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In March 2017, a novel highly pathogenic avian influenza A(H7N9) virus was detected at two commercial broiler
breeder facilities in Tennessee, United States. In this study, a wild bird low pathogenic avian influenza A virus,
A/blue-winged teal/Wyoming/AH0099021/2016(H7N9), was shown to be the probable precursor of the novel
H7NO9 virus; this low pathogenic virus has eight possible progenitor genes sharing > 99% sequence identity with
the novel H7N9 virus. Phylogeographic analyses showed that viral gene constellations that formed and circu-
lated among dabbling ducks contributed to the emergence of the novel H7N9 virus. This is in contrast to the
virus that caused the 2016 H7N8 outbreak, which had more genetic contributions from viruses circulating
among diving ducks. Study findings support the need for ongoing wild bird surveillance to monitor circulating
viruses and to understand possible evolutionary pathways of virus emergence in poultry.

1. Introduction

Influenza A viruses (IAVs) have been recovered from variety of bird
species, including at least 105 species of 26 different families (Olsen
et al., 2006). Among wild birds, those of wetland and aquatic en-
vironments, such as birds in the order Anseriformes (particularly ducks,
geese, and swans) and those in the order Charadriiformes (particularly
gulls, terns, and waders) constitute the major natural IAV reservoir
(Webster et al., 1992). These birds maintain a large IAV genetic pool,
which contributes to the appearance of new IAVs in humans, lower
mammals, and domestic poultry and other birds. Many Anseriformes and
Charadriiformes birds perform regular long-distance migrations
(Anonymous, 1996), and they are distributed globally, except in the
most arid regions of the world (Anonymous, 1996). Wild bird migration
facilitates virus transmission and genetic diversity through reassort-
ments and adaptations among IAVs from different geographic locations.

It is well documented that wild birds have been the predominant
source of IAVs detected in domestic poultry, and introductions of IAVs
from wild birds to domestic poultry occasionally causes outbreaks
among domestic poultry. Understanding the evolutionary pathway for
emerging IAVs detected in domestic poultry, especially learning which
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wild bird species are involved in these introductions, will help us un-
derstand the natural history of IAVs and provide potential evidence to
support the development of strategies for avian influenza surveillance
among wild birds. Through retrospective analyses, Krauss and collea-
gues proposed shorebirds, gulls and dabbling ducks as the source of IAV
introduction into domestic poultry in North America (Krauss et al.,
2004, 2015). Through phylogeographic analyses, Xu et al. (2017)
suggested that viral gene constellations circulating among diving ducks
can contribute toward the emergence of H7N8 IAVs that affect poultry,
and Li et al. (2018) indicated that, from 2001 to 2017, dabbling ducks
and geese/swans could have facilitated emergences of the H5 IAVs
associated with 18 individual introductions into domestic poultry in the
United States. These studies suggested that certain species of wild bird
may serve an important role in the maintenance, diversification, and
transmission of IAVs in the wild bird reservoir.

After being introduced into domestic poultry, subtype H5 and H7
low pathogenic avian influenza (LPAI) viruses can mutate into highly
pathogenic avian influenza (HPAI) viruses, often through acquisition of
basic amino acids in the cleavage region of the HA protein by insertion
or substitution (Garcia et al., 1996) or through insertion of a long
peptide sequence in the cleavage region of the HA protein from

Received 29 July 2018; Received in revised form 1 September 2018; Accepted 4 September 2018

0042-6822/ © 2018 Elsevier Inc. All rights reserved.


http://www.sciencedirect.com/science/journal/00426822
https://www.elsevier.com/locate/virology
https://doi.org/10.1016/j.virol.2018.09.003
https://doi.org/10.1016/j.virol.2018.09.003
mailto:wan@cvm.msstate.edu
https://doi.org/10.1016/j.virol.2018.09.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virol.2018.09.003&domain=pdf

L. Li et al.

recombination with another gene segment(s) or host genome (Suarez
et al., 2004; Pasick et al., 2005; Maurer-Stroh et al., 2013). However,
whether and how a subtype H5 or H7 IAV would mutate from LPAI
virus to HPAI virus cannot yet be predicted.

