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Abstract

In August 2014, a low-pathogenic H7N3 influenza A virus was isolated from pheasants at a

New Jersey gamebird farm and hunting preserve. In this study, we use phylogenetic analyses

and calculations of genetic similarity to gain inference into the genetic ancestry of this virus

and to identify potential routes of transmission. Results of maximum-likelihood (ML) and
maximum-clade-credibility (MCC) phylogenetic analyses provide evidence that A/pheasant/New
Jersey/26996-2/2014 (H7N3) had closely related H7 hemagglutinin (HA) and N3 neuraminidase
(NA) gene segments as compared to influenza A viruses circulating among wild waterfowl in

the central and eastern USA. The estimated time of the most recent common ancestry (TMRCA)
between the pheasant virus and those most closely related from wild waterfowl was early 2013
for both the H7 HA and N3 NA gene segments. None of the viruses from waterfowl identified

as being most closely related to A/pheasant/New Jersey/26996—2/2014 at the HA and NA gene
segments in ML and MCC phylogenetic analyses shared =99 % nucleotide sequence identity

for internal gene segment sequences. This result indicates that specific viral strains identified

in this study as being closely related to the HA and NA gene segments of A/pheasant/New
Jersey/26996-2/2014 were not the direct predecessors of the etiological agent identified during
the New Jersey outbreak. However, the recent common ancestry of the H7 and N3 gene segments
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of waterfowl-origin viruses and the virus isolated from pheasants suggests that viral diversity
maintained in wild waterfowl likely played an important role in the emergence of A/pheasant/New
Jersey/26996-2/2014.

Introduction

Wild aquatic birds, specifically waterfowl, gulls, and shorebirds, maintain the majority of the
antigenic and genetic diversity of influenza A viruses (IAVs) [1]. Of the 16 hemagglutinin
(HA) subtypes identified in wild birds, two, H5 and H7, have previously developed high
pathogenicity in poultry through the accumulation of mutations at the HA cleavage site.
Viruses of these subtypes are therefore of agricultural concern, and poultry infections caused
by 1AVs of the H5 and H7 subtypes, regardless of pathogenicity, are reportable to the World
Organization for Animal Health (OIE). As such, introductions of H5 and H7 1AVs into
poultry production systems may lead to economic losses, either directly through morbidity
and mortality, or indirectly through the application of control and eradication measures or
via restrictions in trade. Additionally, spillover of poultry-origin 1AVs of the H5 and H7
subtypes has resulted in human infections, raising concerns regarding the pandemic potential
of such viruses [2-4]. Therefore, information leading to a better understanding of viral
transmission across the wild bird-poultry interface may be useful for improving biosecurity
practices that minimize the frequency of introductions of H5 and H7 subtype 1AVs into
domestic birds, thereby promoting population health.

Although H5 and H7 1AVs have been detected in commercial poultry, live-bird markets,

and domestically reared game birds in the USA numerous times in recent decades [5-8],
only a limited number of studies have identified molecular or epidemiological evidence

for transmission of H5 and H7 subtype 1AVs across the wild bird-poultry interface. Low-
pathogenic H7N9 1AVs detected in Minnesota, USA turkey farms during 2009-2011 were
closely related to viruses circulating among wild waterfowl in the Mississippi Flyway [9].
Similarly, highly pathogenic H5N2 viruses detected in poultry in British Columbia, Canada,
in 2014, and subsequently the Midwestern states of the USA in 2015, also appeared to share
common ancestry with 1AVs detected in North American waterfowl [10-12]. Molecular and
epidemiological links between other H5 and H7 1AVs detected in domestic birds in the USA
and the wild bird reservoir are generally less clear, but evidence suggests that spillover of
IAVs from the wild bird reservoir into domestic poultry may not be uncommon [13].

