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Abstract

Highly pathogenic avian influenza H5N8 clade 2.3.4.4 virus caused outbreaks in poultry and
unusually high mortality in wild birds in 2016-2017. The pathobiology of one of these viruses was
examined in mallards and chickens. High mortality and transmission to direct contacts were
observed in mallards inoculated with medium and high doses of the virus. However, in chickens,
high mortality occurred only when birds are given the high virus dose and no transmission was
observed, indicating that the virus was better adapted to mallards. In comparison with the virus
inoculum, viral sequences obtained from the chickens had a higher number of nucleotide changes
but lower intra-host genomic diversity than viral sequences obtained from the mallards. These
observations are consistent with population bottlenecks occurring when viruses infect and
replicate in a host that it is not well adapted to. Whether these observations apply to influenza
viruses in general remains to be determined.
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Introduction

Avian influenza (Al) virus is a negative-sense RNA virus, member of the genus
Influenzavirus A of the family Orthomyxoviridae (King et al., 2011). Its surface proteins,
hemagglutinin (HA) and neuraminidase (NA) are used to classify viruses into subtypes.
Wild aquatic birds are the natural reservoirs of Al viruses, and most combinations of HA
and NA subtypes have been identified in these bird species (Webster et al., 1992).
Depending on many factors, the wild bird Al viruses can adapt to new host species resulting
in a virus lineage that can infect, transmit, and persist in the new host population (Swayne
and Slemons, 2008). Al viruses are classified as highly pathogenic (HP) or low
pathogenicity (LP) according to either molecular determination as H5 or H7 subtypes (HP
phenotype at the hemagglutinin (HA) cleavage site), or pathogenicity testing in chickens
(OIE, 2012). With few known exceptions, the wild bird adapted viruses are LP and cause
little disease in the natural host (Pantin-Jackwood and Swayne, 2009). These viruses when
allowed to replicate in gallinaceous poultry can become adapted to these species and cause
mild to moderate disease, whereas some H5 and H7 LPAI viruses can become highly
pathogenic (Swayne, 2013).

A particular lineage of HPAI H5-subtype viruses, the Goose/Guangdong (Gs/GD) lineage,
has spread across the world causing outbreaks in domestic and wild bird species (Sims and
Brown, 2016; WHO/OIE/FAO H5N1 Evolution Working Group, 2014). In recent years,
H5Nx Gs/GD lineage HPAI viruses belonging to clade 2.3.4.4, have rapidly emerged and
spread as reassortants with several NA subtypes, including N1, N2, N3, N5, N6, and N8
(Global Consortium for H5N8 and Related Influenza Viruses, 2016; Lee et al., 2015; Smith
et al., 2015; Verhagen et al., 2015). The first description of an HSNx HPAI virus belonging
to the clade 2.3.4.4 was from China from an apparently healthy mallard duck sampled in
2008 (Gu et al., 2011). The subsequent spread of the clade 2.3.4.4 H5NX viruses to other
parts of the world involved migratory waterfowl (Global Consortium for HSN8 and Related
Influenza Viruses, 2016; Jeong et al., 2014; Kang et al., 2015; Lee et al., 2015; Sims and
Brown, 2016; Verhagen et al., 2015; Wilm et al., 2012). Due to the expansion of this lineage
of viruses, further classification into distinct groups has been proposed (Lee et al., 2015; Lee
et al., 2017a). The 2.3.4.4 viruses belonging to group A, designated as 2.3.4.4A, were the
cause of the 2014-2015 outbreaks in Asia and eventual spread to Europe and North
America. Group B viruses (designated as 2.3.4.4B) were implicated in the European
outbreak of 2016-2017, involving primarily H5SN8 as well as HSN5 and H5N6 subtypes
(Kleyheeg et al., 2017; Lee et al., 2017a; Pohlmann et al., 2018).

In May of 2016, HPAI H5N8 viruses belonging to the clade 2.3.4.4B were detected in a die-
off of 158 wild birds in Qinghai Lake in China (Li et al., 2017). In the following month,
genetically similar viruses were also found in multiple species of wild birds at Lake Ubsu-
Nur in Russia (Lee et al., 2017b; Sims and Raizman, 2016; World Organisation for Animal
Health, 2016). October of 2016 marked the first detection of this particular lineage of HSN8
viruses in Europe, from a mute swan found in Hungary (Food and Agriculture Organization
of the United Nations, 2016). From 2016-2017, outbreaks occurred in wild birds and
domestic birds in multiple countries in Europe and Africa (World Organization for Animal
Health, 2017). As of March 2019, H5N8 outbreaks have subsided with a few reports from
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Europe, Africa and the Middle East (Food and Agriculture Organization of the United
Nations, 2019; World Organisation for Animal Health, 2018).

The 2016-2017 outbreak in Europe was unusual because there were massive die-offs in wild
birds. This observation contrasts to the 2014-2015 outbreaks, which did not cause high
mortality in wild birds (Lee et al., 2015; Lee et al., 2017a). For instance, approximately
13,600 wild birds were found dead from November 2016 to January 2017 in the Netherlands
alone. Affected birds were primarily waterfowl species, namely Tufted ducks (Aythya
fuligula) and Eurasian widgeons (Anas penelope) (Kleyheeg et al., 2017). Many dead tufted
ducks were also found on November 2016 in the Netherlands at Gouwee lake (Poen et al.,
2018), at Lake PI6n in northern Germany, and Lake Constance in southern Germany
(Pohlmann et al., 2017). It is estimated that about 5% of wintering Tufted ducks and
Eurasian widgeons in the Netherlands died in this outbreak (Beerens et al., 2017; Kleyheeg
etal., 2017). In Germany, a total of 1150 wild bird cases and 107 outbreaks in commercial
poultry holdings and zoos were reported (Globig et al., 2017b). In Italy, cases of HPAI
H5N8 were first detected in various wild bird species and eventually spread to domestic
poultry holdings close to wetland areas. Approximately 510,000 domestic birds were
involved in the depopulation measures to control the outbreak (Fusaro et al., 2017).

The recurrence of outbreaks caused by H5Nx Gs/GD lineage HPAI viruses in wild birds and
poultry underscore the need to better understand the pathobiology of these viruses in
waterfowl and gallinaceous birds, including the nature of genetic changes as the virus adapts
to different avian species. The aim of this study was to investigate the infectivity,
transmissibility, and pathogenicity of a 2016 H5N8 HPAI clade 2.3.4.4B virus from the
2016-2017 European outbreak in mallards and chickens. Additionally, deep sequencing of
viral genomes obtained from the experimentally infected birds was performed to identify
potential genetic changes associated with replication in the two different host species.

