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ARTICLE INFO ABSTRACT

Keywords: Background: An epizootic of highly pathogenic avian influenza A (H5N1) has spread worldwide since 2022. Even
Avian influenza A though this virus has been extensively studied for many decades, little is known about its evolution in South
HS5N1 America.

gll::;le 2.3.4.4b Methods: Here, we describe the sequencing and characterization of 13 H5SN1 genomes collected from wild birds,
Sequenc.ir;g‘ poultry, and wild mammals in Peru during the genomic surveillance of this outbreak.

Results: The samples belonged to the highly pathogenic avian influenza (H5N1) 2.3.4.4b clade. Chilean and
Peruvian samples clustered in the same group and therefore share a common ancestor. An analysis of the hemag-
glutinin and neuraminidase genes detected new mutations, some dependent upon the host type.

Conclusions: The genomic surveillance of highly pathogenic avian influenza is necessary to promote the One
Health policy and to overcome the new problems entailed by climate change, which may alter the habitats of
resident and migratory birds.

2022-2023 outbreak

1. Introduction

The highly pathogenic avian influenza (HPAI) A
(H5N1) virus causes bird flu, a highly contagious and fa-
tal disease that affects both birds and mammals. Some iso-
lated cases in humans have also been reported since 1997
when the first infection of the H5N1 subtype in humans
was identified in Hong Kong [1-4]. Although it remains
unclear whether HPAI will emerge as the next pandemic
virus, its rapid spread will have a substantial impact on
the economy, particularly on the global poultry industry
[4] and consequently on food safety.

In late 2022, the Pan American Health Organization
confirmed the presence of avian influenza A (H5N1) in
domestic poultry and wild birds across several countries,

including Canada, Mexico, Colombia, Peru, and the
United States. In Peru, the Servicio Nacional de Sanidad
Animal (SENASA, Spanish acronym) is responsible for
safeguarding the country against livestock-related dis-
eases. On November 14, 2022, SENASA reported the
first case of influenza A in free-ranging Peruvian pel-
icans (Pelecanus thagus) in the Piura region, where a
mass mortality event involving shorebirds with systemic
clinical signs (respiratory, digestive, and neurological)
was recorded. Subsequently, SENASA issued a national
sanitary alert [5] after the detection of HPAI A/H5N1
on November 23, 2022, to strengthen epidemiological
surveillance. This was extended to December 31, 2023
[6,71.

Abbreviations: HPAL, highly pathogenic avian influenza; SENASA, Servicio Nacional de Sanidad Animal; HA, Hemagglutinin; NA, Neuraminidase.
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et al. [12]. Genomic libraries were then prepared with
the Nextera® XT DNA Library Preparation Kit (Illumina
Inc., San Diego, USA), according to the manufacturer’s
instructions, for sequencing on the MiSeq platform (Illu-
mina Inc.).

To analyze the data, we used the software pack-
ages BWA (https://bio-bwa.sourceforge.net/) and
Samtools (https://www.htslib.org/) to index and
map the sequences against the reference genome
A/gray gull/Chile/C61947/2022 (GenBank accession:
0Q352553.1). Consensus genome sequences for each
sample were obtained with the iVar package [13]. The
sequences are available in the GISAID (Global Initiative
on Sharing All Influenza Data) database (Table 1). To
identify new mutations and establish the phylogenetic
relationships among the samples from South American
regions, phylogenetic trees were constructed from the in-
fluenza A (H5N1) hemagglutinin (HA) and neuraminidase
(NA) genes. The genomes were compared with the
BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi),
and similar sequences were downloaded and aligned
with MAFFT [14]. A local database containing se-
quences from GISAID (https://gisaid.org/) was also
prepared and used in the phylogenetic analysis. The phy-
logenetic trees were constructed with the Nextstrain
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tool [15] using the iqtree method [16] and the
GTR substitution model, and were rooted with the
A/goose/Guangdong/1/1996 strain sequence. The phy-
logenetic trees were visualized with the Figtree program
(http://tree.bio.ed.ac.uk/software/figtree/). A complete
description of the mainly nonsynonymous mutations of
interest by segment is compiled in Table 2.

3. Results and discussion

A global perspective on the avian influenza A (HS5N1)
outbreak of 2022-2023 in Peru (Fig. 1) shows that most
cases of infection were widely distributed on the Peru-
vian coast, and mainly affected domestic poultry and wild
birds, or sea lions in the mid-south coast of Peru (in
the regions of Lima, Ica, Arequipa, and Tacna). Isolated
cases were also identified in a dolphin in Piura and a zoo
lion in Junin. The number of dead animals was high all
along the Peruvian coast, totaling more than 30 thousand
deaths in many regions, including Arequipa, Ica, Lima,
Ancash, and La Libertad. The greatest number of dead
animals were birds, collected on beaches and islands and
in protected natural areas. Although a large number of
animal deaths were detected along the Peruvian coast,
only a few geographically representative cases could be
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Fig. 1. Graphical representation of the avian flu (H5N1) outbreak in Peru in 2022-2023 compiled by the National Center for Epidemiology, Disease Prevention, and
Control of Peru until August 28, 2023. (A) Number of H5N1-subtype-positive cases is shown by region as a blue gradient, where the different types and frequencies
of hosts (poultry and wild birds, dolphin, lion, sea lion) are represented in a circular graph at the edge of each region. There was a wide distribution of positive
cases in wild birds and poultry across almost all Peruvian regions, and in sea lions in southern Peru. Specific positive cases were observed in other mammals, such
as a dolphin and lion, in the regions of Piura and Junin, respectively. Each type of host is represented in black figures. Asterisks (*) on the map indicate the places
of collection of the sequenced sample. (B) Global view of dead animals in Peru as a gray gradient. The frequencies of different types of animals (avian/mammalian)
and environments at the collecting sites (beach, island, pna) are depicted in a circular graph. pna: protected natural area. Data were compiled by Agrorural, SERFOR,