In March 2017, subtype H7N9 HPAI virus was detected in a com-
mercial broiler breeder facility in Lincoln County, Tennessee, United
States, with a single event of secondary spread within company.
Subsequent surveillance detected H7N9 LPAI virus in Tennessee, as
well as neighboring states of Alabama, Kentucky, and Georgia (Lee
et al., 2017; USDA-APHIS, 2017). Nomenclature introduced in a pre-
vious study referred to the first identified HPAI virus as Commercial
Poultry Farm (CPF)-TN-2017(H7N9) (Li et al., 2018). Through genomic
analyses, a prior report showed that it is probable that a H7N9 LPAI
virus mutated to H7N9 HPAI virus after being introduced from wild
birds to the commercial broilers in Tennessee (Lee et al., 2017; USDA-
APHIS, 2017). However, the origin and evolution of wild bird virus
precursors to CPF-TN-2017(H7N9), and which wild bird species con-
tributed to such emergence is unclear. The aim of our study was to use
phylogenetic and phylogeographic analyses to identify progenitor genes
associated with CPF-TN-2017(H7N9), to illustrate the evolutionary
pathway for the emergence of this virus, and to identify probable wild
bird species that may contribute to its emergence.

2. Results

2.1. H7N9 HPAI viruses detected in Tennessee originated from IAVs in
North American wild birds

In this study, a total of eight H7N9 viruses were analyzed. Of these,
three were LPAI isolates [A/chicken/Tennessee/17-007429-7/
2017(H7N9), A/chicken/Tennessee/17-007429-3/2017(H7N9), and A/
chicken/Tennessee/17-007431-4/2017(H7N9)], and five were H7N9
HPAI isolates representing the two affected premises: A/chicken/
Tennessee/17-007147-3/2017(H7N9), A/chicken/Tennessee/17-007147-
2/2017(H7N9), A/chicken/Tennessee/17-007147-5/2017(H7N9), A/
chicken/Tennessee/17-007147-1/2017(H7N9) from the first premise, and
A/chicken/Tennessee/17-008279-4/2017(H7N9) from the single event of
secondary spread]. Sequence analyses showed that there are
98.13-100.00% nucleotide sequence identity between HA genes of the
H7N9 LPAI viruses and those of H7N9 HPAI viruses, 99.58-100.00%
nucleotide sequence identity between the NA genes of the H7N9 LPAI
viruses and those of H7N9 HPAI viruses, and 99.72-100.00% nucleotide
sequence identity between six other genes of H7N9 LPAI viruses and those
of H7N9 HPAI viruses. These viruses were collectively referred to as
H7N9/TN.

Consistent with findings in a prior study (Lee et al., 2017), our
phylogenetic analyses of the HA, NA, and six internal genes suggested
that these H7N9/TN viruses belong to the North American lineage and
share high nucleotide sequence identity (> 99%) with A/blue-winged
teal/Wyoming/AH0099021/2016(H7N9) across all eight genes. Fur-
ther analyses showed that the HA gene of H7N9/TN belongs to sub-
lineage 3 (Fig. S1), which also includes contemporary H7 viruses that
are circulating among wild birds in North America and that have caused
sporadic infections among US domestic poultry since 1996 (Xu et al.,
2017). These H7N9/TN viruses are not genetically related to the en-
zootic H7N9 viruses in China nor to the enzootic H7N3 viruses in
Mexico (Fig. S1).

Molecular clock analyses suggest that the mean time to most recent
common ancestor for H7N9/TN was during the 2016-17 fall-winter
wild bird migration season (October 1, 2016-January 14, 2017)
(Table 1). The mean evolutionary rate of the H7 gene was 6.19 X 1073
substitutions per site per year (subs/site/year) (95% highest posterior
density = 5.62 x 107 °-6.80 x 103 subs/site/year), which is sig-
nificantly higher than that for other gene segments (range, 2.58 x
1073-4.00 x 1073 subs/site/year) (Xu et al., 2017).
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2.2. Evolutionary pathways for emergence of H/N9/TN

Our genotype analyses identified a single genotype for H7N9/TN
HPAI viruses, and, as described above, A/blue-winged teal/Wyoming/
AH0099021/2016(H7N9) had the same genotype; thus, this LPAI virus is
a probable precursor virus for H7N9/TN. We further investigated pos-
sible genetic events that contributed to generation of this H7N9 pre-
cursor virus in wild birds. Examination of the eight gene segment—spe-
cific phylogenetic trees indicated that a group of H11N9 viruses isolated
from dabbling ducks (referred to as HI1N9-DD) in 2015 have three or
four genetic segments, including the N9 gene, that are genetically close
to those of the emerging A/blue-winged teal/Wyoming/AH0099021/
2016(H7N9) virus. Furthermore, a group of H7N3 viruses isolated from
dabbling ducks (referred to as H7N3-DD) in 2015 have three to four
genes, including the HA gene, that are genetically close to genes of the
emerging H7NO9 virus. Thus, the genetic makeup of A/blue-winged teal/
Wyoming/AH0099021/2016(H7N9) seems to have been derived from
H7N3-DD and H11N9-DD ( Figs. 1 and 2).