Materials and Methods

Virus

The challenge virus used in this study is the highly pathogenic avian influenza (HPAI) virus
AJTufted-duck/Denmark/11470/LWPL/2016 H5N8 (TD16, used hereafter). TD16 was
collected from a dead Tufted duck (Aythya fuligula) on November 7, 2016 from a lake in
central Copenhagen, Denmark, in connection to a mass-mortality of Tufted ducks. The virus
was isolated from pooled tracheal and cloacal swabs in embryonating chicken eggs (ECE)
using standard methods (Spackman and Killian, 2014) at the National Veterinary Institute,
Copenhagen, Denmark and subsequently sent to Southeast Poultry Research Laboratory
(SEPRL) where it was propagated once more in ECE. Brain heart infusion (BHI) broth
(Becton Dickinson and Company; Sparks, MD, USA) was used to dilute virus stocks to the
desired dose. Experiments were performed in a biosafety level =3 enhanced (BSL-3E)
facility in accordance with procedures approved by the U.S. National Poultry Research
Center (USNPRC) Institutional Biosecurity Committee.
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Animals and housing

Mallard ducks (Anas platyrhiynchos) were purchased from a commercial vendor and reared
at the SEPRL facilities for 2 weeks. Three-week-old specific-pathogen free (SPF) chickens
(Gallus gallus domesticus) were obtained from the USNPRC White leghorn in-house flocks.
Serum samples were collected from 15 ducks and 15 chickens to confirm that the birds were
serologically negative for AlV by blocking ELISA (FlockCheck Avian Influenza MultiS-
Screen Antibody Test®, IDEXX Laboratories, Westbrook, ME, USA). Each experimental
group was housed in self-contained isolation units ventilated under negative pressure with
inlet and exhaust HEPA-filtered ventilation. Feed and water were provided with ad libitum
access. This study and associated procedures were reviewed and approved by the
USNPRC’s Institutional Animal Care and Use Committee.

Experimental design

Experimental inoculations were performed in a similar manner for mallards and chickens.
To determine the bird infectious dose (BID5p) and bird lethal dose (BLDsg) of the virus, five
birds were inoculated via choanal cleft with 2, 4, or 6 log;¢ 50% egg infectious dose (EIDs)
of the virus in a volume of 0.1 mL. Doses hereafter are referred to as low, medium, and high
doses respectively. At one-day post inoculation (dpi), three hatch-mates were placed into
each group to serve as contact birds. In addition, to further characterize the pathogenesis of
the TD16 virus, nine mallards and ten chickens were inoculated via the choanal cleft with 6
logqg EID5q (pathogenesis groups). Sham-inoculated birds were likewise inoculated via the
choanal cleft with 0.1 mL sterile allantoic fluid diluted at 1:300 in BHI broth.

Birds were monitored daily for clinical signs for 10 days (mallards) or 14 days (chickens).
Body weights and temperatures were taken at 2 and 4 dpi from the mallards inoculated with
the high virus dose (6 log1g EIDsg) and the sham-inoculated controls. Oropharyngeal (OP)
and cloacal (CL) swabs were collected at 2, 4, 7, and 10 dpi for mallards and 2, 4, 7, and 14
dpi for chickens. All swabs were placed in BHI broth medium supplemented with penicillin
(2000 units/ml; Sigma Aldrich, St. Louis, MO, USA), gentamicin (200 pg/ml; Sigma
Aldrich, St. Louis, MO, USA) and amphotericin B (5 ug/ml; Sigma Aldrich, St. Louis, MO,
USA). Swabs were stored at —80°C until processing.

Birds were euthanized if they exhibited severe neurological signs, did not eat or drink, or
were recumbent. Two birds from the pathogenesis groups were euthanized and necropsied at
2 days post-infection (dpi) for chickens and 3 dpi for mallards. Brain, heart, spleen, lung,
and muscle tissues were collected and stored at —80°C for virus detection and sequencing. A
full set of tissues were also collected and placed in 10% neutral buffered formalin for
histopathological examination. Duplicate sections were stained by immunohistochemical
(IHC) methods to determine influenza viral antigen distribution in tissues (Pantin-Jackwood,
2014). Birds that survived the 10- or 14-day observation period were bled and euthanized.
Sera from survivor birds were evaluated for antibodies against influenza A virus by the
hemagglutinin inhibition (HI) assay with homologous antigen (Pedersen, 2014).
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Viral RNA quantification for swabs and tissues

Quantitative real-time RT-PCR (qRRT-PCR) was performed to determine the amount of viral
RNA present in swab and tissue samples. For swab samples, total RNA was extracted using
MagMAX™-96 AI/NDV Viral RNA Isolation Kit® (Ambion Inc/Thermo Fisher Scientific;
Grand Island, N, USA) according to the manufacturer’s protocol. Fifty microliters of the
swab sample in BHI medium was used as starting material for viral RNA extraction. Tissues
were homogenized and resuspended in BHI broth to a 10% (w/v) solution and total RNA
extracted from tissue homogenates using the Qlagen RNeasy kit (Qiagen Corp; Valencia,
CA, USA) with Trizol LS reagent (Invitrogen/Thermo Fisher Scientific; Grand Island, NY,
USA). RNA was then quantified by spectrophotometry with NanoDrop™ 1000
Spectrophotometer (Thermo Fisher Scientific; Grand Island, NY, USA) and diluted in
phosphate buffered saline to obtain a concentration of 50 ng/uL. QRRT-PCR was performed
using the AgPath-1D one-step RT-PCR kit (Ambion/Thermo Scientific; Grand Island, NY,
USA) according to the manufacturer’s recommended protocol. The gRRT-PCR protocol
used in this study amplifies and detects a portion of the H5 hemagglutinin gene. The primers
used are: H5 EA +1456 (5’-ACGTATGACTACCCGCAGTATTCA-3’) and H5-1685 (5’-
AGACCAGCTACCATGATTGC-3’). The probe used was H5 +1637 FAM probe (/56-FAM/
TCAACAGTG/ZEN/GCGAGTTCCCTAGCA/3IABKFQ/). This primer-probe set is optimal
for the detection of Eurasian lineage H5 viruses (Bevins et al. 2016), which for
quantification purposes worked better than the standard AIV matrix primer-probe set for this
specific virus (data not shown). The thermocycling profile is as follows: 1 cycle at 45°C for
10 minutes, 1 cycle at 95°C for 10 minutes, and 40 cycles at (1) 95°C for 10 seconds, (2)
57°C for 30 seconds, and (3) 72°C for 5 seconds. Ten microliters of each RNA sample was
used in 25 pL of AgPath-1D mastermix. For virus quantification, standard curves were
established with serial dilutions of RNA extracted from the same titrated stock of the
challenge virus. Results were reported as EIDgg/ml or EID5g/g equivalents. The lower limit
of detection was set based on the standard curve. For statistical purposes, gRRT-PCR
negative samples were given a value of 0.1 log, below the gRRT-PCR test limit of detection
(1.6 |0910 E|D5o).

