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Abstract: Swine influenza is a respiratory disease that affects the pork industry and is a public
health threat. It is caused by type A influenza virus (FLUAV), which continuously undergoes genetic
and antigenic variations. A large amount of information regarding FLUAV in pigs is available
worldwide, but it is limited in Latin America. The HA sequences of H1 subtype FLUAV-positive
samples obtained from pigs in Colombia between 2008-2021 were analyzed using sequence-based
antigenic cartography and N-Glycosylation analyses. Of the 12 predicted global antigenic groups,
Colombia contained five: four corresponding to pandemic strains and one to the classical swine
HINT1 clade. Circulation of these clusters was observed in some regions during specific years. Ca2
was the immunodominant epitope among Colombian viruses. The counts of N-Glycosylation motifs
were associated with the antigenic cluster ranging from three to five. The results show for the first
time the existence of antigenic diversity of FLUAV in Colombia and highlight the impact of spatial
and temporal factors on this diversity. This study provides information about FLUAV variability in
pigs under natural conditions in the absence of vaccination and emphasizes the need for surveillance
of its phylogenetic and antigenic characteristics.
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1. Introduction

Swine influenza is a contagious respiratory disease of pigs that affects the pork in-
dustry globally and poses a continuous threat to public health. It is caused by the Al-
phainfluenzavirus (FLUAV) of the Orthomyxoviridae family [1]. FLUAV has a genome
comprising of eight negative-sense RNA segments and is further classified into subtypes
based on two major surface glycoproteins: Hemagglutinin (HA) and Neuraminidase (NA).
At least 18 HA (H1-H18) and 11 NA (N1-N11) subtypes are recognized, all detected in
wild aquatic bird species (Anseriformes and Charadriiformes), except for subtypes H17N10
and H18N11, identified in fruit bats in Guatemala and Peru, respectively; and HIN2-like
FLUAVs, identified in fruit bats in Egypt and South Africa [2-5].

FLUAV has established permanent lineages in pigs worldwide. Established subtypes
are HIN1, HIN2, and H3N2, each of which show significant phylogenetic and antigenic
diversity, reflecting their ancestral origin and subsequent independent evolution [6-9].
Three H1 and four H3 swine lineages have been recognized, namely H1 1A (classical), 1B
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(human-like), and 1C (Euro-Asiatic or Avian-like) and H3 1970, 1990, 2000, and 2010-like
strains [8,9].

Pigs are susceptible to FLUAVs of human and avian origin because of characteristics
of their respiratory tract. These include the expression of receptors for human and avian
origin FLUAVs («2,6Gal and 2,3Gal, respectively) and supportive proteins needed for viral
replication (swANP32A and swANP32B) [10-12]. Pigs are considered “mixing vessels”
or intermediate hosts where FLUAVs from different origins can reassort, evolve, and
potentially acquire mammalian adaptations or new genomic constellations, as observed
during the emergence of the HIN1 pandemic virus in 2009 (clade 1A.3.3.2) [13].

FLUAYV in swine undergoes continuous evolutionary changes owing to immunological
selection pressures, resulting in antigenic drift [14-16]. These changes primarily occur in
the globular region of the immunodominant glycoprotein HA, among which the epitopes
and antigenic sites of both H1 and H3 have already been identified [17-19]. Even though
selection pressure acting on swine populations is lower than that in humans [20], global
studies indicate that it has been enough for the emergence of relevant antigenic diversity
with numerous antigenic clusters reported in Europe, North America, and Asia [7,21,22].
The emergence of these new antigenic clusters is considered a potential risk to human
health [21-23]. In Latin America, the antigenic characteristics and description of antigenic
clusters of FLUAYV in swine have only been performed in Chile, where different antigenic
variants and new clusters were identified [24].

In Colombia, characterization of FLUAV in pigs has been limited to phylogenetic
descriptions and serological surveillance reports. Epidemiological studies based on serol-
ogy indicated that both HIN1 and H3N2 have been circulating among pig herds for at
least 50 years [25]. More recently, research studies led to the isolation, sequencing, and
partial genetic characterization of HINI1 strains in the country [26-29]. Regarding the
H3N2 subtype, neither molecular evidence nor sequence data have yet been obtained.
Consequently, knowledge about the virus is limited to the H1 subtype, specifically the 1A
lineage represented by the classical 1A.1 (-H1) and pandemic 1A.3.3.2 clades [26,27,29].
Evidence of these two clades suggests the existence of at least two antigenic clusters. How-
ever, it is possible that the virus has been undergoing antigenic drift, potentially leading
to the emergence of antigenic variants and clusters that differ from those found in other
countries, suggesting its independent antigenic evolution across the territory. This could be
the result of different acting selective pressures and lack of vaccination against FLUAV in
Colombia [26].

Therefore, this study aimed to evaluate the antigenic characteristics of swine H1
FLUAV in Colombia, estimate its antigenic variation, and describe potential antigenic clus-
ters between 2008 and 2021. This study presents for the first time the results of antigenic
characterization of swine H1 FLUAYV in the country, which contributes to the understanding
of the antigenic evolution of the virus under natural selective pressure in the absence of
vaccination. These results also highlight the importance of evaluating the antigenic charac-
teristics of FLUAYV in addition to phylogenetic analysis because of the underestimation of
point mutations in antigenic regions.

2. Materials and Methods
2.1. Viruses

In this study, 37 full-length sequences of the HA gene of swine H1 FLUAVs belonging
to the viral repository of the National Veterinary Diagnostic Laboratory of the Colombian
Agricultural Institute (LNDV-ICA) and the Molecular and Virology Laboratory of the
Universidad Nacional de Colombia (LBMV-UN) were used (Table 1). The viruses were
obtained from nasal swabs and lung tissues of commercial pigs from high-density swine
population regions of Colombia between 2008-2021 (Figure 1). Samples were collected
during surveillance activities carried out by the LNDV-ICA and research projects conducted
by the LBMV-UN. The procedures and conditions used to obtain samples from the LBMV-
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UN repository were approved by the Bioethics Committee of the School of Veterinary

Medicine and Animal Science of the Universidad Nacional de Colombia.
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Figure 1. Geographic origin of influenza A virus included in this study. All viruses were from regions
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Table 1. Swine H1 influenza A viruses included in the study.

Virus Name Virus ID Year Subtype HA Lineage Accession Number
A/swine/Colombia /16562 /2008 16562/08/A 2008 HIN1 1A1 EPI2719368
A/swine/Colombia/16563/2008 16563/08/A 2008 HIN1 1A1 EPI2721678
A/swine/Colombia/16564 /2009 16564/09/A 2009 HIN1 1A1 EPI2721686
A/swine/Colombia /16567 /2015 16567/15/A 2015 HIN1 1A.3.3.2 EPI2721687
A/swine/Colombia/16568/2015 16568/15/A 2015 HIN1 1A.3.3.2 EPI2721688
A/swine/Colombia/14254 /2016 14254/16/A 2016 HIN1 1A.3.3.2 EPI12721689
A/swine/Colombia /14258 /2016 14258/16/A 2016 HIN1 1A.33.2 EPI2721690
A/swine/Colombia/14264 /2016 14264/16/A 2016 HIN1 1A.3.3.2 EPI2721691
A/swine/Colombia/14268/2016 14268/16/A 2016 HIN1 1A.33.2 EPI2721692
A/swine/Colombia /14252 /2016 14252/16/A 2016 HIN1 1A.3.3.2 EPI2721693
A/swine/Colombia/14265/2016 14265/16/A 2016 HIN1 1A.3.3.2 EPI2721694
A/swine/Colombia/14261/2016 14261/16/A 2016 HIN2 1A.3.3.2 EPI2721695
A/swine/Colombia/14255/2017 14255/17/A 2017 HIN1 1A.3.3.2 EPI2721696
A/swine/Colombia/08712/2021 08712/21/A 2021 HIN1 1A1 EPI2721697
A/swine/Colombia/08713/2021 08713/21/A 2021 HIN1 1A.3.3.2 EPI2721698
A/swine/Colombia/14271/2021 14271/21/A 2021 HIN1 1A.3.3.2 EPI2721699
A/swine/Colombia/08719/2021 08719/21/A 2021 HIN1 1A.3.3.2 EPI2721700
A/swine/Colombia/08721/2021 08721/21/A 2021 HIN1 1A.33.2 EPI12721701
A/swine/Colombia /14273 /2021 14273/21/A 2021 HIN1 1A.3.3.2 EP12721702
A/swine/Colombia/14274 /2021 14274/21/A 2021 HIN1 1A.3.3.2 EPI2721703
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Table 1. Cont.

