments were assigned to
sub-groups based on clustering within phylogenetic trees. The concat-
enation of sub-group labels for each segment from a given virus deter-
mined its genotype (e.g., a virus with segments belonging to the
following sub-clades: PB2: “G”, PB1: “F”, PA: “D”, HA: “5”, NP: “B”, NA:
€17, M: “A”, NS: “A”, would be assigned genotype “GFD5B1AA”). Viruses
from the IP and those with the same genotype collected in the vicinity
were used in phylogenetic analyses. Individual viral segments (PB2,
PB1, PA, HA, NP, NA, M and NS) were trimmed of regions flanking the
open reading frames and concatenated.

Concatenated whole-genome sequences were aligned using MAFFT
v7.525 [41]. The resulting 13,136 nucleotide long multiple sequence
alignment was used to build a maximum likelihood phylogenetic tree
with IQ-TREE v2.3.3 [42]. The tree was estimated with the best fitting
model of nucleotide substitution as determined by ModelFinder [43],
and node support for the resulting tree was assessed by 5000 ultrafast
bootstrap replicates [44]. The bootstrap consensus tree was rooted using

One Health 19 (2024) 100932

augur-refine from the Augur bioinformatics toolkit with the options
“~root best”, “~stochastic-resolve” and “~divergence-units mutations”.
The host status (live or dead) and origin (wild or domestic) were
reconstructed as discrete characters across the refined tree using augur-
traits from the Augur bioinformatics toolkit.

H5 fragments recovered from sediment were locally aligned to the
bird-origin sequences composing the phylogenetic tree using BLASTN
v2.5.0 [45]. Each fragment’s best-matching bird-origin sequence was
determined by alignment bitscore, then that bitscore was added to that
bird-origin sequence’s total bitscore allocation. In cases where frag-
ments had multiple best matches (due to short fragment length and
fragments derived from conserved genomic regions), their bitscores
were fractionally allocated and evenly distributed among all their best
matches. The resulting total bitscore allocations provided a series of
single values representing the similarity of each bird-origin sequence in
the phylogenetic tree to the H5 fragments recovered from the environ-
ment. These single values reflected the number of recovered fragments
having their best match to a bird-origin sequence, the number of
nucleotide mismatches between a bird-origin sequence and their best-
matching fragments, indiscriminate matching between bird-origin se-
quences and fragments due to short fragment lengths, and indiscrimi-
nate matching between bird-origin sequences and fragments due to
fragments originating from conserved genomic regions.

2.12. Analyses

Descriptive summaries were carried out in R version 4.2.2. Confi-
dence intervals were calculated using the exact method.

3. Results

The virus detected in the domestic poultry was found to be a reas-
sortant H5N1 (clade 2.3.4.4b) with gene segments PB2, PB1, PA and NP
of North American lineage and remaining gene segments of Eurasian
origin that was previously detected in a wild Blue-Winged Teal in
Manitoba, Canada (genotype GFD5B1AA).

3.1. Sick and dead wildlife within 100 km radius of the IP

In the eight weeks preceding and following Day 0, 110 sick or dead
wildlife (90 wild birds and 20 wild mammals) were found within 100 km
of the IP and submitted to the CWHC for AIV diagnostics (Fig. 2). Of the
21 carcasses that tested positive on matrix PCR, 16 were confirmed
H5N1 HPAIV positive including 12 Canada Geese (Branta canadensis; 2
HY, 7 AHY, 3 unknown age), 3 Turkey Vultures (Cathartes aura; 1 AHY, 2
unknown age), and 1 juvenile Red Fox (Vulpes vulpes; Fig. 2). Based on
whole genome sequencing, all 16 had gene segments PB2, PB1, PA and
NP of North American lineage and remaining gene segments of Eurasian
origin. Of these, 12 were the same genotype detected on the IP (geno-
type GFD5B1AA) [40] including 8 Canada Geese (2 HY, 4 AHY, 2 un-
known age), all 3 Turkey Vultures, and the juvenile Red Fox. Genotype
GFD5B1AA viruses were detected in carcasses found on average 51 km
(range: 19-92; median: 45) from the IP and ranging from 18 days prior
to 10 days after.

