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Abstract

Highly pathogenic avian influenza (HPAI) virus subtype H7N3 has been circulating in poultry
in Mexico since 2012 and vaccination has been used to control the disease. In this study,
eight Mexican H7N3 HPAI viruses from 2015—2017 were isolated and fully sequenced. No
evidence of reassortment was detected with other avian influenza (Al) viruses, but phyloge-
netic analyses show divergence of all eight gene segments into three genetic clusters by
2015, with 94.94 to 98.78 percent nucleotide homology of the HA genes when compared to
the index virus from 2012. The HA protein of viruses from each cluster showed a different
number of basic amino acids (n = 5-7) in the cleavage site, and six different patterns at the
predicted N-glycosylation sites. Comparison of the sequences of the Mexican lineage H7N3
HPAI viruses and American ancestral wild bird Al viruses to characterize the virus evolution-
ary dynamics showed that the nucleotide substitution rates in PB2, PB1, PA, HA, NP, and
NS genes greatly increased once the virus was introduced into poultry. The global nonsy-
nonymous and synonymous ratios imply strong purifying selection driving the evolution of
the virus. Forty-nine positively selected sites out of 171 nonsynonymous mutations were
identified in the Mexican H7N3 HPAI viruses, including 7 amino acid changes observed in
higher proportion in North American poultry origin Al viruses isolates than in wild bird-origin
viruses. Continuous monitoring and molecular characterization of the H7N3 HPAI virus is
important for better understanding of the virus evolutionary dynamics and further improving
control measures including vaccination.

Introduction

Avian influenza (AI) viruses belong to the family Orthomyxoviridae, genus Influenzavirus A,
and contain a negative-sense, eight segmented RNA genome (Polymerase basic 2, PB2;
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Polymerase basic 1, PB1; Polymerase acid, PA; Hemagglutinin, HA; Nucleocapsid protein, NP,
Neuraminidase, NA; Matrix, M; Nonstructural protein, NS) [1]. Genetic features and/or sever-
ity of disease in chickens determine whether the virus is classified as low pathogenicity avian
influenza (LPAI) or high pathogenicity avian influenza (HPATI) virus [2]. Multiple substitu-
tions or insertions of basic amino acids in the cleavage site of the HA of H5 and H7 subtypes
of LPAI viruses allow them to be cleaved by common cellular proteases, and the mutated virus
can spread systemically in a host causing the highly pathogenic phenotype [3]. Al viruses have
a high error rate during the transcription of the viral genome because of a relatively low RNA
polymerase fidelity, providing an opportunity for the virus to evolve and adapt to new environ-
ments [4, 5]. These changes might be associated with adaptation for optimal replication and
transmission in a new host or escaping an immune pressure caused by a previous infection
with other Al viruses or by vaccination.

There have been four unrelated outbreaks of H7N3 subtype HPAI in poultry in the Ameri-
can continents, including outbreaks in Chile, Canada, and Mexico [6-9]. The Mexican H7N3
HPATI virus has been causing outbreaks in commercial chickens and backyard poultry in
Mexico since its first detection in 2012 [10]. Although a direct LPAI precursor for the Mexican
H7N3 HPAI virus was not identified during the 2012 initial outbreak, phylogenetic analysis
support that the outbreak was caused by a LPAI virus introduced from wild aquatic birds into
poultry and subsequently acquiring additional basic amino acids in the HA cleavage site gener-
ating the highly pathogenic phenotype [9, 11, 12]. The LPAI virus originated from the large
North America LPAI virus pool through reassortment events, with different virus segments
contributed by wild waterfowl from different North American flyways; HA, NA, NP, M, and
NS from wild birds migrating along the central flyway, and PB2, PB1 and PA introduced via
the western flyway (12). To control the disease in poultry and reduce the risk to human health,
a vaccination campaign, along with stamping out and biosecurity, was implemented in Mexico
and are still in place. Despite the control measures undertaken, cases of H7N3 HPAI in poultry
have been repeatedly documented and two confirmed cases of human infection were reported
from poultry workers [13, 14].

In previous studies, we demonstrated phenotypic and antigenic changes in recent Mexican
lineage H7N3 viruses. A H7N3 HPAI virus isolated in 2016 was less adapted to mallards than
the index virus from 2012, and increase in N-glycosylation on the HA was associated with
escape of a field virus from a older vaccine [15, 16]. However, detailed information on the evo-
lutionary history of the Mexican lineage H7N3 HPAI virus is lacking. In the present study, we
investigated the genetic diversity and the evolutionary dynamics of the H7N3 HPAI viruses
using complete genome sequencing and comparative phylogenetic approaches to compare the
H7N3 HPAI viruses with its ancestral wild bird-origin AI viruses.

Materials and methods
Virus isolation and genome sequencing

Eight Mexican lineage H7N3 HPALI viruses were sequenced in this study. The viruses were iso-
lated from oral swabs obtained from backyard chickens located close to commercial farms.
The samples were processed in the Instituto Politécnico Nacional, Centro de Investigacion en
Biotecnologia Aplicada, Tlaxcala, Mexico. All the procedures for virus detection and virus iso-
lation in chicken embryonating eggs were approved by the Care and Use of Animals Commit-
tee of the Instituto Politécnico Nacional. Birds were not euthanized for sampling. Twelve out
of 48 samples resulted positive by standard embryonating egg inoculation, and eight of these
samples were selected for sequencing. Four viruses were collected in 2015: two from backyard
chickens in the state of Puebla, one from a fighting cock in the state of Oaxaca, and one from a
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backyard chicken in the state of Jalisco. Four viruses were collected in 2017 from backyard
chickens in the state of Jalisco. Viral RNA was extracted from the samples by using the
QIAamp viral RNA kit (QIAGEN) and shipped to the Southeast Poultry Research Laboratory
(SEPRL) USDA, GA, USA. RNA samples were reverse-transcribed and DNA libraries for
next-generation sequencing were prepared as described previously [17]. The Nextera XT DNA
Sample Preparation Kit (Illumina, CA, USA) was used to generate multiplexed paired-end
sequencing libraries, according to the manufacturer’s instructions. The sequences were ana-
lyzed and assembled using the Geneious 10.0.9 software [18] or MIRA version 3.4.1 within a
customized workflow on the Galaxy platform as previously described [19]. The sequences have
been uploaded in GenBank with the collection dates (S1 Table).

Viral sequences used in this study

All available North American Al virus sequences related to the initial Mexican H7N3 viruses
(A/chicken/Jalisco/CPA1/2012) identified during 2000-2018 were searched by using the
BLAST function and classified by segment (access date: July 2018, number of output: 500)
[20]. The identical sequences were removed by using Geneious version 10.2.1, and other HPAI
sequences were excluded from the dataset. The numbers of sequences used for phylogenetic
analysis are as follow: PB2 (n = 393), PBI (n = 350), PA (n = 376), HA (n = 372), NP (= 358),
NA (n =398), M (n = 343), and NS (n = 305). In addition to the viruses sequenced in this
study, full genome sequences of 18 viruses available in the Influenza Research Database,
including viruses previously sequenced in our laboratory were retrieved (access date: July
2018) for full genome analysis of the Mexican H7N3 viruses from 2012 to 2017 [15]. For the
estimations of substitution rate using the Bayesian analyses, the wild bird AI sequences cluster-
ing with the initial Mexican H7N3 sequences were extracted from the Maximum-likelihood
phylogenetic trees, with bootstrap value (n > 70).

For the selection analyses of the Mexican H7N3 HPAI viruses among poultry and wild
birds, AI genome sequences were downloaded from the Influenza Research Database (Search
parameters: Date range: none, Host: Avian, Geographic grouping: North America), reduced to
non-redundant dataset with 100% cut-off value, and classified into two categories by its host
species; the poultry category includes sequences from chicken, ostrich, quail, and turkey, and
wild birds category includes sequences from all avian isolates except the poultry species. The
total number of sequences used for the comparison were as follows: PB2 (n = 8160), PB1
(n =8434), PA (n =8228), H7 HA (n = 881), N3 NA (n = 859), M (n = 6018), and NS
(n =4291).

Maximum-likelihood phylogenetic analysis

Maximum-likelihood (ML) phylogenies of each segment were generated by using RAxML and
the general time-reversible nucleotide substitution model, with 1,000 rapid bootstrap replicates
[21]. To calculate the evolutionary rate of global Al viruses in North America, an estimate of
nucleotide substitution rate was obtained using a root-to-tip regression method available in
the TempEst v1.5.1 program [22] in which genetic distances estimated from a maximum likeli-
hood trees are plotted against date of sampling. The global substitution rates of North Ameri-
can Al viruses were obtained from the slopes of the regression line.