We performed phylogenetic analyses to identify possible genetic
connections between the H7N9/TN viruses and two H7N9 low patho-
genic avian influenza viruses, A/mallard/Minnesota/AI09-3770/2009
(H7N9) (abbreviated as HZN9/MN) and A/goose/Nebraska/17097-4/
2011 (H7N9) (abbreviated as H7N9/NE), from two most recent cases
[BYP-MN-2009(H7N9) and BYP-NE-2011(H7N9)] detected in domestic
poultry of the United States. Results showed only four gene segments of
H7N9/MN and that H7N9/NE HA are genetically associated with
H7N9/TN. Specifically, HA, NA, and MP genes of both H7N9/MN and
H7N9/NE, PB1 of H7N9/MN, and PB2 of H7N9/NE belong to the same
genetic clade for the corresponding gene segment of H7N9/TN (Fig. 3).
Molecular characterization showed that the sequence identities be-
tween HA and NA genes of H7N9/TN and those of H7N9/MN were
95.54% and 97.10%, respectively and that the sequence identities be-
tween HA and NA genes of H7N9/TN and those of H7N9/NE were
96.25% and 97.96%.

Spatial analyses from 2011 to 2016 of genetic clusters associated
with H7N9 viruses suggested the progenitor gene segments were widely
spread across all four North American migratory bird flyways (i.e., the
Atlantic, Mississippi, Central, and Pacific Flyways (Fig. 4), and the data
are consistent with those of a previous publication that reported a lack
of knowledge regarding the geographic patterns for different subtypes
of IAV HA (except H5) and NA genes and for internal IAV genes (Li
et al., 2018).

2.3. The IAVs from dabbling ducks contributed to emergence of H7N9/TN

To identify the specific wild bird species that contributed to the
emergence of viruses associated with H7N9/TN viruses, we character-
ized the diffusion pathways of IAVs from different host groups. Results
from phylogeographic analyses suggested that all gene segments except
NP are significantly associated with one functional group of bird spe-
cies: dabbling ducks (Table 2). Specifically, very strong support (Bayes
factor = 189.32) was shown for the transmission of PA gene from
dabbling ducks to the chickens in which H7N9/TN virus was detected;
strong support was shown for transmission of PB2, PB1, HA, and NA
genes (Bayes factor = 12.09, 36.53, 18.29, and 21.56, respectively)
from dabbling ducks to the chickens; and support was shown for
transmission of MP and NS genes (Bayes factor = 6.79 and 7.88, re-
spectively) from dabbling ducks to the chickens. However, the Bayes
factor was not significant to support that the NP gene was transmitted
from dabbling ducks or any other wild bird species to the chickens in
which H7N9/TN virus was detected.

2.4. H7N9 LPAI virus evolved into an HPAI strain in chickens and has
unique insertions from historical outbreaks

With both the LPAI and HPAI H7NO isolates detected in chicken
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Table 1
Estimated time to most recent common ancestor (TMRCA) and nucleotide substitution rates for eight gene segments of H7N9 avian influenza viruses detected in
chickens in Tennessee, United States, in 2017.

Substitution rate (10~ 3 substitutions/site/year) TMRCA

Segment Mean 95% HPD low 95% HPD high Mean 95% HPD low 95% HPD high
PB2 3.04 2.74 3.37 Oct 10, 2016 Jul 10, 2016 Dec 28, 2016
PB1 4.00 3.58 4.43 Dec 5, 2016 Oct 10, 2016 Jan 28, 2017
PA 2.87 2.58 3.17 Nov 30, 2016 Sep 24, 2016 Jan 27, 2017
HA 6.19 5.62 6.80 Dec 15, 2016 Oct 15, 2016 Feb 5, 2017
NP 3.55 2.89 4.19 Jan 14, 2017 Nov 27, 2016 Feb 24, 2017
NA 3.35 2.93 3.79 Oct 11, 2016 Jul 11, 2016 Dec 31, 2016
MP 2.58 2.15 3.04 Jan 11, 2017 Nov 25, 2016 Feb 22, 2017
NS 2.75 2.07 3.51 Oct 1, 2016 May 24, 2016 Jan 19, 2017

HPD, highest posterior density.