3.2. Apparently healthy live wild birds sampled within 100 km radius of
the IP

Between Day —26 and Day 6, samples were collected from 140 wild
ducks, including 110 wild Mallards (A. platyrhynchos), 25 Wood Ducks
(Aix sponsa), 4 Blue-Winged Teal (Spatula discors), and 1 Green-Winged
Teal (Anas carolinensis), at three wetland and pond sites within 100 km
of the IP. At the time of sampling, all individuals appeared healthy and
were released following sampling. Of the 140 wild birds swabbed, 77
(55 %, 95 % CI: 0.46-0.63) tested positive on RT-PCR for the matrix AIV
gene (Table 1). Of these, 53 were Mallards (4 AHY, 49 HY), 21 Wood
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Fig. 2. The number of sick and dead wildlife that were found and submitted to
the Canadian Wildlife Health Cooperative (black dashed line) within 100 km of
a domestic premises in the eight weeks prior to and following the date of
detection of highly pathogenic avian influenza on that premises (i.e., Day 0).
The number of sick and dead wildlife that were H5 positive on RT-PCR at the
National Centre for Foreign Animal Disease is shown by the red line. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Table 1
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Ducks (1 AHY, 20 HY), 2 Blue-Winged Teal (2 HY), and 1 Green-Winged
Teal (1 AHY). An additional 38 (27 %, 95 % CI: 0.20-0.35) wild bird
samples tested suspicious on RT-PCR for the matrix AIV gene (Table 1)
including 33 Mallards (4 AHY, 29 HY), 3 Wood Ducks (1 AHY, 2 HY),
and 2 Blue-Winged Teal (2 HY). A total of 44 (31 %, 95 % CI: 0.24-0.40)
tested positive on RT-PCR for H5, including 39 Mallards, 2 Wood Ducks,
and 3 Blue-Winged Teal. An additional 23 (16 %, 95 % CI: 0.11-0.23)
wild bird samples tested suspicious on RT-PCR for H5 (Table 1)
including 21 Mallards (3 AHY, 18 HY), 1 Blue-Winged Teal (1 HY), and 1
Green-Winged Teal (1 AHY). Only a subset of samples that tested posi-
tive or suspicious on matrix or H5 PCR were further subtyped and
sequenced due to lab capacity and prioritization. The NCFAD produced
11 whole or partial genome sequences from the H5 positive samples. Of
these, 4 samples had complete genome sequence and were all found to
be the same genotype detected on the [P (GFD5B1AA). These samples
were taken ~37 km from the IP all from the same wetland and ranging
from 9 days prior to 6 days after; no sick and dead wildlife were sub-
mitted from this wetland during the timeframe of this study, 4 sick and
dead wildlife were submitted from the nearest city, but all were negative
for AIV. These viruses, combined with those collected from sick/dead
birds, share a high degree of sequence similarity. The pairwise identity
of all genotype GFD5B1AA sequences presented here is 98.8 % across
the (13,136 bp) genome, with no two genomes differing by more than 32
nucleotide mutations (Fig. 4). A diversity of non-H5 LPAIV subtypes
were detected among the samples for which this information was
available (Table 1).

Avian Influenza RT-PCR and serology diagnostic results for premise mallards sampled on an infected domestic poultry premise (IP) in southern Ontario in 2022
following confirmation of highly pathogenic avian influenza (HPAIV) (day of IP confirmation = Day 0) and RT-PCR diagnostic results for apparently healthy wild birds
sampled within a 100 km radius of the IP. Diagnostic results are from the National Centre for Foreign Animal Disease (NCFAD) and the Animal Health Laboratory;

where results disagree NCFAD results are used.

Day —26 to Day 6 Day 12 Day 66

Wild dabbling ducks Premise mallards Premise mallards
RT-PCR Sample Size 140 250 30
(127 HY?, 13 AHY") (250 HY?, 0 AHY") (30 HY?, 0 AHY")
Matrix HY" 71 (0.56); 33 (0.26) 60 (0.24); 112 (0.45) 0 (0); 0 (0)
[N positive (%); N suspicious (%)]
AHY" 6 (0.46); 5 (0.38) - -
Overall 77 (0.55); 38 (0.27) 60 (0.24); 112 (0.45) 0 (0); 0 (0)
H5 HY" 39 (0.31); 19 (0.15) 0(0); 0 (0) 0 (0); 0 (0)
[N positive (%); N suspicious (%)]
AHY" 5 (0.38); 4 (0.31) - -
Overall 44 (0.31); 23 (0.16) 0(0); 0 (0) 0 (0); 0 (0)
H7 HY" 0 (0); 0 (0) 0 (0); 0 (0) 0 (0); 0 (0)
[N positive (%); N suspicious (%)]
AHY" 0 (0); 0 (0) - -
Overall 0 (0; 0 (0) 0(0); 0 (0) 0(0);0(0)
Subtypes H3N6 (n=1) H3NS8 (n = 5) -
Identified H4N6 (n = 3) H8N4 (n=1)
H5N1‘(n=9) H12N5 (n = 3)
H5Nx (n = 58) Unknown (n = 163)
HI12N1 (n=1)
Unknown (n = 43)
CELISA Sample Size - 50¢ 30
(50 HY?; 0 AHY") (30 HY; 0 AHY")
NP cELISA - 48 (0.96) 20 (0.67)
N positive (%)
H5 cELISA - 48 (0.96) 0(0)
N positive (%)
H7 cELISA - 0(0) 2(0.07)
N positive (%)
Hemagglutination Inhibition Sample Size - 39° -

