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A B S T R A C T   

Our study identified strains of the A/H5N1 virus in analyzed samples of subsistence poultry, wild birds, and 
mammals, belonging to clade 2.3.4.4b, genotype B3.2, with very high genetic similarity to strains from Chile, 
Uruguay, and Argentina. This suggests a migratory route for wild birds across the Pacific, explaining the 
phylogenetic relatedness. The Brazilian samples displayed similarity to strains that had already been previously 
detected in South America. Phylogeographic analysis suggests transmission of US viruses from Europe and Asia, 
co-circulating with other lineages in the American continent. As mutations can influence virulence and host 
specificity, genomic surveillance is essential to detect those changes, especially in critical regions, such as hot 
spots in the HA, NA, and PB2 sequences. Mutations in the PB2 gene (D701N and Q591K) associated with 
adaptation and transmission in mammals were detected suggesting a potential zoonotic risk. Nonetheless, 
resistance to neuraminidase inhibitors (NAIs) was not identified, however, continued surveillance is crucial to 
detect potential resistance. Our study also mapped the spread of the virus in the Southern hemisphere, identi-
fying possible entry routes and highlighting the importance of surveillance to prevent outbreaks and protect both 
human and animal populations.   

1. Introduction 

Highly pathogenic avian influenza viruses (HPAIVs) have attracted 
attention due to concerns over both animal and public health. Viruses 
bearing the hemagglutinin (HA) gene of the H5 subtype and H7 subtype 
have caused thousands of human cases around the world, including 
deaths. Those viruses have caused numerous disease outbreaks in wild 
birds, marine mammals, and domestic poultry and are responsible for 
the loss of millions of domestic birds (Shi et al., 2023). 

The first known strain of HPAI A(H5N1) (called A/chicken/Scot-
land/59) killed two flocks of chickens in Scotland in 1959, but that 
strain was very different from the highly pathogenic H5N1 strain. Since 

the emergence of the HPAIV H5N1 gs/Gd lineage in China in 1996, the 
virus has shown rapid genomic evolution, with lineages classified into at 
least ten clades and multiple subclades. Currently, the dominant H5 
viruses circulating worldwide are the clade 2.3.4.4 viruses, which have 
formed eight subclades (clade 2.3.4.4a–h) and multiple antigenic groups 
(Lee et al., 2017) One of those genetic clades, 2.3.4.4b, represents the 
main type of avian influenza virus that is causing current outbreaks 
around the world. In South America, detections of HPAIV H5N1 have 
been made in various countries such as Argentina, Brazil, Chile, Peru, 
and Uruguay (Rimondi, et al., 2024; Reischak et al., 2023; Jimenez--
Bluhm et al., 2023; Fernández-Díaz et al., 2023; Marandino et al, 2023). 

HPAI H5N1 is a viral disease that affects birds, and in rare cases, 
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E-mail address: anselmo.rivetti@agro.gov.br (A.V. Rivetti).  

Contents lists available at ScienceDirect 

Virus Research 

journal homepage: www.elsevier.com/locate/virusres 

https://doi.org/10.1016/j.virusres.2024.199415 
Received 11 April 2024; Received in revised form 23 May 2024; Accepted 5 June 2024   

mailto:anselmo.rivetti@agro.gov.br
www.sciencedirect.com/science/journal/01681702
https://www.elsevier.com/locate/virusres
https://doi.org/10.1016/j.virusres.2024.199415
https://doi.org/10.1016/j.virusres.2024.199415
https://doi.org/10.1016/j.virusres.2024.199415
http://creativecommons.org/licenses/by-nc-nd/3.0/igo/
http://creativecommons.org/licenses/by-nc-nd/3.0/igo/


Virus Research 347 (2024) 199415

2

spillover events occur for mammals, including transmission to humans. 
The increased detection in diverse mammalian species may indicate 
viral adaptation, increasing the risk for human infection (Sutton et al., 
2018; WHO, 2023). 

