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a b s t r a c t 

Background: An epizootic of highly pathogenic avian influenza A (H5N1) has spread worldwide since 2022. Even 

though this virus has been extensively studied for many decades, little is known about its evolution in South 

America. 

Methods: Here, we describe the sequencing and characterization of 13 H5N1 genomes collected from wild birds, 

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. 
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. Introduction 

The highly pathogenic avian influenza (HPAI) A

H5N1) virus causes bird flu, a highly contagious and fa-

al disease that affects both birds and mammals. Some iso-

ated cases in humans have also been reported since 1997

hen the first infection of the H5N1 subtype in humans

as identified in Hong Kong [1–4] . Although it remains

nclear whether HPAI will emerge as the next pandemic

irus, its rapid spread will have a substantial impact on

he economy, particularly on the global poultry industry

4] and consequently on food safety. 

In late 2022, the Pan American Health Organization

onfirmed the presence of avian influenza A (H5N1) in

omestic poultry and wild birds across several countries,
Abbreviations: HPAI, highly pathogenic avian influenza; SENASA, Servicio Nacion
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ncluding Canada, Mexico, Colombia, Peru, and the

nited States. In Peru, the Servicio Nacional de Sanidad

nimal (SENASA, Spanish acronym) is responsible for

afeguarding the country against livestock-related dis-

ases. On November 14, 2022, SENASA reported the

rst case of influenza A in free-ranging Peruvian pel-

cans ( Pelecanus thagus ) in the Piura region, where a

ass mortality event involving shorebirds with systemic

linical signs (respiratory, digestive, and neurological)

as recorded. Subsequently, SENASA issued a national

anitary alert [5] after the detection of HPAI A/H5N1

n November 23, 2022, to strengthen epidemiological

urveillance. This was extended to December 31, 2023

 6 , 7 ]. 
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. 
To date, extensive wild bird mortality (reaching

63,233 recorded cases) has been confirmed along the en-

ire coast of Peru. The most frequently recorded species

re the Peruvian pelican, Peruvian booby, and Gua-

ay cormorant. Furthermore, the mass mortality of ma-

ine mammals (11,008 recorded cases) has also been re-

orted in Peru, with the South American sea lion the

ost frequently recorded species ( https://www.dge.gob.

e/influenza- aviar- ah5/# aves ). Thus, the H5N1 subtype

as been detected in wild birds ( Pelecanus thagus, Calidris

lba , and Leucocarbo bougainvillorum ) and marine mam-

als ( Otaria flavescens and Delphinus delphis ) [ 8 , 9 ]. On

anuary 9, 2023, the first case of human infection with

nfluenza A (H5) in Latin America was reported in a 9-

ear-old girl in Ecuador [10] , followed by a case in Chile

n March 29, 2023 [11] . Currently, there is no evidence

f any cases of influenza A (H5) infection among humans

n Peru. 

Here, we describe an analysis of the 2022–2023 out-

reak of influenza A H5N1 in Peru, focusing on the

enomic surveillance of emerging mutations with next-

eneration sequencing. 

. Materials and methods 

The Instituto Nacional de Salud (INS, Spanish

cronym) initiated the genomic surveillance of HPAI A

irus (H5N1) towards the end of 2022. The present study

as undertaken within the framework of the Avian In-

uenza Health Emergency under Resolution No. 0180-

022-MIDAGRI-SENASA of SENASA. The samples and

pidemiological information were collected by autho-

ized personnel of SENASA and the Servicio Nacional

orestal y de Fauna Silvestre (SERFOR, Spanish acronym).

he types of samples collected were lung tissue and tra-

heal, cloacal, and rectal swabs. A more detailed descrip-

ion is given in Table 1 . 