N positive (%)

(39 HY?; 0 AHY")
- 39 (100 %) -

@ Hatch Year.

b After Hatch Year.

¢ The same genotype detected on the infected premise.

4 Only a subset of birds that were swabbed had blood samples collected.

¢ Only a subset of samples positive on H5 cELISA had sufficient serum remaining to undergo hemagglutination inhibition.
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3.3. Premise mallards

Of the 250 premises mallards swabbed on Day 12, 60 (24 %; 95 % CI:
0.19-0.30) and 112 (45 %; 95 % CI: 0.39-0.51) tested positive and
inconclusive, respectively, on RT-PCR for the matrix gene. All 250
samples were negative for H5 and H7. The NCFAD produced nine whole
or partial genome sequences from these samples, all of which were
LPAIV (Table 1). Of the 50 premise mallards blood-sampled, 48 (96 %;
95 % CI: 0.86-100.00) tested positive for anti-NP and anti-H5 antibodies
(Table 1; Fig. S2). Of 39 H5 positive samples with sufficient volume
remaining, 100 % tested positive on HI (Table 1).

Of the 30 premises mallards swabbed on Day 66, all tested negative
on matrix, H5, and H7 RT-PCR and 20 (67 %; 95 % CI: 0.47-0.83) tested
positive for anti-NP antibodies (Table 1; Fig. S2). No blood samples
tested positive for anti-H5 antibodies and 2 tested positive for anti-H7
antibodies (Table 1; Fig. S2).

3.4. Sediment samples from premise ponds

Environmental characteristics for the ponds can be found in Table 2.
Genomic material from diverse AIVs was detected in the ponds on the IP.
Six haemagglutinin (HA) and six neuraminidase (NA) subtypes were
detected (Fig. 3). This included detections of genomic material from the
HA segments of HPAI H5 viruses, specifically Clade 2.3.4.4 of the goose/
Guangdong lineage, the same clade/lineage responsible for the outbreak
on the IP. To assess their origin, the fragmentary H5 sequences recov-
ered from the ponds were aligned to HA segment sequences recovered
from the poultry involved in the IP and HPAI-positive local wildlife
(Table 3, Fig. 4). This indicated that the poultry were the most likely
source of the H5 fragments, based on the number of fragments having
their best match to these bird-origin sequences as well as the strength of
those alignments. Genomic material from HP H5s constituted a small
minority of the total AIV genomic material recovered, however; within
specimens where it was detected, HP H5 constituted only 1.4 % to 6.7 %
of genomic fragments originating from HA segments.

AIV contamination of the ponds decreased substantially between the
first and second visits (Fig. 4). During the first visit (Day 12), AIV
genomic material was detected in sediment from all five ponds, and for
all but one of the ponds, it was detected in 66 % to 100 % of sub-
locations sampled. During the second visit (Day 193), however, there
was almost no AIV contamination: detections occurred in only one sub-
location of one pond. HP H5 contamination also decreased between the
first and second visit (Fig. 3). During the first visit, HP H5 genomic
material was detected in three ponds in 33 % to 66 % of sub-locations
sampled. No HP H5 genomic material was detected in any of the
ponds during the second visit.