In South America, Leguia et al., 2023 reported the genomic charac-
terization of HPAI/H5N1 in five species of marine mammals and sea-
birds in Peru (dolphins, sea lions, sanderlings, pelicans, and cormorants. 
Starting in January 2023, an increase in mass marine mammal strand-
ings and mortality caused by HPAI H5N1 spread along the coast of Chile 
and Peru (Leguia et al., 2023), reaching small odontocetes, mustelids 
and especially impacting South American sea lions (Otaria flavescens) 
(Ulloa et al., 2023). In Argentina, the first case in South American sea 
lions was reported in August 2023, and the virus then moved north, 
along the Atlantic coast, affecting pinnipeds (includes seals, sea lions, 
etc) in Argentina and Uruguay. (WHOA, 2024). At least 24,000 sea lions 
died in Peru, Chile, Argentina, Uruguay, and Brazil between Januar-
y–October 2023 (Plaza et al., 2024). 

In Brazil, the first case of infection in a wild bird with the highly 
pathogenic avian influenza virus (HPAI A/H5N1) was reported in May 
2023. Since then, cases in backyard poultry, wild bird species, and 
marine mammals have been detecting and monitoring with the presence 
of hundreds of outbreaks (https://mapa-indicadores.agricultura.gov. 
br/publico/extensions/SRN/SRN.html]). Nevertheless, until date, no 
cases in commercial poultry or human cases have been reported in 
Brazilian territory. HPAI represents a risk to the poultry industry, food 
security, and public health; and biosafety measures, including quaran-
tine, culling of infected birds, disinfection, and vaccination have been 
appling to mitigate the disease. Furthermore, the use of vaccination 
against avian influenza may be recommended under specific conditions. 
Vaccination can be used as an effective complementary control tool 
when a stamping-out policy alone is not sufficient. Whether to vaccinate 
or not should be decided by the Veterinary Authority on the basis of the 
avian influenza situation, as well as the ability of the Veterinary Services 
to implement the vaccination strategy (WOAH, 2022). Vaccination has 
successfully eliminated H7N9 viruses in China (Zeng et al., 2018), and it 
has been discussing in Europe and the United States to control H5 
viruses. 

By identifying genetic recombination events, especially those 
involving lineages adapted to birds and humans, the likelihood of zoo-
notic transmission and potential pandemic threats can be assessed 
(Blagodatski et al., 2021). Genetic recombination plays a significant role 
in the evolution of influenza viruses since it can result in the emergence 
of lineages with altered antigenic properties, leading to the evasion of 
pre-existing immunity in both birds and humans. Identifying recombi-
nation events helps to both monitor viral evolution and understand the 
potential risks associated with the emergence of new strains HPAI, 
possible spillover events with adaptation to mammalian hosts, and 
pandemic potential (Petrova & Russell, 2018). Although genetic 
recombination plays an important role in the evolution of influenza vi-
ruses and can even result in the emergence of lineages with altered 
antigenic properties, in most cases for both H5 and H7 HPAIVs, the 
antigenic evolution of HPAIVs is mainly caused by point mutations 
(Ohkawara et al., 2017). 

The hemagglutinin (HA) gene codes for one of the two surface gly-
coproteins and is central to species specificity because it is responsible 
for virus attachment and fusion with host cells. In your turn, the neur-
aminidase (NA) gene encodes the other surface protein of the virus. The 
major role of the NA is to release new progeny virions from an infected 
cell by enzymatically cleaving sialic acid receptors, which aids virus 
spread to uninfected cells within an infected host. In addition to the HA 
and NA, the RNA transcription and replication complex (PB2, PB1, PA, 
NP) also have species-specific determinants that impact efficient repli-
cation in humans and other mammals, particularly polymerase basic 
protein 2 (PB2). PB1, PA, and NP also have important markers of 
mammalian adaptation (CDC, 2024). 