Next generation sequencing

Total RNA was extracted from the virus inoculum used and the experimental samples (swabs
and tissues) using Trizol LS reagent (Thermo Fisher Scientific; Waltham, MA, USA)
followed by column purification with the RNA Clean and Concentrator kit (Zymo Research,
Orange County, CA, USA). Two hundred and fifty microliters of the swab media or of the
10% (w/v) tissues homogenates were used for each RNA extraction.

To simultaneously amplify influenza A genome segments, RT-PCR was performed on total
RNA extracted from inoculum (2 technical replicates) and experimental samples (n=111
total) using primers that bind to conserved regions at the ends of all influenza segments
(Chrzastek et al., 2017; Inoue et al., 2010). Superscript 1V One-step RT-PCR kit (Thermo
Fisher Scientific; Waltham, MA, USA) for swab samples or OneTaq® One-step RT-PCR kit
(New England Biolabs; Ipswich, MA, USA) for tissue samples were used as reagents for
RT-PCR. The sequence of the primers used are: (1) Opti 1-F1: 5’-
GTTACGCGCCAGCAAAAGCAGG-3’, (2) Opti 1-F2: 5" -
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GTTACGCGCCAGCGAAAGCAGG - 37; (3) Opti 1-R: 5°-
GTTACGCGCCAGTAGAAACAAGG -3’. For the RT-PCR mix, the molar ratio for the
primers used is 35: 65: 100 respectively. Thermocycling conditions for this RT-PCR are: 1
cycle of 55°C for 2 minutes, 42°C for 90 minutes, and 94°C for 2 minutes; 5 cycles of 94°C
for 30 seconds, 44°C for 30 seconds, 68°C for 3.5 minutes; 26 cycles of 94°C for 30
seconds, 60°C for 30 seconds, and 68°C for 3.5 minutes; and a final extension at 68°C for 10
minutes. In samples where simultaneous amplification of eight segments failed, each
segment was individually amplified using primers described previously (Hoffmann et al.,
2001) with the Superscript 1V One-step RT-PCR kit. RT-PCR products were run in agarose
gel electrophoresis to confirm amplification of all eight segments. If segments were
amplified individually, PCR amplicons were pooled in an equimolar ratio.

RT-PCR-amplified products were purified using Agencourt AMPure XP beads (Beckman
Coulter; Brea, CA, USA) at a 0.6:1 bead: RT-PCR reaction (v/v) ratio to reduce fragments
below 500 bp. Purified DNA was quantified using Qubit dSDNA HS assay kit (Thermo
Fisher Scientific; Waltham, MA, USA). Dual-indexed libraries for Illumina MiSeq
sequencing was prepared using 1.5 ng of purified RT-PCR product with the Nextera XT
DNA Library Prep kit (Illumina; San Diego, CA, USA) as per manufacturer’s protocol.
Fragment size and distribution was determined by Georgia Genomics and Bioinformatics
Core (University of Georgia, Athens, GA) using the Agilent 2100 Bioanalyzer (Santa Clara,
CA, USA). Subsequently, the libraries were pooled in equimolar concentrations and
sequenced using the Miseq Reagent kit v2 500cycle on the lllumina Miseq instrument (2 x
250 bp; San Diego, CA, USA).

Sequence analysis

To assemble the TD16 virus genome, the MiSeq raw data (.fastq files) of the inoculum was
processed using a previously described workflow (Dimitrov et al., 2017) on the Galaxy
software platform (Afgan et al., 2016). The obtained consensus whole genome sequence was
used as a reference for assembling the data from the collected clinical samples. After PhiX
and host read filtering, the forward and reverse reads from the experimental samples were
merged using PEAR (Zhang et al., 2014) and subsequently, mapped to the TD16 reference
genome of the inoculum using BWA-MEM (Li, 2013). Consensus sequences were generated
from BAM files using an in-house script in Galaxy (Dimitrov et al., 2017).

Alignment of consensus sequences was performed using MAFFT with G-INS-i as a model
(Katoh and Standley, 2013). Geneious 10.2.3 software (Biomatters Ltd; Auckland, New
Zealand) was used to visualize alignments and annotate the reference sequence. Custom
Python scripts were written to compare and annotate nucleotide consensus sequences
obtained from the inoculum and from the experimental samples, and to parse sequence
information and sample attributes. Spyder (www.spyderide.org) was used as a platform to
write and run the Python scripts. Consensus sequences with ambiguous base calls greater
than 20% of the length of the gene were excluded from the analyses.

To detect minor single nucleotide variations (SNVs), mapped reads were processed through
Lofreq (Wilm et al., 2012). Custom Python scripts were also written to parse data generated
by Lofreq, i.e. scripts were used to calculate mean SNV frequency, to count the number of
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SNV sites, and to calculate Shannon entropy. Since Lofreq can detect variants below the
error-rate of PCR amplification and sequencing, only variants detected at frequencies greater
than or equal to 2% were considered in this study. This cutoff has been previously described
using empirical benchmarking experiments (Fusaro et al., 2016; McCrone and Lauring,
2016; McCrone et al., 2018), which found that SNV frequencies below 2% were often
indistinguishable from background error rate. Shannon entropy was calculated as previously
described (Fusaro et al., 2016; McCrone and Lauring, 2016). The equation used in this study

is —%2;.1: | X ln(xl.), where x;represents the frequency of the ith allele, 7 represents the

number of alleles found for each position, and A is the length of the viral genome. Shannon
entropy from the inoculum is calculated in the same manner as the other samples and is an
average of two technical replicates.

Unless otherwise indicated, in comparisons between chicken and mallard samples, only
swab samples were considered for statistical analyses. This was done to avoid any possible
effect on sequences data from using different RT-PCR Kits with swab and tissue samples. In
comparisons between mallard samples from the high dose (6 log1g EIDsgg) and the medium
dose (4 logyg EID5p) groups, only samples from directly-inoculated birds were included in
the analyses. The results from oral and cloacal swab samples were considered and analyzed
together with the aim of generating a larger pool of data. In comparisons between directly-
inoculated and contact-exposed groups, the route of exposure was the only consideration in
grouping of the samples and thus, each grouping included samples from high and medium
doses.