PB2PB1PA HA NP NA MP NS

Alchicken/Tennessee/17-008279-4/2017(H7N9)
Alchicken/Tennessee/17-007147-5/2017(H7N9)
Alchicken/Tennessee/17-007147-1/2017(H7N9)
Alchicken/Tennessee/17-007147-3/2017(H7N9)
Alchicken/Tennessee/17-007147-2/2017(H7N9)

H7

A/blue-winged teal/Wyoming/AH0099021/2016(H7N9)
A/blue-winged teal/Saskatchewan/109_701/2016(H7N9)
A/northern shoveler/Louisiana/ AH0036364/2016(H7N3)
A/American green-winged teal/Louisiana/AH0036368/2016(H7N3)
A/northern shoveler/Louisiana/AH0036366/2016(H7N3)
A/blue-winged teal/Saskatchewan/109_1595/2016(H7N6)
A/blue-winged teal/Manitoba/111_783/2016(H7N3)
Alcinnamon teal/Utah/AH0067154/2015(H7N7)
Alci teal/California/AH0079011/2016(H7N9)
A/mallard/Newyork/AH0049315/2016(H7N3)
Alturkey/Indiana/16-001573-2/2016(H7N8)
A/mallard/Southdakota/ AH0038060/2016(H7N7)
A/mallard/Kansas/AH0044134/2016(H7N7)
A/American green-winged teal/Texas/ AH0040242/2016(H7N3)
A/American green-winged teal/Texas/AH0058646/2016(H7N3)
A/mallard/Ohio/15087675/2015(H7N7)
100) A/duck/Pennsylvania/15-030188-1/2015(H7N7)

E A/mallard/Minnesota/AH0065348/2015(H7N3)
A/mallard/Idaho/AH0011522/2015(H7N7)
Al/american wigeon/Utah/AH0067123/2015(H7N7)
A/northern shoveler/California/ AH0079371/2016(H7N9)
A/northern shoveler/California/AH0079568/2016(H7N7)
100 A/blue-winged teal/Saskatchewan/109_1451/2016(H7N3)
A/mallard/Maryland/140S2911/2015(H7N3)
A/northern shoveler/California/ AH0076755/2016(H7N9)

82

100

0.006

A/chicken/Tennessee/17-008279-4/2017(H7N9)
A/chicken/Tennessee/17-007147-5/2017(H7N9)
Alchicken/Tennessee/17-007147-1/2017(H7N9)
A/chicken/Tennessee/17-007147-3/2017(H7N9)
Alchicken/Tennessee/17-007147-2/2017(H7N9)

N9

A/blue-winged teal/Wyoming/AH0099021/2016(H7N9)
A/blue-winged teal/Saskatchewan/109_701/2016(H7N9)
A/American green-winged teal/Missouri/150S86591/2015(H11N9)
A/mallard/Wisconsin/150S7136/2015(H11N9)
Algreen-winged teal/Missouri/15085246/2015(H11N9)
Algreen-winged teal/California/514/2013(H11N9)
A/northern shoveler/California/AH0076755/2016(H7N9)
A/American black duck/Maryland/130S2956/2013(H11N9)
A/cinnamon teal/California/AH0079011/2016(H7N9)
A/American green-winged teal/Mississippi/110S257/2011(H11N9)
100 r A/common black duck/Ohio/150S5780/2015(H11N9)

L A/mallard duck/Ohio/150S5361/2015(H11N9)
A/northern pintail duck/Ohio/15085942/2015(H2N9)

100

0.007

Fig. 1. Genotypic analysis of H7 and N9 subtype viruses associated with novel H7N9 highly pathogenic avian influenza (HPAI) virus (H7N9-TN) responsible for a
2017 outbreak in Tennessee, United States. Genotypes were assigned by unique combinations of sub-lineages for each gene; sub-lineages were determined based on
tree topology with at least a bootstrap value of 70 and a nucleotide sequence identity of 95%. Red squares indicate genotypes the same as that of the H7N9-TN virus;
gray squares indicate other genotypes. Red font indicates H7N9-TN HPAI viruses; orange font indicates H7N9-TN low pathogenic (LPAI) viruses; blue font indicates
the probable precursor H7N9 LPAI virus in wild birds; pink font indicates isolates from Canada. Scale bars indicate the scale of phylogenetic distance.

flocks in Tennessee, we investigated how H7N9 LPAI virus evolved into rRNA across a number of parasite and bacterial genomes.
an HPAI strain in chickens. Consistent with a prior study (Lee et al.,
2017), we identified a 9-amino acid insertion at the cleavage site of HA,
and BLAST analyses further demonstrated the 28-nucleotide insertion
was identical to a fragment sequence of 28s rRNA in chicken genome. In
chicken genome, there were a total of 75 copies of these 28-nucleotide
sequence insertions across multiple chromosomes. Blast analyses also
identified fragments (< 28 nucleotides) of these insertions in the 28s