Virus Name Virus ID Year Subtype HA Lineage Accession Number
A/swine/Colombia/14250/2017 14250/17/CA 2017 HIN1 1A.3.3.2 EPI2721704
A/swine/Colombia /14256 /2017 14256/17/CA 2017 HIN1 1A.3.3.2 EPI2721705
A/swine/Colombia /14257 /2017 14257/17/CA 2017 HIN1 1A.33.2 EPI2721706
A/swine/Colombia/16565/2010 16565/10/CU 2010 HIN1 1A.3.3.2 EPI12721707
A/swine/Colombia/16566/2015 16566/15/CU 2015 HIN1 1A.3.3.2 EPI2721708
A/swine/Colombia/14253 /2016 14253/16/CU 2016 HIN1 1A.3.3.2 EPI2721709
A/swine/Colombia/08661/2021 08661/21/CU 2021 HIN1 1A.33.2 EPI2721710
A/swine/Colombia/08663/2021 08663/21/CU 2021 HIN1 1A.3.3.2 EPI2721711
A/swine/Colombia/14269 /2021 14269/21/CU 2021 HIN1 1A.33.2 EPI2721712
A/swine/Colombia/14270/2021 14270/21/CU 2021 HIN1 1A.33.2 EPI2721713
A/swine/Colombia/14260/2016 14260/16/M 2016 HIN2 1A.3.3.2 EPI2721714
A/swine/Colombia/14259 /2016 14259/16/Q 2016 HIN1 1A.33.2 EPI2721715
A/swine/Colombia/14251/2016 14251/16/Q 2016 HIN1 1A.33.2 EPI2721716
A/swine/Colombia /14262 /2016 14262/16/R 2016 HIN1 1A.3.3.2 EPI2721717
A/swine/Colombia/14266 /2016 14266/16/R 2016 HIN1 1A.33.2 EPI2721718
A/swine/Colombia/14263/2016 14263/16/R 2016 HIN1 1A.3.3.2 EPI2721719
A/swine/Colombia/14249 /2016 14249/16/S 2016 HIN1 1A.3.3.2 EPI2721720

Virus ID corresponds to an internal number assigned by each laboratory plus the year and an acronym of the
geographic region where the virus was detected. A: Antioquia, CA: Cauca, CU: Cundinamarca, M: Meta, Q:
Quindio, R: Risaralda, and S: Santander. The lineage is presented in the global nomenclature.

2.2. Phylogenetic Characterization of the HA Glycoprotein

Nucleotide sequences of the HA gene of the viruses used in this study were previ-
ously acquired by next-generation sequencing (NGS) at The University of Georgia, USA.
Used sequences were deposited in the GISAID database (Table 1). For the analysis, these
sequences were translated into amino acids using the SeqBuilder Pro™ Software v17.0
(DNASTAR Lasergene Inc, Madison, WI, USA). The protein sequences were aligned along
with 61 H1 representative strains encompassing the three swine FLUAV lineages encom-
passing 1930 to 2021 and six seasonal human FLUAVs. Representative sequences were
collected from the protein database of the National Center for Biotechnology Information
(NCBI) (https:/ /www.ncbi.nlm.nih.gov/protein/; accessed on 13 January 2023) and are
listed in Table S1. The alignment was performed with the MUSCLE-5 algorithm using the
MUSCLE v5 tool [30]. The phylogenetic tree was constructed by the maximum-likelihood
method using the ultrafast bootstrap approximation implemented in the IQ-TREE 1.6.12
software on a base of 1000 replicates [31,32]. The tree was edited using Interactive Tree of
Life (iTOL; http:/ /itol.embl.de; accessed on 10 February 2023) version 6.7.5.

2.3. Antigenic Characterization

Antigenic characterization was performed using the sequence-based antigenic car-
tography method developed by Anderson et al. [33] for H1 FLUAV. This method allows
for the estimation of the antigenic distances (AD) between H1 viruses based on the amino
acid differences in the five antigenic epitopes of the HA. For this analysis, protein se-
quences were edited and adjusted for HA1 numbering [34]. Subsequently, amino acids
in the five major epitopes (Sa: 124, 125, 153-157, 159-164; Sb: 184-195; Cal: 166-170, 203,
204, 205, 235-237; Ca2: 137-142, 221, 222; Cb: 70-75) were extracted using the Extract-
seq tool v6.6.0.0 from the European Molecular Biology Open Software Suite (EMBOSS)
(https:/ /www.bioinformatics.nl/cgi-bin/emboss/extractseq; accessed on 5 March 2023).
Based on extracted peptides, an AD matrix was constructed by calculating and averaging
the five epitopic distances (ED) between each virus using the cultevo v1.0.2 package in the
RStudio® Software v4.3.1. The calculated ADs were represented in antigenic unities (AU),
which are linearly correlated with the gold standard hemagglutination inhibition assay
(HI) and suggest the existence of overlap recognition by antibodies at AD < 8.0 AU [33]. To
infer antigenic clusters, a hierarchical clustering analysis was performed using the pack-
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age stats4 v4.3.1 in the RStudio® Software. The same sequences used in the phylogenetic
characterization were included in the antigenic cartography.

Antigenic maps were generated by applying a dimensional reduction to the AD matrix
using the classical multi-dimensional scaling (MDS) of the stats4 package in the RStudio®
Software. The optimal dimensional representation was chosen based on goodness-of-fit
(GOF) calculations for dimensional spaces between 1 and 10, and the number of viruses
to be represented in each map. Potential antigenic clusters were inferred based on the
AD values observed between the classical and pandemic clades of the 1A lineage, and
the clustering pattern observed in the hierarchical dendrograms. A K-value of 12 was
selected to achieve higher discrimination resolution among both phylogenetic groups. The
clusters were represented in a three-dimensional map, and the Colombian clusters in a
two-dimensional map.

2.4. Epitope Analyses

The impact of each epitope on the antigenic clustering pattern was evaluated using
median-joining network (MJN) analysis. For this purpose, amino acid consensus of the
epitopes in each antigenic cluster was implemented. Consensuses were obtained using the
Cons Tool from the EMBOSS v6.6.0.0 (https://www.ebi.ac.uk/Tools/msa/emboss_cons/;
accessed on 8 March 2023). Networks for the epitopes were constructed using the NET-
WORK v10.2.0.0 tool (https:/ /www.fluxus-engineering.com; accessed on 14 March 2023).

2.5. N-Glycosylation Analyses

The presence of N-glycosylation motifs (NxS/T; where x is any amino acid but P) in
the sequences was evaluated using the NetNGlyc-v1.0 tool from the Technical University of
Denmark (DTU) (https:/ /services.healthtech.dtu.dk/service.php?NetNGlyc-1.0; accessed
on 2 April 2023). In this analysis, the entire amino acid sequence of each HA (HA1
numbering) was used. Only motifs with an N-glycosylation potential > 0.5 were considered
as potentially modifiable sites.

3. Results
3.1. Colombian Swine H1 FLUAVs of the 1A.1 Clade Remain Genetically Stable, Whereas the
1A.3.3.2 Clade Shows Phylogeographic Divergence

Phylogenetic analysis showed that Colombian viruses included in the study were
grouped in the 1A lineage; 4 corresponded to the 1A.1 (x-H1) clade and 33 to the 1A.3.3.2
pandemic clade. The viruses in clade 1A.1 were placed into an early divergent branch into
the lineage. These viruses were closely related to each other and constituted a monophyletic
group, along with one strain from Asia (A/swine/Hubei/HG394/2018) and the ancient
swine FLUAV A/swine/Iowa/15/1930 from North America (Figure 2).

Colombian viruses from clade 1A.3.3.2 had significant phylogenetic diversity. The
FLUAVs from 2016 were the most diverse, as they were grouped into seven different
subclades, one of which was a monophyletic group that differs from all the other viruses
included in our analysis. On the other hand, viruses from 2015-2017 also displayed high
phylogenetic diversity and were distributed intermixed into many subclades.

A regional trend in FLUAVs was observed since 2015, as strains from this year showed
phylogenetic divergence according to their geographical origin. This tendency was also
observed in the phylogenetic grouping of viruses in 2021 (Figure 2).
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Figure 2. Phylogenetic tree of the HA glycoprotein of swine influenza A viruses included in this study.
Colombian viruses are labeled in red and highlighted in bold. Viruses were allocated into two clades
corresponding to pandemic 1A.3.3.2 and classic 1A.1. Subclades where Colombian viruses were
allocated are named according to the region and years of their detection, A: Antioquia; S: Santander;
CU: Cundinamarca; Q: Quindio; M: Meta; R: Risaralda; CA: Cauca.

3.2. Sequence-Based Antigenic Cartography Shows the Relatedness with Phylogeny, Geographic
Origin, and Temporal Factors

The sequence-based antigenic 3-D map showed three primary groups, each corre-
sponding to one of the H1 Lineages. The 1A lineage exhibited the highest diversity
comprising nine antigenic clusters, whereas lineages 1B and 1C were represented by two
and one antigenic clusters, respectively. Each predicted cluster was named based on its
phylogenetic, geographical, and temporal origin (Figure 3).

Among the sequences, the mean antigenic distance was 6.8 AU. The highest (14.0 AU)
was found between recent Colombian isolates (08713/21/A and 14271/21/A) and the 1B
European strain A /swine/Bakum /1832/2000. The lowest was 0.0 AU and was observed
between FLUAVs with a similar geographic and/or temporal origin, as can be seen in the
clustering pattern and the AD matrix (Figure S1). Hierarchical analysis showed that 1B
Lineage was the most antigenically divergent group among the swine H1 FLUAVS, as it
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was positioned in a separated branch in the dendrogram and in a distant cluster in the
antigenic maps. The 1A and 1C lineages were not strongly discriminated, and both were
found to be mixed in the antigenic dendrogram. Colombian swine H1 FLUAVs included in
this study were distributed across five branches that corresponded to five antigenic clusters,
as shown in Figures 3 and 4.