Influenza A (H5N1) was detected in the samples by the

NS with a reverse transcription (RT)-quantitative PCR

qPCR) protocol. Sixty-nine samples were processed, 14

f which were positive and 55 negative for H5N1. One

ample was not included in the present study due to a lack

f sequencing information. From November 12, 2022 to

uly 24, 2023, these 13 positive samples from wild birds

9), poultry (2), and wild mammals (2), were collected by

ERFOR and SENASA in the regions of Lima, Tacna, Lam-

ayeque, and Piura, and the genomes were sequenced by

NS. Data on the numbers of positive cases and deceased

nimals were obtained from the National Center for Epi-

emiology, Disease Prevention, and Control of Peru (CDC,

panish acronym) up to August 28, 2023. 

RNA was extracted from the 13 samples with the QI-

amp Viral RNA Kit (Qiagen, Hilden, Germany). The in-

uenza A virus gene segments were amplified simultane-

usly with a multisegment RT-PCR, as described by Zhou
2

https://www.dge.gob.pe/influenza-aviar-ah5/#aves
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t al. [12] . Genomic libraries were then prepared with

he Nextera® XT DNA Library Preparation Kit (Illumina

nc., San Diego, USA), according to the manufacturer’s

nstructions, for sequencing on the MiSeq platform (Illu-

ina Inc.). 

To analyze the data, we used the software pack-

ges BWA ( https://bio-bwa.sourceforge.net/ ) and

amtools ( https://www.htslib.org/ ) to index and

ap the sequences against the reference genome

/gray gull/Chile/C61947/2022 (GenBank accession:

Q352553.1). Consensus genome sequences for each

ample were obtained with the iVar package [13] . The

equences are available in the GISAID (Global Initiative

n Sharing All Influenza Data) database ( Table 1 ). To

dentify new mutations and establish the phylogenetic

elationships among the samples from South American

egions, phylogenetic trees were constructed from the in-

uenza A (H5N1) hemagglutinin (HA) and neuraminidase

NA) genes. The genomes were compared with the

LAST tool ( https://blast.ncbi.nlm.nih.gov/Blast.cgi ),

nd similar sequences were downloaded and aligned

ith MAFFT [14] . A local database containing se-

uences from GISAID ( https://gisaid.org/ ) was also

repared and used in the phylogenetic analysis. The phy-

ogenetic trees were constructed with the Nextstrain
ig. 1. Graphical representation of the avian flu (H5N1) outbreak in Peru in 2022–20

ontrol of Peru until August 28, 2023. (A) Number of H5N1-subtype-positive cases is

f hosts (poultry and wild birds, dolphin, lion, sea lion) are represented in a circula

ases in wild birds and poultry across almost all Peruvian regions, and in sea lions in

s a dolphin and lion, in the regions of Piura and Junín, respectively. Each type of h

f collection of the sequenced sample. (B) Global view of dead animals in Peru as a g

nd environments at the collecting sites (beach, island, pna) are depicted in a circular

ENASA, and SERNANP. 

3

ool [15] using the iqtree method [16] and the

TR substitution model, and were rooted with the

/goose/Guangdong/1/1996 strain sequence. The phy-

ogenetic trees were visualized with the Figtree program

 http://tree.bio.ed.ac.uk/software/figtree/ ). A complete

escription of the mainly nonsynonymous mutations of

nterest by segment is compiled in Table 2 . 

. Results and discussion 

A global perspective on the avian influenza A (H5N1)

utbreak of 2022–2023 in Peru ( Fig. 1 ) shows that most

ases of infection were widely distributed on the Peru-

ian coast, and mainly affected domestic poultry and wild

irds, or sea lions in the mid-south coast of Peru (in

he regions of Lima, Ica, Arequipa, and Tacna). Isolated

ases were also identified in a dolphin in Piura and a zoo

ion in Junin. The number of dead animals was high all

long the Peruvian coast, totaling more than 30 thousand

eaths in many regions, including Arequipa, Ica, Lima,

ncash, and La Libertad. The greatest number of dead

nimals were birds, collected on beaches and islands and

n protected natural areas. Although a large number of

nimal deaths were detected along the Peruvian coast,

nly a few geographically representative cases could be
23 compiled by the National Center for Epidemiology, Disease Prevention, and 

 shown by region as a blue gradient, where the different types and frequencies 

r graph at the edge of each region. There was a wide distribution of positive 

 southern Peru. Specific positive cases were observed in other mammals, such 

ost is represented in black figures. Asterisks (∗ ) on the map indicate the places 

ray gradient. The frequencies of different types of animals (avian/mammalian) 

 graph. pna: protected natural area. Data were compiled by Agrorural, SERFOR, 

https://bio-bwa.sourceforge.net/
https://www.htslib.org/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://gisaid.org/
http://tree.bio.ed.ac.uk/software/figtree/
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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. 