Bayesian phylogenetic analysis

Selection of the best-fit nucleotide substitution model for each segment with Akaike Informa-
tion Criterion (AIC) was performed with jModelTest 2.1.9 [23], and the nucleotide substitu-
tion models for each segment were used for Bayesian phylogenetic analysis: GTR + G for PB2,
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NP, M, and HA; GTR + I for NA; GTR + I + G for PB1 and PA; HKY + I for NS. Bayesian
relaxed clock phylogenetic analysis of each gene was performed, and the time of the Most
Recent Common Ancestor (TMRCA) of the H7N3 viruses was estimated using BEAST v1.8.4
program [24]. For the TMRCA estimation, we applied an uncorrelated log-normal distribu-
tion relaxed clock method, the selected nucleotide substitution model of each segment, the
coalescent GMRF Bayesian Skyride model [25]. Three independent Markov chain Monte
Carlo (MCMC) analyses were run for 50 million generations with sampling every 5,000 steps
and a burn-in of 5 million states, and then combined and checked for convergence by high
ESS values (>200) in Tracer.

To compare the nucleotide substitution rates before and after the introduction of the Mexi-
can H7N3 HPAI into poultry, we used the H7N3 HPAI viruses and their ancestral Al
sequences identified in wild birds. We performed Bayesian random local clock (RLC) analysis
of each gene as the RLC model allows estimation of the nucleotide substitution rate-change
across the tree [26]. To avoid the influence of transient deleterious mutations on external
branches of phylogeny, we estimated mean substitution rates for internal branches. All internal
branch lengths and rates were extracted using TreeStat program v1.8.4, after exclusion of ini-
tial 1000 burn-in trees. Assuming that heights of the first internal nodes for all H7N3 HPAI
viruses are the time of the first introduction to the Mexican poultry, all the nucleotide substitu-
tion rates were divided into two separate terms; the rates before the first internal nodes repre-
sent viral evolution in wild bird, and the rate after the first internal nodes represent viral
evolution in the Mexican poultry.

To visualize the shift of rate variation of the hemagglutinin (HA) and neuraminidase (NA)
gene as a process in time, we partitioned time before the last sequence sampling date into 82
bins for HA and 97 bins for NA. For each bin, we constructed the empirical posterior density
of relative rates active along the tree during that time period. Discretizing the branch length,
paring them with the rate were performed using R statistical software package [27]. The heat
map with the posterior density of relative rates were generated with Graph Pad Prism software
7.05 (GraphPad Software, San Diego, CA).

Analysis of selection pressures and potential HA and NA N-glycosylation

Positively selected sites were estimated by implementing four different codon-based maximum
likelihood approaches on datamonkey server (http://www.datamonkey.org/) using the same
dataset used for the Bayesian analysis, which includes the Mexican H7N3 viruses and wild bird
Al sequences clustering with the initial Mexican H7N3 sequences: single likelihood ancestor
counting (SLAC), fixed effects likelihood (FEL), mixed effects model of episodic (MEME), and
fast unconstrained Bayesian approximation (FUBAR). In addition, amino acid sites under pos-
itive selection in each segment were determined using the Renaissance counting method
implemented in BEAST package v1.8.4 [28]. The number of dN/dS for each state on each
branch of Bayesian phylogeny was recorded and then converted into dN/dS values [29]. The
potential N-glycosylation sites for the HA and Neuraminidase (NA) protein of the Mexican
H7N3 viruses were predicted using NetNGlyc server 1.0 [30].

Statistical analysis

A comparison of the H7N3 evolutionary rates between before and after the introduction into
poultry in Mexico was performed using the probability density function of posterior simulated
data for each population mean rate obtained using BEAST. Assuming a normal distribution of
mean substitution rates with a standard deviation derived from the 95% highest probability
density (HPD) values, we calculated the probability whether the distributions of the
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evolutionary rates from viruses before the introduction of the H7N3 in poultry were lower
than those of rates from viruses sampled after introduction or not. A probability of > 0.90 was
evaluated relevant.

Results
Phylogenetic analysis and HA cleavage sites

The maximum-likelihood phylogenetic analysis showed that the HA and NA gene of the Mexi-
can H7N3 viruses diverged into two clusters (A and B), with three transitional isolates in 2015
(Fig 1). The cluster A further divided into two subclusters (Al and A2). (S1 Fig). The three
clusters tend to be constrained by regional geographic distribution; the viruses in cluster Al
were isolated in Jalisco and neighboring Guanajuato regions; the viruses in cluster A2 were
from the Puebla region; and the viruses in cluster B were from the Jalisco region. The other
genes (PB2, PB1, PA, NP, M, and NS) also showed the same clustering pattern as the HA gene.
In terms of virus reasortment, there were no introductions of other Al virus genes into to the
H7N3 viruses, but three isolates hard reassorments with PB2, PB1, and NS genes in between
three clusters (Table 1).

Nucleotide sequence comparison of HA and NA between the initial isolate (CPA1) and the
other H7N3 viruses in clusters showed a level of similarity ranging from 94.94 percent to 97.87
percent, which was lower than what found in the other segments (PB2, PB1, PA, NP, MP and
NS) which ranged from 95.99 to 98.78 percent. In particular, the HA gene exhibited the lowest
level of similarity (cluster A: 94.94-96.55%, B1: 95.95-96.07%, and B2: 95.18-96.55%) with
CPA1 when compared with other segments (S2 Table).

The multi-basic cleavage site which determines high pathogenicity in poultry has been
maintained through all three clusters [3]. The mutations in the HA cleavage site resulted in
seven different types of cleavage sites (Table 1). There was no addition or deletions of amino
acids in the cleavage site but there are variations in basic amino acids (Arginine and Lysine).
Most of the cleavage sites consist of six basic amino acids at or near the cleavage site. Two tran-
sitional viruses and one virus in cluster Al had five muti-basic amino acids, and one virus in
cluster Al had seven. Although there was some variation within clusters, cluster A1 and A2
had one amino acid change, and cluster B had three amino acid changes when compared to
the CPAL1 virus.

Estimation of the time of the most recent common ancestor

The coalescent analysis indicates that initial Mexican H7N3 virus was closely related to wild
bird-origin viruses as showed in other studies [11, 31]. The time-scaled maximum clade credi-
bility (MCC) trees based on uncorrelated lognormal clock were used to estimate the TMRCA
of the Mexican H7N3 viruses (S2 Fig). The TMCRA was estimated to be in April to September
2011 for PB1, PA, HA, NP, and NA gene (Table 2). The estimation of TMRCA for PB2 and NS
gene were in September 2010. As the wild bird M gene sequences most related to the initial
H7N3 HPAI virus were from 2008, the TMCRA was estimated to be in October 2008 for the
M gene.

Evolutionary substitution rates

Maximum likelihood phylogenetic trees were generated for the root-to-tip regression analysis
using wild bird-origin sequences and the H7N3 Mexico sequences (S4 Fig). Our data showed
temporal signal with high correlation coefficient values (PB2: 0.8319, PB1: 0.7765, PA: 0.4389,
HA:0.9327, NP: 0.8232, NA: 0.9111, M: 0.6312, NS: 0.8794), suggesting positive correlations
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Fig 1. Maximum-likelihood phylogeny of HA and NA gene of the Mexican H7N3 HPAI viruses. The HA gene of the
Mexican H7N3 HPAI viruses were divided into three genetic clusters (A1, A2, and B). The closed circles indicate the
H7N3 viruses isolated and sequenced in this study.

https://doi.org/10.1371/journal.pone.0222457.9001

between genetic divergence and sampling time. In general, the global substitution rate of each
gene including North American and the H7N3 viruses were in range of global Al virus substi-
tution rates as described elsewhere [32] (Table 2). The root-to-tip regression analysis showed
that all Mexican H7N3 sequences were above the estimated regression line (Fig 2). The time-
scaled MCC trees based on random local clock were used to estimate the rate before and after
an introduction to the Mexican poultry (S3 Fig). The coalescent analysis also showed that the
mean substitution rates of wild bird-origin viruses were similar to the rates calculated based
on ML and root-to-tip regression analysis (Table 2). However, the NA segment of the wild
bird-origin viruses (5.6 x 10~ substitution/site/year) showed a higher mean substitution rate
than that of global North American Al viruses (3.4 x 10~ substitution/site/year) calculated by
root-to-tip regression analysis. When we compared the mean substitution rate between the
wild bird and poultry viruses, the substitution rate of PB2, PB1, PA, HA, NP, M and NS genes

Table 1. Identification of cluster constellation and HA cleavage sites.