Global Antigenic Clusters

<§£92?le‘{>/\ %%ﬁ\g 1C
N
@ European 1B
©® American 1B
~ ® Global 1A.1
1B Lineage North American 1A.3.3.3 & 1A.1
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' @ Colombian 1A.3.3.2 from 2016

V3
0

-4

V1

Figure 3. Sequence-based antigenic cartography of Colombian and global swine H1 influenza A
virus. The figure shows three major antigenic groups corresponding to swine H1 lineages. The mean
calculated antigenic distances between groups are shown. Viruses analyzed are represented as points
colored according to the assigned antigenic group.

— — —> — —

!J?r; %Ear__l_ﬁﬁtﬁif= Ny ey SOy ) : IJELm

1B Lineage

1A0 & 1A3 14.3.3.2 Clade 1A1 & 1A2

1A.3.3.2 Clade Clades Lineage Clades

Figure 4. Antigenic dendrogram of the swine H1 FLUAVs analyzed. Arrows show the branches in
which Colombian isolates were allocated.
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3.3. There Were at Least Five Antigenic Clusters Distributed in Different Regions of Colombia
during Specific Years

The 1A lineage contained five antigenic clusters related to classical FLUAV and four
to the pandemic 1A.3.3.2 clade (Figures 4 and S2). The mean AD within lineage 1A was 4.3
AU (0.0-10.0 AU).

The classical clusters were Global 1A.1 (G1A.1), North American 1A.3.3.3 and 1A.1
(N1A.1-3), North American 1A.1 (N1A.1), Mexican 1A.3 (M1A.3), and Global 1A.1 and 1A.2
(G1A.1-2). G1A.1 was formed by viruses from the classical clade 1A.1 detected in the Amer-
icas between 1930 and 2021. In this group, the ancient strain A /swine/lowa/17/19130, all
classical Colombian viruses, and a virus from China detected in 2018 (A /swine/Hubei/
HG394/2018) were allocated showing high antigenic stability (Figure 5). The N1A.1-3 group
was diverse (Table 2) and included viruses from North America of the 1A.3.3.3 (y-H1) and
1A.1 phylogenetic clades. The N1A.1 cluster comprised strains of the 1A.1 phylogenetic
clade detected in the second half of the 2010s. This was the most divergent cluster, ex-
hibiting an AD of approximately 8.0 AU, which suggests a lack of cross-reactivity with the
others in the lineage. M1A.3 included two viruses of the y-H1 phylogenetic clade identified
in 2012 and 2015 in MexXico, notably (6.7 AU) distinct from other 1A.3 strains. The G1A.1-2
cluster contained strains of the 1A.1 and 1A.2 (3-H1) phylogenetic clades. These were
subclustered according to a temporal pattern, with strains from the 2000s being grouped
apart from the older viruses (Figure 5).
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Figure 5. Antigenic dendrogram and clusters of the H1 1A lineage of the swine influenza A virus.
Among the nine clusters, five corresponded to pandemic 1A3.3.2 and four to classic clades. Colombian
viruses are highlighted in red.
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Table 2. Mean antigenic distance between predicted clusters of swine H1 1A lineage.

G1A1 N1A1 G1A.1-2 N1A.1-3 M1A.3 PDM-CO-16 PDM09-17 PDM-CO-21 PDM-21
GlA1 0.3*
N1A.1 52 4.7%
GlA.1-2 2.8 6.8 26*
N1A.1-3 6.2 8.5 6.1 50%
M1A.3 4.8 8.7 5.4 6.3 1.3*
PDM-CO-16 6.5 8.2 6.0 6.0 51 0.3*
PDM09-17 5.4 7.7 5.0 4.8 5.8 3.6 20*
PDM-CO-21 6.9 8.3 7.3 49 6.3 51 3.9 0.2*
PDM-21 7.2 8.1 6.8 58 7.3 45 3.1 3.5 0.9*

* Mean AD within each cluster.

The pandemic clusters were Global 1A.3.3.2 from 2009-2017 (PDM09-17), Colombian
1A.3.3.2 from 2016 (PDM-CO-16), Global 1A.3.3.2 (PDM-21), and Recent Colombian 1A.3.3.2
(PDM-CO-21).

The PDM09-17 cluster had a mean AD of 2.0 AU (0.0-5.6 AU). It comprised three
vaccine strains: A/California/07/2009 and A /Michigan/45/2015, used in humans; and
A/Jena/VI5258/2009, used in swine. The human strain A/Bogota/WR0090N /2009 re-
ported in Colombia was also grouped here, and it was antigenically similar to Colombian
swine viruses detected between 2009 and 2017. A Chilean strain (A /swine/Nuble/VN1401-
3960/2018) was the most divergent, with an AD of 3.0 AU from the nearest virus. In this
cluster, 18 Colombian viruses were identified. These had an AD of 2.1 AU (0.0-4.4 AU)
among each other and were antigenically distant from viruses reported in Chile and Japan,
but closer to viruses previously reported in Colombia, Europe, and Asia, as shown in
Figure 5.

PDM-CO-16 cluster contained only four viruses from the Antioquia region identified
in 2016. This group had a high antigenic relatedness. In the antigenic dendrograms and
maps, this cluster was plotted near to the PDM09-17 (Figures 4, 5 and S2). However,
based on the AD calculated between these two groups (3.7 AU), both were considered
antigenically distinguishable. Nevertheless, a virus (14251/16/Q) from the PDM09-17
showed similarity to the PDM-CO-16 cluster by 1.7 AU.

The PDM-21 group comprised FLUAVs from North America, Asia, and Africa de-
tected between 2018 and 2020, as well as six Colombian viruses identified in the Antioquia
region in 2021. The cluster exhibited a high antigenic relatedness with a mean AD of
only 0.9 AU (Table 2). Viruses detected during 2018-2019 were more antigenically re-
lated to each other than to those detected later during 2020-2021. Colombian viruses
within the cluster were antigenically related to each other having an AD only of 0.8 AU
(0.0-1.5 AU). In these viruses, the existence of a North American-like antigenicity was
noticed in 14274/21/A, 14273/21/A, 08719/21/A, and 08721/21/A strains being only
0.3 AU apart from A/swine/Iowa/A02432387/2019. Conversely, a Eurasian-like anti-
genicity was observed in 08713/21/A and 14271/21/A, which were 0.8 AU apart from
A/swine/Zambia/264/2018 and A/Swine/France/53-180028/2018.

In the PDM-CO-21 cluster, only five viruses were grouped. These were identified in the
Cundinamarca region, four in 2021 and one in 2016. These FLUAVs displayed considerable
antigenic similarity, with only an AD of 0.2 AU (0.0-0.3 AU).

Due to the low resolution of the AD between PDM09-17 and PDM-CO-16 clusters
in the global three-dimensional antigenic map, a two-dimensional map containing only
the Colombian isolates was constructed. In this cartography, the five antigenic clusters
and their AD were clearly visualized, confirming that PDM-CO-16 is a divergent group
located apart from other pandemic clusters. The 2-D map showed the PDM09-17 cluster as
the central group, being located near all other clusters. In addition, it showed that recent
PDM-21 and PDM-CO-21 clusters, despite being antigenically different from each other,
have a similar tendency. The classical G1A.1 cluster was represented as a single point in
a marginal position, proving their antigenic stability and divergence from the pandemic
clusters (Figure 6).
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Figure 6. Antigenic map of the Colombian H1 swine influenza A viruses. Strains are represented as
points colored interconnected according to the assigned antigenic cluster. In the groups, the names of
representative strains are shown.
3.4. Antigenic Characteristics of 1B and 1C Lineages Were Partially Influenced by Phylogeny and
Geographic Factors
Antigenic clusters of the 1B lineage were American 1B (1B-AM) and European 1B
(1B-EU). The mean AD between both groups was 7.0 AU.
1B-AM had an AD of 4.1 AU (0.0-7.0 AU) and included viruses from Chile, Mexico, and
the USA, as well as one strain from Vietnam and two human viruses (A /Medellin/ WRAIR
1297P /2008 and the vaccine strain A /Brisbane/59/2007). Viruses in this cluster tended to
cluster according to regional and phylogenetic patterns (Figure S3). However, a high AD
was observed for some phylogeographic-related viruses. This was the case of the Chilean
viruses of the 1B.2-other clade and North American strains of 1B.2.2 (Table 3). In 1B-EU,
the AD was 3.1 AU (0.0-5.6 AU) and the grouping pattern appeared to be related to the
year of detection (Figure S3).
Table 3. Antigenic distance between influenza A viruses of the American 1B cluster according to their
phylogenetic and geographic origins.
Chilean Mexican Asian North America  North America Human
1B.2-Other 1B.2-Other 1B.2-Other 1B.2.1 1B.2.2 uma
Chilean .
1B.2-other 31
Mexican *
1B.2-other 63 00
Asian "
1B.2-other 4.0 45 0.0
North America "
1B2.1 42 5.7 3.8 29
North America "
1B2.2 5.0 6.3 45 49 4.0
Human 4.0 3.5 2.1 4.0 4.5 02*

* Antigenic distance between members of the same geographic and phylogenetic origin.