Phylogenetic trees were constructed for each influenza A genome segment. Genomic
sequences from TD16 as well as selected H5N8 viruses and other Gs/GD H5 viruses were
aligned using Muscle (Edgar, 2004). Phylogenetic trees were constructed using the
Neighbor-Joining method (Saitou and Nei, 1987; Tamura et al., 2004) with 1000 bootstrap
replications (Felsenstein, 1985). All alignments and phylogenetic trees were made using the
MEGA X software (version 10.0.5) (Kumar et al., 2018). There is a total of 35 sequences in
each phylogenetic tree, including the TD16 whole genome sequence. These sequences were
obtained from representative HSN8 viruses from the 2014-2015 and 2016-2017 outbreaks,
especially those from the European outbreak in 2016 (Beerens et al., 2017; Fusaro et al.,
2017). Among the sequences included in the phylogenetic tree are GS/GD H5NX viruses
previously characterized by infectivity, transmission, and pathogenesis in at least one avian
species using an intrachoanal or oral route for inoculation (Kwon et al., 2018; Pantin-
Jackwood et al., 2016; Son et al., 2018). These sequences include those from A/
whooper_swan/Mongolia/244/2005_H5N1 (Pantin-Jackwood et al., 2016), A/mallard/
Korea/W452/2014 H5N8 (Kim et al., 2014), and A/environment/Korea/\W149/2006_H5N1
(Kwon et al., 2011), and A/Grey heron/Korea/W779/2017_H5N8 (Son et al., 2018). The list
of sequences and their corresponding accession numbers are listed in Supplementary Table
1.

Statistical analysis

All statistical analyses were done using GraphPad Prism (GraphPad Software, Inc; La Jolla,
CA, USA). Performed statistical tests are indicated in figure legends. All tests used to
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analyze the data are non-parametric tests since the data sets examined are assumed to be
non-normal. Each bird is exclusively placed into one of the indicated groups, although each
bird may be represented by more than one sample in a group. Reed-Muench method was
used to determine BIDsgg and BLDsg doses (Reed and Muench, 1938).

Pathobiology of birds experimentally inoculated with TD16

Two-week-old mallards and three-week-old chickens were inoculated with varying doses of
2,4, and 6 logyg 50% egg infectious dose (EID5p) of TD16, which are referred hereafter as
low, medium, and high doses. Incremental doses were given to the birds in order to
determine the mean 50% bird infectious dose (BID5p) and 50% bird lethal dose (BLDsg) of
the virus. Birds were considered infected if they shed virus as measured by quantitative RT-
PCR (gRT-PCR) and/or were seropositive at the end of the study. In the low dose group, all
mallards and chickens survived. None of these birds, either directly-inoculated or contact-
exposed, shed virus or became seropositive (Table 1, Figure 1 and 2). In the medium dose
groups, all mallards became infected and transmitted virus to contacts, with a relatively high
mortality observed in the directly-inoculated mallards (4 out of 5 mallards). The chickens
did not become infected when given the medium dose (Table 1). When using the high dose,
the virus was able to infect and cause clinical signs and mortality in both mallards and
chickens.

As expected, the BIDsg and BLDg for chickens was identical at 5 logig EIDsg, indicating
that TD16 infection, as expected for a HPAI virus in chickens, resulted in mortality, albeit at
a high doses. In contrast, TD16 virus was more infectious in mallards, with a BIDgq of 3
logqg EIDsgg (Table 1). Interestingly, the virus was also highly lethal to mallards, causing
>80% mortality at the medium and high doses with a BLDsgq of 3.5 log1g EIDsg. Compared
to the chickens, it took longer for mallards to succumb to viral infection. The mean death
time (MDT) for infected chickens was <2.2 days post-inoculation (dpi). In mallards MDT
was correlated to virus dose, wherein the MDT for the medium dose was 5.8 dpi, while that
for the higher dose was 3.2 — 3.8 dpi.

To measure the transmissibility of TD16, three additional birds were added at 1 dpi to the
isolators containing directly-inoculated birds. All contact chickens survived and none
seroconverted at the end of the study, indicating they were not infected (Table 1). All contact
mallards in the medium and high dose groups shed high levels of virus for up to 7 dpi and
seroconverted by 10 dpi (corresponding to 6 days and 9 days post-exposure (dpe),
respectively). Mortality among contact mallards was observed only in those that were placed
with birds inoculated at the high dose. The MDT for contact birds (4 days post-exposure)
was similar to the MDT for directly-inoculated birds (3.2 — 3.8 dpi).

The peak viral oropharyngeal titers for mallards were approximately 7 logig EIDsgg. These
titers were observed in the high dose groups at 2—3 dpi in directly-inoculated birds (Figures
2 and 3). At the end of the study (10 dpi), viral titers were close, or at the limit of detection
(Figure 3). Viral titers measured across all time points in oropharyngeal (OP) swabs were
higher than those in cloacal (CL) swabs (p<0.05, Mann-Whitney test). Furthermore, at 2 dpi,
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mallards inoculated with the high dose had significantly higher virus levels in OP swabs
than those inoculated with the medium dose (p<0.05, Kruskal-Wallis test).

Contact-exposed mallards in any dose group exhibited similar virus shedding kinetics
wherein peak virus shedding occurred at 3 dpe (Figure 3). Higher levels of virus shedding in
contact-exposed mallards were observed from OP than CL swabs. Moreover, lower virus
levels were measured in CL swabs from contact-exposed mallards compared to those from
the directly-inoculated group. Virus levels shed by contact-exposed mallards were correlated
with the dose of virus received by the directly-inoculated group. All surviving mallards in
the medium and the high dose groups seroconverted at the end of the experiment (Table 1).

For chickens, inoculation with the high dose of TD16 resulted in a robust viral replication
accompanied by a short MDT and high mortality (Figures 1-2, Table 1). As mentioned
earlier, all contact-exposed chickens neither shed virus, nor became seropositive at the end
of the study. Virus shedding was only measured at 2 dpi since almost all chickens in the
highest dose group succumb to infection by 2 dpi (Figure 1). Moreover, low and medium
dose groups did not appear to have become infected as none were seropositive at the end of
the study (Table 1). High viral titers of approximately 7 logig EIDgg was measured at 2 dpi
from chicken samples, regardless of whether virus levels were measured in OP or CL swabs
(Figure 2).

To examine the pathogenesis of TD16, a group of nine mallards and ten chickens were
infected with the high dose of the virus (6 logig EIDsg). The mortality and virus shedding
observed in this group of mallards was similar to the group directly-inoculated with the high
dose of TD16 in the infectivity-transmission groups (Table 1, Figures 1-3). Compared to
non-inoculated contacts, body weights of mallards inoculated with the high dose were
significantly lower throughout the study period (p< 0.05, Supplementary Figure 1A).
Similarly, the body temperature at 2 dpi of mallards inoculated with the high dose was
elevated compared to non-infected controls (p< 0.05, Supplementary Figure 1B).