In late August 2014, routine testing of pheasants (family Phasianidae, subfamily
Phasianinae) for IAVs was conducted on a New Jersey, USA gamebird farm and hunting
preserve. There had been no clinical signs or increased mortality reported among the
holdings of approximately 7200 pheasants and 44,000 mallards (Anas platyrhynchos).
Three pooled samples of 10 oropharyngeal swabs collected from pheasants were tested

by the United States Department of Agriculture Animal and Plant Health Inspection Service
National Veterinary Services Laboratory (NVSL), resulting in the isolation of an H7N3
subtype IAV predicted to be low pathogenic in poultry based on deduced amino acid motifs
at the fusion cleavage site. Control measures, including quarantine, were applied to the
gamebird farm and hunting preserve, and follow-up testing of the affected premises and an
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epidemiologically linked farm suggested that the outbreak was contained [14]. However,
the origins of the H7N3 AV detected at the gamebird farm and hunting preserve were not
determined.

In this investigation, we used genetic evidence to assess whether North American waterfowl,
gulls, shorebirds, or poultry were the likely source of the H7N3 1AV that was introduced

to New Jersey pheasants. Specifically, we used phylogenetic methods to assess the genetic
ancestry of the H7 and N3 1AV gene segments and to estimate when the introduction

of IAV into New Jersey pheasants may have occurred. Furthermore, we used genetic
information to further assess the evidence for hitchhiking of internal gene segments with
surface glycoproteins in the formation of the genomic constellation that was ultimately
detected in New Jersey pheasants. Resulting information from this investigation may be
useful for identifying potential routes of transmission across the wild bird-poultry interface,
which may be used to improve biosecurity on game farms and hunting preserves in the USA
and abroad.

Materials and methods

Influenza virus strain A/pheasant/New Jersey/26996-2/2014 (H7N3) was isolated by NVSL
using standard protocols for RNA extraction, virus detection and quantitation by real-

time RT-PCR, influenza virus subtype identification by molecular methods, and virus
isolation, propagation, and titration in embryonated chicken eggs [15]. Viral RNA was
extracted from the resultant isolate using a MagMAX Viral RNA Isolation Kit (Ambion/
ThermoFisher Scientific). Complementary DNA was synthesized by reverse transcription
using SuperScript 111 (Invitrogen/ThermoFisher Scientific). All eight gene segments of
isolates were amplified by PCR, and complete genome sequencing was conducted using

the lon Torrent (Life Technologies) platform. Briefly, the PCR product was purified and a
DNA library was prepared for the lon Torrent using an lonXpress Plus Fragment Library Kit
(Life Technologies) with lon Xpress barcode adapters. The prepared library was quantitated
using a Bioanalyzer DNA 1000 Kit. The quantitated library was diluted and pooled for
amplification using the lon One Touch 2 and ES systems. Following enrichment, DNA

was loaded onto an lon 314 or lon 316 chip and sequenced using an lon PGM 200 v2
Sequencing Kit. De novo and directed assembly of the genome sequence was carried out
using the SeqMan NGen v4 program. Nucleotide sequences for the complete genome of A/
pheasant/New Jersey/26996-2/2014 (H7N3) were deposited in the GenBank database under
accession numbers KU740201-KU740208.

To investigate the genetic origins of A/pheasant/New Jersey/26996-2/2014 (H7N3), we
obtained sequences for the complete coding region for all H7 HA and N3 neuraminidase
(NA) gene segments previously reported from North America during 2000-2014 as available
in the GenBank public database [16] (accessed 22—-24 September 2015; n =487 and n =

394, respectively). We also obtained genetic information for H7 HA (n = 14) and N3 NA

(n = 13) gene segments for 20 additional viruses isolated from paired oropharyngeal/cloacal
swab samples collected from live-captured blue-winged teal (Anas discors) in Texas (n =

1) and Louisiana (n = 15) during March 2014 and ruddy turnstones (Arenaria interpres)

at Delaware Bay, New Jersey (n = 4) in May of 2014 (GenBank accession numbers:
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KT887256—KT887422; Supplemental Table 1). Viruses were isolated according to methods
reported by Stallknecht et al. [17], and their genes were sequenced following protocols
reported by Ramey et al. [18].