Viruses 2023, 15, 2030

11 of 19

In the 1C lineage, the single antigenic cluster had a mean AD of 3.0 AU (0.3-6.3 AU).
In this group, antigenic divergence was also affected by the geographic origin of the viruses,
with larger distances between strains from different countries. This was found in all
French viruses, where an AD > 4.0 AU from viruses from other countries was consistently
calculated, except for A/swine/France/Cotes_d Armor-0388/2009. A three-dimensional
map of the antigenic cartography of 1B and 1C viruses is shown in Figure S4.

3.5. Predicted Antigenic Clusters in Colombia Carried Point Mutations whitin the Epitopes, with
Ca2 Demonstrating Immunodominance

MJN showed that the antigenic divergence among the 12 clusters was mainly deter-
mined by the average difference among the five epitopes. None of the networks displayed a
single node for each antigenic cluster. Instead, networks contained between 9 and 11 nodes,
indicating that some epitopes (Sa, Sb, and Cb) were similar in certain clusters, usually
among viruses of the same lineage (Figure 7). Interestingly, the Sa epitope appeared to be
conserved in strains of different lineages, as two clusters of the 1A lineage (PDM09-17 and
G1A.1-2) were represented as a single node along with the 1C cluster. This conservation
was also observed in the Cal epitope, in which all the 1A.3.3.2 clusters were identical. The
Ca2 epitope had the highest inter-cluster resolution, representing 11 nodes, of which only 1
was shared and contained PDM-CO-21 and PDM-21 clusters. The network of this epitope
also accurately reflected the phylogenetic origin of the FLUAVs (Figure 7). The MNJ of the
five epitopes confirmed the antigenic divergence of the 1B lineage, with the two clusters
always located apart from each other and from the 1A and 1C lineages.

Sa epitope © 1B-EU Sh epitope Cal epitope
@ 1B-AM @ lC
MI1A3 A PDM-21 o PDM-CO-21
A » POM-CO-16 @ PDM09-17
PDM-CO-16 - —~—ud
e - + .
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Figure 7. Median-joining networks of the five epitopes of swine H1 influenza A virus. Node size and
color are related to the clusters and their phylogeny. The phylogeny is represented with different
colors: light blue for classical clades of the 1A lineage, dark blue for the pandemic clade of the 1A
lineage, orange for the 1B lineage, and green for the 1C lineage.

Determination of point mutations in the epitopes of Colombian FLUAVs revealed no
variations in classical viruses, which displayed 100% conservation. In contrast, pandemic
viruses exhibited variations, with the Ca2 epitope demonstrating immunodominance, as
indicated by its low conservation percentage. Moreover, mutational tendencies related to
the geographical origin and year of detection were observed (Table 4).
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Table 4. Epitope conservation among Colombian H1 1A.3.3.2 swine influenza A virus.

Epitope Conservation Conserved Amino Acids Mutations Associated Region Associated Year
GI155E Cundinamarca 2021
K160M Antioquia 2021
K160N Antioquia 2016
Antioquia
Sa 38.5% P124, K153, K154, S157, and P159 S162N 2021
Cundinamarca
S162Y Antioquia 2021
K163Q Antioquia 2021
K163I Cundinamarca 2021
A186T Cundinamarca 2021
Sb 50% D187, Q188, Q189, L191, Y192, and N194
S190H Cundinamarca 2021
Cal 63.3% N167, K169, G170, S204, and G237 E235D Antioquia 2021
Cundinamarca 2021
P137S —
Ca2 12.5% G140 Antioquia 2016
Al141T Cundinamarca 2021
S71F Antioquia 2016
A73T Antioquia 2016
Cb 50% L70, T72, and G75 —
Antioquia
S74R - 2021
Cundinamarca

3.6. N-Glycosylation Motifs of Colombian Swine H1 FLUAVs Varied between Three and Five and
Were Related to the Predicted Antigenic Cluster

Motifs predicted in Colombian sequences are summarized in Table S2. Four consistent
sites of N-glycosylation motifs were found across all H1 sequences at amino acid positions
11, 23, 287, and 540, except for the 1C lineage and some 1A.3.3.2 and 1B viruses. Among
classical strains, only members of the N1A.1 cluster possessed five modifiable residues
(consistent sites plus 162). In the G1A.1-2 cluster, A/swine/Kansas/A02245337/2019
contains an extra site at amino acid 10, making it a unique virus with five potential N-
glycosylation sites. There was no gain or loss of N-glycosylation sites in classical Colombian
viruses (Figure 8).

Regarding pandemic viruses, between three and six N-Glycosylation positions were
observed, with the majority possessing the four consistent sites. Strains with three and
six motifs belonged to the PDM09-17 cluster. These were A /Bogota/WRO0090N /2009, in
which the N-Glycosylation potential at 540 was lost, and A /swine/Valparaiso/VN1401-
559/2014, in which additional positions were present at amino acids 10 and 119. Viruses
with five sites were members of the PDM09-17 (A /swine/Nuble/VN1401-3960/2018
and A/swine/Indiana/A02524527/2020), PDM-21 (A /Swine/France/53-180028 /2018,
A/swine/Zambia /264 /2018, and all Colombian viruses), and PDM-CO-16 clusters. Colom-
bian viruses from PDM-21 and PDM-CO-16 clusters had the additional motif at residues
162 and 160, respectively. Interestingly, in the PDM-CO-21 cluster, all viruses except
14253/16/CU lost one motif at position 287 (Figure 8).

All viruses in the 1C cluster had only three motifs at positions 11, 23, and 540, except
for A/swine/Finistere/2899/1982, which had four motifs, including one at position 287.
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Figure 8. N-Glycosylation motifs in the antigenic clusters of swine H1 influenza A virus where
Colombian viruses were included. The altitude of the circles represents the frequency of detection of
the N-Glycosylation sites in each cluster. Motifs that were absent in Colombian viruses are marked
with black stars.

The 1B lineage exhibited the highest motif counts, ranging from five to eight. Within
1B-EU, the four consistent sites, as well as one at 160, were displayed. The N-Glycosylation
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pattern of the 1B-AM cluster revealed acquisition and loss of motifs according to the phy-
logeny of the viruses. Five motifs were observed in most strains of the 1B.2.1 phylogenetic
clade; conversely, six were frequently detected in the 1B.2.2, located at positions 11, 23, 54,
125, 160, and 540. The 1B.2-other clade had the highest N-Glycosylation motif counts, with
many strains possessing up to seven sites at 11, 23, 54, 125, 160, 287, 321, and 540. All the
consistent sites were present in the human viruses, which displayed additional motifs at
positions 54, 125, and 160.

4. Discussion

In this study, we provide for the first time in silico evidence of antigenic diversity
among swine H1 FLUAV in Colombia using the sequence-based antigenic cartography
approach. The method allowed for the inference of 12 global antigenic clusters, 5 of which
were present in Colombia, with 2 detected only in the country. These results highlight the
need for permanent surveillance of the antigenic evolution of the swine FLUAV in Latin
America, particularly in countries like Colombia, where the virus might evolve unnoticed
as could happened with the pandemic HIN1 virus after its introduction in 2009, increasing
its zoonotic and pandemic risk.

The phylogenetic analysis of the Colombian viruses confirmed what has been previ-
ously proposed about the genetic and antigenic dominance of the pandemic clade over
classical FLUAV in the country since 2008 with no indication of the introduction of new
H1 lineages or phylogenetic clades [26-29]. Nevertheless, the results presented here also
provide evidence of the maintenance of the classical virus in Colombian pigs until 2021.

In this research, 4.0 AU was suggested as a potential threshold for considering two
swine H1 FLUAV strains as antigenically distinguishable by the in silico method. This value
is proposed based on the calculated AD between classical and pandemic viruses, supported
by evidence of significant antigenic variations and slight cross-reactivity between clades [7].
Using this cut-off is supported by the findings of Anderson et al. [33] about the lack of
overlapping antibodies recognition beyond an AD of 8.0 AU and the proved proportional
loss of HI cross-reactivity between viruses when the highest ADs are calculated. However,
it is important to note that this value must be validated through in vitro and in vivo
approaches that captured the biological impact of specific mutations in the epitopes.

In Colombia, the five predicted antigenic clusters were related to the phylogeny of the
viruses with one classical (G1A.1) and four pandemic (PDM09-17, PDM-CO-16, PDM-21,
and PDM-CO-21) clusters. These were influenced by geographic and temporal factors.