Regarding public health, resistance to antivirals in the avian 

influenza H5N1 virus have been the major concern due to its high 
pathogenicity in birds and its occasional abilityto infect humans. Anti-
virals, such as neuraminidase inhibitors, are often used to treat influ-
enza, but resistance can arise due to genetic mutations, making the drugs 
less effective (Scheibner et al., 2023). 

Therefore, the propagation of the H5N1 virus within avian pop-
ulations and the potential for zoonotic transmission to humans is a 
significant public health concern. Implementing efficient antiviral stra-
tegies, enhancing biosecurity measures in avian habitats, and con-
ducting comprehensive genomic monitoring are critical interventions to 
reduce the risk of antiviral resistance and effectively manage epidemic 
events. 

2. Materials and methods 

2.1. Sample collection 

Samples were obtained from the central nervous system, oropha-
ryngeal swabs (sample 12) and lung and trachea pool (sample 26) from 
animals as part of the passive surveillance for avian influenza. During 
January 2023 until May 2024 7.860 samples were collected in 850 in-
vestigations with sample collection, totalization 164 outbreaks positive 
for H5N1 HPAI. These samples were collected by the Official Veterinary 
Service of the Brazilian states. Following notification of a suspected case 
of HPAI, an Official Veterinarian went to the property within 12 hours to 
perform an investigation of the probable case in domestic and wild birds 
and aquatic mammals. The samples collected were then sent to the 
Federal Agricultural Defense Laboratory of São Paulo (LFDA-SP), which 
is the national reference laboratory for the diagnosis of avian influenza 
in Brazil. 

2.2. Confirmation for HPAIV H5N1 - PCRs and Sanger sequencing 

The samples were initially confirmed as positive for A/H5 by three 
RT-qPCR techniques (VetMAX Gold AIV, Thermo Fisher; Lee et al., 2015; 
NVSL/APHIS/USDA, 2022) followed by Sanger sequencing (Sanger 
et al., 1977). The partial sequencing of the HA gene (segment 4) was 
used to confirm the presence of a polybasic motif at the cleavage site, 
(PLREKRKKR/GLF or PLREKRRKR/GLF) to assess the pathogenicity 
profile of the identified viruses (Slomka et al., 2007). Additionally, 
positive samples for influenza A/H5 underwent RT-qPCR for neur-
aminidase subtyping (Naguib et al., 2017). 

H5N1 positive samples were inactivated and sent to the Federal 
Laboratory of Agropecuary Defense in Goiás (LFDA-GO) for sample 
enrichment by PCR amplification of influenza A genomic segments 
accordingly to the Thermofisher’s protocol (https://assets.thermofisher. 
com/TFS-Assets/CSD/Application-Notes/pcr-amplification-influenza 
-a-whole-genome-sequencing-app-note.pdf) previously to the NGS. The 
primer sequences were as follows: 5́-CTGGATACGCCAGCRAAAGCAGG- 
3́ (sense) and 5́-GACCTGATGCGGAGTAGAAACAAGG-3́ (antisense). 

All tests were performed in accordance with the general re-
quirements for the competence of testing and calibration laboratories of 
ISO/IEC 17,025/2017 (International Organization for Standardization / 
International Electrotechnical Commission) and Chapter 3.3.4. Manual 
of Diagnostic Tests and Vaccines for Terrestrial Animals of WOAH 
(World organisation for Animal Health). 

2.3. NGS sequencing 

Sample selection to perform NGS were considered when their Ct 
values are <28, the cold chain was maintained during transport, and 
RNA samples stored at least ≤ -20 ◦C, with different species of birds and 
all mammal samples possible to be sequencing. The amplicons were sent 
to the Federal Laboratory of Agropecuary Defense in Minas Gerais 
(LFDA-MG) for next-generation complete genome sequencing on a solid 
phase using the Nextera XT DNA Library Prep Kit (Illumina Inc.). The 
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library preparation process involved several steps and was adapted from 
the protocol described by Gauthier et al. (2021). The resulting cDNA was 
then amplified, prepared for sequencing, and used to construct the li-
braries. Library construction involved tagmentation of cDNA using a 
transposome to fragment it and then marking the DNA with adapter 
sequences. Subsequent PCR cycles used the adapters to amplify the DNA. 
The PCR step also added index adapter sequences to both ends of the 
DNA, enabling dual indexing for sequencing multiple libraries in 
different samples. Amplicons were pooled and purified using AMPure XP 
(Beckman Coulter, Indianapolis, IN, USA). The resulting libraries were 
quality controlled using D1000 ScreenTape (Agilent 5067–5582) on a 
TapeStation System instrument and subsequently sequenced by using 
the MiSeq Reagent Kit v2 (300-cycle paired-end) on a MiSeqTM plat-
form by Illumina Inc. 

