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Abstract

Genome sequences of eleven avian influenza virus (AIV) subtypes have been reported in swine populations from seven
countries until August 2020. To unravel the transmission dynamics and spillover events of AIVs from avian reservoirs to
swine, full-length hemagglutinin (HA) sequences of AIV subtypes (n=11) reported from various avian species and swine
were retrieved from the ‘Influenza Research Database’. Phylogenetic analysis identified closely related avian and swine
AIV sequences suggesting potential spillover events from multiple domestic and wild avian species, including chicken,
duck, pigeon, goose, quail, and aquatic birds to swine. Furthermore, N-linked glycosylation analysis of these closely related
AIV sequences supported the possibility of multiple spillover events of highly pathogenic HSN1 and low pathogenic HON2
viruses from various avian species to swine. The principal coordinate analysis further validated these findings for HSN1 and
HON2 viruses; however, spillover events of the other nine AIV subtypes were limited. Interestingly, the presence of potential
mammalian adaptation markers, particularly in some of the swine HSN1, H7N9, and HIN2 viruses, suggested that these
viruses may have already adapted in swine. The occurrence and circulation of these AIVs in swine, especially the HSN1 and
HON?2 viruses with numerous spillover events from the avian reservoirs to swine, pose a significant threat in terms of their
reassortment with endemic swine viruses or circulating human influenza viruses within the swine which may facilitate the
emergence of a novel influenza virus strain with pandemic potential.
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Introduction

Influenza A virus (IAV) is a member of the Orthomyxoviri-
dae family with a broad avian and mammalian host range
[34, 51, 54, 55, 57-59, 63]. Genomes of IAV comprise
eight gene segments of a negative-sense single-stranded
RNA [5]. The TAV virion particle has two surface glycopro-
teins: hemagglutinin (HA) and neuraminidase (NA). The
acquisition of subtle alterations in amino acid sequences
within the HA protein triggers seasonal influenza epidem-
ics [4, 49]. In contrast, the reassortments of different IAV
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subtypes co-infecting a host trigger the emergence of a novel
TAV strain, which may be able to start a pandemic in an
immunologically naive population [3, 4, 36, 38]. Due to the
constant evolution of IAV, 18 HA and 11 NA subtypes have
been reported infecting various avian and mammalian hosts
[20, 27, 48].

The 1918 Spanish flu was the first and the deadliest of
all the four influenza pandemics that occurred so far. One
complete genome sequence of 1918 Spanish flu was recently
obtained from a single victim buried under the permafrost
in Alaska [40, 50], and four partial genome sequences
were obtained from archival biopsies [40]. Analyses of
these sequences and other contemporary IAV sequences
determined that the 1918 HIN1 pandemic virus originated
from an avian reservoir that was most likely transmitted to
the human population shortly before the emergence of the
Spanish flu pandemic [41]. More recently, the 2009 swine
flu pandemic originated during March—-May 2009 in the
Mexican swine [14, 34]. The role of migratory birds and
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long-distance swine trades with human interaction were the
primary factors responsible for the 2009 swine flu pandemic
[14, 34].

While the first molecular evidence of interspecies trans-
mission of AIV to swine was reported in Canada in 1999
when a low pathogenic H4N6 virus was detected in swine
[22], followed by reports of H3N3 [23] in swine in Ontario
in 2001, the majority of the reports of AIVs have been
documented in Chinese swine: HON2 in 2004 [8], HS5N1,
H7N9 [17] and HIONS in 2008 [56], H4N1 in 2009 [19],
H6N6 in 2010 [64], and HANS in 2011 [46]. Additionally,
the genomes of HSN2 [30], H7N2 [29], and HIN2 viruses
[12] were reported from South Korean swine in 2001, 2004,
and 2008, respectively. The genomes of highly pathogenic
HS5NI1 viruses were also reported from Indonesian swine
during 2005-2007 [37]. Most recently, in 2018, the genome
of an H5N2 virus was reported from Mexican swine [42].

The proteolytic cleavage of HA into HA1 and HA2 by the
removal of an N-terminal signal sequence [33] facilitates the
binding of IAV virion particles to the host's sialic acid (SA)
receptors [26, 44, 52] and is an important step in IAV patho-
genesis, as host receptor binding facilitates the internaliza-
tion and membrane fusion of the IAV virion [45], triggering
infection [10]. The HA protein then undergoes post-trans-
lational modification by a process termed 'N-linked glyco-
sylation' [25] and a recent study reported the utility of using
N-linked glycosylation patterns in HA protein to identify
ecological spillover and adaptation of influenza viruses [24].
Addition or deletion of the glycosylation site(s) may impact
IAV adaptation and infectivity in the host [9, 26]. In this
context, we analysed full-length HA glycoprotein sequences
of AIV subtypes (n=11) reported in swine and various avian
species globally to identify avian to swine spillover events
and transmission dynamics.