3. Discussion

In this study, we characterized the origins of a subtype H7N9 LPAI
virus that was introduced in 2017 from wild birds to domestic poultry
in Tennessee and subsequently evolved into an HPAI virus, CPF-TN-
2017(H7N9), among domestic poultry. Consistent with previous
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Poultry

Chicken

H7N9/TN HPAT

Chicken

H7N9/TN LPAI

Guinea fowl

H7NOY/AL LPAIL

2017

Fig. 2. Evolutionary pathway, from 2009 to 2017, leading to the generation of novel H7N9 highly pathogenic avian influenza (HPAI) viruses detected in chickens in
Tennessee, United States, in 2017. Horizontal bars within ovals represent, from top to bottom, the eight gene segments shown on the right. Red horizontal bars
indicate the gene constellations associated with novel H7N9 HPAI and LPAI viruses (shown on the right) detected in chickens in Tennessee and guinea fowl in
Alabama (AL), United States, in 2017. Red horizontal bar with a blue mark indicates H7 gene of HPAI viruses that acquired additional amino acid insertions.

H7N9/MN 2009
@ H7NO/NE 2011
@ H7NY/TN 2017

Fig. 3. Phylogenetic relationship of eight gene segments between H7N9 outbreak in poultry in 2017 (H7N9/TN) and two historical H7N9 poultry detections in 2009
(H7N9/MN) and 2011 (H7N9/NE). As shown in the legend, H7N9/MN, H7N9/NE and H7N9/TN were indicated by red, greed and blue dots, respectively.



L. Li et al.

\»

\
PB2, PB2. PAS
NP, MP, NS <\L

PB2, PBI, PA
MP, NS

[ Pacific Flyway

[ Central Flyway

[ Mississippi Flyway
Atlantic Flyway

Virology 525 (2018) 32-39

PB2, PBI, PA
HA, NP, NA
MP, NS

O PB2,PBI, PA,NP, MP
HA

Fig. 4. Temporal and geographic distribution, during 2011-2017, of gene constellations associated with the emergence of H7N9-TN highly pathogenic avian
influenza (HPAI) virus in the United States in 2017. Dots indicate detections of specific gene constellations (see key) in viruses from US states within North American
wild bird migration flyways. Four wild bird migratory flyways were indicated by different colors on maps. Red font indicates genotypes the same as that of the H7N9-

TN virus of a specific gene segment firstly identified in that year.

Table 2
Statistical support for the transmission of a novel H7N9 avian influenza virus
from wild birds to chickens in Tennessee, United States, in 2017.

Segment  Host group Indicator”  Bayes factor" Level of support
PB2 Dabbling duck 0.74 12.09 Strong support

PB1 Dabbling duck  0.89 36.53 Strong support

PA Dabbling duck  0.97 189.32 Very strong support
HA Dabbling duck  0.74 18.29 Strong support

NP -

NA Dabbling duck  0.77 21.56 Strong support

MP Dabbling duck  0.52 6.79 Support

NS Dabbling duck  0.60 7.88 Support

-, No significant transmission was observed.
2 Only indicator > 0.5 and Bayes factor > 3 are considered as indicators of
significant transmission.

findings (Li et al., 2018), our results identified a waterfowl virus, A/
blue-winged teal/Wyoming/AH0099021/2016(H7N9), as the probable
LPAI precursor virus; each of the eight gene segments in this virus
shared > 99% sequence identity with those of the emerging H7N9
virus. Genetic analyses on the viruses isolated from CPF-TN-
2017(H7N9) and those from two most recent introductions, BYP-MN-
2009(H7N9) and BYP-NE-2011(H7N9), suggested CPF-TN-2017(H7N9)
is a new and independent introduction directly from wild birds. Thus,
the findings of this study support the premise that waterfowl are a key
source for the emergence of economically costly IAVs among domestic
poultry in North America.

The temporal and spatial analyses of progenitor genes associated
with the H7N9 virus that emerged in Tennessee in 2017 suggest that
emergence of a novel virus with risks to domestic poultry is compli-
cated by multiple reassortment events. The analyses also suggest that
progenitor genes associated with the emergence could be present in the
wild bird population, especially dabbling ducks, across multiple mi-
gratory bird flyways and could have been present as early as 2009. Our
findings support the premise that waterfowl maintain a large pool of
genome-diverse IAVs and that gene flow has been very active among

36

wild bird populations, both within and between migratory flyways. A
group of H7N3 and H11N9 viruses identified from dabbling ducks from
2015 and 2016 likely contributed to the emergence of H7N9 virus,
supporting the premise that dabbling ducks have the potential to
maintain the virus pool associated with emergence in poultry. In an
earlier study, diving ducks were shown to be associated with emergence
of the H7N8 virus in Indiana, United States, in early 2016 (Xu et al.,
2017); dabbing ducks and geese/swans were also suggested to be as-
sociated with emergence of 18 independent introductions of H5 LPAI
viruses to domestic poultry in North America (Li et al., 2018). In
summary, while these studies repeatedly confirm waterfowl are pri-
mary sources of IAVs detected in domestic poultry, each introduction
could be independent and be associated with one or more wild bird
species sharing similar habitats and biologic properties.