All mallards that became infected with TD16 were lethargic, anorectic, and exhibited
neurological signs, consistent with previous reports with other Gs/GD lineage H5Nx HPAI
virus infections in mallards (DeJesus et al., 2016a; Pantin-Jackwood et al., 2013; Pantin-
Jackwood et al., 2016). Gross lesions were observed in the 2 ducks necropsied at 3 dpi,
including dehydration, empty intestines, splenomegaly, and thymus atrophy. Widespread
microscopic lesions were observed in tissues from these ducks, similar to those described
with other Gs/GD lineage H5N1 HPAI viruses (Pantin-Jackwood and Swayne, 2019).

Nine of ten chickens became infected and died in the pathogenesis group. The surviving
chicken did not show evidence of clinical disease. Most chickens (7 out of 10) died without
showing clinical signs (peracute disease). Two birds that presented with clinical signs such
as ruffled feathers, lethargy, anorexia, prostration, swollen heads, green diarrhea, and
cyanotic combs, were euthanized and necropsied at 2 dpi. The two birds necropsied were
dehydrated and had empty intestines, catarrhal rhinitis, moderate splenomegaly with
parenchymal mottling, enlarged kidneys, pale pancreas, and congested lungs.
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Microscopically, lesions were similar to those described for infection of chickens with HPAI
virus (Pantin-Jackwood and Swayne, 2019).

Brain, heart, spleen, lung, and muscle tissues were collected from necropsied mallards and
chickens. High virus titers (~7 logyg EID5p) were observed in all of these tissues
(Supplementary Table 2). In order to determine sites of virus replication,
immunohistochemical staining for avian influenza virus antigen was also conducted. Viral
antigen staining was present in multiple tissues from both mallards and chickens indicating
systemic infection (Supplementary Table 3). Patterns of viral staining were similar to
previously reported studies (DeJesus et al., 2016a). Viral antigen was present in epithelial
cells and macrophages in the nasal turbinates, trachea, lung, and air sac; neurons and glial
cells of the brain; cardiac and skeletal myofibers; hepatocytes and Kupffer cells in the liver;
and in resident, and infiltrating phagocytes of the thymus, bursa, cecal tonsils, and spleen.

Full genome sequencing of inoculum and experimental samples

Whole genome sequencing was performed for the TD16 inoculum and for the experimental
samples. Amplification of viral genomes was only successful for samples that had a virus
equivalent titer of = 5 logyg EID5g. Amplicons were then processed for deep sequencing
using lllumina MiSeq platform.

In order to characterize the genome of the TD16 inoculum, we constructed phylogenetic
trees with selected H5N8 viruses from the 20162017 outbreak Europe and other Gs/GD
H5NXx viruses (Supplementary Figure 2). Examination of the phylogenetic trees showed that
TD16 is most phylogenetically similar to HSN8 viruses belonging to A/wild duck/
Poland/82A/2016-like group (Fusaro et al., 2017) and the Netherlands (NL) cluster I, as
indicated by grouping with the viruses from PA | cluster (Beerens et al., 2017).

Consensus sequences from the inoculum and the experimental samples were obtained and
nucleotide differences across the whole genome were annotated. A summary of nucleotide
changes and associated amino acid changes is presented in Supplementary Table 4. There
was a total of 89 nucleotide changes identified; out of which 30 resulted in a non-
synonymous change.

For further analyses, data from cloacal and oropharyngeal swabs were pooled in order to
achieve a larger number of data points. While it is not ideal that different swab types are
aggregated, the aim in making such comparisons was to determine if differences exist
between any viruses shed by the two bird species examined namely, and between other
experimental groups as discussed below. Indeed, for those groups directly inoculated with
the high dose (6 log1g EIDsgq), the mean number of nucleotide changes per sample in tissue
samples, was significantly higher in chickens (7.20, SD=1.03) than in mallards (3.11,
SD=0.93) (Figure 4A, Supplementary Table 5). No significant differences were observed
between swab samples.

When the mean number of changes per sample (swabs or tissues) according to gene segment
was examined, the highest number of changes per site per sample were mostly found in the
polymerase complex genes, PB2, PB1, and PA (Figure 4B and 4C). Furthermore, it was
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observed that viral genomes sequenced from chicken samples have significantly higher
numbers of nucleotide changes per site per sample in the hemagglutinin (HA) and
neuraminidase (NA) genes in swab samples (Figure 4B); and in the PB2, PB1, PA, and non-
structural (NS) genes in tissues samples (Figure 4C). A list of nucleotide changes and their
associated frequencies in viral genomes from mallard or chicken samples are found in
Supplementary Figure 3.

To further characterize viral genetic populations in a given sample, the mean frequencies of
single nucleotide variants (SNV) present in a given sample were detected using Lofreq
(Wilm et al., 2012). The results were then compared between mallard and chicken samples
at the high dose (6 logyg EIDsg). Viral genomes from chicken swabs samples have
significantly higher mean SNV frequency per sample than those from mallard samples
(Figure 4D). No significant differences were observed between tissue samples
(Supplementary Table 5). This indicates, that with respect to SNVs, viral genomes amplified
in chicken swab samples are more divergent from the inoculum compared to viral genomes
amplified from mallard swab samples.

To measure the diversity of the viral genetic populations, the total number of SNV sites were
also determined for each swab sample. A significantly higher number of SNV sites were
found in mallard samples compared to that from chickens (Figure 5A). As another test for
intra-host genomic diversity, the Shannon entropy was calculated as previously described
(Fusaro et al., 2016; McCrone and Lauring, 2016). This calculation measures population
diversity and considers SNV frequency as well as the number of SNV sites. A significantly
higher score was found in viral genome sequences from mallards (2.264 x 10~4, SD=1.039)
than from chickens (1.262 x 1074, SD=0.396), indicating that the genetic populations in
infected mallards are more diverse (Figure 5B; Supplementary Table 5). Of note, the
Shannon entropy score for the inoculum is 1.583 x 1074,

Since TD16 was able to infect mallards at different doses and transmit to contact birds, we
also characterized the viral genomes from the medium dose group and the contact-exposed
group. At the level of consensus sequences, the number of nucleotide changes per sample
was higher in viral genomes from mallards directly-inoculated with the medium dose
compared to those inoculated with the high dose (Figure 6A). In particular, the polymerase
genes PB2 and PB1 had significantly more nucleotide changes in mallards inoculated with
the medium dose (Figure 6B). SNV frequency analysis using Lofreq also provided similar
results wherein viral genomes from the mallards inoculated with the medium dose had
significantly higher mean SNV frequencies (Figure 6C). However, no differences were
observed in the two measures of virus population diversity. The total number of SNV sites
per sample (Figure 6D) and Shannon entropy scores (Figure 6E) were not significantly
different between the two groups (Supplementary Table 5).