Maximum-likelihood (ML) phylogenies were first reconstructed in MEGA version 6.06

[19] to assess the genetic relationships among H7 HA and N3 NA gene segments for
Alpheasant/New Jersey/26996-2/2014 (H7N3), isolates derived from blue-winged teal

and ruddy turnstones, and 1AVs previously reported from North America during 2000—

2014 using the Nucleotide: Nearest-Neighbor-Inter-change method, with 1000 bootstrap
replicates (n = 501 and 407 for H7 HA and N3NA gene segment sequences, respectively).
Subsequently, genetic ancestry for strongly supported clades (bootstrap support values =70)
containing sequence information for the H7 HA (n = 65 sequences in clade) and N3 NA (n =
112 sequences in clade) gene segments A/pheasant/New Jersey/26996—2/2014 (H7N3) was
further investigated by reconstructing maximum-clade-credibility (MCC) phylogenetic trees.

Bayesian Markov Chain Monte Carlo coalescent analysis was performed using BEAST
1.7.4 [20]. The uncorrelated exponential molecular clock was selected after comparison of
Bayes factors with estimates obtained with the strict clock and uncorrelated log-normal
clocks. The SRDO6 nucleotide substitution model [21] and a Bayesian skyline coalescent
tree prior were used in all simulations [22]. We performed two independent analyses with
chain lengths of 80 million generations sampled every 1000 iterations, and the first 20 % of
the trees were discarded as burn-in.

To obtain information about the hitchhiking of internal gene segments with surface
glycoproteins, we calculated nucleotide pairwise distances (PWD) for complete coding
region genetic sequences of internal gene segments between A/pheasant/New Jersey/26996—
2/2014 (H7N3) and other 1AV strains sharing 299 % nucleotide sequence identity at either
the HA or NA gene segment. Shared nucleotide sequence identity of =299 % between A/
pheasant/New Jersey/26996-2/2014 (H7N3) and other 1AV strains in internal gene segments
was taken as evidence for hitchhiking of internal genes with surface glycoproteins in the
formation of the genomic constellation detected in New Jersey pheasants.

Using ML phylogenetic analysis, the genetic sequence for the H7 HA gene for A/
pheasant/New Jersey/26996-2/2014 (H7N3) was nested within a strongly supported clade
(bootstrap support value of 95) of 65 sequences derived from 1AVs isolated from wild
waterfowl, shorebirds, and domestic birds sampled in the USA and Mexico, including all
14 H7 subtype 1AVs from blue-winged teal and ruddy turnstones sequenced in this study
(Fig. 1, Supplemental Figure S1). The coalescent analysis performed for this clade provided
more-detailed information on the possible origins of A/pheasant/New Jersey/26996-2/2014
(H7N3). The phylogenetic structure of the resulting tree (Fig. 2) revealed that the H7 HA
gene segment of the virus isolated from a pheasant was closely related to those of viruses
isolated from blue-winged teal (H7N1 and H7N3), sampled in Louisiana during 2014,

with a time of the most recent common ancestry (TMRCA) estimated to be early 2013
(TMRCA,; £95 % highest posterior density [HPD]: 2013.2; 2012.7-2013.7). These viruses
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clustered together with other H7 viruses isolated from waterfowl sampled in Louisiana,
Ohio, Maryland, and lowa sampled in 2013-2014, with TMRCA estimated to be 2012
(2012; 2011.3-2012.7). These viruses formed an independent lineage in the phylogenetic
tree that also included an H7N7 virus isolated from a chicken in Delaware in 2014, but with
which the estimated TMRCA was earlier (2010.3; 2008.9-2011.8). Four H7 HA sequences,
all obtained from IAVs isolated from blue-winged teal, shared =99 % nucleotide sequence
identity with the HA sequence of A/pheasant/New Jersey/26996—2/2014 (H7N3) in PWD
comparisons (Table 1). However, PWD comparisons for NA and internal gene segment
sequences between A/pheasant/New Jersey/26996-2/2014 (H7N3) and four 1AV isolates
from blue-winged teal with highly similar HA gene sequences revealed lower levels of
nucleotide sequence similarity (<98 %; Table 1).