The first antigenic cluster detected was the classical G1A.1, which was first identified in
2008 and persisted at least until 2021. This is likely the first established cluster in Colombia,
considering that early serologic evidence suggests its circulation in the Antioquia region
since the 1970s [25]. The virus was probably introduced from North America during the
1900s through the movement of live animals, as occurred in Asia [6,35]. This is supported
by the phylogenetic relatedness of Colombian classical viruses with the ancient swine
FLUAYV strain reported in North America by Shope et al. in the 1930s [36] and an Asian
strain. It is remarkable that despite its circulation for over 50 years in the country, the cluster
has remained antigenically intact with no observed antigenic drift or posttranslational
changes. Therefore, we propose that antigenic stability is the result of several factors. First,
it is plausible that the low immunological pressure in Colombian herds, due to the absence
of vaccination against FLUAV in pigs, has allowed for its circulation under no antigenic
selective forces. Another factor is the population dynamics in swine herds, which allows for
the persistence of naive animals where the virus can replicate without significant immune
pressure [37-40]. Finally, it is possible that the classical FLUAV has been circulating in
Colombia at a low level under the shadow of the immunodominant pandemic clade.

After the emergence of the pandemic 1A.3.3.2 clade, the PDM09-17 cluster was es-
tablished in the country, as happened in several countries around the globe. Once in the
country, it remained the immunodominant group in the evaluated regions until 2021. This
cluster was first introduced into the susceptible Colombian swine population during the
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pandemic wave in 2009 [27], probably from human sources [41,42]. Because the introduc-
tion of the cluster occurred simultaneously in many geographic regions [42—47], the cluster
contained viruses from Asia, Europe, and America. According to hierarchical analysis,
some antigenic drift occurred, giving rise to two subclusters. This is consistent with previ-
ous reports on the diversification and antigenic variation of the pandemic HA during its
dissemination [44,48-50], and accounted for the diversity observed at the intra-cluster level.
Regarding the Colombian viruses within this cluster, the gain or loss of N-Glycosylation
motifs were not detected. As a result, these possessed the same sites found in G1A.1,
indicating relatively low immunological selection pressure among pigs in the country [51].
Concerning viruses from other countries, the gain of some N-Glycosylation motifs was
noted in strains from Chile and India, probably due to their introduction into pigs after
previous antigenic evolutionary steps in humans, as the gained sites have been related to
the human host [51,52].

Interestingly, the pandemic PDM-CO-16 cluster cocirculated along with PDM(9-17
only in the Antioquia region during 2016, and was not detected again. This group was
both antigenically and phylogenetically distant from other pandemic viruses included
in the study. The relationship of this cluster with 14251/16/Q within the PDM09-17
cluster suggests that PDM-CO-16 could emerge from strains of the earlier clade, and that
Quindio’s strain is an intermediate antigenic variant. It is also possible that this cluster was
introduced into swine populations in Antioquia from humans, as we noticed an additional
N-Glycosylation mark at position 160, which has been related to human adaptation [51,52].
In addition, we found that the cluster contained variations at the amino acid level at certain
positions, and the existence of the mark P137S associated with the seasonal evolutive
pattern of FLUAV in humans during the end of 2015-2016 in the Northern Hemisphere [53].
However, human-to-swine spillover events in Colombia are difficult to probe due to the
absence of molecular surveillance of human FLUAYV in the country.

Since 2021, two divergent pandemic clusters have appeared in the country: PDM-21
and PDM-CO-21. Both clusters were only detected in two geographically restricted swine
populations in that year, with PDM-21 limited to the Antioquia and PDM-CO-21 to the
Cundinamarca regions.

Colombian viruses within PDM-21 showed antigenic profiles that were either American-
like or Eurasian-like. The origin of this pattern could be related to the independent introduc-
tion of two genetically related FLUAV into pigs from different geographic sources during
the international movement of animals and humans. It is probable that Colombian viruses
from this cluster originated from a global human FLUAYV, considering the presence of
mutations K163G, E235D, and S74R, and the gain of an N-Glycosylation motif at 162 previ-
ously reported in pandemic viruses from humans [54-57]. The cluster likely reached swine
populations in Eurasia and North America, from where it was then introduced to Colombia.
It is possible to state this by considering the phylogenetic relatedness of Colombian strains
of the cluster with FLUAVs detected in swine. Because of the observation that Eurasian-like
viruses in the cluster (14271/21/A and 08713/21/A) did not have the S162N mutation
that originated the additional N-Glycosylation motif, we propose that these viruses were
introduced into pigs earlier than the North American-like ones.

The PDM-CO-21 cluster was entirely Colombian, and its first detection was performed
in 2016. In 2021, it dominated the Cundinamarca region without evidence of antigenic
drift. The apparent antigenic stability of the cluster indicates that once established in
the swine population, it has been remained restricted to pigs [20]. This is supported by
the high antigenic similarity between the recent isolates with the 14253/16/CU and their
N-Glycosylation pattern, where recent isolates from 2021 have lost one motif at 287. This
low level of posttranslational modification in HA has been associated with non-human
hosts [51,58]. The origin of the cluster in the Cundinamarca region is uncertain; however,
according to phylogenetic analysis, it was related to Asian, Colombian, and South American
strains detected during the 2010s. This phylogenetic relatedness with FLUAVs detected in
distant swine populations suggests its appearance during the frequent introduction of the
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pandemic clade in 2009 [41], or shortly after, during the diversification of the clade [48-50].
The absence of previous phylogenetic evidence of this cluster in the country could be
related to low molecular surveillance, which could have allowed for its circulation to go
undetected, as has been proposed in the “unsampled pig herd theory” [59].

Regarding the predicted clusters of the 1B and 1C lineages, a high mean AD (>3.0 AU)
was always observed, indicating low antigenic resolution of the method implemented in
those groups. We believe this could be due to two main reasons. On the one hand, it is
probable that the focus of our analysis for the 1A lineage affected the separative capacity of
the sequence-based antigenic cartography in the 1B and 1C lineages. On the other hand, it
is also possible that the number of clusters selected to represent antigenic diversity in the
1A lineage in this study (K = 12) was insufficient for the diversity in the 1B and 1C, and
a higher K-value was required. These assumptions must be evaluated and validated in
future studies.

In epitope analyses, the immunodominance among Colombian viruses was in Ca2,
which is contrary to what has been reported previously in other countries where the
epitopes Sa and Sb usually display major variation [60—-62]. This could be a result of the
low antigenic pressure among Colombian pigs due to the absence of vaccination that
allowed for the conservation of epitopes located near the receptor-binding domain of HA.
Intriguingly, antigenic conservation existed between global viruses at the Sa site of the
1A and 1C lineages. The relatedness of both groups has been previously observed using
HI-based methods and is probably explained by their avian origin [7]. Considering that
there is no evidence of a strong convergent evolution neither in 1A nor 1C [63], it is possible
that the configuration of Sa has its origin in avian hosts, and once in swine, it has been
maintained with minor changes due to a low selective pressure. However, it is necessary to
consider that in the 1A lineage, the existence of an N-Glycosylation site at Sa could affect
its antigenic similarity with the 1C lineage.

5. Conclusions

In this study we report, for the first time, evidence of antigenic drift and the existence
of many potential antigenic clusters in swine H1 FLUAV in Colombia, contributing to
the knowledge of antigenic evolution and diversity of the virus in Latin America and
the rest of the world. The antigenic clusters found were influenced by spatial-temporal
factors, as our results revealed the occurrence of independently new antigenic variants
among Colombian regions. This study highlights the need for continuous surveillance
and evaluation of not only the phylogenetic characteristics of swine FLUAYV, but also its
antigenic variations. This can be achieved by the sequence-based antigenic cartography
method used here, as it represents a rapid, low-cost, low-labor, and useful tool for the
study of antigenic characteristics and the selection of representative strains, which can be
implemented in countries where the HI method is not an option or is not enough to provide
full information about antigenic diversity. This information is essential to improve control
and diagnostic strategies to minimize the health and economic impact of swine FLUAV in
Colombia and the rest of the world.
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of the H1 1B and 1C lineages of the swine influenza A virus; Figure S4: Antigenic three-dimensional
map of the clusters in the 1B and 1C lineage.

Author Contributions: Conceptualization, A.F.O.-]. and G.R.-N.; methodology, A.FO.-J. and L.O;
software, A.FO.-].; formal analysis, A.FO.-]., APG.,, M.AR.-M., DR.P. and G.R.-N.; resources,
M.AR.-M., M.P. and G.R.-N,; writing, review and editing, A.F.O.-]., AP.G.,, M.A.R.-M., D.R.P. and
G.R.-N; supervision, G.R.-N. All authors have read and agreed to the published version of the
manuscript.


https://www.mdpi.com/article/10.3390/v15102030/s1
https://www.mdpi.com/article/10.3390/v15102030/s1

Viruses 2023, 15, 2030 17 of 19

Funding: This research received financial support from Universidad Nacional de Colombia, Colombian
Agricultural Institute, and Asociaciéon Porkcolombia.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Genomic data of Colombian viruses analyzed in this study have been
published in the GISAID database (https://gisaid.org) and can be consulted under the accession
number EP12719368, EP12721678, and EP12721686-EP12721720.