Changes in the viral genomes from directly-inoculated and contact-exposed mallards were
also compared to determine if the route of exposure to the virus also impacts viral
populations. Indeed, a higher number of nucleotide changes were observed at the consensus
level in viral genomes from contact-exposed mallards compared to directly-inoculated
mallards (Figure 7A). Interestingly, only the matrix gene (M) had significantly higher

Virology. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leyson et al.

Page 12

number of changes in the directly-inoculated group versus those in the contact-exposed
group (Figure 7B). No differences were found between the two groups regarding the mean
SNV frequency, number of SNV sites, and Shannon entropy (Figure 7C, 7D, and 7E;
Supplementary Table 5). A list of nucleotide changes and their corresponding frequencies
observed among the different groups are found in Supplementary Figure 3.

Discussion

In 2016-2017, Europe experienced widespread outbreaks of highly pathogenic avian
influenza caused by H5Nx Gs/GD lineage clade 2.3.4.4B viruses (EI-Shesheny et al., 2017;
Fusaro et al., 2017; Globig et al., 2017a; Globig et al., 2017b; Lee et al., 2017b; Nancy et al.,
2017; Poen et al., 2018). A notable feature of these outbreaks was the high mortality
observed in wild bird species. The objective of this study was to characterize the
pathobiology of a representative virus from the 2016-2017 European outbreak, A/Tufted
duck/Denmark/11740/LWPL/2016 H5N8 (abbreviated as TD16). The infectivity,
transmissibility, and pathogenicity of TD16 virus was evaluated in two bird species, mallards
(Anas platyrhynchos) and chickens (Gallus gallus). These two bird species have been used
extensively as avian models for influenza infection since they represent the most common
galliform and anseriform species affected by avian influenza (Pantin-Jackwood et al., 2016;
Pantin-Jackwood and Swayne, 2009). To further characterize the TD16 virus, whole genome
sequencing on the inoculum and experimental samples was also performed. Deep sequence
analyses of whole viral genomes were then conducted to identify and compare changes that
occur upon infection of the same viral isolate into the two different avian hosts, and at
different doses and mode of exposure.

Consistent with the pathobiology of other 2.3.4.4 H5 viruses, TD16 caused high mortality in
experimentally-infected chickens (Bertran et al., 2016; DeJesus et al., 2016; Grund et al.,
2018). TD16 was determined to have a 50% bird infectious dose (BIDsgg) and 50% bird
lethal dose (BLDsg) of 5 log1g EIDsq in chickens. The presence of high virus titers in swabs
and tissues is consistent with highly pathogenic avian influenza (HPAI) virus infection in
chickens and has also been observed with other Gs/GD H5Nx HPAI viruses (Swayne, 2007).
In the present study, no virus transmission to contacts occurred in chickens despite some
chickens having virus infection with severe disease and virus being shed at high titers.
Similar results were obtained with HSNx Gs/GD lineage viruses (Bertran et al., 2016;
DelJesus et al., 2016b) and other HPAI viruses (Bertran et al., 2018; Youk, et al. 2019), in
which experimental transmission was very poor in chickens. Under the same experimental
conditions, transmission in chickens has been observed with low pathogenic avian influenza
(LPAI) viruses that are well-adapted to chickens, including HON2 and H5N2 LPAI viruses
(Spackman et al., 2015); (Pantin-Jackwood, unpublished results). However, other groups
have shown transmission of HPAI viruses in chickens (Kim et al., 2014; Kwon et al., 2011).
It is unclear why HPAI viruses do not always transmit well under experimental conditions.
One possible explanation is that the length of exposure to HPAI virus is short since TD16,
like other HPAI viruses, causes high mortality by 2 days post-inoculation (dpi) in chickens.
Further studies are required to better understand transmission of Al viruses in chickens.
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The infectivity and transmissibility findings on TD16 herein are consistent with other studies
involving chickens experimentally infected with clade 2.3.4.4 highly pathogenic H5 viruses.
For instance, clade 2.3.4.4 H5 viruses involved in the 2014-2015 North American outbreak
namely A/Gyrfalcon/Washington/40188-6/2014 (H5N8) and A/Northern pintail/
Washington/40964/2014 (H5N2) were found to have BIDgq of 4.4 and 5.7 log1g EIDsp,
respectively (Bertran et al., 2016). Similar to results in our study, the lethal dose BLDsgg
were also found to be identical to the infectious dose BIDsgp.

Since the inocula used in previous studies and this study were isolated from wild birds, the
low virus fitness for infection and replication in chickens reflects host-species specificity of
these wild bird HPAI isolates. Indeed, when poultry HPAI H5N2 isolates were examined, the
BIDsg decreased for chickens, indicating adaptation in gallinaceous birds after the virus had
passed bird-to-bird in commercial poultry flocks (DeJesus et al., 2016b).

Similar to the high mortality observed in chickens, mallards also succumbed to TD16 virus
infection, with 89% mortality at the high dose of virus given, 6 logig EIDsg. The BIDsgg and
BLDsg in mallards was found to be relatively low and nearly equivalent with each other,
with values of 3 logig EIDgg and 3.5 logqg EIDsg, respectively. Furthermore, the mean death
time at the high dose is 3.4 days for mallards and is slightly longer than in chickens (2.1
days). Aside from high mortality rates, infection with TD16 also resulted in significant
morbidity in mallards, which had reduced body weights and elevated body temperatures
compared to non-infected controls.

The pattern of viral shedding in TD16-infected mallards is consistent with previous studies
examining H5Nx Gs/GD lineage viruses in mallards (DeJesus et al., 2016b; Pantin-
Jackwood et al., 2016), where viral titers shed through the oropharyngeal route are higher
than those shed through the cloacal route. This increased shedding through the
oropharyngeal route is thought to indicate increased tropism for the respiratory tract and to
be associated with adaptation to gallinaceous species (Brown et al., 2006; Hulse-Post et al.,
2005; Kang et al., 2015; Pantin-Jackwood et al., 2016; Sturm-Ramirez et al., 2005).