2.4. Bioinformatics analyses 

The raw data generated from the amplicon sequencing were 
analyzed in Varsmetagen (https://varsomics.com/varsmetagen/), an 
online platform for bioinformatic analysis and interpretation of NGS 
data for infectious diseases. Varsmetagen implements a viromic pipeline 
with the following steps: (1) quality control of raw sequences with 
metrics and removal of low-quality sequences; (2) mapping of the ob-
tained sequences to the host genome to remove contaminants (Gallus 
gallus, assembly: GCF_016699485.2 in the case of avian-derived samples 
and Homo sapiens, assembly: GRCh38.p14 in case of mammal samples); 
(3) taxonomic identification using Kraken2 (Wood et al., 2019) with a 
custom database; (4) assembly with Spades 3.13 to recover the viral 
genome (Antipov et al., 2020); (5) search for distant homologous se-
quences using Hidden Markov Models (HMM) of viral proteins imple-
mented in the eegNOG database (Huerta-Cepas et al., 2019); and (6) 
complementary analyses involving confirmation and genome coverage 
metrics. Specifically for Influenza samples, the last step involves taking a 
suitable reference genome to perform target mapping (Usually A/Cali-
fornia/07/2009(H1N1), or any other closer strain identified by BLASTN 
tophits to NCBI Refseq database). Metrics as sequencing depth and 
coverage breadth were analyzed, and consensus sequences for each 
segment were assembled. Finally, consensus sequences and de novo 
contigs were inspected to generate final segments and the complete 
genome. Once consensus genomes were obtained, they were annotated 
by the NCBI Influenza Virus Sequence Annotation Tool https://www. 
ncbi.nlm.nih.gov/genomes/FLU/annotation/ (Bao et al., 2007). 

The obtained sequences for the hemagglutinin (HA) (segment 4) 
were used to infer the phylogenetic relationships. H5Nx sequences were 
obtained from the GenBank and GISAID (Global Initiative on Sharing All 
Influenza Data) databases. Additionally, we included on the phyloge-
netic analysis the top 250 closely related sequences to the sequences 
obtained in Brazil that were determined by sequence similarity searches 
at nucleotide level using BLAST (Zhang et al., 2000 and Morgulis et al., 
2008). Sequences with coverage breadth <90% of the total length were 
excluded from the analysis. The Flusurver genotyping tool (https:// 
flusurver.bii.a-star.edu.sg/), enabled by GISAID data (Elbe & 
Buckland-Merrett, 2017) was used to confirm the classification clade. 

Multiple sequence alignment was performed using the MAFFT 
v7.407 software (Katoh and Standley, 2013), built-in on the software 
Geneious Prime® 2024.0.3. All analyses were performed online using 
the Los Alamos Science Gateway (Miller et al. 2011). Maximum likeli-
hood (ML) analysis was performed in IQ-TREE multicore v.1.6.12 
(Ngyuen et al. 2015), with the best-fitted substitution model (previously 
obtained) and generating 1000 bootstrap replicates. The outgroup for 
rooting the tree was determined as the reference sequence for HA from 
the first outbreak in China (AF148678.1/A/goose/Guangdong/ 
1/96/H5N1). 