Materials and methods

Acquisition of influenza virus sequences
from the database

We downloaded all full-length HA nucleotide sequences of
H3N3 (34 avian and two swine), H4N1 (13 avian and one
swine), H4N6 (1394 avian and three swine), H4N8 (256
avian and one swine), HSN1 (3516 avian and 28 swine),
HS5N2 (1115 avian and four swine), HON6 (419 avian and
two swine), H7N2 (212 avian and one swine), H7N9 (746
avian and two swine), HON2 (6301 avian and 22 swine),
and HIONS viruses (90 avian and one swine) available in
the Influenza Research Database (https://www.fludb.org/)
until 31 August 2020. The partial HA sequences were not
included in the study.
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Phylogenetic analysis

All full-length HA nucleotide sequences of AIV subtypes
(n=11) that have been reported in avian species and swine
were used for phylogenetic analysis. The best substitution
models for the phylogenetic analyses were identified using
MEGA-X software [28]. Tamura-Nei (TN93) appeared to be
the best model for the full-length nucleotide sequences under
investigation. The full-length HA nucleotide sequences were
then aligned using MUSCLE multiple sequence alignment in
‘Geneious Prime 2020.1.2° software for constructing Neigh-
bour-Joining phylogenetic trees. Each tree was created using
the TN93 genetic distance model with 1000 bootstrap repli-
cations. We built the individual trees for each AIV subtype
to determine the transmission patterns between avian species
and swine. The neighbour-joining trees identified the most
closely related sequences of avian and swine AIV subtypes
to explore their N-linked glycosylation sites further.

Prediction of potential N-linked glycosylation sites
in HA proteins

We identified the closely related AIV subtypes reported from
avian species and swine (sharing the same nodes or clade)
from the Neighbour-Joining trees for conducting N-linked
glycosylation analysis. The N-linked glycosylation analysis
was performed using NetNGlyc 1.0 web server, maintained
by the Center for Biological Sequence analysis (http://www.
cbs.dtu.dk/services/NetNGlyc/) at the Technical University
of Denmark [15]. The NetNGlyc 1.0 web server examines
the sequences in the context of Asn-Xaa-Ser/Thr sequons
to predict the potential N-glycosylation sites in the protein
sequence under query. The algorithm used in the NetNGlyc
1.0 web server obtains a 'jury agreement' for the nine arti-
ficial neural networks evaluated based on a threshold score
of 70.5 [15, 21]. The NetNGlyc 1.0 server was chosen for
the prediction of potential glycosylation sites because it has
been reported to have a high accuracy of 76% [15, 21].

Principal coordinate analysis

The distance matrix for each subtype of AIV under inves-
tigation was generated using full-length HA nucleotide
sequences in 'Geneious Prime 2020.1.2' software, providing
a comma-separated values (CSV) file. The CSV file of the
distance matrix was converted to the excel file using Micro-
soft Excel. Finally, the distance matrix was used for the
principal coordinate analysis (PCA) using 'PAST: Paleon-
tological Statistics Software Package for Education and Data
Analysis' version 4.02 [16]. The PAST software package
is a highly cited program that integrates spread-sheet-type
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distance matrix data with multivariate statistics, plotting and
curve fitting, time series, and phylogenetic analysis [16].

Multiple sequence alignment

The full-length HA nucleotide sequences of swine H5N1
(n=28) and HIN2 (n=22) viruses were aligned using the
MUSCLE algorithm in 'Geneious Prime 2020.1.2' software
to assess their relatedness to ascertain the possibility of
swine-to-swine transmission of these viruses.

Determination of mammalian adaptation markers

We identified previously reported potential mammalian
adaptation markers in mature HA proteins of swine IAV sub-
types (n=11) using the Sequence Variation (SNP) tool avail-
able at the Influenza Research Database [65]. The Sequence
Variation tool utilizes the HA subtype numbering conversion
based on the cross-subtype HA numbering scheme proposed
by Burke and Smith [6]. Additionally, the amino acid sub-
stitutions were manually verified using multiple or pairwise
sequence alignment of swine IAV subtypes using the MUS-
CLE algorithm in ‘Geneious Prime 2021.2.2” software.

Results

The present study utilized all the available full-length HA
sequences of AIV subtypes (n=11) in various avian spe-
cies and swine populations to study avian to swine spillo-
ver events and transmission dynamics. The phylogenetics,
N-linked glycosylation, and PCA analysis of AIV sequences
under study identified multiple spillover events of highly
pathogenic H5N1 and low pathogenic HON2 viruses from
various avian species to swine, while the spillover events
of other nine AIVs were limited. We hereby presented the
results of our analyses in a subtype-specific manner.

H5 subtypes (H5N1 and H5N2 viruses)

The highest number of full-length HA nucleotide sequences
of AIVs in swine belonged to subtype HS5N1 (n=28),
reported from China and Indonesia which along with HA
sequences reported from various avian species globally
(n=3516) revealed the transmission dynamics and spillo-
ver events of H5N1 viruses from various avian species to
swine (Fig. 1A). The phylogenetic analysis determined the
closely related swine and avian H5N1 virus sequences sug-
gesting multiple spillover events from avian species, includ-
ing ducks, chicken, and wild birds to swine in Indonesia and
China. The phylogenetic analysis of full-length HA nucleo-
tide sequences of avian (n=1115) and swine (n=4) H5N2
viruses determined two independent events of avian to swine

transmission of HSN2 viruses in Mexico and South Korea
(Fig. 1A).