Strain

Wild bird consensus

A/chicken/Jalisco/CPA1/2012|H7N3|06/13/2012 ~The first identification
A/chicken/Jalisco/12283/2012|H7N3|06/22/2012
A/fighting_bird/Oaxaca/CPA_06257/2015/H7N3|03/09/2015
A/chicken/Puebla/CPA_07421/2015|H7N3|03/09/2015
A/chicken/Puebla/CPA_28973/2015|H7N3|08/14/2015
A/chicken/Guanajuato/07437_15/2015|H7N3|03/11/15—Vector vaccine strain
A/backyard_poultry/Jalisco/CPA_37905/2015|H7N3|10/25/2015
A/chicken/Guanajuato/CPA_02921_16_CENASA_95294/2016|H7N3|02/11/2016
AJchicken/Jalisco/CPA_04173_16_CENASA_95294/2016|H7N3|02/23/2016
A/chicken/Jalisco/716/2017|H7N3|07/04/2017
A/Chicken/Jalisco/7LG/2017|H7N3|08/15/2017
A/Chicken/Jalisco/7DIEGO/2017|H7N3|08/15/2017
A/chicken/Puebla/CPA_02457_16_CENASA_95294/2016|H7N3|02/05/2016
Al/chicken/Puebla/CPA_03191_16_CENASA_95076/2016|H7N3|02/15/2016
Al/chicken/Puebla/CPA_03309_16_CENASA_95076/2016|H7N3|02/16/2016
Al/chicken/Puebla/CPA_04148_16_CENASA_95294/2016|H7N3|02/23/2016
A/chicken/Puebla/CPA_04451_16_CENASA_95294/2016|H7N3|02/25/2016
Al/chicken/Puebla/CPA_04760_16_CENASA_95294/2016|H7N3|02/29/2016
A/chicken/Jalisco/CPA_01655/2016|H7N3|01/26/2016
A/chicken/Jalisco/CPA_01858_16_CENASA_95294/2016|H7N3|01/28/2016
AJchicken/Jalisco/CPA_01863_16_CENASA_95294/2016|H7N3|01/28/2016
A/chicken/Jalisco/CPA_01864_16_CENASA_95294/2016|H7N3|01/28/2016
A/chicken/Jalisco/CPA_01859_16_CENASA_95294/2016|H7N3|01/28/2016
A/chicken/Jalisco/CPA_01861_16_CENASA_95294/2016|H7N3|01/28/2016
A/Chicken/Jalisco/PAVX17170/2017|H7N3|08/23/2017

Segments HA cleavage site *

PB2 PB1 |[PA HA NP NA (M |NS

- - - - - - - - PENPK TR|GLF
- - - - - - - - PENPKDRKSRHRRTR | GLF
- - - - - - - - PENPKDRKSRHRRTR | GLF
- - - - - - - - PENPKDRKSRHRRTR | GLF
- - - - - - - - PENSKDMKSRHRKTR | GLF
- - - - - - - - PENSKDMKSRHRKTR | GLF
- - - Al - - - - PENPKDRKSRHRRTR | GLF
Al Al Al | Al Al | Al Al | Al | PENPKDRKRRHRRTR |GLF
Al Al Al | Al Al Al Al | Al | PENPKDRKSRHRRTR|GLF
Al Al Al | Al Al | Al Al | A2 | PENPKDRKSRHRRTR | GLF
Al Al Al | Al Al | Al Al | Al | PENPKDWKSRHRRTR|GLF
Al Al Al | Al Al | Al Al | Al | PENPKDRKSRHRRTR|GLF
Al Al Al | Al Al | Al Al | Al | PENPKDRKGRHRRTR|GLF
A2 A2 A2 | A2 | A2 |A2 | A2 | A2 | PENPKDRKNRHRRTR |GLF
A2 |A2 |A2 A2 | A2 |A2 | A2 | A2 | PENPKDRKNRHRRTR|GLF
A2 A2 A2 | A2 A2 | A2 A2 | A2 | PENPKDRKNRHRRTR | GLF
A2 ﬂ A2 | A2 A2 | A2 A2 | A2 | PENPKDRKNRHRRTR | GLF
A2 A2 A2 | A2 A2 | A2 A2 | A2 | PENPKDRKNRHRRTR | GLF
A2 A2 A2 | A2 A2 | A2 A2 | A2 | PENPKDRKNRHRRTR | GLF
B B B B B B B B PENPKGKKSRHRKTR | GLF
E B B B B B B B PENPKGKKSRHRKTR | GLF
B B B B B B B B PENPKGKKSRHRKTR | GLF
B B B B B B B B PENPKGKKSRHRKTR | GLF
B B B B B B B B PENPKGKKSRHRKTR | GLF
B B B B B B B B PENPKGKKSRHRKTR | GLF
B B B B B B B B PENPKGRKSRHRKTR | GLF

* Underlined amino acids indicate multiple basic amino acid insertion site. Arginine (R) and lysine (L) in bold indicate basic amino acids in HA cleavage site.

https://doi.org/10.1371/journal.pone.0222457.t001
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Table 2. TMRCA estimation, nucleotide substitution rate, and dN/dS ratio between the Mexican H7N3 HPAI viruses and related H7 Al wild bird viruses.

TMRCA [95%HPD]

Posterior probability |Nucleotide substitution rate (10~ substitution/site/year | dN/dS ratio

[95% HPD])
Global rateby ML* |RLC RLC Wild birds | Poultry
Wild bird rates® | Poultry rates
PB2 Sep 25,2010 [Mar 9, 2010 -Apr 18,2011] | 0.997 2.6 2.6 [2.0-3.2] 6.2 0.055 0.129
[5.2-7.3]

PB1 Aug 31,2011 [Mar 13,2011 -Feb 8,2012] | 0.995 3.2 2.3 [1.7-3.1] 8.5 [7.0-9.9] 0.041 0.099
PB1-F2 5.97 2.97
PA Jun 23, 2011 [Jan 20, 2011 -Nov 24, 2011] | 1.000 3.3 2.1 [1.6-2.6] 6.1 [4.9-7.2] 0.037 0.134
HA Sep 13,2011 [Apr 4, 2011 -Feb 11, 2012] 1.000 5.0 4.9 [4.0-5.7] 10.2 [8.6-11.9] |0.144 0.269
NP Apr 15, 2011 [Oct 24, 2010 -Sep 27, 2011] | 0.996 3.2 2.5[1.9-3.1] 5.6 [4.3-6.9] 0.046 0.075
NA Jun 1, 2011 [Jan 12, 2011 -Oct 13, 2011] 1.000 3.4 5.6 [4.2-6.9] 5.7 [4.7-6.8] 0.094 0.259
M Oct 28, 2008 [Jul 27, 2008 -Dec 11, 2008] 1.000 1.5 2.1[1.1-3.2] 3.3 [1.9-4.7]
M1 0.020 0.154
M2 0.261 0.359
NS Sep 5, 2010 [Apr 12, 2009 -Nov 16, 2011] | 0.999 1.6 1.4 [0.8-2.0] 4.4 [3.2-5.9]
NS1 0.162 0.320
NS2 0.279 0.155

 Root-to-tip regression analysis was used to calculate global substitution rates by using Al sequences isolated in North America from 2000 to 2017

® Coalescent analysis was used to calculate mean substitution rates by using ancestral sequences constructing monophylogenetic group with the Mexican H7N3 viruses

TMRCA; time of the most recent common ancestor; dN/dS ratio, Non-synonymous to synonymous substitutions ratio, RLC; Random local clock.

https://doi.org/10.1371/journal.pone.0222457.t002

were significantly higher in the poultry viruses (Table 2). The fastest evolution was found in
the HA (1.02 x 10~ substitution/site/year) while the PB1 gene showed the highest fold increase
in rate (2.3 to 8.5 x 10~ substitution/site/year, about 3.7 fold increase). The NA was the only
segment that showed no significant rate change.

Fig 3A depicts the Bayesian consensus tree of HA, along with posterior mean branch
lengths scaled in real time. To examine rate variation, we colored branches by mean relative
rate of nucleotide substitution in gradient scale, with > 0.5 posterior probability. A radical
shift of rate begins after the initial H7N3 HPAI outbreak with increasing rate variation; most
branches of wild birds and initial Mexican H7N3 viruses are blue, while the later Mexican
H7N3 branches appear mostly red except two viruses from 2017 in cluster Al and some closely
related viruses in cluster B. Fig 3B compares the posterior and prior mass functions relating
the number of rate changes observed in HA evolution. Rates colored yellow had high posterior
probability, while rates proceeding towards purple reflect lower probabilities. As expected
from the observed variation in Fig 3A, no posterior mass falls on the existence of a global clock
without rate changes; the median modal number of the rate change is three. The lower 95%
HPD value of the coefficient of variation was 0.327, indicative of rate change among the line-
age. Excluding the rate change of an internal branch of two outliers in 2017 (A/chicken/
Jalisco/7DIEGO/2017 and A/chicken/7LG/2017) and the short internal branches in cluster B,
the one major rate break points in Fig 3B generated two distinct rates in HA evolution.