Genotypes were classified using the eight segments of each assigned 
sample according to the scheme described in Youk et al. (2023) and 
using the GenoFLU tool that uses BLAST to identify segments from a 

curated database. Pre-defined genotypes are cross-referenced with the 
top segment identifications, and a genotype is assigned. A cutoff of 2% 
difference from the closest curated sequence identifies new reassort-
ment. New reassortment is reviewed using segment-based phylogenetic 
trees. (https://github.com/USDA-VS/GenoFLU). 

2.5. Phylogeography 

Beast 2.0 (Bouckae et al., 2014) was used for phylogeographic 
analysis. The sequences for the hemagglutinin (HA) (segment 4), with 
respective metadata of the samples (latitude, longitude, and the date of 
registration of the outbreak), were inserted in Beauti in which the file 
was generated for the following analyses: (a) strict molecular clock with 
coalescent constant population, (b) strict molecular clock with coales-
cent Bayesian skyline, (c) strict with coalescent exponential population, 
(d) relaxed clock log normal with coalescent constant population, (e) 
relaxed clock log-normal coalescent Bayesian skyline, and (f) relaxed 
clock log normal with coalescent exponential population. The string size 
was 1000,000 with a minimum ESS of 200. The results were compared 
in Tracer to find the best model. The most suitable model was used for 
the construction of trees and visualization of phylogeographic data in 
SPREAD with a chain of 1000,000,000 (Bielejec et al, 2011). 

3. Results 

The sequences with the complete eight segments of A/H5N1 were 
deposited in GenBank under the accession codes indicated in Table 1. 
Analysis using segments 4 - HA and 6 - NA confirmed that all the viral 
strains reconstituted from the analyzed samples belong to the same clade 
2.3.4.4b. The eight segments of all Brazilian samples were classified 
within the Genotype B3.2 (PB2:am2.1, PB1:am1.2, PA:ea1, HA:ea1, NP: 
am1.4.1, NA:ea1, MP:ea1, NS:am1.1). 

Brazilian A/H5N1 lineages jointly grouped with Chilean, Uruguayan 
and Argentinian 2022–2024 viral lineages forming a clade with 82–92% 
bootstrap support value, which confirms its closest phylogenetic relat-
edness to those sequences from South American countries facing the 
Pacific Ocean (Chile and Argentina) (Fig. 1). 

The estimates of genetic divergence among Brazilian viral sequences 
of HA-characterized genomes indicate that the 22 samples (samples no. 
1–5, 7–8, 10, 13–15, 17, 19–28) are highly phylogenetically related with 
the Chilean sample OR910409–1 A/domestic duck/OHiggins/ 
245,741–2/ 2023. Moreover, two Brazilian samples (samples no. 16 and 
18) are highly phylogenetically related with the Argentinian samples 
OR987100.1 A/South_American_sea_lion/Argentina/RN-PB011/2023 
and OR987084.1 A/South_American_sea_lion/Argentina/RN-PB004/ 
2023. Besides, other two Brazilian samples (no. 9 and 12) are highly 
phylogenetically related with the Uruguayan sample A/pinniped/ 
Uruguay/P7_6923/2023. Additionally, the Brazilian sample 6 was very 
similar (with the same number of base differences per site) with the 
Chilean A/chicken/Maule/242,133–1/2023 and Uruguayans (A/Black- 
necked_swan/Uruguay/078-M2/2023 and A/Black-necked_swan/ 
Uruguay/014-M3/2023) samples. Likewise, the sample 1 was very 
similar (the same number of base differences per site) with the Chilean 
A/black_skimmer/Chile/C61962/2022 and Uruguayans A/pinniped/ 
Uruguay/P7_6923/2023 sequences (Table 2). 

In hemagglutinin, the observed variations represented differences in 
five amino acids (HA S16G 8 <0,01%, D104 0,02%, M242I 0,04%, 
S304N 0,02%, D503Y 0,03%) among the sequences of greatest similarity 
A/domestic duck/OHiggins/245,741–2/2023, and only 3 amino acids 
(HA D104 0,02%, L225M <0,01% e M242I 0,04%) among the sequences 
of greatest similarity A/Black-necked swan/Uruguay/014-M3/2023. 
Despite the changes observed in HA, the Residue Conservation Score 
among the evaluated 568 amino acids remains with values between 
0.728 and 0.919 using BLOSUM62 background distribution (https://sh 
in-kinos.github.io/cons-capra07-wasm/). 