The full-length amino acid sequences of closely related
avian and swine HS5N1 viruses identified from phylogenetics
were further analysed for the N-linked glycosylation which
determined the presence of seven patterns of glycosylation
(Fig. 1B). The glycosylation sites at amino acid positions
26 (NNST), 27 (NSTE), 39 (NVTV), 302 (NSSM), 499/500
(NGTY), and 558/559 (NGSL) were conserved among all
swine and closely related avian H5SN1 viruses. The glyco-
sylation sites at amino acid positions 88 (NVSE), 156 (NSSF
or NPSF), 170 (NNTY), 179 (NYTN), 181 (NNTN), 209
(NPTT), and 289 (NCST) varied among the swine and
closely related avian H5N1 viruses. Interestingly, a few
Indonesian and Chinese swine H5N1 viruses had identical
glycosylation sites which might be due to a common origin
of these viruses given the long-distance migration network
of avian H5N1 viruses in Southeast Asia [50]. Interestingly,
the presence of seven different patterns of glycosylation in
swine and closely related avian HSN1 viruses strongly sup-
ported the basis of phylogenetic clustering of these viruses.

The glycosylation sites at amino acid positions 26
(NNST), 27 (NSTE), 39 (NVTV), 181 (NNTN), 302
(NSSM), 496 (NGTY), and 555 (NGSL) were conserved
among all swine and closely related avian HSN2 viruses,
while glycosylation sites at amino acid positions 209 (NPTT)
and 252 (NDSI) varied between Mexican and Korean swine
and closely related avian H5N2 viruses (Fig. 1B). These
findings supported the basis of the phylogenetic clustering of
HS5N?2 viruses and confirmed the independent introductions
of H5N2 viruses from avian species to swine in Mexico and
South Korea.

The principal coordinate analysis (PCA) plot also sup-
ported the observations of phylogenetics and N-linked
glycosylation and further added to the fact of the mul-
tiple spillover events of H5N1 viruses while suggesting
two independent introductions of HSN2 viruses in swine
(Fig. 1C). Due to limited number of available swine HSN2
virus sequences, the swine-to-swine transmission of HSN2
virus could not be ascertained. To our surprise, the multiple
sequence alignment of HA nucleotide sequences of swine
H5N1 viruses (n=28) identified seven Indonesian swine
with 100% nucleotide sequence identity, belonged to H5
clades 2.1.3 and 2.1.3.3 (Fig. 1D). Interestingly, these HSN1
viruses were reported from the same swine farm in Indone-
sia [37] which suggested a strong possibility of swine-to-
swine transmission of HSN1 viruses.

H7 subtypes (H7N2 and H7N9 viruses)
The Neighbour-joining phylogenetic tree of full-length

HA nucleotide sequences of avian H7N2 (n=212) and
swine H7N2 (n=1) viruses determined wild bird to swine
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Fig.1 A Neighbour-joining tree of full-length HA nucleotide
sequences of avian and swine H5N1 (n=3544) and H5N2 viruses
(n=1119) suggested multiple spillover events from chicken, ducks
and wild birds to swine. The possibility of swine-to-swine transmis-
sion of HSN1 viruses in Indonesia was also observed. The cyan nodes
represented H5N1 virus transmission among avian species, while the
dark cyan nodes represented HSN2 virus transmission among avian
species. The red nodes represented HSN1 and H5N2 virus transmis-
sion from avian species to swine. The cyan and red dots at the nodes
of the subtree represented>90% bootstrap support. B Seven differ-
ent glycosylation patterns of swine and closely related avian HSN1
viruses suggested multiple avian to swine transmissions of H5N1
viruses. The identical glycosylation patterns of swine and closely

transmission of the H7N2 virus in South Korea (Fig. 2A).
Two full-length HA gene sequences of highly pathogenic
H7NO viruses were reported from Chinese swine in 2017.
The Neighbour-joining tree of these two Chinese swine
H7NO viruses with 746 avian H7N9 viruses reported
worldwide (Fig. 2A) shows chicken to swine transmission
of H7NO viruses.
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related avian HS5N1 viruses represented the possibility of spillover
within these groups. Two different patterns of N-linked glycosylation
suggested independent introductions of HSN2 viruses in Mexican and
Korean swine. C The PCA plot further confirmed multiple spillover
events of HSN1 and H5N2 viruses in swine populations. The red dots
represented H5N1 and H5N2 viruses in swine, while the cyan and
dark cyan dots represented HSN1 and H5N2 viruses, respectively, in
avian species reported worldwide. D The 100% amino acid as well as
nucleotide sequence identities for a few swine H5N1 viruses (high-
lighted within two blue boxes) along with identical glycosylation sites
(highlighted with red boxes) suggested the possibility of swine-to-
swine transmission of these swine H5N1 viruses in Indonesia