4. Discussion
We present a unique case study of an H5SN1 HPAIV outbreak on a

domestic poultry premises in Ontario, Canada. We focus on examining
the presence of avian influenza virus in premise mallards, the wetlands

Table 2
Sediment sample collection, site characteristics.
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Visit 1

Pond 4 -

Pond 5 --

Pond 1 -
Pond 2 -
Pond 3 -
Pond 4 -
Pond 5 -

H3 H4 H5 (HP)H8 H11 H12 N1 N2 N4 N5 N6 N8
HA subtype (pathotype) NA subtype

Visit 2

Fig. 3. Avian influenza virus genomic material was recovered from five ponds
on the infected premise. Two visits were made six months apart, during which
superficial sediment specimens were collected from three sub-locations within
each pond. Genomic material from the haemagglutinin (HA) and neuramini-
dase (NA) genome segments was recovered and subtyped using a custom tar-
geted genomic sequencing method. Heatmap shading depicts the percentage of
sub-locations within the indicated pond that were positive for the indicated HA
or NA subtype.

they used, and wildlife within a 100 km radius as a case study of the
transmission of AIV at the wildlife-poultry-environmental interface.

The detection of the same genotype of HSN1 HPAIV in dead wild
birds and mammals within 100 km of the infected premise (IP) confirms
that this virus was in circulation in wildlife more broadly in the area
preceding and following confirmation on the IP (Fig. 2). Five days prior
to the first identification of this genotype in wild birds in Ontario, this
virus was detected more than 1300 km from the IP in a dead Blue-
Winged Teal in Winnipeg, Manitoba, Canada, before being detected a
month later on a domestic premise in the same region of Winnipeg (A.
Signore and Y. Berhane unpublished data).

We also confirmed the presence of this genotype of HSN1 HPAIV in
healthy wild dabbling ducks within a 100 km radius of the IP (Table 1).
The detection of several LPAIVs in the dabbling ducks presented an
increased risk for virus reassortment. High Ct values in many samples
from these ducks resulted in inconclusive RT-PCR results, possibly due
to low viral loads shed from asymptomatic individuals or late-stage
shedding. Despite the challenges they pose for isolation and
sequencing, these samples offer crucial insights into the viral diversity
across the landscape, particularly in these healthy individuals likely to
spread the virus over large distances and are important to prioritize for
sequencing where possible.

The premise mallards were maintained on-site at high densities for
extended periods. Notably, while none of the premise mallards were
found to be shedding H5 AIV when they were sampled on Day 12,

Pond Day pH Salinity (ppm) Temperature (°C) Sample Depth (cm) Sample Distance from Shore (m) Waterfowl Present
1 12 7.55 187 15.7 30 1 Y
193 7.35 146 6.3 31 2 N
2 12 7.53 199 15.2 30 <1 Y
193 8.52 173 6.6 28 >1 Y
3 12 9.38 95 14.7 30 <1 Y
193 8.09 96 6.7 20 >1 Y
4 12 8.75 144 14.8 20 <1 Y
193 8.15 154 6.8 27 >1 Y
5 12 8.97 116 15.2 20 <1 Y
193 8.06 153 7.5 25 >1 N
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Table 3

Genetic similarity between H5 fragments recovered from ponds on the infected premise and the H5 segment sequence recovered from infected poultry on that premise.
Environmental specimens were collected during two visits from five ponds on the infected premise. H5 fragments were recovered during only site visit 1. Two replicate
specimens were collected from three sub-locations at each pond. The fragment depth of coverage column indicates the number of sequencing read pairs describing each
fragment. The percent sequenced column indicates the percentage of the total bases in the fragment (fragment length) that were successfully sequenced (an A,T,G, or C
base call). The percent identical column indicates the percentage of aligned positions where the fragment and H5 segment sequence from the poultry contained the
same A, T, G, or C base call. Similarly, the percent ambiguous column indicates the position of aligned positions with N or degenerate nucleotide base calls. The
fragment coverage column indicates the percentage of fragment positions that aligned to the H5 segment sequence from the poultry. The poultry sequence coverage
(sequenced) column indicates the percentage of H5 segment sequence positions covered by the fragment alignment, whereas the reference sequence coverage (total)
column indicates the percentage of H5 segment sequence positions covered by the fragment (including unaligned positions in the fragment, e.g. unsequenced middle
regions of longer fragments). These metrics were calculated against all four H5 segment sequences recovered from infected poultry on the premise, and the median
values are reported in this table.