Acknowledgments: We thank to the National Veterinary Diagnostic Laboratory of the Colombian
Agricultural Institute—ICA (Bogota, Colombia), Asociacion Colombiana de Porcicultores Porkcolom-
bia -FNP (Bogota, Colombia), The Universidad Nacional de Colombia (Bogota, Colombia), and to the
Animal Health Research Center, Center for Vaccines and Immunology, Department of Population
Health, Poultry Diagnostic and Research Center, UGA for providing support to conduct studies and
to kindly provide access to the sequences analyzed in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ICTVICTV 9th Report. 2011. Available online: https://talk.ictvonline.org/ictv-reports/ictv_9th_report/negative-sense-rna-
viruses-2011/w /negrna_viruses/209/orthomyxoviridae (accessed on 29 March 2022).

2. Tong, S.; Zhu, X.; Li, Y,; Shi, M.; Zhang, ]. New World Bats Harbor Diverse Influenza A Viruses. PLoS Pathog. 2013, 9, 1003657.
[CrossRef]

3.  Zhuang, Q.; Wang, S.; Liu, S.; Hou, G; Li, J.; Jiang, W.; Wang, K.; Peng, C.; Liu, D.; Guo, A.; et al. Diversity and Distribution of
Type A Influenza Viruses: An Updated Panorama Analysis Based on Protein Sequences. Virol. . 2019, 16, 85. [CrossRef]

4. Kandeil, A.; Gomaa, M.R.; Shehata, M.M.; El Taweel, A.N.; Mahmoud, S.H.; Bagato, O.; Moatasim, Y.; Kutkat, O.; Kayed, A.S.;
Dawson, P; et al. Isolation and Characterization of a Distinct Influenza A Virus from Egyptian Bats. |. Virol. 2019, 93, e01059-18.
[CrossRef]

5. Ha, Y, Stevens, D.J.; Skehel, ].].; Wiley, D.C. X-ray Structure of the Hemagglutinin of a Potential H3 Avian Progenitor of the 1968
Hong Kong Pandemic Influenza Virus v¢. Virology 2003, 309, 209-218. [CrossRef]

6. Cheng, C.; Holyoak, M.; Xu, L.; Li, J.; Liu, W,; Stenseth, N.C.; Zhang, Z. Host and Geographic Barriers Shape the Competition,
Coexistence, and Extinction Patterns of Influenza A (H1N1) Viruses. Ecol. Evol. 2022, 12, 8732. [CrossRef]

7. Lewis, N.S,; Russell, C.A.; Langat, P.; Anderson, TK.; Berger, K.; Bielejec, F.; Burke, D.E; Dudas, G.; Fonville, ]. M.; Fouchier,
R.A.M; et al. The Global Antigenic Diversity of Swine Influenza A Viruses. Elife 2016, 5, €12217. [CrossRef]

8.  Anderson, T.K.; Macken, C.A.; Lewis, N.S.; Scheuermann, R.H.; Van Reeth, K.; Brown, .H.; Swenson, S.L.; Simon, G.; Saito, T.;
Berhane, Y,; et al. A Phylogeny-Based Global Nomenclature System and Automated Annotation Tool for H1 Hemagglutinin
Genes from Swine Influenza A Viruses. mSphere 2016, 1, €00275-16. [CrossRef]

9. Anderson, TK.; Chang, J.; Arendsee, Z.W.; Venkatesh, D.; Souza, C.K.; Kimble, ].B.; Lewis, N.S.; Davis, C.T.; Vincent, A.L. Swine
Influenza A Viruses and the Tangled Relationship with Humans. Cold Spring Harb. Perspect. Med. 2021, 11, a038737. [CrossRef]

10. Zhang, H,; Li, H,; Wang, W.; Wang, Y.; Han, G.Z.; Chen, H.; Wang, X. A Unique Feature of Swine ANP32A Provides Susceptibility
to Avian Influenza Virus Infection in Pigs. PLoS Pathog. 2020, 16, €1008330. [CrossRef]

11.  Nelli, RK.; Kuchipudji, S.V.; White, G.A.; Baquero Perez, B.; Dunham, S.P.; Chang, K.-C. Comparative Distribution of Human and
Avian Type Sialic Acid Influenza Receptors in the Pig. BMC Vet. Res. 2010, 6, 4. [CrossRef]

12. Trebbien, R.; Larsen, L.E.; Viuff, B.M. Distribution of Sialic Acid Receptors and Influenza A Virus of Avian and Swine Origin in
Experimentally Infected Pigs. Virol. J. 2011, 8, 434. [CrossRef] [PubMed]

13.  Smith, G.J.D.; Vijaykrishna, D.; Bahl, J.; Lycett, S.J.; Worobey, M.; Pybus, O.G.; Ma, S.K.; Cheung, C.L.; Raghwani, J.; Bhatt, S.;
et al. Origins and Evolutionary Genomics of the 2009 Swine-Origin HIN1 Influenza A Epidemic. Nature 2009, 459, 1122-1125.
[CrossRef] [PubMed]

14. Ryt-Hansen, P; Pedersen, A.G.; Larsen, I; Kristensen, C.S.; Krog, J.S.; Wacheck, S.; Larsen, L.E. Substantial Antigenic Drift in the
Hemagglutinin Protein of Swine Influenza A Viruses. Viruses 2020, 12, 248. [CrossRef]

15. Retamal, M.; Abed, Y; Rh, C.; Baz, M.; Boivin, G. In Vitro and in Vivo Evidence of a Potential A(HIN1)Pdm09 Antigenic Drift
Mediated by Escape Mutations in the Haemagglutinin Sa Antigenic Site. ]. Gen. Virol. 2012, 98, 1224-1231. [CrossRef] [PubMed]

16. Lopez-Valifias, A.; Sisteré-Oré, M.; Loépez-Serrano, S.; Baioni, L.; Darji, A.; Chiapponi, C.; Segalés, J.; Ganges, L.; Nufiez,
J.I. Identification and Characterization of Swine Influenza Virus Hln1 Variants Generated in Vaccinated and Nonvaccinated,
Challenged Pigs. Viruses 2021, 13, 2087. [CrossRef]

17. Caton, A.].; Brownlee, G.G.; Yewdell, ] W.; Gerhard, W. The Antigenic Structure of the Influenza Virus A/PR/8/34 Hemagglutinin
(H1 Subtype). Cell 1982, 31, 417-427. [CrossRef]

18. Kilbourne, E.D.; Gerhard, W.; Whitaker, C.W. Monoclonal Antibodies to the Hemagglutinin Sa Antigenic Site of A/PR/8/34

Influenza Virus Distinguish Biologic Mutants of Swine Influenza Virus. Proc. Natl. Acad. Sci. USA 1983, 80, 6399-6402. [CrossRef]


https://gisaid.org
https://talk.ictvonline.org/ictv-reports/ictv_9th_report/negative-sense-rna-viruses-2011/w/negrna_viruses/209/orthomyxoviridae
https://talk.ictvonline.org/ictv-reports/ictv_9th_report/negative-sense-rna-viruses-2011/w/negrna_viruses/209/orthomyxoviridae
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1186/s12985-019-1188-7
https://doi.org/10.1128/JVI.01059-18
https://doi.org/10.1016/S0042-6822(03)00068-0
https://doi.org/10.1002/ece3.8732
https://doi.org/10.7554/eLife.12217
https://doi.org/10.1128/mSphere.00275-16
https://doi.org/10.1101/cshperspect.a038737
https://doi.org/10.1371/journal.ppat.1008330
https://doi.org/10.1186/1746-6148-6-4
https://doi.org/10.1186/1743-422X-8-434
https://www.ncbi.nlm.nih.gov/pubmed/21902821
https://doi.org/10.1038/nature08182
https://www.ncbi.nlm.nih.gov/pubmed/19516283
https://doi.org/10.3390/v12020248
https://doi.org/10.1099/jgv.0.000800
https://www.ncbi.nlm.nih.gov/pubmed/28631598
https://doi.org/10.3390/v13102087
https://doi.org/10.1016/0092-8674(82)90135-0
https://doi.org/10.1073/pnas.80.20.6399

Viruses 2023, 15, 2030 18 of 19

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

Wiley, D.C.; Wilson, L.A.; Skehel, J.]J. Structural Identification of the Antibody-Binding Sites of Hong Kong Influenza Haemagglu-
tinin and Their Involvement in Antigenic Variation. Nature 1981, 289, 373-378. [CrossRef]

Furuse, Y.; Shimabukuro, K.; Odagiri, T.; Sawayama, R.; Okada, T.; Khandaker, I.; Suzuki, A.; Oshitani, H. Comparison of Selection
Pressures on the HA Gene of Pandemic (2009) and Seasonal Human and Swine Influenza A H1 Subtype Viruses. Virology 2010,
405, 314-321. [CrossRef]

Henritzi, D.; Petric, PP; Lewis, N.S.; Graaf, A.; Pessia, A.; Starick, E.; Breithaupt, A.; Strebelow, G.; Luttermann, C.; Parker,
L.M.K;; et al. Surveillance of European Domestic Pig Populations Identifies an Emerging Reservoir of Potentially Zoonotic Swine
Influenza A Viruses. Cell Host Microbe 2020, 28, 614—627.e6. [CrossRef]