Our findings suggest that the emerging H7N9 LPAIV in chickens
acquired an insertion of a long nucleotide sequence from 28s rRNA,
which is abundant in the host (i.e. chicken) genomes as well as in mi-
crobial genomes. Of interest, the size and sequences of the inserts for
three individual cases were unique from each other (Fig. 4-A). It is
probable that the viruses acquired the insert through RNA non-homo-
logous recombination, which has been proposed to occur rarely in ne-
gative-strand RNA viruses, including influenza viruses (Han and
Worobey, 2011). Because 28s rRNA is one of the most abundant RNAs
in host cells (Ide et al., 2010), it provides ample opportunities for RNA
recombination events. On the other hand, it is unclear why the insert of
a 28s rRNA gene fragment into H7 gene through RNA recombination
was only identified in chickens but not in other bird species, although
sequence analyses showed high nucleotide sequence identities between
the 28s rRNA gene from chicken and those from other birds (e.g.
mallard) in which the subtype H7 IAV was frequently identified.

Insertion of a 28s rRNA fragment into the HA cleavage site was
firstly reported in a laboratory strain of subtype H7N3 avian IAV
(Khatchikian et al., 1989) and a field strain of subtype H7N3 avian IAV
(Maurer-Stroh et al., 2013). However, the inserts sequences were un-
ique in the H7N9/TN virus and those H7N3 viruses (Fig. 5-A). In ad-
dition, we compared the insertion sequences among the other subtype
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A Isolate Subtype Source Insertion pattern
Afturkey/Oregon/71 H7 Generated in laboratory SLSPLYPGRTTDLQVPTA
Alchicken/Tennessee/17-007147-2/2017 H7N9 Detected in nature DRKSRHRRI
\—'—l
PENPK T RGLF
f_lﬁ 1 Classical cleavage site

Alchicken/Jalisco/CPA1/2012 H7N3 Detected in nature DRKSRHRR

Classical cleavage site

B Isolate Subtype Pathogenicity

AJchicken/Tennessee/17-007431-4/2017 H7N9  Low PENPEK- - - - - - - - - - TRGLI
Alchicken/Tennessee/17-007429-7/2017 H7N9  Low PENPEK- - - - - - - - - - TRGLI
AJchicken/Tennessee/17-007429-3/2017 H7N9  Low PENPK---- - - - - - - TRGLE
A/blue-winged teal/ Wyoming/AH0099021/2016 H7N9  Low PENPEK- - - -« - -« -« - - - TRGLI
AJchicken/Tennessee/17-007147-1/2017 H7N9  High PENPK- TDRKSRHRRTIRGLI
AJchicken/Tennessee/17-007147-2/2017 H7N9  High PENPK- TDRKSRHRRTIRGLI
A/chicken/Tennessee/17-007147-3/2017 H7N9  High PENPK- TDRKSRHRRTIRGLT
AJchicken/Tennessee/17-007147-5/2017 H7N9  High PENPK- TDRKSRHRRTIRGLI
Alchicken/Tennessee/17-008279-4/2017 H7N9  High PENPK- TDRKSRHRRTIRGLI
Alturkey/Indiana/16-001573-2/2016 H7N8  Low PENPK- - - - - - - - - - TRGLI
Alturkey/Indiana/16-001574-7/2016 H7N8  Low PENPEK-- - - - - - - - TRGLTE
AJturkey/Indiana/16-001403-1/2016 H7N8  High PENPK--- - - - - KRKTRGLI
A/chicken/Jalisco/CPA1/2012 H7N3  High PENPK--DRKSRHRRTRGLI
A/chicken/Jalisco/12283/2012 H7N3  High PENPK--DRKSRHRRTRGLI
A/chicken/Guanajuato/CPA-02921-16-CENASA-95294/2016 H7N3  High PENPK--DRKSRHRRTRGLTF
A/chicken/Jalisco/CPA-04173-16-CENASA-95294/2016 H7N3  High PENPK--DRKSRHRRTRGLTF
A/chicken/Guanajuato/07437-15/2015 H7N3  High PENPK-- DRKSRHRRTRGLI
AJchicken/Jalisco/CPA-01655-16-CENASA-95076/2016 H7N3  High PENPK-- GKKSRHRRTRGLI
A/gadwall/Arizona/A00663934/09 H7N7 Low PENPK--- - - - - - - - TRGLTI
Alchicken/Saskatchewan/HR-00011/07 H7N3  High PENPK--- - TTKPRPRRGLI
AJchicken/British Columbia/NS-01827-4/2004 H7N3 LP PENPK--- - - - - - - - TRGLI
A/chicken/British Columbia/NS-1479-1/2004 H7N3  High PENPR--- QAYRKRMTRGLTI
AJchicken/British Columbia/NS-1319-2/04 H7N3  High PENPK--- QAYHKRMTRGTLI
AJchicken/British Columbia/NS1337-1/2004 H7N3  High PENPK--- QAYKKRMTRGLI
Alchicken/British Columbia/NS-2035-12/2004 H7N3  High PENPK--- QACQKRMTRGTLI
A/chicken/British Columbia/NS-1390-2/2004 H7N3  High PENPK--- QAHQKRMTRGLI
AJchicken/British Columbia/CN12/2004 H7N3  High PENPK--- QAHQKRMTRGLI
AJchicken/Chile/4957/02 H7N3  High PEKPKTCSPLSRCRKTRGLI
A/chicken/Chile/184240-1/02 H7N3  High PEKPKTCSPLSRCRETRGL!I