Comparison of dN/dS and transition-to-transversion ratio between wild
birds and poultry H7N3 virus sequences

The dN/dS ratio was calculated to investigate whether the H7N3 introduction into poultry
impacted amino acid change (Table 2). An increase in dN/dS ratios were observed in all of the
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Fig 2. Root-to-tip regression plot of maximum-likelihood phylogeny of each segment of the Mexican H7N3 HPAI viruses. To investigate
the temporal signal and clocklikeness of ML phylogenies of the dataset, the linear regression on the root-to-tip distances of samples versus date
of the isolate were performed using the Mexican H7N3 HPAI and other North American sequences in 2000-2017. Red triangles and blue circles
indicate the Mexican H7N3 HPAI and other North American sequences.

https://doi.org/10.1371/journal.pone.0222457.9002

viral proteins except PB1-F2 and NS2. To identify which type of nucleotide substitution was
favored in the amino acid changes, the transition-to-transversion ratios were calculated in
wild bird and poultry sequences. The transition-to-transversion ratio of the PB2, PB1, PA, HA,
M2 and NS2 genes decreased after introduction of the virus into poultry, whereas PB1-F2, NP,
NA, M1 and NS1 genes showed no or increased transition-to-transversion ratio (S5 Table).

Detection of selective pressure and prediction of N-glycosylation in HA
and NA

The selective pressures were estimated using five methods implemented in Datamonkey and
BEAST program. When estimated with SLAC, the global dN/dS ratios for all gene segments

HA Mexico H7N3 _E NA Mexico H7N3
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Fig 3. Shift in HA and NA nucleotide substitution rate of the Mexican H7N3 HPAI and related ancestral wild bird viruses. Time-scaled phylogenetic tree of the
Mexican H7N3 HPAI viruses and relating ancestral wild birds were depicted. Branch coloring denoted in a gradient scale indicates inferred rates of nucleotide
substitution. Gray outlining indicates the Mexican H7N3 HPAI viruses. Rate heterogeneity of hemagglutinin sequence evolution over time was visualized underneath
the HA and NA phylogenetic trees. The plot traces the marginal distribution of relative substitution rates across time. White indicates low posterior density, and yellow/
pink indicates high density. The estimated rates are higher in HA of the Mexican H7N3 HPAI viruses, with a notable rate shift in approximately 2012 and 2013. In
contrast, the rates have no significant change in the NA of the H7N3 viruses.

https://doi.org/10.1371/journal.pone.0222457.9003
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Table 3. Summary of positive selection sites in the proteins of the Mexican H7N3 HPAI viruses.

Method of positive selection *

SLAC | FEL MEME FUBAR Renaissance?
PB2 - 389 88,109, 116, 116, 389 116, 389
355, 676

PB1 - 215,216 - 216 216
PB1-F2 - - - - -
PA 108, 215, 358, 85, 396 350, 396, | 350, 396, 554, 595, 668

753 668
HA(H7 130 52,73, 86, 130, 130, 133, 157, 130, 157, |49, 52,73, 130, 133, 146, 148, 157, 205,
numbering) 133, 157, 201, 201, 361, 537 271 258,267,271, 392, 412, 461, 518

518
NP - - - - -
NA 389, 397 81, 140, 357 249,412 | 45,191, 249, 397, 412
M1 - - - - -
M2 - - - 23 23
NS1 - 180 112,171 60, 67,112, 139, 171, 180, 191, 209,

216.224

NS2 - - - - 3,14,27,52

w > 1 (total
no. of sites) ®

6

11

4

Positively selected sites in H7N3

c

KI116R, R389K

S2161

D396Y, 1668V

G52K/E/R, D73K/N, R130K/T,
G133S/N, K157Q/M/R, Q201L

N249S, V397M, K412R

S23N
A112T, D171G/N, V180T

* Among the total number of positively selected sites, amino acid sites with statistically significant levels (p < 0.1 (SLAC, FEL, and MEME) posterior probability > 0.9

(FUBAR)) are indicated.

® The total number of positively selected sites (w > 1) in are counted from different methods in Mexican H7N3 viruses.

¢ Positive sites confirmed by more than one method are indicated. The amino acids set in before and after a site number represent amino acid changes found in wild

bird-origin viruses (before) to the Mexican H7N3 viruses (after).

4 Renaissance counting implemented in BEAST.

https://doi.org/10.1371/journal.pone.0222457.t003

were lower than one, except for PB1-F2, which shows that strong purifying selection acted on
the evolution of the virus. However, some amino acids were subject to positive selection.
Forty-nine positively selected sites were detected by one or more methods in the Mexican
H7N3 lineage (Table 3). Among those positively selected sites, 18 sites were detected by more
than one method (position 116, 389 in PB2; position 216 in PB1; position 396, 668 in PA; posi-
tion 52, 73, 130, 133, 157, 201 in HA; positions 249, 397, 412 in NA; positions 23 in M2; posi-
tion 112, 171, 180 in NS1). No positive selection was identified in NP and M1. All the amino
acid sequences at the 18 positively selected sites in the Mexican H7N3 HPAI viruses were
more frequently found in poultry than in wild birds available in GenBank (S6 Table). Some
amino acid changes in the PB2 (K116R), HA (D73K/N/S and R130T), NA (N249S, V397M
and K412R) and NS1 (A112T, D171G/N, V180T) were found in higher proportion in poultry.

The prediction of N-linked glycosylation sites in the HA protein sequences revealed that
the Mexican H7N3 lineage had nine potential glycosylation sites in the HA1-coding region
(position 12, 28, 123, 133, 149, 154, 164, 205, and 231 using H7 numbering) with a range of
3-7 sites for individual isolates (S3 Table). Initially, the index H7N3 virus (CPA1) was found
to have three potenital glycosylation sites in position 12, 46, and 231. Then three 2015 isolates
gained three additional glycosylation site in position 123, 133, and 149. The three acquitition
have been maintained in most isolates of the cluster A with one additional site in position 164.
On the other had, cluster B acquired only two additional glycosylation site in position 123 and
149 compared to the CPAL. In particular, one isolate (A/chicken/Jalisco/716/2017)in cluster
Al acquired a potential glycosylation at position 205 but it lost a potential glycosylation at 123.
Likewise, while one isolate (A/chicken/Jalisco/PAVX17170/2017) in cluster B acquired a
potential glycosylation site at position 154, it lost a glycosylation in 123.
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Eight potential glycosylation sites in the NA coding region were predicted at position 14,
57, 66, 72, 146, 308, 341 and 457 with a range of 6-8 sites for individual isolates (S4 Table). The
66, 72, 146 and 308 potential glycosylation sites in NA were maintained in all Mexican H7N3.
The NA sequences in cluster B potentially lost a glycosylation in position 14. The two 2015 iso-
lates Isot potential glycosylation in position 57. One virus in the cluster A (A/chicken/Guana-
juato/07437_15/2015) resulted potential gain of glycosylation in position 341.

Discussion

The estimation of TMRCA demonstrated that the eight genes of the first Mexican H7N3 Al
virus most likely emerged in 2011. Once the virus transmitted to poultry, it acquired multiple
basic amino acid in the HA cleavage site through recombination with chicken 28S rRNA
changing into the highly pathogenic form [9]. Our results show the H7N3 HPAI virus has
diverged into at least three genetic clusters with different genetic mutations in HA cleavage
site sequences. Most of the viruses evolved with no reassortment between clusters, maintaining
their geographical distribution. We also found that there was no reassortment with H5N2
LPALI virus which has been endemic in Mexico since 1994 [33]. However, three viruses had evi-
dence of reassortment within the H7N3 lineage, with heterologous PB2, PB1 and NS genes,
indicating that the the different viral clusters had some overlap in their range. In addition, con-
sidering the geological proximity to the Chiapas region, it appears that the outbreak in wild
birds in 2015 (in Ortalis vetula, Turdus grayi and Amazon albifrons) is associated with spillover
of virus from poultry with the closest identity in Oaxaca [34].