The H7N2 viruses obtained from swine and phyloge-
netically closely related ducks and wild birds had identi-
cal glycosylation sites (Fig. 2B) which suggested a broad
circulation of H7N2 viruses in avian species in Southeast
Asia. The PCA plot depicted the global pattern of avian and
swine H7N2 virus transmission (Fig. 2C). The HA nucleo-
tide sequences of H7N9 viruses reported from Chinese
swine were not identical which ruled out the possibility of
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Fig.2 A Neighbour-joining tree of full-length HA nucleotide
sequences of 212 avian and one swine H7N2 viruses represented
wild bird to swine transmission of the H7N2 virus in South Korea.
Neighbour-joining tree of 748 full-length HA nucleotide sequences of
swine and avian H7NO viruses determined chicken to swine spillover
of H7NO viruses in China. A subtree highlighted the circulation of
H7N9 viruses between chicken and swine in China. The blue and red
dots at the nodes of the subtree represented >90% bootstrap support.
B The identical glycosylation pattern in HA proteins of H7N2 viruses
obtained from multiple wild bird species and ducks suggested a broad
circulation of H7N2 viruses in avian species in Southeast Asia with

swine-to-swine transmission of H7N9 viruses and therefore
suggested two separate spillover events from chicken to
swine. The presence of identical glycosylation sites in swine
and closely related chicken H7NO viruses further supported
the phylogenetic analysis suggesting chicken to swine spillo-
ver of H7NO viruses in China (Fig. 2B). Two overlapping red
dots in the PCA plot suggested that the Chinese swine may
have acquired the H7N9 virus either from the same poultry
flock or a common origin (Fig. 2C).

H9N2 virus

Total 6323 full-length HA gene sequences of low pathogenic
HON?2 viruses have been reported from swine (n=22) and
avian species (n=6301) worldwide. Neighbour-joining tree
suggested multiple events of avian to swine transmission
of HON2 viruses in China, Hong Kong, and South Korea
(Fig. 3A).

The phylogenetic analysis was supported by the
N-linked glycosylation patterns which suggested at least
four evolution trajectories of HON2 viruses in Chinese
swine (Fig. 3B). Additionally, the phylogenetics and gly-
cosylation patterns suggested only one spillover event of

one spillover event to swine. The identical N-linked glycosylation
patterns shared by swine and closely related avian (chicken) H7N9
viruses supported the findings of phylogenetics suggesting chicken to
swine spillover of H7N9 virus in China. C PCA plot represented the
global transmission of avian H7N2 viruses with one spillover event
to swine and two avian to swine spillover events of H7N9 viruses.
The cyan and dark cyan dots represented the circulation of H7N2 and
H7N9 viruses, respectively, among avian reservoirs worldwide, while
the red dots suggested the occurrence of swine H7N2 and H7N9
viruses

HON?2 viruses in each of Hong Kong and South Korean
swine populations. Interestingly, identical glycosylation
patterns among Chinese, Hong Kong and South Korean
swine populations indicated a common origin of HON2
viruses which might be due to either through long-distance
bird migration or swine trade in Southeast Asia. The maxi-
mum number of swine HIN2 viruses were reported from
China which suggested a widespread circulation of HON2
viruses in avian species in China and their frequent inter-
actions with swine.

The glycosylation sites at amino acid positions 29
(NSTE), 82 (NPSC), 141 (NVSY), 298 (NTTL), 305
(NVSK), 492 (NGTY) and 551 (NGSC or NGSA) were
conserved, while glycosylation sites at amino acid posi-
tions 145 (NGTS), 218 (NRTF or NKTF), and 313 (NCSK)
were unstable among swine and avian HON2 viruses. The
PCA plot supported the phylogenetics and N-linked glyco-
sylation analyses and depicted multiple spillover events of
HON?2 viruses in swine (Fig. 3C). Most of the swine HON2
viruses except two differed in nucleotide sequences among
each other suggesting a low possibility of swine-to-swine
transmission.
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Fig.3 A Neighbour-joining tree of 6323 full-length HA nucleotide
sequences of avian and swine HIN2 viruses determined multiple
spillover events from avian reservoirs to swine. The red nodes rep-
resented avian to swine transmission of HON2 viruses in China and
Hong Kong, while black nodes represented avian to swine spillover
in South Korea. The cyan nodes represented the circulation of HON2

H3N3 virus

Thirty-six full-length HA gene sequences of avian and swine
H3N3 viruses including two sequences from Ontario based
swine were analysed. The Neighbour-joining tree suggested
that the transmission of H3N3 virus to Ontario based swine
may have occurred from wild birds (Fig. 4A).

The N-linked glycosylation analysis suggested that
deglycosylation at amino acid position 499 (NGTY) may
have transmitted the H3N3 virus to the swine (Fig. 4B).
The PCA plot determined an overlapping red dot for swine
H3N3 viruses in Ontario (Fig. 4C) which suggested a com-
mon avian origin. It should be noted that the availability of
limited sequence data for H3N3 virus HA genes made it
challenging for us to identify the potential spillover event
from avian to swine. The lack of further reports of H3N3
virus in swine suggested that the H3N3 virus might have got
introduced to Ontario swine through a sporadic transmission
from an avian reservoir which did not spread further and
hence was never detected again.

H4 subtypes (H4N1, H4N6, and H4NS8 viruses)

The phylogenetic analysis of full-length HA gene sequences
of H4N1 (13 avian and one swine), H4N6 (1397 avian and

@ Springer

viruses among avian species globally. The blue dots at the nodes in
the subtree represented >90% bootstrap support. B Four patterns of
glycosylation sites in swine and avian HON2 viruses suggested mul-
tiple introductions and evolutionary trajectories of HON2 viruses in
swine in Southeast Asia. C The PCA plot represented multiple spillo-
ver events of HIN2 viruses in swine

three swine), and H4N8 (256 avian and one swine) viruses
determined duck to swine spillover of H4N1 and H4N8
viruses in China, and mallard to swine transmission of H4N6
viruses in Canada and the United States (Fig. 5A).