ML phylogenetic analysis supported inclusion of the N3 NA gene sequence of A/
pheasant/New Jersey/26996-2/2014 (H7N3) within a strongly supported clade (bootstrap
support value of 77) of 112 sequences derived from IAVs isolated from waterfowl,
shorebird, and chicken samples collected in the USA, Canada, Mexico, and Guatemala,
including 13 N3 subtype 1AVs from blue-winged teal and ruddy turnstones sequenced for
this study (Fig. 3, Supplemental Figure S2). The coalescent analysis performed for the

N3 NA sequences revealed that the N3 NA gene segment of A/pheasant/New Jersey/26996—
2/2014 was closely related to viruses isolated from blue-winged teal sampled in Louisiana
during 2014 (Fig. 4) with an estimated TMRCA of early 2013 (2013.1; 2012.7-2013.6).
These N3 NA gene segment sequences clustered together with those of other N3 1AVs
isolated from waterfowl sampled in Maryland and lowa in 2013 and 2014 (2012; 2011.3-
2012.5). The majority of the N3 NA genetic sequences included in MCC analysis (110 of
112) were clustered into a single clade estimated to share common ancestry in 2004 (2004.4;
2003.8-2004.9). The N3 NA sequences for three isolates from blue-winged teal sequenced
as part of this study shared =99 % nucleotide sequence identity with the NA sequence of
Alpheasant/New Jersey/26996-2/2014 (H7N3); however, PWD comparisons between the
isolates from blue-winged teal and the 1AV from a New Jersey pheasant revealed shared
nucleotide sequence identity <98 % for the HA gene and internal gene segments (Table 1).

Discussion

Previous investigations have provided evidence for shared ancestry of 1AVs detected in
domestically reared birds in the USA with those isolated from samples collected from wild
North American waterfowl [9-12]. Therefore, it is unsurprising that we found evidence for
relatively recent common ancestry of H7 HA and N3 NA gene segments of A/pheasant/New
Jersey/26996-2/2014 with viruses circulating in dabbling ducks sampled throughout the
central and eastern USA, particularly as some minor poultry species, such as pheasants,
may be readily infected by wild-bird-origin IAVs [23], and the game farm on which the
pheasant virus was detected had considerable holdings of mallards. However, none of the
viruses identified in wild waterfowl as being closely related to A/pheasant/New Jersey/
26996-2/2014 in ML and MCC phylogenetic analyses also shared high (=99 %) nucleotide
sequence similarity with any internal gene segment sequences of the pheasant isolate.
Furthermore, post-hoc MCC analyses provided evidence that 1AVs most closely related

to A/pheasant/New Jersey/26996-2/2014 at the HA and NA gene segments were not the
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most closely related viruses to the H7N3 pheasant virus at internal gene segments, nor was
there support for recent common ancestry for internal gene segments of A/pheasant/New
Jersey/26996-2/2014 and 1AV strains sequenced for this study (Supplemental Figures S3—
S8). Thus, although we have identified wild waterfowl as a putative source for the virus
detected in New Jersey pheasants, we have not identified the direct predecessor virus strain.

Given that the TMRCA for both the H7 HA and N3 NA gene segments between A/
pheasant/New Jersey/26996-2/2014 and the most closely related 1AVs from waterfowl was
estimated to be more than a year prior to viral detection in pheasants and that we were

not able to identify a direct predecessor virus, rigorous fine-scale inference regarding the
timing of viral introduction in the New Jersey bird-rearing facility is not currently possible.
Furthermore, a lack of information on the 1AV infection status of mallards at the New
Jersey facility from which this H7N3 virus was isolated precludes inference regarding the
role of captive-reared waterfowl in the emergence of A/pheasant/New Jersey/26996-2/2014.
Additional sequence information from wild and/or domestic birds sampled in the USA
during 2013-2014 may, however, allow more precise estimates of the time of introduction.