Venkatesh, D.; Anderson, T.K.; Kimble, J.B.; Chang, ]J.; Lopes, S.; Souza, C.K.; Pekosz, A.; Shaw-Saliba, K.; Rothman, R.E.; Chen,
K.-F; et al. Antigenic Characterization and Pandemic Risk Assessment of North American H1 Influenza A Viruses Circulating in
Swine. Microbiol. Spectr. 2022, 10, e01781-22. [CrossRef] [PubMed]

Souza, C.K.; Anderson, TK.; Chang, J.; Venkatesh, D.; Lewis, N.S.; Pekosz, A.; Shaw-Saliba, K.; Rothman, R.E.; Chen, K.-F,;
Vincent, A.L. Antigenic Distance between North American Swine and Human Seasonal H3N2 Influenza A Viruses as an Indication
of Zoonotic Risk to Humans. J. Virol. 2022, 96, e01374-21. [CrossRef] [PubMed]

Tapia, R.; Torremorell, M.; Culhane, M.; Medina, R.A.; Neira, V. Antigenic Characterization of Novel H1 Influenza A Viruses in
Swine. Sci. Rep. 2020, 10, 4510. [CrossRef] [PubMed]

Hanssen, H.; Hincapié, O.; Lopez, ]. H. Influenza En Porcinos de Antioquia, Colombia. Pan Am. ]. Public Health 1977, 8, 35-43.
Osorio-Zambrano, W.E; Ospina-Jimenez, A.E; Alvarez-Munoz, S.; Gomez, A.P,; Ramirez-Nieto, G.C. Zooming in on the Molecular
Characteristics of Swine Influenza Virus Circulating in Colombia before and after the HIN1pdmO09 Virus. Front. Vet. Sci. 2022,
9, 983304. [CrossRef]

Ramirez-Nieto, G.C.; Diaz Rojas, C.A.; Vera Alfonso, V.J.; Correa, J.J.; Mogollon Galvis, J.D. First Isolation and Identification of
HINI1 Swine Influenza Viruses in Colombian Pig Farms. Health 2012, 4, 983-990. [CrossRef]

Ciuoderis, K.A.; Perez, L.S.; Cardona, A.; Hernandez-Ortiz, J.P.; Osorio, J.E. Use of Oral Fluids for Efficient Monitoring of
Influenza Viruses in Swine Herds in Colombia. Rev. Colomb. Cienc. Pecu. 2019, 35, 141-152. [CrossRef]

Florez Ramos, J.; Vera, V.; Lora, A.; Ramirez-Nieto, G. Molecular Evaluation of Influenza A Virus in Swine at Slaughterhouses in
Colombia. Rev. MV Z Cordoba 2018, 23, 7013-7024. [CrossRef]

Edgar, R.C. Muscle5: High-Accuracy Alignment Ensembles Enable Unbiased Assessments of Sequence Homology and Phylogeny.
Nat. Commun. 2022, 13, 6968. [CrossRef]

Nguyen, L.T.; Schmidt, H.A.; Von Haeseler, A.; Minh, B.Q. IQ-TREE: A Fast and Effective Stochastic Algorithm for Estimating
Maximum-Likelihood Phylogenies. Mol. Biol. Evol. 2015, 32, 268-274. [CrossRef]

Hoang, D.T.; Chernomor, O.; Von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation.
Mol. Biol. Evol. 2018, 35, 518-522. [CrossRef]

Anderson, C.S.; McCall, P.R.; Stern, H.A.; Yang, H.; Topham, D.J. Antigenic Cartography of HIN1 Influenza Viruses Using
Sequence-Based Antigenic Distance Calculation. BMC Bioinform. 2018, 19, 51. [CrossRef]

Burke, D.E; Smith, D.J. A Recommended Numbering Scheme for Influenza A HA Subtypes. PLoS ONE 2014, 9, e112302.
[CrossRef]

Zhu, W;; Yang, S.; Guo, Y,; Yang, L.; Bai, T,; Yu, Z,; Li, X.; Li, M.; Guo, ].; Wang, D.; et al. Imported Pigs May Have Introduced the
First Classical Swine Influenza Viruses into Mainland China. Infect. Genet. Evol. 2013, 17, 142-146. [CrossRef]

Shope, R.E. The Etiology of Swine Influenza. Science (1979) 1931, 73, 214-215. [CrossRef]

Diaz, A.; Perez, A.; Sreevatsan, S.; Davies, P.,; Culhane, M.; Torremorell, M. Association between Influenza A Virus Infection and
Pigs Subpopulations in Endemically Infected Breeding Herds. PLoS ONE 2015, 10, e0129213. [CrossRef]

Diaz, A.; Marthaler, D.; Culhane, M.; Sreevatsan, S.; Alkhamis, M.; Torremorell, M. Complete Genome Sequencing of Influenza A
Viruses within Swine Farrow-to-Wean Farms Reveals the Emergence, Persistence, and Subsidence of Diverse Viral Genotypes. J.
Virol. 2017, 91, €00745-17. [CrossRef]

Ryt-Hansen, P.; Nielsen, H.G.; Serensen, S.S.; Larsen, I.; Kristensen, C.S.; Larsen, L.E. The Role of Gilts in Transmission Dynamics
of Swine Influenza Virus and Impacts of Vaccination Strategies and Quarantine Management. Porc. Health Manag. 2022, 8, 19.
[CrossRef]

Chamba Pardo, F.O.; Schelkopf, A.; Allerson, M.; Morrison, R.; Culhane, M.; Perez, A.; Torremorell, M. Breed-to-Wean Farm
Factors Associated with Influenza A Virus Infection in Piglets at Weaning. Prev. Vet. Med. 2018, 161, 33—40. [CrossRef]

Markin, A.; Zanella, G.C.; Arendsee, Z.W.; Zhang, J.; Krueger, K.M.; Gauger, P.C.; Baker, A.L.V.; Anderson, T.K. Reverse-Zoonoses
of 2009 H1N1 Pandemic Influenza A Viruses and Evolution in United States Swine Results in Viruses with Zoonotic Potential.
bioRxiv 2022. [CrossRef]

Nelson, M.I; Gramer, M.R.; Vincent, A.L.; Holmes, E.C. Global Transmission of Influenza Viruses from Humans to Swine. J. Gen.
Virol. 2012, 93, 2195. [CrossRef] [PubMed]

Charoenvisal, N.; Keawcharoen, J.; Sreta, D.; Chaiyawong, S.; Nonthabenjawan, N.; Tantawet, S.; Jittimanee, S.; Arunorat, J.;
Amonsin, A.; Thanawongnuwech, R. Genetic Characterization of Thai Swine Influenza Viruses after the Introduction of Pandemic
H1N1 2009. Virus Genes 2013, 47, 75-85. [CrossRef] [PubMed]


https://doi.org/10.1038/289373a0
https://doi.org/10.1016/j.virol.2010.06.018
https://doi.org/10.1016/j.chom.2020.07.006
https://doi.org/10.1128/spectrum.01781-22
https://www.ncbi.nlm.nih.gov/pubmed/36318009
https://doi.org/10.1128/JVI.01374-21
https://www.ncbi.nlm.nih.gov/pubmed/34757846
https://doi.org/10.1038/s41598-020-61315-5
https://www.ncbi.nlm.nih.gov/pubmed/32161289
https://doi.org/10.3389/fvets.2022.983304
https://doi.org/10.4236/health.2012.430150
https://doi.org/10.17533/udea.rccp.v35n3a02
https://doi.org/10.21897/rmvz.1424
https://doi.org/10.1038/s41467-022-34630-w
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1093/molbev/msx281
https://doi.org/10.1186/s12859-018-2042-4
https://doi.org/10.1371/journal.pone.0112302
https://doi.org/10.1016/j.meegid.2013.03.007
https://doi.org/10.1126/science.73.1886.214
https://doi.org/10.1371/journal.pone.0129213
https://doi.org/10.1128/JVI.00745-17
https://doi.org/10.1186/s40813-022-00261-2
https://doi.org/10.1016/j.prevetmed.2018.10.008
https://doi.org/10.1371/journal.ppat.1011476
https://doi.org/10.1099/vir.0.044974-0
https://www.ncbi.nlm.nih.gov/pubmed/22791604
https://doi.org/10.1007/s11262-013-0927-x
https://www.ncbi.nlm.nih.gov/pubmed/23740270

Viruses 2023, 15, 2030 19 of 19

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Chastagner, A.; Hervé, S.; Bonin, E.; Quéguiner, S.; Hirchaud, E.; Henritzi, D.; Béven, V.; Gorin, S.; Barbier, N.; Blanchard, Y.; et al.
Spatiotemporal Distribution and Evolution of the A/H1N1 2009 Pandemic Influenza Virus in Pigs in France from 2009 to 2017:
Identification of a Potential Swine-Specific Lineage. J. Virol. 2018, 92, 24. [CrossRef] [PubMed]

Grontvedt, C.A.; Er, C.; Gjerset, B.; Hauge, A.G.; Brun, E.; Jorgensen, A.; Lium, B.; Framstad, T. Influenza A(HIN1)Pdm09
Virus Infection in Norwegian Swine Herds 2009/10: The Risk of Human to Swine Transmission. Prev. Vet. Med. 2013, 110, 429.
[CrossRef] [PubMed]