The presence of identical glycosylation sites in HA pro-
teins of Chinese swine and Hong Kong ducks (Fig. 5B)
strengthened the outcome of phylogenetic analysis. The
glycosylation at amino acid residue 14 (NSSQ) appeared
crucial for duck to swine transmission of the H4N1 virus.
The PCA plot supported the phylogenetic and glycosyla-
tion analyses and grouped the swine H4N1 virus along
with the Asian and European avian H4N1 viruses. It was
interesting to note that H4N1 viruses reported from Chi-
nese swine and Hong Kong duck were not contemporary
which suggested that the H4N1 virus may have been in
circulation in avian reservoirs in Southeast Asia at a low
frequency and hence remained undetected. The presence
of identical glycosylation sites in closely related HA pro-
teins of swine and avian (mallard) H4N6 viruses (Fig. 5B)
suggested the circulation and long-distance dissemina-
tion of avian H4NG6 viruses in North American mallards.
These observations were further supported by the PCA
plot which depicted independent spillover events of H4N6
viruses in North American swine (Fig. 5C). Presence of
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Fig.4 A Neighbour-joining tree of 36 full-length HA nucleotide
sequences of avian and swine H3N3 viruses determined the wild bird
to swine transmission in Ontario. The blue dots at the nodes repre-
sented > 90% bootstrap support. B The loss of glycosylation at amino
acid residue 499 (NGTY) appeared to have transmitted H3N3 virus

the identical glycosylation sites in H4NS8 viruses obtained
from swine and ducks in China as well as ducks in South
Africa (Fig. 5B) along with shared phylogenetic clustering
suggested a long-distance intercontinental dissemination
of H4NS viruses. These findings were concerning regard-
ing the existing risk of avian to swine transmission of
HA4NS viruses in South Africa. The global transmission
of H4NS viruses in avian species and swine was further
depicted using a PCA plot (Fig. 5C).

to swine; however, it should be noted that the availability of a limited
number of avian and swine H3N3 virus sequences restricted our abil-
ity to infer avian to swine spillover. C The PCA plot illustrated the
occurrence of swine and avian H3N3 viruses globally

HG6NG6 virus

The neighbour-joining tree of full-length HA gene sequences
of swine H6N6 (n=2) and avian H6N6 (n=419) viruses
suggested two separate events of avian to swine transmission
in China (Fig. 6A). One event suggested a pigeon to swine
transmission of H6N6 virus in China, while the other event
suggested a duck to swine transmission. The identical gly-
cosylation pattern (Fig. 6B) suggested a common origin and
widespread occurrence of HONG6 viruses in Chinese avian
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Fig.5 A Neighbour-joining tree of avian and swine H4N1, H4N6,
and H4N8 virus HA nucleotide sequences depicted duck to swine
transmission of H4N1 and H4NS8 viruses in China and mallard to
swine transmission of H4N6 viruses in North America. The blue and
red dots at the nodes in the subtree represented >90% bootstrap sup-
port. B The identical N-linked glycosylation patterns of swine and
duck H4N1 and H4N8 viruses supported the phylogenetic clustering.

species. The PCA analysis confirmed two independent trans-
mission events of HON6 viruses in Chinese swine (Fig. 6C).

H10NS5 virus

The neighbour-joining phylogenetic tree of 90 avian and
one swine full-length HA sequence of HIONS viruses sug-
gested chicken to swine transmission of the HIONS virus in
China. It was interesting to note that these closely related
chicken and swine H10ONS virus sequences were not contem-
porary, suggesting a circulation of HIONS viruses in vari-
ous domestic and wild avian species in China and Southeast
Asia (Fig. 7A) which may be circulating at a low frequency
and hence remained undetected. The identical glycosylation
patterns of closely related swine and various avian HIONS
virus HA proteins suggested a common origin of HIONS
viruses in avian species in China (Fig. 7B). The PCA plot
depicted the transmission of H10NS5 viruses in swine and
avian species (Fig. 7C). The H10NS virus appeared to be in
circulation in avian species in China and the Southeast Asia
at a low frequency.

In summary, the HA gene sequences of eleven AIV sub-
types, including highly pathogenic HSN1 and H7N9, and
low pathogenic H3N3, H4N1, H4N6, HANS, H5SN2, HONG,
H7N2, HON2, and H10NS viruses, have been reported in
swine until 31 August 2020. The neighbour-joining phylo-
genetic trees followed by N-linked glycosylation and PCA
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The glycosylation at amino acid position 14 (NSSQ) appeared crucial
for duck to swine spillover of H4N1 virus. The identical glycosylation
sites of swine and closely related mallard H4N6 viruses suggested
mallard to swine transmission of H4N6 virus in North America. C
The PCA plot represented the occurrence of swine and avian H4 sub-
types which supported the phylogenetic analyses

analyses determined multiple spillover events for highly
pathogenic H5N1 viruses in Chinese and Indonesian swine.
There were also numerous spillover events for low patho-
genic HIN2 viruses in Chinese swine; however, a limited
spillover occurred for other AIV subtypes.