Our results build on the growing body of literature supporting viral diversity maintained in
wild waterfowl as playing a particularly important role in the emergence of 1AVs in poultry
as compared to shorebirds and gulls, other avian taxa typically identified as comprising

the wild bird reservoir of 1AVs [24]. Thus, biosecurity for domestically reared birds may

be most efficiently optimized by focusing on interfaces between wild waterfowl (and
associated wetland habitats) and poultry. For example, raising pheasants in close proximity
to pen-reared waterfowl may promote viral exchange among taxa, whereas separate facilities
with protocols in place to minimize viral spread via fomites and watering systems may
greatly reduce the likelihood of interspecies transmission. Even though the detection of A/
pheasant/New Jersey/26996-2/2014 was in a modest-sized game bird farm and the virus was
predicted to be of low pathogenicity based on genetic sequencing, this event exemplifies a
potential route through which 1AVs may spill over from wild birds into domestic production,
posing an elevated risk of disease to nearby commercial operations or those linked via trade.

Finally, in both the HA and NA trees, isolates derived from blue-winged teal and sequenced
for this study displayed considerable genetic diversity with only a portion inferred as
sharing recent common ancestry with A/pheasant/New Jersey/26996-2/2014. All of these
blue-winged teal isolates originated from Texas and Louisiana as part of a single spring
collection effort. This observed genetic diversity highlights the value of sequencing multiple
isolates of the same subtype recovered from wild bird sample collections in order to reliably
assess the ancestry and time of introduction of 1AVs infecting domestic poultry.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

ngimum-likelihood phylogenetic tree depicting the inferred topology for 501 sequences of
H7 hemagglutinin gene segments derived from influenza A viruses isolated from wild and
domestic birds in North America. Branch tips for sequences selected for maximum-clade-
credibility analysis are colored red. The bootstrap support value of the node indicated by a
star is 95. The position of the sequence for A/pheasant/New Jersey/26996-2/2014 (H7N3)
is indicated by an arrow. The expanded tree with complete tip labels (GenBank accession
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number and strain name) and bootstrap support values is available as supplemental material
(Supplemental Figure S1)
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KT887267 Afruddy turnstone/New Jersey/UGAI14-1204 (H7N3)
KT887291 Afruddy turnstone/New Jersey/UGAI14-1719 (H7N3)

1 KT887283 Alruddy tu /New Jersey/UGAI14-1343 (H7N3)
KT887307 Alruddy turmlomlNow JnmleGN14~1907 (H7N3)
KT887378 A/bl i d teallL janalUGAI14-514/2014 (H7TN7mixed)

et KJ568385 Alblue-winged leaVOhnol13OSi 77372013 (H7N3)
KJ568001 A/Americangreen-winged teallOhio/130S1777/2013 (H7N3)
] KJ527614 Ablue-winged teal/lOhio/130S1770/2013 (H7N3)
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Fig. 2.
Maximum-clade-credibility tree depicting the inferred ancestry of 65 full-length sequences

for H7 hemagglutinin gene segments derived from influenza A viruses isolated from wild
and domestic birds in North America. Posterior probability values =0.7 are reported. Grey
bars indicate the 95 % HPD for the time of the most recent common ancestors. Sequences
determined this study are indicated in bold. The branch tip for A/pheasant/New Jersey/
26996-2/014 (H7N3) is colored red
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Fig. 3.
Maximum-likelihood phylogenetic tree depicting the inferred topology for 407 sequences of

N3 neuraminidase gene segments derived from influenza A viruses isolated from wild and
domestic birds in North America. Branch tips for sequences selected for maximum-clade-
credibility analysis are colored red. The bootstrap support value of the node indicated by a
star is 77. The position of the sequence for A/pheasant/New Jersey/26996-2/2014 (H7N3)
is indicated by an arrow. The expanded tree with complete tip labels (GenBank accession
number and strain name) and bootstrap support values is available as supplemental material
(Supplemental Figure S2)
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Maximum-clade-credibility tree depicting the inferred ancestry of 112 full-length sequences
for N3 neuraminidase gene segments derived from influenza A viruses isolated from wild
and domestic birds in North America. Posterior probability values >0.7 are reported. Grey
bars indicate the 95 % HPD for the time of the most recent common ancestors. Sequences
determined in this study are indicated in bold. The branch tip for A/pheasant/New Jersey/

26996-2/2014 (H7N3) is colored red
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