Pond  Replicate Fragment Fragment Fragment Percent Percent Percent Fragment Poultry sequence Poultry

ID length depth of sequenced identical ambiguous coverage coverage sequence
coverage (sequenced) coverage (total)

3A 1 Fragment 2 317 486 100 100 0 100 18.6 18.6

3A 1 Fragment 113 44 100 100 0 100 6.6 6.6
59

3C 2 Fragment 712 158 80.2 97.9 1.9 81.7 34.2 41.8
250

3C 2 Fragment 386 202 100 100 0 100 22.7 22.7
385

3C 2 Fragment 249 341 100 100 0 100 14.6 14.6
723

4C 1 Fragment 195 184 100 100 0 100 11.4 11.4
1451

4C 1 Fragment 157 49 100 100 0 100 9.2 9.2
1708

4C 2 Fragment 229 51 100 100 0 100 13.4 13.4
197

4C 2 Fragment 189 87 100 100 0 100 11.1 11.1
342

5A 1 Fragment 6 204 895 100 100 0 100 12 12

Host status A/Chicken/ON/FAV-0940-11

¥ Sick/Dead A/Chicken/ON/FAV-0940-7
==L AlChicken/ON/FAV-0940-9
Host ol;i::esuc A/Chicken/ON/FAV-0940-8
— i AfTurkey_Vulture/ON/FAV-0978-2
—_— L 3 AsTurkey_Vulture/ON/FAV-1131-6
240 I A/Canada_Goose/ON/FAV-1310-3 144.30
220 A/Canada_Goose/ON/FAV-0928-51
200 LKA/Canada_GooselONlFAV-Os23-1
I Arurkey_Vulture/ON/FAV-1131-7
L H” I A/Red_Fox/ONIFAV-1132-1 100.50
160 3¢ A/Canada_Goose/ON/FAV-0978-5
140 —LN—*A/Canada_GooselFAv—O%Z—Z
120 R R R LR R R R R R I .A/MallarleN/FAv— 1032-4  167.30
100 L I A/Canada_Goose/ON/FAV-0978-3
i ¥ A/Canada_Goose/ON/FAV-1131-4 167.30
| ¥ ACanada_Goose/F 1 167.30
£ R R @ A/Mallard/ON/FAV-1032-45 112.80
_______________________________________ m B @ AMallard/ON/FAV-1032-115 131.70
o — @ AMallard/ONIFAV-1032-34 -
- - T T ~ T
0 5 10 15 20 25

Number of mutations

Fig. 4. Phylogenetic relationships between HPAI H5N1s collected from the infected premise and local wildlife surveillance. Phylogenetic tree was constructed using
all 8 segments of the IAV genome. Genomes recovered from live hosts are depicted by circular leaves while those recovered from dead hosts are depicted with “X”
leaves. The tree branch line-type represents the viral host status when sampled (sick/dead or live) and branch color represents host origin (either wild or domestic).
Ancestral states for host origin and status are reconstructed across all nodes of the tree. Fragmentary HPAI H5 sequences recovered from ponds on the premise were
aligned to HA segment sequences from the bird-origin HPAI genomes composing the tree, and the best match(es) for each fragment were determined based on
alignment bitscores. Each bird-origin HPAI genome in the tree was allocated a score based on the number of pond fragments for whom it was their best match as well
as the identity and length of its alignments with those fragments. These scores are indicated in the heatmap next to the tree. The branch length scale bar indicates
number of mutations across all 8 segments of the IAV genome.

several LPAIV subtypes were detected (Table 1). This is consistent with antibodies against H5 AIV, suggesting recent exposure. However, the
sediment results which exhibited extensive LPAIV subtype diversity lack of active H5 shedding detected in premise mallards (Table 1), the
indicating a high level of environmental contamination (Fig. 4). small amount of H5 genomic material in the sediment (Fig. 4), and the

Furthermore, on day 12 a majority of premise mallards (96 %) had high percent inhibition (P1%) on H5 cELISA (Fig. S2) together suggest
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that exposure to H5 AIV in these birds was recent, but preceding the date
of sampling (i.e., Day 12), and most likely prior to or concurrent with
virus detection in domestic birds (i.e., Day 0). These results emphasize
the value of combining viral and serological testing to more compre-
hensively understand virus exposure and dynamics in wild bird pop-
ulations, extending insights beyond mere detection of active infection
within the limited timeframe of viral shedding.

Although the cELISA cannot distinguish between LPAIV and HPAIV
H5 exposure, the rare detection of LPAIV H5 viruses in wild birds in
Ontario prior to this study, combined with the presence of H5 HPAIV
virus in the ponds used by these birds, suggests that the premise mallards
were likely exposed to H5 HPAIV. Despite this exposure, the premise
mallards remained healthy, exhibiting neither clinical signs nor unusual
mortality. This is important to consider in the context of wild bird
health, and which species may harbour the virus, and show no obvious
signs of infection. Similar observations were reported by Teitelbaum
et al. (2023), who found that North American wintering mallards
infected with highly pathogenic avian influenza (HPAI) exhibited no
significant changes in movement behavior or body condition, suggesting
that infected mallards can continue to contribute to the maintenance
and potential spread of HPAI without apparent symptoms [46].