Adaptation of avian-origin IAVs in swine

Several amino acid substitutions in HA glycoproteins of IAV
subtypes have been reported to determine their preference
of host receptor binding, which as a result, may facilitate
interspecies transmission and adaptation of avian [AVs in a
mammalian host, including swine. Therefore, we analysed
potential mammalian adaptation markers in mature HA pro-
teins of swine IAV subtypes (Fig. 8).

The presence of 226L and 228S (H3 numbering) in the
HA protein of H4N6 viruses suggested that swine H4N6
viruses have already adapted for mammalian transmission,
since these are the key markers associated with increased
a-2,6- SA receptor binding ability facilitating mammalian
adaptation and transmission [6]. The other swine H4 sub-
types, including H4N1 and H4N8 viruses, had 226Q and
228G, which prefer a-2,3-SA receptor binding and therefore
do not appear to be adapted in swine for efficient mamma-
lian transmission. Intriguingly, swine HSN1 viruses, despite
lacking the above key adaptation markers, have acquired
other potential markers, including S137A, I155T, N158D,



Virus Genes (2021) 57:541-555

549

Chinese swine

== Chinese swine

0.04

E AJswine/Guangdong/K6/2010

0.008

AJswine/Yangzhou/080/2009 NNST NVTV
B Alswine/Guangdong/K6/2010 | 26 39

Alpigeon/Guangxi/i164/2014 e

Alduck/Shantou/1984/2007 7.,

27
Alduck/Guangdong/S4251/2010 NSTT

NKTF NGTY

306 498

311 557
NVSP NGSM

HBN6- Avian- Worldwide
® H6N6- Swine- China 00

03 02 01 00 01 02

Fig.6 A Neighbour-joining tree of 421 full-length HA nucleotide
sequences of swine and avian HONG viruses represented two separate
events of avian to swine transmission in China highlighted with red
nodes. The blue dots at the nodes in the subtree represented >90%
bootstrap support. B The identical glycosylation patterns of pigeon,

T160A, T192I, and K193R. The T160A and T192I substitu-
tions were also observed in some of the swine HSN2 viruses.
Since these amino acid substitutions prefer a-2,6-SA recep-
tor binding, the probability of swine-to-swine transmission
of these swine HS viruses remains feasible.

Interestingly, the T160A substitution was also observed
in other swine viruses, including H7N2, H7N9, and HON2.
From these observations, it appears that the Thr to Ala
substitution at amino acid position 160 would be essen-
tial for swine adaptation of avian-origin H5, H7, and H9
viruses; however, it warrants further investigation using
swine model. Interestingly, swine H7N9 and some of the
swine HON2 viruses also had a critical mammalian adap-
tation marker, Q226L. In addition to this, all swine HON2
viruses (n=22) had the D225G substitution, which in a
previous study was suggested to be required for swine

duck, and swine HO6N6 viruses in China suggested a broad circula-
tion of HO6NG6 viruses in avian species and their sporadic spillover to
swine. C The PCA plot confirmed the occurrence of two independent
spillover events of H6N6 viruses in Chinese swine

adaptation of HON2 viruses [32]. One of the two swine
HO6NG6 viruses has acquired A222V and G228S substitu-
tions, which prefer a-2,6-SA receptor binding while retain-
ing 226Q, which prefers a-2,3-SA receptor binding. The
other swine viruses, including H3N3 (n=2) and H10NS5
(n=1), did not appear to carry potential mammalian adap-
tation markers in their HA proteins.

Overall, in our analysis, the presence of Q226L and
G228S substitutions in swine H4NG6 viruses suggested the
possibility of their adaptation in swine. The presence of
T160A and other potential substitutions in some of the
swine H5N1 and H5N2 viruses suggested the possibil-
ity of their adaptation in swine. The presence of TI60A
and Q226L substitutions in swine H7N9 and some of the
swine HON?2 viruses along with D225G substitution in
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Fig.7 A Neighbour-joining tree of 91 full-length HA nucleotide
sequences of HIONS viruses reported from avian species and swine
determined one spillover event from chicken to swine in China. The
closely related chicken and swine HIONS virus sequences were not
contemporary suggesting a circulation of these viruses in avian spe-
cies at a low frequency in the region. The blue dots at the nodes in the

swine HON2 viruses suggested a strong possibility of their
adaptation in swine.

Discussion

In a recent systematic review, we reported the prevalence
of multiple AIV subtypes in swine populations [7] which
warranted further investigation into the transmission
dynamics and possible spillover events of these viruses. In
the present study, we used phylogenetic analysis followed
by N-linked glycosylation and PCA analyses to unravel
the events of avian to swine transmission of various AIV
subtypes. Intriguingly, highly pathogenic H5N1 viruses
had multiple sporadic transmissions from avian to swine in
China and Indonesia. Similarly, numerous sporadic events
of avian to swine transmission of low pathogenic HON2
viruses were also identified in China, with limited avian to
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subtree represented >90% bootstrap support. B The identical glyco-
sylation pattern of chicken and duck HIONS viruses suggested a com-
mon origin of circulating HIONS viruses in China with one spillover
event to swine. C The PCA plot represented the global transmission
pattern of avian and swine HIONS viruses