4
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Table 2 

Description of nonsynonymous mutations of interest, by segment, present in Peruvian genomes of influenza H5N1 sequenced at the Instituto Nacional de 

Salud (INS) in Peru. 

Gene ID Description Mutations of interest 

PB2 Polymerase D701N ∗ a ;Q591K ∗ ;L607X;V613X;E627X 

PB1 Polymerase P598L 

PA Polymerase R57Q 

HA Hemagglutinin S149A a ;D110S;L131Q;S139P;D142E;A143T;S145L;H154Q;S157P;S171D;D199N;Q208K;K201R;V226A;K234Q;S239R;Q338L;I352K 

NP Nucleocapsid protein None 

NA Neuraminidase S339P;L269M 

MP Matrix protein K101R 

NS Nonstructural protein A42S;Y103F;I205S;Y221K;A223E;K224R;R225T;V226I;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. 
a Most significant mutation. 
∗ Only present in sea lions. 
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nalyzed and attributed definitively to avian influenza

 Fig. 1A ). 

Sequence analyses of the influenza A HA and NA genes

ndicated that the Peruvian samples were infected with

PAI H5N1, clade 2.3.4.4b, and shared a common ances-

or with the virus infecting samples from Chile ( Fig. 2 ).

hey were characterized by two synonymous mutations

n the HA gene (606G > A and 1107G > A) in the pres-

nce of L131Q, a mutation related to antigenic vari-

bility [17] , and two nonsynonymous mutations in the

A gene (805T > A, L269M; 1015T > C, S339P). Analysis

f the HPAI H5N1 strain detected in Otaria flavescens

amples revealed both I352K and 1368C > T mutations

n the HA gene. Other nonsynonymous mutations of im-

ortance were also detected within other segments of

he virus ( Table 2 ). In the Otaria flavescens samples, the

B2 segment contained the D701N and Q591K mutations,

hich are associated with mammalian adaptation of the

irus and its enhanced pathogenicity in mammalian hosts

 18 , 19 ]. The PB1 segment also contained a P598L muta-

ion in birds and mammals, previously linked to enhanced

olymerase activity [20] . The results of this analysis high-

ight the introduction of some novel mutations into the

irus in both birds and mammals, and further research is

equired to understand their biological implications and

o prevent any consequences for global health or the poul-

ry industry. 

The well-known migratory pathways over the Pacific

oast of the Americas could may explain why the HPAI

trains found in samples from Ecuador, Colombia, and

exico are closely related to the Peruvian-Chilean clade.

hese findings imply that the potential ancestral host of

hese HPAI H5N1 viruses traveled from North America

o Ecuador, Peru, and Chile via the American coastline.

his observation is consistent with reports of H5N1 sub-

ype infections in the USA since the beginning of 2022

nd with the prevalence of HPAI in migratory birds, such

s Spatula cyanoptera , in Peru. A distinct flyway on the At-

antic coast of the Americas could be used by birds in the

enezuela clade. More research is required to understand
5

he biological significance of the new mutations identified

ere and to determine whether they are associated with

he rapid transmission and high fatality rate of the recent

utbreak. 

. Conclusions 

The influenza A HPAI (H5N1) outbreak in 2022–2023

ad a great impact on both birds and mammals in Peru.

ccording to our study, the H5N1 found in Peru clustered

ith that in Chilean samples, is a member of the 2.3.4.4b

lade, and may have originated in North America. The

apid dispersion and magnitude of this outbreak should

otivate us to take public health precautions in the event

f a possible avian flu epidemic in the future. 
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