In contrast to the high mortality observed in mallards infected with TD16, other studies have
shown that mallards and other Anseriformes species generally do not succumb to infection
and have little to no clinical signs upon experimental inoculations with earlier H5Nx clade
2.3.4.4 viruses. For example, in studies involving the H5N8 virus A/gyrfalcon/Washington/
40188-6/2014 (2.3.4.4A), no mortality and mild clinical signs were observed in infected
mallard ducks (Anas platyrhynchos) (Pantin-Jackwood et al., 2016), Pekin ducks (Anas
platyrhynchos) and White Chinese geese (Anser cynoides) (Pantin-Jackwood et al., 2017).
Similar observations were found in mallards infected with A/mallard duck/Korea/
W452/2014 H5N8 (2.3.4.4B) (Kim et al., 2014); and with A/breeder duck/Korea/
Gochang1/2014 H5N8 (2.3.4.4A), A/broiler duck/Korea/Buan2/2014 H5N8 (2.3.4.4B), and
AJ/Baikal teal/Korea/Donglim3/2014 H5N8 (2.3.4.4B) (Kang et al., 2015). Likewise, another
study on experimental infections of Mandarin ducks (Aix galericulata) with a more recent
H5N8 virus, A/Grey heron/Korea/W779/2017 (2.3.4.4A), also showed no mortality and mild
clinical signs upon infection with a relatively high dose (2 x 6 log;¢ EIDsg) (Son et al.,
2018). Of note, in all of these studies, the ducks were readily infected at low to medium
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doses (2-4 log1g EIDsg) and shed significant amounts of virus (5-6 log,g EID5g at peak, 4-5
dpi) via oropharyngeal and cloacal routes. The marked difference in disease outcomes
between TD16 and previously described H5N8 viruses requires further investigation. Since
TD16 and other H5N8 viruses aforementioned share same origins of HA and NA segments,
it would be interesting to determine the contribution of the other gene segments to virulence.

While it is infrequent to observe high mortality in infected mallards, it has been described
under experimental conditions using other Gs/GD H5NXx viruses. Examples of these viruses
are A/Whooper swan/Mongolia/244/2005 (Pantin-Jackwood et al., 2016), A/chicken/Egypt/
9402-CLEVB213/2007 and A/chicken/Egypt/08124S-NLQP/2008 (Wasilenko et al., 2011).
These viruses belong to the Gs/GD clade 2.2, which is a distinct clade from TD16. The
common factors that contribute to high virulence in mallards would be another important
line of investigation.

The high mortality observed in TD16-infected mallards brings up the question of how 2016-
2017 H5N8 viruses spread rapidly and across many countries. One possibility is that pre-
existing immunity exists in some wild bird populations. In this case, birds might be able to
survive infection but viral shedding still occur. The mallards used for our experiment were
two-week old birds that have no previous exposure to avian influenza. It is possible that
some preexisting immunity can prevent severe disease and mortality in wild birds. For
instance, a study conducted in the wetlands of Italy in 1992-1998 showed that 50% of the
wild ducks surveyed were positive for influenza A NP antibodies, demonstrating that most
of the duck populations surveyed had been previously exposed to influenza (De Marco et al.,
2004). Another possibility is that there are species-specific differences in the pathobiology
of TD16 and that perhaps, there are some species that may be innately resistant to TD16.
Indeed, it has been shown that there are differences in the susceptibility to diseases and
ability to shed high viral titers among several wild duck species (Keawcharoen et al., 2008).

Since the same inoculum was used for the infection of both mallards and chickens, we
sought to determine changes that occur in the viral genome after infection and replication in
birds from two distinct taxa, chickens (Galliformes) and mallards (Anseriformes). To this
end, whole genome deep sequencing was performed on oropharyngeal and cloacal swabs as
well as on tissue samples from infected birds.

At the consensus level, relatively few nucleotide changes (range=2—11 nucleotide changes
per sample) were observed across the genome relative to the inoculum. Comparison of
whole genome consensus sequences to the inoculum nonetheless showed that viral genomes
in tissue samples from chickens (mean=7.20) have more nucleotide changes than those from
mallards (mean=3.11) (Figure 4A and Supplementary Table 5). When the nucleotide
changes were classified according to gene, it was found that chickens have a higher number
of changes in the HA and NA genes from swab samples (Figure 4B) and in the PB2, PB1,
PA, and NS genes from tissue samples (Figure 4C). These observations are similar to
previous findings in a study involving Gs/GD HPAI viruses (Bertran et al., 2017), wherein
the genes with the highest number of changes were found in the polymerase complex genes
PB2, PB1, and PA. Upon examination of SNVs identified in viral genomes sequences, it was
found that the mean SNV frequency was higher in swab tissues from chickens compared to
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that from mallards (Figure 4D). Although not all comparisons between chickens and
mallards are statistically significant, these observations collectively suggest that TD16
underwent greater selective pressure upon infection of chickens, especially after systemic
replication and spread to tissues outside the respiratory and digestive tracts.

Population bottleneck is an event where population size is significantly reduced due to a
selective event, often resulting into a decrease in diversity within the population. It has been
shown that influenza virus can undergo bottlenecks during human-to-human transmission
events (McCrone et al., 2018; Sobel Leonard et al., 2016a) and during infection of ferrets, a
mammalian host where avian influenza is poorly adapted to (Wilker et al., 2013; Zaraket et
al., 2015). When a viral population undergoes a bottleneck, the population diversity is
reduced if the selective pressures are uneven across subpopulations. Consensus sequences do
not reflect minor variations in the genome and thus, in order to measure diversity, minor
viral subpopulations were detected using single nucleotide variant (SNV) analysis on deep
sequencing data.

Two measures of diversity were calculated: richness, which is herein defined as the number
of SNV sites per sample; and Shannon entropy, which was calculated according to a
previously described formula (McCrone and Lauring, 2016). This calculation takes into
account the SNV frequency and the number of SNV sites. On both measures of diversity,
viral genomes from mallard swab samples scored higher than those from chicken swab
samples, with mean number of SNV sites of 29.53 and 13.04, respectively. Accordingly,
viral genome sequences from mallard samples do not deviate much from the inoculum
consensus sequence and at the same time, the diversity of viral genomes appears to remain
high, regardless of dose and route of exposure. These observations support the hypothesis
that TD16 virus is more adapted to mallards. Furthermore, these data suggest that
bottlenecks occur for waterfowl-adapted viruses upon infection and replication in chickens,
resulting in viruses that are more divergent from the original inoculum but have a relatively
low intra-genomic diversity. Whether such bottlenecks are a result of selective pressures or
stochastic events remains to be determined. The nature of selective pressures experienced by
avian influenza virus upon infection of different host species has been and continues to be an
interesting subject of investigation.

For mallards, TD16 was able to infect at the medium and high doses. TD16 was also able to
transmit to contact-exposed mallards. To determine if dose or route of exposure also resulted
in population bottlenecks, deep sequencing results from various experimental groups with
mallards were also compared. Viral genomes sequenced from mallards inoculated with the
high dose had fewer nucleotide changes per sample compared to those inoculated with the
medium dose. The same trend was also observed in the comparison between viral genomes
from directly-inoculated and contact-exposed mallards.