Fig. 5. Insertion patterns at the cleavage site of HA proteins in H7 highly pathogenic avian influenza (HPAI) viruses from historic outbreaks in North America. A)
Insertion patterns and positions among the three HPAI viruses that acquired insertions by recombination with host 28s rRNA. B) Insertion patterns among the H7
HPALI viruses. Green shadings indicate insertions of basic amino acids K and R of H7N9-TN outbreak and previous outbreaks, respectively. Inserted amino acids were

colored in black and other amino acids were colored in gray.

H7 HPAIVs detected in North American, including those from CPF-
Chile-2002(H7N3), CPF-BC-2004(H7N3), CPF-SK-2007(H7N3), CPF-
Mexico-2012(H7N3), CPF-IN-2016(H7N8) and CPF-TN-2017(H7N9).
Results showed that none of these insert sequences were identical, in-
dicating a large diversity of the insert sequences at the HA cleavage site
of subtype H7 HPAIVs (Fig. 5-B).

Of note, non-homologous recombination has not been reported in
subtype H5 avian IAV, which was frequently reported to mutate from a
low pathogenic virus to a highly pathogenic virus. It is still unclear why
subtype H7 avian IAV is more likely than subtype H5 avian IAV to have
non-homologous recombination events.

A limitation of this study is that the genomic data from wild birds
we used was acquired from public databases. The avian IAVs in wild
birds are primarily detected in captured birds (e.g., birds caught by the
United States Fish and Wildlife Service) or in birds killed by hunters;
thus, the types and number of hosts associated with avian IAVs in the
public databases may represent a biased population. To minimize po-
tential biases from sampling, we used two data pre-processing steps: 1)
we grouped the birds in species with similar habitats into the same
functional groups; and 2) we balanced the number of samples from each
functional group before conducting phylogeographic analyses. Despite
the limitation of the genomic data, our findings suggest that the evo-
lutionary pathway for emergence of H7N9/TN virus in 2017 was in-
dependent from that of H7N8 virus in Indiana in 2016.

In summary, our findings support the premise that wild bird H7 IAV
introductions present an ongoing threat to domestic poultry, and the
findings highlight the importance of avian IAV surveillance at the wild
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bird—domestic poultry interface. The integration of genomic approaches
with surveillance activities will increase our understanding of the
evolutionary pathways of IAVs and could help assess IAV-associated
risks for domestic poultry.

4. Materials and methods
4.1. Data

To identify the genesis of novel H7N9 HPAI virus in Tennessee, we
retrieved the genomic sequences for all avian-origin IAVs from the
Influenza Virus Resource (https://www.ncbi.nlm.nih.gov/genomes/
FLU) (Bao et al.,, 2008), the Influenza Research Database (https://
www.fludb.org) (Squires et al., 2012), and GISAID (https://www.
gisaid.org/) (Bogner et al., 2006). In total, 29, 210 IAVs were col-
lected worldwide, of which 9395 (32%) were from North America
(Table S1).