swine transmission observed for the other AIV subtypes.
Since China is considered an epicentre of avian influenza
viruses, multiple reports of avian HSN1 and H9N2 viruses
from China were not surprising. However, the occurrence
of numerous independent events of avian to swine trans-
mission of H5SN1 viruses in Indonesian swine suggested
a broad intracontinental circulation of highly pathogenic
HS5N1 viruses in Southeast Asia. Mine et al. [35] reported
that the migratory flyways of wild birds for inter-and intra-
continental dissemination of IAVs appear to be responsible
for higher HSN1 and H9N2 virus circulation in Southeast
Asia [35]. To our surprise, we found two groups of identi-
cal HA nucleotide sequences of HSN1 viruses obtained
from seven Indonesian swine, which strongly suggested
the possibility of swine-to-swine transmission belong-
ing to two HS5 clades (2.1.3 and 2.1.3.3). Since IAV RNA
polymerases have a low fidelity with a substitution rate
of 2x 107 per nucleotide [39, 43, 53], the probability
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Fig.8 A-G Schematic representation of potential mammalian adap-
tation markers (H3 numbering) [6] in mature HA proteins of swine
IAVs. The analysis was conducted using the Sequence Variation
(SNP) tool of the Influenza Research Database [65]. A key amino
acid substitution for mammalian adaptation, Q226L, was observed

in swine H4N6, H7N9 and some of the HON2 viruses, while another
potential mammalian adaptation marker, TI160A, was present in sev-
eral swine HSN1, H5N2, H7N2, H7N9 and HON2 viruses. A poten-
tial swine adaptation marker, D225G [32], was present in all of the
swine HON2 viruses
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of unrelated H5N1 viruses having identical nucleotide
sequences is low.

We also found that those swine and avian IAVs that were
closely related phylogenetically, appeared to have an addi-
tional glycosylation site in the HA protein. An exception was
seen for H3N3 viruses, where the loss of a glycosylation site
at position 499 (NGTY) appeared to have triggered the trans-
mission from avian to swine. The highest variation in the
pattern of the glycosylation sites was observed in the highly
pathogenic H5N1 viruses. Seven different glycosylation
patterns were observed for HSN1 viruses which suggested
multiple sporadic transmission events of HSN1 viruses from
avian reservoirs to swine. Similarly, the glycosylation sites
at positions 145 (NGTS), 218 (NRTF or NKTF), and 313
(NCSK) were unstable in swine and avian HON2 viruses,
having four patterns of glycosylation which suggested mul-
tiple origins of swine HON2 viruses as well.

The N-linked glycosylation deploys multiple functions to
promote IAV fitness inside the host cell and hence plays a
vital role in IAV evolution and adaptation in the host. Kim
et al. [24] suggested that analyses of N-linked glycosylation
patterns of HA protein may provide signatures for the iden-
tification of ecological spillover and adaptation of AIVs in
swine [24]. Interestingly, the occurrence of identical glyco-
sylation patterns in HA proteins of H4N8 viruses in Chinese
ducks and swine and South African ducks and wild birds
suggested a broad intercontinental bird migration pattern
with an existing risk of avian to swine spillover of the H4N8
virus in South Africa.

While there have been reports of sporadic cases of highly
pathogenic H5N1 virus transmission directly from avian
(poultry) to human within family clusters in Indonesia in
2006 and Turkey during December 2015 to January 2016
[61], there has been limited human-to-human transmission.
As aresult, these infections have not yet been able to trigger
an epidemic. However, the adaptation of highly pathogenic
HS5NI1 virus in swine, either through mutation(s) or selective
pressure [41], or swine-swine transmission, may facilitate a
broader mammalian or human-to-human transmission.

The amino acid substitutions that confer increased bind-
ing affinity for the a-2,6-SA receptors have been identified
as key mammalian adaptation markers that could facilitate
mammalian or human-to-human transmission. We observed
that swine H4N6 viruses had two key mammalian adapta-
tion markers, 226L and 228S (H3 numbering) in the HA
protein. A previous study reported that strains with the 226L.
mutation acquired binding affinity for a-2,6-SA receptors
and induced higher infectivity in primary swine respiratory
epithelial cells compared to H4N6 virus with 226Q [2].
Multiple passages of wildtype and mutant H4N6 viruses in
swine respiratory epithelial cells revealed that the Q226L
substitution was primarily related to swine adaptation of the
HA4NG6 virus [2]. Interestingly, G228S did not appear to be
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essential for the adaptation of H4N6 virus in swine respira-
tory epithelial cells [2]. Despite the presence of 226L and
228S in swine H4N6 viruses, they had a limited replication
in swine upper respiratory tract [1]. The presence of lesions
and the detection of H4N6 virus in the lungs of experimen-
tally inoculated piglets were reported with a limited trans-
missibility [1] which suggested a low risk of H4N6 virus
transmission in the field setting.

In the present study, six amino acid substitutions: S137A,
[155T, N158D, T160A, T192I, and K193R (H3 numbering),
were observed in some of the swine H5N1 viruses which
have been previously associated with enhanced affinity for
a-2,6-SA receptor binding [13, 18, 59, 62] which suggests
that these six amino acid substitutions could have facilitated
the adaptation of HSN1 virus in swine. Additionally, T160A
and N158D substitutions were found to be associated with
the loss of glycosylation in the HA protein and H5N1 trans-
mission in guinea pigs and ferrets [13, 18]. It was interesting
to note that swine H5N1 viruses did not show any of the key
adaptation markers, Q226L and G228S. Intriguingly, in our
study, we observed dual substitutions, T160A and K193R,
in six swine H5N1 viruses, which were indicative of their
potential for increased a-2,6-SA receptor binding and adap-
tation in swine.