When richness was examined for viral genomes sequences, no significant differences were
observed between the two groups. Similarly, no significant differences were observed in
Shannon entropy scores between mallards inoculated with the high dose versus the medium
dose, and between directly-inoculated versus contact-exposed groups. It thus appears that,
while dose and route of exposure can result in more changes in the genome, population
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diversity remains relatively high upon replication in mallards, regardless of dose or route of
exposure. A potential explanation for this phenomenon can be what is called the founder
effect (Provine, 2004), i.e. a reduction in population diversity observed when it is established
by a very small number of individuals. In the case of viral populations, the number of virions
available for infection are few, thereby reducing the diversity within the viral population. As
a result, minor subpopulations gain space and opportunity to emerge as major
subpopulations. The relatively high virus diversity observed upon replication in mallards
supports the view that TD16 is well-adapted to mallards.

In summary, the /in vivo experiments and sequencing data together demonstrate that TD16 is
a virus that is less adapted to chickens than to mallards. This observation is consistent with
the nature of the outbreak where many wild duck species were affected. While the virus is
highly pathogenic for chickens, the infectious dose is high and it appears that population
bottlenecks occur upon virus infection and replication in this species. The nature of the
selective pressures that cause population bottlenecks, i.e. further adaptation to chickens as
hosts, is of particular interest and requires additional investigation. Such information is
useful in understanding the epidemiology of avian influenza virus in various avian species.

Many studies have examined genetic diversity of influenza viruses on an epidemiological
scale using viruses sequenced from outbreaks. For the 2016-2017 outbreak alone, a number
of studies have used sequencing data to infer phylogenetic relationships between past and
current virus strains and to determine the course of virus spread (Beerens et al., 2017; Fusaro
et al., 2016; Pohlmann et al., 2018). To our knowledge, there are few studies (McCrone et
al., 2018; Sobel Leonard et al., 2016b; Stack et al., 2013) that have examined a shorter time-
scale, within-host genetic diversity of influenza A viruses. One of the challenges in
conducting studies for intra-host diversity is the availabilty of animals or subjects that are
infected with the same or equivalent virus strain. In our case, an in-depth examination of
intra-host viral diversity was made possible with the use of an experimental animal model
for avian influenza infection. Experimental inoculation of birds ensures that all birds were
infected with exactly the same virus. Moreover, while efforts have been made to reduce the
number of animals used, our experiments involve a relatively large number of animals per
group. These factors altogether allow for a larger pool of potential samples and for greater
statistical power in downstream analyses. Additionally, it is our good fortune that the TD16
viral infection results in high titers shed by both mallards and chickens, thereby increasing
the chances of sequencing complete whole genomes from experimental samples. Coupled
with deep sequencing, these factors have allowed for an in-depth analyses of intra-host
diversity for the TD16 virus. Whether these patterns of intra-host diversity are virus-specific
or are general patterns for most avian influenza viruses remains to be determined. Further
experimentation and analyses will be needed to attain a better, more comprehensive
understanding of intra-host diversity of influenza viruses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Survival of mallards (A) and chickens (B) directly inoculated with TD16 virus, including
infectivity, transmission, and pathogenesis group. Birds received low, medium, and high
doses of the virus (2, 4, or 6 logg EIDsg(, respectively). Contact birds were added to
isolators at one day post-inoculation.
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A. Oropharyngeal swabs
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Figure 2.

Virus shedding from experimentally inoculated mallards and chickens at 2 days post-
inoculation. Quantitative real-time RT-PCR (qQRRT-PCR) was used to measure viral titers in
oropharyngeal (A) and cloacal swabs (B). Limit of detection is 1.6 logyg EID5 as
determined by limiting dilution of the standard virus. *Indicates pathogenesis group.
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Figure 3.

Kinetics of viral shedding from directly-inoculated (A, C) and contact-exposed (B, D)
mallards. Viral shedding via the oropharyngeal (A, B) and cloacal (C, D) routes was
measured at 2 to 10 days post-inoculation using gRRT-PCR. Limit of detection is 1.6 logyg
EIDsg as determined by limiting dilution of the standard virus.
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Figure 4.

Viral genomes sequenced from infected chickens have a higher number of nucleotide
changes compared to those from mallards, relative to the inoculum. Consensus sequences
were obtained from whole genome sequencing of the TD16 inoculum and experimental
samples from birds directly inoculated with the high dose (6 log1g EIDsg). Nucleotide
changes relative to the inoculum were annotated and counted for each sample. (A) Total
number of changes observed across the genome from mallards and chickens as classified by
sample type where OP = oropharyngeal swab, CL = cloacal swab. Total number of changes
in swab (B) and tissue (C) samples from chickens or mallards, as classified by genome
segment. (D) Mean frequency of SNVs within each swab sample in chickens and mallards.
Mean frequencies are expressed as proportions where 0.5 is equivalent to 50%. *p<0.05
using the Kruskal-Wallis (A) or Mann-Whitney test (B-D). For (A), the lowercase letters
above indicate statistical pairwise comparisons between groups. In this case, a significant
difference between two groups was observed if the two groups do not share a letter.
Statistical comparisons for (B-C) were made with the same gene between the two groups.
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Figure 5.
Viral genomes sequenced from samples from infected mallards exhibit greater diversity in

single nucleotide variants (SNV) than those from infected chickens. (A) Total number of
SNV sites and (B) Shannon entropy scores found after deep sequencing of viral genomes
from mallard and chicken swab samples. *p <0.05 using Mann-Whitney test.
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Figure 6.
Viral genomes from mallards inoculated at the medium dose can have more changes in the

genome compared to those inoculated with the high dose, but no differences were observed
in measurements of SNV diversity. Consensus sequences from whole genome deep
sequencing was obtained from oropharyngeal and cloacal swabs, and subsequently
compared to the consensus sequence of the inoculum. (A) Total number of nucleotide
changes found between mallards inoculated with the high dose and those inoculated with the
medium dose. (B) Nucleotide changes classified according to which gene segment they were
found in. Statistical comparisons were made with the same gene between the two groups.
(C) Mean frequency of all SNVs per sample. (D) Total number of SNV sites per sample. (E)
Shannon entropy scores. *p<0.05 using Mann-Whitney test.
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Figure 7.

Viral genomes from contact-exposed mallards can have more nucleotide changes compared
to mallards directly-inoculated with virus, but no differences in measurements of diversity
were observed. Samples included in these analyses are grouped according to mode of
exposure and includes swabs from the medium and high dose groups. (A) Number of
nucleotide changes observed in viral genomes from mallards that were directly inoculated
with virus or contact-exposed. (B) Nucleotide changes classified according to which gene
segment they were found. Statistical comparisons were made with the same gene between
the two groups. (C) Mean frequency of all SNVs per sample. (D) Total number of SNV sites
per sample. (E) Shannon entropy scores per sample. *p<0.05 using Mann-Whitney test.
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