By comparing the sequences of the wild bird Al viruses and the Mexican H7N3 HPAI poul-
try viruses we found that the dN/dS ratios in PB2, PB1, PA, HA, NP, NA, M1, M2 and NS1
increased after introduction of the virus into poultry, suggesting that the H7N3 virus has
evolved under higher selective pressure in poultry than in wild birds possibly due to host adap-
tation and/or pre-existing immunity against Al virus. The decreased transition-to-transversion
ratios in PB2, PB1, PA, HA, M2 and NS2 also confirmed that the proportion of transversion
substitutions increased. However, the similar or increased transition-to-transversion ratio of
the PB1-F2, NP, NA, M1 and NS1 genes after the introduction shows that the amino acid
changes are dominated by non-synonymous transition substitutions, which are more likely to
conserve biochemical properties of the proteins [35, 36].

The Mexican H7N3 HPAI outbreak in poultry is the second longest H7 HPAI outbreak, fol-
lowing the Pakistani H7N3 HPAI outbreak (1995-2004) [37]. While the source of the Pakistani
outbreak remained unknown due to limited virus genetic information, active Al surveillance
in North American wild birds provided a large pool for sequencing and analysis which enabled
the identification of the likely precursor of the Mexican H7N3 HPAI virus causing the out-
break. Both the Mexico and the Pakistani outbreaks were counteracted by vaccination using
an inactivated wild bird H7N3 strains, A/cinnamon teal/Mexico/2817/2006 for Mexico, and
an autologous poultry isolate for Pakistan, which conferred protective immunity against the
earlier outbreak viruses [10, 38, 39]. The Pakistani H7N3 HPAI virus did not show significant
evolution, with no detectable selection of antigenic-drift variants in HA [38], whereas our
results show that the Mexican H7N3 underwent rapid evolution compared to its wild bird
ancestors. Similar high substitution rates were also observed in an Italian H7N1 outbreak,
where the HPAI virus emerged from its low pathogenic form and vaccination was imple-
mented by using a low pathogenic Al strain from chicken [40, 41]. However, the mean substi-
tution rate of the PB1 gene of the Mexican H7N3 (8.5 x 10~ substitution/site/year) was higher
than that of the Italian H7N1 (5.5-5.7 x 107> substitution/site/year). In contrast, the mean sub-
stitution rates of the NA, M, and NS of the Mexican H7N3 were not as high as the rates
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observed in the Italian H7N1. These data suggest that the changes in evolutionary rate, which
might be driven by selection and adaptation of the Al virus to a new host or production sys-
tem, can be different for each virus strain and can vary at the segment level.

The increased substitution rate and amino acid changes that are positively selected in the
Mexican H7N3 viruses could be explained in three ways. First, there is a higher opportunity
for the virus to infect and replicate in poultry than in wild birds. High host density and fre-
quent contact in poultry setting may lead to exposure to greater quantity of susceptible hosts
and higher virus replication, and hence a greater number of mutations per unit time [42]. In
Mexico, the layer farms delivering over 70% of the eggs of the entire production of supply for
Mexico are centralized in the Jalisco, Puebla and Guanajuato regions where the H7N3 out-
breaks were reported [43] giving the virus ample opportunity to spread and replicate in mil-
lions of individual poultry. In contrast, the latent period associated with environmental
transmission may reduce substitution rates in wild birds [44, 45]. Second, as the H7N3 virus
circulated in poultry for several years, amino acid changes related to poultry adaptation were
likely to occur at the positively selected sites. For example, mutation in position 130, which is
located in the receptor binding region of HA, was also positively selected in association with
host shift in evolution of AI H7 virus analysis [46]. The mutations in position 157 and 201
locate in the receptor binding region, and the mutation in position 52 and 73 are possibly asso-
ciated with membrane fusion or pH stability [47]. Other amino acid changes in higher propor-
tion in North American poultry sequences compared to wild bird virus sequences are possibly
associated with adaptation of the Mexican H7N3 HPAI viruses in chickens (S6 Table); PB2
(K116R), HA (D73K/N/S and R130T), NA (N249S, V397M and K412R), and NS1 (A112T,
D171G/N, V180T). Third, the immune status of the poultry could have also increased the
selective pressure on the virus. Vaccination was widely instituted in Mexico using the LPAI
virus A/Cinnamon Teal/Mexico/2817/2006(H7N3) which experimentally was shown to be
protective from challenge with the virulent virus. The nucleotide sequence relatedness between
this wild bird origin vaccine strain and the field HPAI strains varied from 90.5% to 98.1% for
all gene segments, and likely provided opportunities for greater virus replication and opportu-
nities for positive selection [10]. This vaccine although protective early on, appeared to have
reduced effectiveness after just a few years. Although a direct association between H7N3 vacci-
nation and virus evolution has not been fully established, there is evidence that addition of N-
glycosylation sites contributed to the escape of 2015 Mexican H7N3 HPAI from vaccine-
induced immunity [16]. In addition, considering that the AI virus evolves more rapidly in
domestic poultry than in wild birds, the high evolution rate and dn/ds ratio of HA in the Mexi-
can poultry viruses, which is comparable to the rate of Italian H7N1 and Indonesian H5N1
outbreaks, may also imply selective pressure caused by vaccine-induced immunity [40, 48].

Since the HA and NA of the early vaccine strain (A/cinnamon teal/Mexico/2817/2006) has
the same sequences to the wild bird viruses close to the Mexican H7N3 viruses, all the posi-
tively selected sites in HA and NA correspond to changes in the vaccine strain. However, some
amino acid changes found in the Mexican H7N3 viruses correspond to other mutations in
relation to vaccines. The 123 glycosylation in HA was also found in Pakistani, Dutch, and Ital-
ian H7 HPAI viruses, however vaccination was not used during the Dutch and Italian out-
breaks [38, 40, 49]. Similar amino acid changes can be found in H5 homologs. Although it is
not an exact match, gain of potential glycosylation at position 123 was also observed in the
Mexican lineage H5N2 escape mutants at position 126 (position 121 in H7 numbering) [50].
The G133S/N mutation in the H7N3 HA, where positive selection caused potential N-glycosyl-
ation site in antigenic site A, also corresponds to the mutation that contributed to the antigenic
drift in the Egyptian H5N1 HPAI virus [51]. The R130K/T mutation in HA is also present in
H5 vaccine escape mutants at position 136 [50, 52, 53]. Between the two positively selected
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sites in HA, the G133S/N mutation was located in an experimentally proven epitope region
[54].

This study is the first analysis demonstrating the evolution of the Mexican H7N3 HPAT after
five years of circulation in poultry. After introduction of the Mexican H7N3 HPAI virus to poultry
the viral genome has changed greatly above the normal global substituion rate, with a strong nega-
tive selection. As a consequence, the virus has diversified into three clusters with genetic variations
in HA cleavage sites. Amino acids changes that are positively selected in the H7N3 virus suggest
adaptation to poultry and possible vaccine escape mutations as mechanisms of change during the
virus evolution. Continuous monitoring and genetic analysis are needed to better understand the
evolution of HPAI viruses persisting in poultry and to control the virus spread.

Supporting information

S1 Fig. Maximum likelihood trees of the H7N3 HPALI.
(PDF)

S2 Fig. Time-scaled phylogenetic trees of the H7N3 HPAI and related wild bird viruses
with bars to each node to display 95% HPD of the height.
(PDF)

S3 Fig. Time-scaled phylogenetic trees of the H7N3 HPAI and related wild bird viruses
with branches colored by the nucleotide substitution rates.
(PDF)

$4 Fig. Maximum likelihood phylogenetic trees used for the root-to-tip regression analysis.
Closed circles are viruses isolated and sequenced in this study. Brackets indicate genetic cluster
of the H7N3 HPAL

(PDF)

S1 Table. The H7N3 HPAI viruses isolated in this study (strain, collection date and Gen-
bank accession number).
(DOCX)

$2 Table. Comparison of nucleotide similarity in percentage between the initial isolate
(CPA1) and subclusters.
(DOCX)

§3 Table. N-glycosylation site prediction in HA proteins.
(DOCX)

$4 Table. N-glycosylation site prediction in the NA proteins.
(DOCX)

S5 Table. Maximum likelihood estimate of transition-to-transversion ratio.
(DOCX)

S$6 Table. Amino acid distribution of the positively selected sites in the North American
H7 HA protein.
(DOCX)

Acknowledgments

Disclaimer: This research was supported by the ARS Project 6040-32000-066-00D, 6040-32000-
072-00D and CRIP (Center of Research in Influenza Pathogenesis) an NIAID funded Center of

PLOS ONE | https://doi.org/10.1371/journal.pone.0222457 September 12,2019 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0222457.s010
https://doi.org/10.1371/journal.pone.0222457

@ PLOS|ONE

Evolution of Mexican H7N3 viruses

Excellence in Influenza Research and Surveillance (CEIRS, contract HHSN272201400008C). D-
H. Lee is partially supported by the U.S. Department of Agriculture, Agricultural Research Ser-
vice CRIS project no. 6040-32000-066-518. Its contents are solely the responsibility of the
authors and do not necessarily represent the official views of the USDA or NIH. Mention of
trade names or commercial products in this publication is solely for the purpose of providing
specific information and does not imply recommendation or endorsement by the USDA.
USDA is an equal opportunity provider and employer.