4.2. Sequence alignment and phylogenetic analysis

Multiple sequence alignments were generated using MAFFT v7.273
(Katoh and Standley, 2013). The preliminary phylogenic analyses were
performed using an approximate maximum-likelihood method with a
generalized time-reversible substitution model and the “CAT” approx-
imation rate model in FastTree 2.1 (Price et al., 2010). The refined
phylogenetic tree for each gene segment was then inferred using a
maximum-likelihood method by running RAXML v8.2.9 and using a
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GAMMA model of rate heterogeneity and a generalized time-reversible
substitution model (Stamatakis, 2014). Phylogenetic trees were visua-
lized by ggtree v1.6.11 (Yu et al., 2017) and FigTree v1.4.3 (http://tree.
bio.ed.ac.uk/software/figtree/).

4.3. Genotype analyses and assignment of possible progenitor gene and
potential precursor viruses

The genotype for a specific influenza virus was determined by using
a unique combination of genetic clusters for each segment of the virus,
as described elsewhere (Xu et al., 2017). A minimum bootstrap value of
70 for tree topology and a nucleotide sequence identity of = 95% were
used to define genetic clusters. The possible progenitor gene and po-
tential precursor viruses for a specific influenza virus were also de-
termined based on tree topology and sequence identities for all viruses
detected the same year as or in a year prior to detection of the testing
virus. A possible progenitor gene was assigned only when the following
criteria were met: 1) the candidate gene and the testing gene were lo-
cated in the same genetic cluster with a minimum bootstrap value of 70;
2) the candidate gene and the testing gene shared = 98% nucleotide
sequence identity; 3) the candidate gene had the maximum nucleotide
sequence identity in its genetic cluster; and 4) the candidate gene was
not detected in a year later than the year the testing virus was detected.
A virus was assigned as a potential precursor virus when it had a
minimum of three possible progenitor genes for a testing virus.

4.4. Molecular clock analyses

The Bayesian Markov Chain Monte Carlo method implemented in
BEAST v1.8.4 (Drummond and Rambaut, 2007) was used to estimate
the time-scale phylogenies, substitution rate, and time to most recent
common ancestor for each gene segment. Molecular clock analyses
were performed as previously described (Xu et al., 2017). SRD06 par-
titioned substitution model, uncorrelated lognormal relaxed clock
model, and Bayesian skyline coalescent tree prior were applied in the
analyses. Two independent runs with a chain length of 100 million
(sample frequency = 10,000) were performed for each gene segment.
Results from two independent runs were combined by LogCombiner
v1.8.4 (http://beast.community/logcombiner) and then analyzed by
Tracer v1.6 using a 10% burn-in rate. The maximum clade credibility
trees were summarized using TreeAnnotator v1.8.4 (http://beast.
community/treeannotator) and edited by FigTree v.1.4.3 (http://tree.
bio.ed.ac.uk/software/figtree/).

4.5. Phylogeographic analyses to infer the potential wild bird host group(s)
contributing to emergence of the influenza virus causing a specific outbreak
in domestic poultry

Phylogeographic analyses were performed, as described elsewhere
(Xu et al., 2017; Lemey et al., 2009), to infer the host group associated
with the novel CPF-TN-2017(H7N9) virus. In brief, based on ecologic
attributes, the avian species were categorized into 9 functional groups:
dabbling duck, diving/sea duck, goose/swan, gull/tern/seabird,
poultry, raptor, shorebird, other avian, and unknown. To avoid sam-
pling bias, we used a resampling strategy, limiting samples to 10 for
each group in each year. Phylogeographic analyses were performed
using Beast v1.84 (Drummond and Rambaut, 2007). An asymmetric
substitution model with Bayesian stochastic search variable selection
and a strict clock model were applied in the analyses. The Markov
Chain Monte Carlo chain length was set to 100 million, with sampling
every 10,000 states. The convergence of each run was checked by
Tracer v1.6 (http://beast.community/tracer) before continuing to the
next step. All poorly configured states were removed according to a
10% burn-in rate. Maximum clade credibility phylogenetic trees were
generated using TreeAnnotator v1.8.4 (http://beast.community/
treeannotator) and visualized by using FigTree v1.4.3 (http://tree.bio.
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ed.ac.uk/software/figtree/). Bayes factor was calculated to indicate the
statistical support level for transmission of H7N9 virus from wild birds
to domestic poultry. Significant statistical support was indicated by a
combination of Bayes factor > 3 and mean indicator > 0.5. Different
statistical support levels were defined as follows: 3 < Bayes factor < 10
indicates support; 10 < Bayes factor < 100 indicates strong support; 100
< Bayes factor < 1000 indicates very strong support; and Bayes factor >
1000 indicates decisive support.
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