SENASA, and SERNANP.
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Fig. 2. Phylogenetic tree of H5N1 subtype influenza virus hemagglutinin (A) and neuraminidase (B) genes collected during the 2022-2023 outbreak in Peru. Data
were downloaded from GISAID up to September 4, 2023. The final figure was obtained with Figtree. Samples sequenced by the INS in Peru are highlighted in bold
and colored red. The reference sequence used to root the phylogenetic tree was A/goose/Guangdong/1/1996 (available in the NCBI database under the accession
numbers NC_007362.1 and NC_007361.1); the reference is not shown in the figure. The clade containing the Peruvian samples is shaded in orange. Samples from other
countries are colored as follows: Ecuador (blue), Colombia (purple), Venezuela (turquoise), and Mexico (green). Samples from Chile, the USA, and other countries
are not highlighted. Pictorial representations of each host is shown in the figure. New mutations are highlighted on the appropriate branch.
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Table 2
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Description of nonsynonymous mutations of interest, by segment, present in Peruvian genomes of influenza HSN1 sequenced at the Instituto Nacional de

Salud (INS) in Peru.

Gene ID Description Mutations of interest

PB2 Polymerase D701N**;Q591K*;L607X;V613X;E627X

PB1 Polymerase P598L

PA Polymerase R57Q

HA Hemagglutinin S149A%;D110S;L131Q;S139P;D142E;A143T;S145L;H154Q;S157P;S171D;D199N;Q208K;K201R;V226A;K2340Q;S239R;Q338L;1352K
NP Nucleocapsid protein None

NA Neuraminidase S339P;L269M

MP Matrix protein K101R

NS Nonstructural protein A42S;Y103F;1205S;Y221K;A223E;K224R;R225T;V2261;Q14M;S48A;N67E;L100M

Note: Data were compiled with the research tool FluSurver against the reference genome A/goose/Guangdong/1/1996(H5N1). The mutations shown
occurred at a site of interaction that could be involved in drug binding, drug resistance, and/or the alteration of host cells. The mutations reported were

present in a minimum of three of the 13 genomes sequenced.
2 Most significant mutation.
* Only present in sea lions.

analyzed and attributed definitively to avian influenza
(Fig. 1A).

Sequence analyses of the influenza A HA and NA genes
indicated that the Peruvian samples were infected with
HPAI H5N1, clade 2.3.4.4b, and shared a common ances-
tor with the virus infecting samples from Chile (Fig. 2).
They were characterized by two synonymous mutations
in the HA gene (606G>A and 1107G>A) in the pres-
ence of L131Q, a mutation related to antigenic vari-
ability [17], and two nonsynonymous mutations in the
NA gene (805T>A, L269M; 1015T>C, S339P). Analysis
of the HPAI H5N1 strain detected in Otaria flavescens
samples revealed both I352K and 1368C>T mutations
in the HA gene. Other nonsynonymous mutations of im-
portance were also detected within other segments of
the virus (Table 2). In the Otaria flavescens samples, the
PB2 segment contained the D701N and Q591K mutations,
which are associated with mammalian adaptation of the
virus and its enhanced pathogenicity in mammalian hosts
[18,19]. The PB1 segment also contained a P598L muta-
tion in birds and mammals, previously linked to enhanced
polymerase activity [20]. The results of this analysis high-
light the introduction of some novel mutations into the
virus in both birds and mammals, and further research is
required to understand their biological implications and
to prevent any consequences for global health or the poul-
try industry.

The well-known migratory pathways over the Pacific
coast of the Americas could may explain why the HPAI
strains found in samples from Ecuador, Colombia, and
Mexico are closely related to the Peruvian-Chilean clade.
These findings imply that the potential ancestral host of
these HPAI H5N1 viruses traveled from North America
to Ecuador, Peru, and Chile via the American coastline.
This observation is consistent with reports of HSN1 sub-
type infections in the USA since the beginning of 2022
and with the prevalence of HPAI in migratory birds, such
as Spatula cyanoptera, in Peru. A distinct flyway on the At-
lantic coast of the Americas could be used by birds in the
Venezuela clade. More research is required to understand

the biological significance of the new mutations identified
here and to determine whether they are associated with
the rapid transmission and high fatality rate of the recent
outbreak.

4. Conclusions

The influenza A HPAI (H5N1) outbreak in 2022-2023
had a great impact on both birds and mammals in Peru.
According to our study, the H5N1 found in Peru clustered
with that in Chilean samples, is a member of the 2.3.4.4b
clade, and may have originated in North America. The
rapid dispersion and magnitude of this outbreak should
motivate us to take public health precautions in the event
of a possible avian flu epidemic in the future.
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