Author Contributions

Conceptualization: Sungsu Youk, Dong-Hun Lee, David L. Suarez, Mary J. Pantin-Jackwood.
Data curation: Sungsu Youk, Dong-Hun Lee.

Formal analysis: Sungsu Youk, Dong-Hun Lee, Mary J. Pantin-Jackwood.

Funding acquisition: David L. Suarez, Mary J. Pantin-Jackwood.

Investigation: Dong-Hun Lee, Helena L. Ferreira, Claudio L. Afonso, Angel E. Absalon,
David E. Swayne, David L. Suarez, Mary J. Pantin-Jackwood.

Methodology: Sungsu Youk, Dong-Hun Lee.

Project administration: David E. Swayne, David L. Suarez, Mary J. Pantin-Jackwood.
Resources: Angel E. Absalon, David E. Swayne, David L. Suarez, Mary J. Pantin-Jackwood.
Supervision: David E. Swayne, David L. Suarez, Mary J. Pantin-Jackwood.

Visualization: Sungsu Youk, Dong-Hun Lee, Mary J. Pantin-Jackwood.

Writing - original draft: Sungsu Youk, Dong-Hun Lee, Mary J. Pantin-Jackwood.

Writing - review & editing: Sungsu Youk, Dong-Hun Lee, Helena L. Ferreira, Claudio L.
Afonso, Angel E. Absalon, David E. Swayne, David L. Suarez, Mary J. Pantin-Jackwood.

References
1. Swayne DE. Animal influenza. Second edition. ed. Ames, lowa: John Wiley and Sons, Inc.; 2017. xvi,
p. 634.

2. International Office of Epizootics. Biological Standards Commission. Manual of diagnostic tests and
vaccines for terrestrial animals: mammals, birds and bees. 5th ed. Paris: Office international des épi-
zooties; 2004.

3. Influenza A cleavage sites [Internet]. 2018 [cited 13 Febuary 2019]. Available from: http://www.offlu.net/
fileadmin/home/en/resource-centre/pdf/Influenza_A_Cleavage_Sites.pdf.

4. Stech J, Xiong X, Scholtissek C, Webster RG. Independence of evolutionary and mutational rates after
transmission of avian influenza viruses to swine. J Virol. 1999; 73(3):1878-84. PMID: 9971766.

5. Parvin D, Moscona A, Pan WT, Leider JM, Palese P. Measurement of the mutation rates of animal
viruses: influenza A virus and poliovirus type 1. J Virol. 1986; 59(2):377-83. Epub 1986/08/01. PMID:
3016304; PubMed Central PMCID: PMC253087.

6. Rojas H, Moreira R, Avalos P, Capua |, Marangon S. Avian influenza in poultry in Chile. Vet Rec. 2002;
151(6):188. PMID: 12201269.

7. Hirst M, Astell CR, Griffith M, Coughlin SM, Moksa M, Zeng T, et al. Novel avian influenza H7N3 strain
outbreak, British Columbia. Emerg Infect Dis. 2004; 10(12):2192-5. https://doi.org/10.3201/eid1012.
040743 PMID: 15663859.

8. Berhane, Hisanaga T, Kehler H, Neufeld J, Manning L, Argue C, et al. Highly pathogenic avian influ-
enza virus A (H7N3) in domestic poultry, Saskatchewan, Canada, 2007. Emerg Infect Dis. 2009; 15
(9):1492-5. Epub 2009/10/01. https://doi.org/10.3201/eid1509.080231 PMID: 19788823; PubMed Cen-
tral PMCID: PMC2819867.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222457 September 12,2019 15/18


http://www.offlu.net/fileadmin/home/en/resource-centre/pdf/Influenza_A_Cleavage_Sites.pdf
http://www.offlu.net/fileadmin/home/en/resource-centre/pdf/Influenza_A_Cleavage_Sites.pdf
http://www.ncbi.nlm.nih.gov/pubmed/9971766
http://www.ncbi.nlm.nih.gov/pubmed/3016304
http://www.ncbi.nlm.nih.gov/pubmed/12201269
https://doi.org/10.3201/eid1012.040743
https://doi.org/10.3201/eid1012.040743
http://www.ncbi.nlm.nih.gov/pubmed/15663859
https://doi.org/10.3201/eid1509.080231
http://www.ncbi.nlm.nih.gov/pubmed/19788823
https://doi.org/10.1371/journal.pone.0222457

@ PLOS|ONE

Evolution of Mexican H7N3 viruses

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Maurer-Stroh S, Lee RT, Gunalan V, Eisenhaber F. The highly pathogenic H7N3 avian influenza strain
from July 2012 in Mexico acquired an extended cleavage site through recombination with host 28S
rRNA. Virol J. 2013; 10:139. Epub 2013/05/03. https://doi.org/10.1186/1743-422X-10-139 PMID:
23635025; PubMed Central PMCID: PMC3673898.

Kapczynski DR, Pantin-Jackwood M, Guzman SG, Ricardez Y, Spackman E, Bertran K, et al. Charac-
terization of the 2012 highly pathogenic avian influenza H7N3 virus isolated from poultry in an outbreak
in Mexico: pathobiology and vaccine protection. J Virol. 2013; 87(16):9086—96. Epub 2013/06/14.
https://doi.org/10.1128/JV1.00666-13 PMID: 23760232; PubMed Central PMCID: PMC3754080.

Krauss S, Stucker KM, Schobel SA, Danner A, Friedman K, Knowles JP, et al. Long-term surveillance
of H7 influenza viruses in American wild aquatic birds: are the H7N3 influenza viruses in wild birds the
precursors of highly pathogenic strains in domestic poultry? Emerg Microbes Infect. 2015; 4:e35. Epub
2015/01/01. https://doi.org/10.1038/emi.2015.35 PMID: 26954883; PubMed Central PMCID:
PMC4773044.

Lu L, Lycett SJ, Leigh Brown AJ. Determining the phylogenetic and phylogeographic origin of highly
pathogenic avian influenza (H7N3) in Mexico. PLoS One. 2014; 9(9):e107330. Epub 2014/09/17.
https://doi.org/10.1371/journal.pone.0107330 PMID: 25226523; PubMed Central PMCID:
PMC4165766.

Lopez-Martinez |, Balish A, Barrera-Badillo G, Jones J, Nunez-Garcia TE, Jang Y, et al. Highly patho-
genic avian influenza A(H7N3) virus in poultry workers, Mexico, 2012. Emerg Infect Dis. 2013; 19
(9):1531—4. https://doi.org/10.3201/eid1909.130087 PMID: 23965808; PubMed Central PMCID:
PMC3810917.

Lourdes MG. Highly pathogenic avian influenza, Mexico. Follow-up report No. 8. World Animal Health
Information Database (WAHID) interface for high pathogenic avian influenza: World Organisation for
Animal Health (OIE), 2017.

Youk SS, Lee DH, Leyson CM, Smith D, Criado MF, DeJesus E, et al. Loss of fitness in mallards of Mex-
ican H7NS3 highly pathogenic avian influenza virus after circulating in chickens. J Virol. 2019. Epub
2019/05/10. https://doi.org/10.1128/JVI.00543-19 PMID: 31068421.

Criado MF, Bertran K, Lee DH, Killmaster L, Stephens CB, Spackman E, et al. Efficacy of novel recom-
binant fowlpox vaccine against recent Mexican H7N3 highly pathogenic avian influenza virus. Vaccine.
2019; 37(16):2232—43. Epub 2019/03/20. https://doi.org/10.1016/j.vaccine.2019.03.009 PMID:
30885512.

He Y, Taylor TL, Dimitrov KM, Butt SL, Stanton JB, Goraichuk 1V, et al. Whole-genome sequencing of
genotype VI Newcastle disease viruses from formalin-fixed paraffin-embedded tissues from wild
pigeons reveals continuous evolution and previously unrecognized genetic diversity in the U.S. Virol J.
2018; 15(1):9. Epub 2018/01/14. https://doi.org/10.1186/s12985-017-0914-2 PMID: 29329546;
PubMed Central PMCID: PMC5767055.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al. Geneious Basic: an inte-
grated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics. 2012; 28(12):1647-9. Epub 2012/05/01. https://doi.org/10.1093/bioinformatics/bts199
PMID: 22543367; PubMed Central PMCID: PMC3371832.