Previous LPAIV infection in mallards has been found to confer at
least partial immunity to subsequent infection with LPAIV or HPAIV,
depending on the subtype, resulting in lower viral loads and shorter
periods of shedding [47,48]. However, these premise mallards were all
hatch year birds and beyond the period when maternal antibodies would
be expected to be present. Therefore, pre-existing immunity would be
expected to be limited. Between Day 12 and Day 66, we found a decrease
in the proportion of premise mallards testing positive for anti-NP anti-
bodies by approximately a third, while the proportion of premise mal-
lards testing positive for anti-H5 antibodies decreased to zero. These
findings suggest differential persistence of NP and H5 antibodies in
hatch year birds and raise questions about the longevity of H5 anti-
bodies, and the level of protection conferred following first exposure.
The inability to conduct repeated sampling on the same individuals due
to the sampling requirements on the IP is a limitation of this study. There
is no indication that the sampling methodology would lead to differ-
ential risk of exposure between premise mallards sampled on Day 12 and
Day 66. Furthermore, considering the behavior, proximity, and density
of premise mallards, these birds were considered to constitute a single
epidemiological unit with consistent exposure.

ALV contamination in the ponds on the infected premise decreased
dramatically between the first and second visit (Days 12 and 193). This
suggests that the premise mallards were primarily responsible for the
AlIV contamination in the ponds we detected, and thus, that the accu-
mulation of AIV genomic material in the pond sediment stopped due to
removal and depopulation of the premise mallards or seasonal changes
in their access to the ponds. An important corollary of this finding is that
ALV genomic material may not persist long-term in the environment,
despite previous reports that virions may remain infectious in various
controlled experiments under laboratory and in situ conditions
[23,26,27,30]. Furthermore, the existing environmental contamination
did not appear to exert infection pressure sufficient to maintain antibody
production in the premise mallards such that decreasing environmental
exposure contributed to waning antibody levels in the premise mallards
between Day 12 and Day 66.

This study also demonstrated the potential utility of environmental
sampling and targeted genomic sequencing for AIV surveillance. Current
and previous infections with various AIV subtypes were detected in the
premise mallards by molecular and serological testing all those HA and
NA subtypes were detected in sediment from the premise ponds, along
with additional HA and NA subtypes that had not been detected in the
premise mallards. Some of these additional subtypes had been detected
in wild birds preceding the outbreak, while others had not been detected
by any poultry testing or wildlife surveillance. Since genomic sequences
from all the bird specimens were not available for comparison, it cannot
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be concluded that the AIV genomic material recovered from the premise
ponds originated from the same viral lineages infecting the premise
poultry and local wild birds. However, these results do show that broad
AlIV diversity can be monitored by environmental genomic surveillance
at interfaces between livestock, wildlife, and humans. Furthermore, the
above finding that AIV genomic material does not persist in the sediment
in the absence of a persistent deposition source, indicates that envi-
ronmental detections are contemporary and meaningful risk signals.

Our findings suggest that, even at high density with likely exposure
to high viral loads, phenotypically wild mallards can survive infection
with the H5 HPAIV genotype, which has caused morbidity and mortality
in both wild birds and mammals and has been identified on over 20
domestic premises in Canada at the time of this study. However, the
longevity of H5 antibodies appears to be brief in hatch-year birds
following initial exposure, with potential implications for risk pro-
jections upon re-exposure for wild bird populations that experienced
extensive mortality following first exposure. Additionally, our results
raise questions about the role of environmental compartments as res-
ervoirs and sources of transmission, especially in the absence of persis-
tent virus deposition by wild birds. These results suggest that biosecurity
remains the most critical aspect of minimising spillover/back risk in a
virus that has been shown to circulate in asymptomatic wild birds and in
the surrounding environment.

Further research is essential to gain a more detailed understanding of
transmission dynamics at the wildlife-poultry-environmental interface,
to enhance management practices, and to thereby reduce the risk of
infection to domestic flocks given the persistence of HPAIVs on the
landscape. Regardless of the specific transmission dynamics, the artifi-
cially dense and prolonged congregation of premise mallards signifi-
cantly heightened the spillover risk for the domestic flock and
potentially increased the risk to regional populations of wild birds and
mammals.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.onehlt.2024.100932.
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