Lipatov et al. [17] showed that avian HSN1 virus in swine
could be detected in nasal swabs of intranasally inoculated
piglets up to 5 days post inoculation (dpi). While they did
not cause any behavioural and food consumption changes in
the swine [31], the infection was limited to the respiratory
tract, mainly the lungs causing alveolitis and bronchiolitis
[31]. Similarly, the intranasal inoculation of swine with a
low pathogenic avian HSN2 virus also resulted in subclini-
cal infections; however, the virus could be detected in nasal
swabs up to 6 dpi [11] with virus more frequently isolated
from the swine upper respiratory tract [11]. Taken together,
these findings support the possibility of replication of HSN1
and H5N?2 viruses in swine. It is possible that our observa-
tion of the T160A and T192I substitutions in some of the
swine H5N2 viruses could be related to its replication in
swine which warrants further investigation.

Further, we observed A222V and G228S substitu-
tions in one of the swine HONG viruses. Interestingly,
G228S but not the A222V substitution was previously
identified to be associated with increased binding affin-
ity to guinea pig erythrocytes [47]. While the authors
showed that virus could be detected in nasal wash fluids
of inoculated ferrets up to 5 dpi, the infection was sub-
clinical. Interestingly, only one of the three ferrets that
were in a direct contact with the virus inoculated fer-
ret had the seroconversion; however, no virus shedding
could be detected in direct contact ferrets suggesting a
limited transmissibility of the HON6 virus with A222V
and G228S dual substitutions [47]. This suggested that
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swine HO6NG6 virus with A222V and G228S substitutions
may have a limited transmissibility in swine and is yet to
be adapted in swine to acquire critical substitutions for
efficient mammalian transmission.

It was interesting to note that the four HA muta-
tions reported by Xu et al. [60] (G63C, P65L, R66L,
and M671) acquired after the serial passage of an avian
H7NO virus in swine were different from the T160A and
Q226L mutations observed in the naturally infected swine
H7NO viruses analysed in the present study. The passaged
viruses could be detected in nasal and throat swabs of
inoculated swine up to four dpi with focal mild intersti-
tial pneumonia and lung infection at day four; however,
the infection was always subclinical [60]. Intriguingly,
despite the absence of the key Q226L substitution, the
avian H7N9 virus was reported to rapidly adapt in the
swine [60], which suggested that various amino acid sub-
stitutions, including T160A and Q226L, observed in the
present study, may facilitate the adaptation of avian H7N9
virus in swine.

Neumann et al. [32] reported that avian HON2 viruses
with the 226L mutation were able to replicate in the upper
respiratory tract of swine, with virus shedding in nasal
swabs up to eight dpi [32]. They also reported an addi-
tional mutation, D225G, that was observed after four
virus passages in swine. The passaged HON2 virus with
dual mutations, 225G and 226L, replicated and transmit-
ted more efficiently in swine compared to the parental
HON2 virus with 225D and 226L [32]. Also, the HON2
virus became contact transmissible after it acquired
225G, although the infections were always subclinical
[32]. In our study, we observed that D225G was present
in all swine HIN2 viruses (n=22), while dual mutations
(D225G +Q226L) were present in seven naturally infected
swine. This suggested that swine HIN2 virus would be
able to replicate and transmit between swine via contact
in a natural setting. In addition, TI60A was observed in
most of the swine HIN2 viruses (n=19). This mutation
was also consistently present in several HS and H7 viruses,
suggesting that it had facilitated swine adaptation of these
avian viruses.

Overall, the present study provided evidence of multiple
spillover events of avian-origin HSN1 and HIN2 viruses
in swine populations. The occurrence of certain putative
mammalian adaptation markers, especially in swine H5SN1,
H7N9, and HIN2 viruses, suggested that these viruses
have already adapted in swine, with supporting reports
of these strains being able to replicate in the upper res-
piratory tract of swine. The replication and adaptation of
these avian viruses in swine may facilitate the emergence
of a pandemic influenza virus strain through reassortment
with endemic swine viruses and circulating human IAVs
in swine.

Conclusion

The interaction of swine with domestic and wild avian
species may facilitate the interspecies transmission of
avian [AVs to swine. Avian to swine spillover of AIVs,
especially HSN1, H7N9, and HON2 viruses, which have
acquired some of the amino acid substitutions associated
with mammalian adaptation, poses a considerable threat
regarding the potential for the emergence of a pandemic
influenza virus strain. Because the largest number of avail-
able full-length HA nucleotide sequences from swine
belonged to either highly pathogenic HSN1 (n=28) or
low pathogenic HON2 viruses (n =22), this allowed us to
use these two subtypes to understand their circulation and
adaptation in swine. Numerous spillover events of HSN1
and HIN2 viruses from birds to swine suggest a high fre-
quency of these viruses in avian reservoirs. In light of
these risks, we recommend that swine farmers implement
adequate biosecurity measures to minimize avian—swine
interactions and that active IAV surveillance to monitor
virus evolution in swine populations is imperative in order
to combat the emergence of an influenza strain with pan-
demic potential.
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