Dimitrov KM, Sharma P, Volkening JD, Goraichuk IV, Wajid A, Rehmani SF, et al. A robust and cost-
effective approach to sequence and analyze complete genomes of small RNA viruses. Virol J. 2017; 14
(1):72. Epub 2017/04/09. https://doi.org/10.1186/s12985-017-0741-5 PMID: 28388925; PubMed Cen-
tral PMCID: PMC5384157.

Zhang Y, Aevermann BD, Anderson TK, Burke DF, Dauphin G, Gu Z, et al. Influenza Research Data-
base: An integrated bioinformatics resource for influenza virus research. Nucleic Acids Res. 2017; 45
(D1):D466-D74. Epub 2016/09/30. https://doi.org/10.1093/nar/gkw857 PMID: 27679478; PubMed
Central PMCID: PMC5210613.

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics. 2014; 30(9):1312-3. Epub 2014/01/24. https://doi.org/10.1093/bioinformatics/btu033
PMID: 24451623; PubMed Central PMCID: PMC3998144.

Rambaut A, Lam TT, Max Carvalho L, Pybus OG. Exploring the temporal structure of heterochronous
sequences using TempEst (formerly Path-O-Gen). Virus Evol. 2016; 2(1):vew007. Epub 2016/10/25.
https://doi.org/10.1093/ve/vew007 PMID: 27774300; PubMed Central PMCID: PMC4989882.

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new heuristics and parallel
computing. Nat Methods. 2012; 9(8):772. Epub 2012/08/01. https://doi.org/10.1038/nmeth.2109 PMID:
22847109; PubMed Central PMCID: PMC4594756.

Drummond AJ, Suchard MA, Xie D, Rambaut A. Bayesian phylogenetics with BEAUti and the BEAST
1.7. Mol Biol Evol. 2012; 29(8):1969-73. Epub 2012/03/01. https://doi.org/10.1093/molbev/mss075
PMID: 22367748; PubMed Central PMCID: PMC3408070.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222457 September 12,2019 16/18


https://doi.org/10.1186/1743-422X-10-139
http://www.ncbi.nlm.nih.gov/pubmed/23635025
https://doi.org/10.1128/JVI.00666-13
http://www.ncbi.nlm.nih.gov/pubmed/23760232
https://doi.org/10.1038/emi.2015.35
http://www.ncbi.nlm.nih.gov/pubmed/26954883
https://doi.org/10.1371/journal.pone.0107330
http://www.ncbi.nlm.nih.gov/pubmed/25226523
https://doi.org/10.3201/eid1909.130087
http://www.ncbi.nlm.nih.gov/pubmed/23965808
https://doi.org/10.1128/JVI.00543-19
http://www.ncbi.nlm.nih.gov/pubmed/31068421
https://doi.org/10.1016/j.vaccine.2019.03.009
http://www.ncbi.nlm.nih.gov/pubmed/30885512
https://doi.org/10.1186/s12985-017-0914-2
http://www.ncbi.nlm.nih.gov/pubmed/29329546
https://doi.org/10.1093/bioinformatics/bts199
http://www.ncbi.nlm.nih.gov/pubmed/22543367
https://doi.org/10.1186/s12985-017-0741-5
http://www.ncbi.nlm.nih.gov/pubmed/28388925
https://doi.org/10.1093/nar/gkw857
http://www.ncbi.nlm.nih.gov/pubmed/27679478
https://doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
https://doi.org/10.1093/ve/vew007
http://www.ncbi.nlm.nih.gov/pubmed/27774300
https://doi.org/10.1038/nmeth.2109
http://www.ncbi.nlm.nih.gov/pubmed/22847109
https://doi.org/10.1093/molbev/mss075
http://www.ncbi.nlm.nih.gov/pubmed/22367748
https://doi.org/10.1371/journal.pone.0222457

@ PLOS|ONE

Evolution of Mexican H7N3 viruses

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Minin VN, Bloomquist EW, Suchard MA. Smooth skyride through a rough skyline: Bayesian coalescent-
based inference of population dynamics. Mol Biol Evol. 2008; 25(7):1459-71. Epub 2008/04/15. https://
doi.org/10.1093/molbev/msn090 PMID: 18408232; PubMed Central PMCID: PMC3302198.

Drummond AJ, Suchard MA. Bayesian random local clocks, or one rate to rule them all. BMC Biol.
2010; 8:114. Epub 2010/09/03. https://doi.org/10.1186/1741-7007-8-114 PMID: 20807414; PubMed
Central PMCID: PMC2949620.

Gentleman R. R: A Language for Data Analysis and Graphics AU—Ilhaka, Ross. Journal of Computa-
tional and Graphical Statistics. 1996; 5(3):299-314. https://doi.org/10.1080/10618600.1996.10474713.

O’Brien JD, Minin VN, Suchard MA. Learning to count: robust estimates for labeled distances between
molecular sequences. Mol Biol Evol. 2009; 26(4):801-14. Epub 2009/01/10. https://doi.org/10.1093/
molbev/msp003 PMID: 19131426; PubMed Central PMCID: PMC2734148.

Lemey P, Minin VN, Bielejec F, Kosakovsky Pond SL, Suchard MA. A counting renaissance: combining
stochastic mapping and empirical Bayes to quickly detect amino acid sites under positive selection. Bio-
informatics. 2012; 28(24):3248-56. Epub 2012/10/16. https://doi.org/10.1093/bioinformatics/bts580
PMID: 23064000; PubMed Central PMCID: PMC3579240.

Gupta R, Jung E, Brunak S. Prediction of N-glycosylation sites in human proteins. 2004.

Lu L, Lycett SJ, Leigh Brown AJ. Determining the phylogenetic and phylogeographic origin of highly
pathogenic avian influenza (H7N3) in Mexico. PLoS One. 2014; 9(9):e107330. Epub 2014/09/17.
https://doi.org/10.1371/journal.pone.0107330 PMID: 25226523; PubMed Central PMCID:
PMC4165766.

Chen R, Holmes EC. Avian influenza virus exhibits rapid evolutionary dynamics. Mol Biol Evol. 2006; 23
(12):2336—41. Epub 2006/09/02. https://doi.org/10.1093/molbev/ms|102 PMID: 16945980.

Escorcia M, Carrillo-Sanchez K, March-Mifsut S, Chapa J, Lucio E, Nava GM. Impact of antigenic and
genetic drift on the serologic surveillance of HSN2 avian influenza viruses. BMC Vet Res. 2010; 6:57.
Epub 2010/12/22. https://doi.org/10.1186/1746-6148-6-57 PMID: 21172021; PubMed Central PMCID:
PMC3023700.

Alvarez MJBD. Highly pathogenic avian influenza, Mexico. First occurrence immediate notification.
World Animal Health Information Database (WAHID) interface for high pathogenic avian influenza:
World Organisation for Animal Health (OIE), 2015.

Miyata T, Miyazawa S, Yasunaga T. Two types of amino acid substitutions in protein evolution. J Mol
Evol. 1979; 12(3):219-36. Epub 1979/03/15. https://doi.org/10.1007/bf01732340 PMID: 439147.

Zhang J. Rates of conservative and radical nonsynonymous nucleotide substitutions in mammalian
nuclear genes. J Mol Evol. 2000; 50(1):56—68. Epub 2000/02/02. https://doi.org/10.1007/
5002399910007 PMID: 10654260.

Naeem K, Siddique N. Use of strategic vaccination for the control of avian influenza in Pakistan. Dev
Biol (Basel). 2006; 124:145-50. Epub 2006/02/02. PMID: 16447505.

Aamir UB, Naeem K, Ahmed Z, Obert CA, Franks J, Krauss S, et al. Zoonotic potential of highly patho-
genic avian H7N3 influenza viruses from Pakistan. Virology. 2009; 390(2):212—-20. Epub 2009/06/19.
https://doi.org/10.1016/j.virol.2009.05.008 PMID: 19535120; PubMed Central PMCID: PMC2710411.

Abbas MA, Spackman E, Fouchier R, Smith D, Ahmed Z, Siddique N, et al. H7 avian influenza virus
vaccines protect chickens against challenge with antigenically diverse isolates. Vaccine. 2011; 29
(43):7424-9. Epub 2011/08/02. https://doi.org/10.1016/j.vaccine.2011.07.064 PMID: 21803098.

Monne |, Fusaro A, Nelson MI, Bonfanti L, Mulatti P, Hughes J, et al. Emergence of a highly pathogenic
avian influenza virus from a low-pathogenic progenitor. J Virol. 2014; 88(8):4375-88. Epub 2014/02/07.
https://doi.org/10.1128/JV1.03181-13 PMID: 24501401; PubMed Central PMCID: PMC3993777.