Pereda, A.; Cappuccio, J.; Quiroga, M.A.; Baumeister, E.; Insarralde, L.; Ibar, M.; Sanguinetti, R.; Cannilla, M.L.; Franzese, D.;
Escobar Cabrera, O.E.; et al. Pandemic (HIN1) 2009 Outbreak on Pig Farm, Argentina. Emerg. Infect. Dis. 2010, 16, 307. [CrossRef]
Ciacci-Zanella, J.R.; Schaefer, R.; Gava, D.; Haach, V.; Cantao, M.E.; Coldebella, A. Influenza A Virus Infection in Brazilian Swine
Herds Following the Introduction of Pandemic 2009 HIN1. Vet. Microbiol. 2015, 180, 118-122. [CrossRef]

Nelson, M.; Spiro, D.; Wentworth, D.; Fan, J.; Beck, E.; St. George, K.; Ghedin, E.; Halpin, R.; Bera, J.; Hine, E.; et al. The Early
Diversification of Influenza A/HIN1pdm. PLoS Curr. 2009, 1, RRN1126. [CrossRef]

Castelan-Vega, ].A.; Magafia-Hernandez, A.; Jiménez-Alberto, A.; Ribas-Aparicio, R.M. The Hemagglutinin of the Influenza
A(HIN1)PdmO09 Is Mutating towards Stability. Adv. Appl. Bioinform. Chem. 2014, 7, 37-44. [CrossRef]

Klein, E.Y.; Serohijos, A.W.R.; Choi, ]. M.; Shakhnovich, E.I; Pekosz, A. Influenza A HIN1 Pandemic Strain Evolution—Divergence
and the Potential for Antigenic Drift Variants. PLoS ONE 2014, 9, e93632. [CrossRef]

Kim, P,; Jang, Y.H.; Kwon, S.B.; Lee, C.M.; Han, G.; Seong, B.L. Glycosylation of Hemagglutinin and Neuraminidase of Influenza
A Virus as Signature for Ecological Spillover and Adaptation among Influenza Reservoirs. Viruses 2018, 10, 183. [CrossRef]
Sun, S.; Wang, Q.; Zhao, F.; Chen, W.; Li, Z. Glycosylation Site Alteration in the Evolution of Influenza A (H1N1) Viruses. PLoS
ONE 2011, 6, 22844. [CrossRef] [PubMed]

Decker, C.H.; Rapier-Sharman, N.; Pickett, B.E. Mutation in Hemagglutinin Antigenic Sites in Influenza A PHIN1 Viruses from
2015-2019 in the United States Mountain West, Europe, and the Northern Hemisphere. Genes 2022, 13, 909. [CrossRef] [PubMed]
Guldemir, D.; Coskun-Ari, EE,; Altas, A.B.; Bakkaloglu, Z.; Unaldi, O.; Bayraktar, F; Korukluoglu, G.; Aktas, A.R.; Durmaz, R.
Molecular Characterization of the Influenza A(HIN1)Pdm09 Isolates Collected in the 2015-2016 Season and Comparison of HA
Mutations Detected in Turkey since 2009. J. Med. Virol. 2019, 91, 2074-2082. [CrossRef]

Liu, B.; Wang, Y; Liu, Y.; Chen, Y,; Liu, Y.; Cong, X.; Ji, Y.; Gao, Y. Molecular Evolution and Characterization of Hemagglutinin and
Neuraminidase of Influenza A(HIN1)Pdm09 Viruses Isolated in Beijing, China, during the 2017-2018 and 2018-2019 Influenza
Seasons. Arch. Virol. 2021, 166, 179-189. [CrossRef] [PubMed]

Potdar, V; Vijay, N.; Gupta, N.; Arunkumar, G.; Borkakoty, B.; Malhotra, B.; Rabha, D.; Hinge, D.; Kaur, H.; Chadha, M. Molecular
Characterization of Influenza A(HIN1)Pdm09 Viruses Circulating at Various Geographical Locations in India, 2017. Indian ]. Med.
Res. 2019, 149, 783-789. [CrossRef]

Zolotarova, O.; Mironenko, A.; Budzanivska, I.; Leibenko, L.; Radchenko, L. Antigenic Site Variation in the Hemagglutinin of
Pandemic Influenza A(HIN1)PdmO09 Viruses between 20092017 in Ukraine. Pathogens 2019, 8, 194. [CrossRef]

Altman, M.O.; Angel, M,; Kosik, I; Trovao, N.S.; Zost, S.J.; Gibbs, ].S.; Casalino, L.; Amaro, R.E.; Hensley, S.E.; Nelson, M.L;
et al. Human Influenza a Virus Hemagglutinin Glycan Evolution Follows a Temporal Pattern to a Glycan Limit. mBio 2019,
10, e00204-19. [CrossRef]

Gibbs, A.J.; Armstrong, J.S.; Downie, J.C. From Where Did the 2009 “swine-Origin” Influenza A Virus (HIN1) Emerge? Virol. J.
2009, 6, 207. [CrossRef]

Takemae, N.; Nguyen, T.; Ngo, L.T.; Hiromoto, Y.; Uchida, Y.; Pham, V.P,; Kageyama, T.; Kasuo, S.; Shimada, S.; Yamashita, Y.; et al.
Antigenic Variation of HIN1, HIN2 and H3N2 Swine Influenza Viruses in Japan and Vietnam. Arch. Virol. 2013, 158, 859-876.
[CrossRef]

Xu, C,; Zhang, N.; Yang, Y.; Liang, W.; Zhang, Y.; Wang, J.; Suzuki, Y.; Wu, Y.; Chen, Y,; Yang, H.; et al. Inmune Escape Adaptive
Mutations in Hemagglutinin Are Responsible for the Antigenic Drift of Eurasian Avian-Like HIN1 Swine Influenza Viruses. J.
Virol. 2022, 96, €00971-22. [CrossRef]

Wang, Z.; Chen, Y.; Chen, H.; Meng, F; Tao, S.; Ma, S.; Qiao, C.; Chen, H.; Yang, H. A Single Amino Acid at Position 158 in
Haemagglutinin Affects the Antigenic Property of Eurasian Avian-like HIN1 Swine Influenza Viruses. Transbound. Emerg. Dis.
2021, 69, e236-e243. [CrossRef] [PubMed]

Dunham, E.J.; Dugan, V.G.; Kaser, E.K,; Perkins, S.E.; Brown, I.H.; Holmes, E.C.; Taubenberger, ]J.K. Different Evolutionary
Trajectories of European Avian-Like and Classical Swine HIN1 Influenza A Viruses. J. Virol. 2009, 83, 5485-5494. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JVI.00988-18
https://www.ncbi.nlm.nih.gov/pubmed/30258006
https://doi.org/10.1016/j.prevetmed.2013.02.016
https://www.ncbi.nlm.nih.gov/pubmed/23490143
https://doi.org/10.3201/eid1602.091230
https://doi.org/10.1016/j.vetmic.2015.08.021
https://doi.org/10.1371/currents.RRN1126
https://doi.org/10.2147/AABC.S68934
https://doi.org/10.1371/journal.pone.0093632
https://doi.org/10.3390/v10040183
https://doi.org/10.1371/journal.pone.0022844
https://www.ncbi.nlm.nih.gov/pubmed/21829533
https://doi.org/10.3390/genes13050909
https://www.ncbi.nlm.nih.gov/pubmed/35627294
https://doi.org/10.1002/jmv.25565
https://doi.org/10.1007/s00705-020-04869-z
https://www.ncbi.nlm.nih.gov/pubmed/33145635
https://doi.org/10.4103/IJMR.IJMR_925_18
https://doi.org/10.3390/pathogens8040194
https://doi.org/10.1128/mBio.00204-19
https://doi.org/10.1186/1743-422X-6-207
https://doi.org/10.1007/s00705-013-1616-8
https://doi.org/10.1128/jvi.00971-22
https://doi.org/10.1111/tbed.14288
https://www.ncbi.nlm.nih.gov/pubmed/34396699
https://doi.org/10.1128/JVI.02565-08
https://www.ncbi.nlm.nih.gov/pubmed/19297491

	Introduction 
	Materials and Methods 
	Viruses 
	Phylogenetic Characterization of the HA Glycoprotein 
	Antigenic Characterization 
	Epitope Analyses 
	N-Glycosylation Analyses 

	Results 
	Colombian Swine H1 FLUAVs of the 1A.1 Clade Remain Genetically Stable, Whereas the 1A.3.3.2 Clade Shows Phylogeographic Divergence 
	Sequence-Based Antigenic Cartography Shows the Relatedness with Phylogeny, Geographic Origin, and Temporal Factors 
	There Were at Least Five Antigenic Clusters Distributed in Different Regions of Colombia during Specific Years 
	Antigenic Characteristics of 1B and 1C Lineages Were Partially Influenced by Phylogeny and Geographic Factors 
	Predicted Antigenic Clusters in Colombia Carried Point Mutations whitin the Epitopes, with Ca2 Demonstrating Immunodominance 
	N-Glycosylation Motifs of Colombian Swine H1 FLUAVs Varied between Three and Five and Were Related to the Predicted Antigenic Cluster 

	Discussion 
	Conclusions 
	References