Sartore S, Bonfanti L, Lorenzetto M, Cecchinato M, Marangon S. The effects of control measures on
the economic burden associated with epidemics of avian influenza in Italy. Poult Sci. 2010; 89(6):1115—
21. Epub 2010/05/13. https://doi.org/10.3382/ps.2009-00556 PMID: 20460656.

Hanada K, Suzuki Y, Gojobori T. A large variation in the rates of synonymous substitution for RNA
viruses and its relationship to a diversity of viral infection and transmission modes. Mol Biol Evol. 2004;
21(6):1074-80. Epub 2004/03/12. https://doi.org/10.1093/molbev/msh109 PMID: 15014142.

Hernandez G, Parrish RM, McLeod L. Global Agricultural Information Network. USDA: USDA Foreign
Agricultural Service, 2017.

Vandegrift KJ, Sokolow SH, Daszak P, Kilpatrick AM. Ecology of avian influenza viruses in a changing
world. Ann N'Y Acad Sci. 2010; 1195:113-28. Epub 2010/06/12. https://doi.org/10.1111/j.1749-6632.
2010.05451.x PMID: 20536820; PubMed Central PMCID: PMC2981064.

Capua |, Marangon S. Control and prevention of avian influenza in an evolving scenario. Vaccine. 2007;
25(30):5645-52. Epub 2006/12/16. S0264-410X(06)01191-1 [pii] https://doi.org/10.1016/j.vaccine.
2006.10.053 PMID: 17169466.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222457 September 12,2019 17/18


https://doi.org/10.1093/molbev/msn090
https://doi.org/10.1093/molbev/msn090
http://www.ncbi.nlm.nih.gov/pubmed/18408232
https://doi.org/10.1186/1741-7007-8-114
http://www.ncbi.nlm.nih.gov/pubmed/20807414
https://doi.org/10.1080/10618600.1996.10474713
https://doi.org/10.1093/molbev/msp003
https://doi.org/10.1093/molbev/msp003
http://www.ncbi.nlm.nih.gov/pubmed/19131426
https://doi.org/10.1093/bioinformatics/bts580
http://www.ncbi.nlm.nih.gov/pubmed/23064000
https://doi.org/10.1371/journal.pone.0107330
http://www.ncbi.nlm.nih.gov/pubmed/25226523
https://doi.org/10.1093/molbev/msl102
http://www.ncbi.nlm.nih.gov/pubmed/16945980
https://doi.org/10.1186/1746-6148-6-57
http://www.ncbi.nlm.nih.gov/pubmed/21172021
https://doi.org/10.1007/bf01732340
http://www.ncbi.nlm.nih.gov/pubmed/439147
https://doi.org/10.1007/s002399910007
https://doi.org/10.1007/s002399910007
http://www.ncbi.nlm.nih.gov/pubmed/10654260
http://www.ncbi.nlm.nih.gov/pubmed/16447505
https://doi.org/10.1016/j.virol.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19535120
https://doi.org/10.1016/j.vaccine.2011.07.064
http://www.ncbi.nlm.nih.gov/pubmed/21803098
https://doi.org/10.1128/JVI.03181-13
http://www.ncbi.nlm.nih.gov/pubmed/24501401
https://doi.org/10.3382/ps.2009-00556
http://www.ncbi.nlm.nih.gov/pubmed/20460656
https://doi.org/10.1093/molbev/msh109
http://www.ncbi.nlm.nih.gov/pubmed/15014142
https://doi.org/10.1111/j.1749-6632.2010.05451.x
https://doi.org/10.1111/j.1749-6632.2010.05451.x
http://www.ncbi.nlm.nih.gov/pubmed/20536820
https://doi.org/10.1016/j.vaccine.2006.10.053
https://doi.org/10.1016/j.vaccine.2006.10.053
http://www.ncbi.nlm.nih.gov/pubmed/17169466
https://doi.org/10.1371/journal.pone.0222457

@ PLOS|ONE

Evolution of Mexican H7N3 viruses

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lebarbenchon C, Stallknecht DE. Host shifts and molecular evolution of H7 avian influenza virus hem-
agglutinin. Virol J. 2011; 8:328. Epub 2011/06/30. https://doi.org/10.1186/1743-422X-8-328 PMID:
21711553; PubMed Central PMCID: PMC3141685.

Mair CM, Ludwig K, Herrmann A, Sieben C. Receptor binding and pH stability—how influenza A virus
hemagglutinin affects host-specific virus infection. Biochim Biophys Acta. 2014; 1838(4):1153-68.
Epub 2013/10/29. https://doi.org/10.1016/j.bbamem.2013.10.004 PMID: 24161712.

Cattoli G, Fusaro A, Monne |, Coven F, Joannis T, El-Hamid HS, et al. Evidence for differing evolution-
ary dynamics of A/H5N1 viruses among countries applying or not applying avian influenza vaccination
in poultry. Vaccine. 2011; 29(50):9368-75. Epub 2011/10/18. https://doi.org/10.1016/j.vaccine.2011.
09.127 PMID: 22001877.

Bataille A, van der Meer F, Stegeman A, Koch G. Evolutionary analysis of inter-farm transmission
dynamics in a highly pathogenic avian influenza epidemic. PLoS Pathog. 2011; 7(6):e1002094. Epub
2011/07/07. https://doi.org/10.1371/journal.ppat.1002094 PMID: 21731491; PubMed Central PMCID:
PMC3121798.

Lee CW, Senne DA, Suarez DL. Effect of vaccine use in the evolution of Mexican lineage H5N2 avian
influenza virus. J Virol. 2004; 78(15):8372—81. https://doi.org/10.1128/JV1.78.15.8372-8381.2004
PMID: 15254209.

Cattoli G, Milani A, Temperton N, Zecchin B, Buratin A, Molesti E, et al. Antigenic drift in H5N1 avian
influenza virus in poultry is driven by mutations in major antigenic sites of the hemagglutinin molecule
analogous to those for human influenza virus. J Virol. 2011; 85(17):8718—-24. Epub 2011/07/08. https://
doi.org/10.1128/JV1.02403-10 PMID: 21734057; PubMed Central PMCID: PMC3165837.

Philpott M, Hioe C, Sheerar M, Hinshaw VS. Hemagglutinin mutations related to attenuation and altered
cell tropism of a virulent avian influenza A virus. J Virol. 1990; 64(6):2941—7. Epub 1990/06/01. PMID:
2335822; PubMed Central PMCID: PMC249478.

Kaverin NV, Rudneva IA, llyushina NA, Varich NL, Lipatov AS, Smirnov YA, et al. Structure of antigenic
sites on the haemagglutinin molecule of H5 avian influenza virus and phenotypic variation of escape
mutants. J Gen Virol. 2002; 83(Pt 10):2497-505. https://doi.org/10.1099/0022-1317-83-10-2497 PMID:
12237433.

Noronha JM, Liu M, Squires RB, Pickett BE, Hale BG, Air GM, et al. Influenza virus sequence feature
variant type analysis: evidence of a role for NS1 in influenza virus host range restriction. J Virol. 2012;
86(10):5857-66. Epub 2012/03/09. https://doi.org/10.1128/JV1.06901-11 PMID: 22398283; PubMed
Central PMCID: PMC3347290.

PLOS ONE | https://doi.org/10.1371/journal.pone.0222457 September 12,2019 18/18


https://doi.org/10.1186/1743-422X-8-328
http://www.ncbi.nlm.nih.gov/pubmed/21711553
https://doi.org/10.1016/j.bbamem.2013.10.004
http://www.ncbi.nlm.nih.gov/pubmed/24161712
https://doi.org/10.1016/j.vaccine.2011.09.127
https://doi.org/10.1016/j.vaccine.2011.09.127
http://www.ncbi.nlm.nih.gov/pubmed/22001877
https://doi.org/10.1371/journal.ppat.1002094
http://www.ncbi.nlm.nih.gov/pubmed/21731491
https://doi.org/10.1128/JVI.78.15.8372-8381.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254209
https://doi.org/10.1128/JVI.02403-10
https://doi.org/10.1128/JVI.02403-10
http://www.ncbi.nlm.nih.gov/pubmed/21734057
http://www.ncbi.nlm.nih.gov/pubmed/2335822
https://doi.org/10.1099/0022-1317-83-10-2497
http://www.ncbi.nlm.nih.gov/pubmed/12237433
https://doi.org/10.1128/JVI.06901-11
http://www.ncbi.nlm.nih.gov/pubmed/22398283
https://doi.org/10.1371/journal.pone.0222457