Hotspots of variation in the sequence encoding hemagglutinin may 
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be in various genomic regions. The variations observed in the Brazilian 
H5N1 samples are related to the HA1 and HA2 regions. There were 12 
Single Nucleotide Polymorphisms (SNP) with significant P-value (see 
the specific value and which test, P < 0.001) among the Brazilian 
samples. 

Point mutations were also evaluated to infer the possibility of a 
probable higher adaptation to the mammalian host and improved 
transmission (Table 2). In order to confirm the presence of markers 
already related to H5N1 strains associated with higher virulence in 
human infections, such as the recent human case of H5N1 in Chile. 

4. Discussion 

The phylogeographic analysis strongly suggests that the virus spread 
from the Northern Hemisphere to the Southern Hemisphere, following 
Central America to the Andes, spreading to southern Brazil and moving 
northeast (to the state of Espírito Santo) and northwest (to the state of 
Mato Grosso do Sul) (Table 2 - left side). The Pacific and Atlantic routes 
are well known and followed by several species of migratory birds (Shi 
et al., 2023). Although birds from different routes have difficulty 
crossing the Andes, there is a geographic connectivity between different 
populations due to significant intra-regional movements. These pop-
ulations, composed of non-migratory or vagrant species, may act as 
steppingstones, and transmit the virus between these two routes. So far 

Table 1 
Overview of the samples of wild birds, backyard poultry, captive wild birds and marine mammals analyzed in this study distributed by GenBank number and 
description, date of outbreak.  

Sample Lab sample number Nº Genbank Genbank Description Date outbreak 
detection 

Latitude/ 
Longitude 

1 LDDV- 
2023–0389–0002 

OR269884- 
OR269891 

A/Thalasseus cuflavidus/EspiritoSanto/1339_N2/ 
2023 

15May2023 20.33124 S 40.35964 W 

2 LDDV- 
2023–0787–0001 

OR853701- 
OR853708 

A/Megascops choliba/Serra/1409-N/2023 26May2023 20.15440 S 40.26940 W 

3 LDDV- 
2023–0510–0002 

OR420089- 
OR420096 

A/Fregata magnificens/RJ/1532-N/2023 03Jun2023 22.95947 S 43.06116 W 

4 LDDV- 
2023–0787–0002 

OR853748- 
OR853755 

A/Thalasseus maximus/Ubatuba/1546-N/2023 05Jun2023 23.431739 S 45.074222 W 

5 LDDV- 
2023–0787–0004 

OR860358- 
OR860365 

A/Thalasseus maximus/Itapoa/1941-N/2023 25Jul2023 26.184561 S 48.608717 W 

6 LDDV- 
2023–0787–0005 

OR881250- 
OR881257 

A/Numida meleagris/Maracaja/1843-N3/2023 15Jul2023 28.8211 S 49.4211 W 

7 LDDV- 
2023–0787–0006 

OR878085- 
OR878092 

A/Thalasseus maximus/Antonina/1775-N/2023 23Jun2023 25.460489 S 48.692789 W 

8 LDDV- 
2023–0787–0007 

OR889488- 
OR889495 

A/Buteogallus urubitinga/Itapemirim/1630-SC/2023 07Jun2023 20.999540 S 40.941583 W 

9 LDDV- 
2023–0807–0001 

OR839997- 
OR840004 

A/Gallus gallus/Bonito/2108-SN52/2023 22Sep2023 21.183888 S 56.526019 W 

10 LDDV- 
2023–0807–0003 

OR857851- 
OR857858 

A/Sula leucogaster/Sao Francisco do Sul/2122-N/ 
2023 

27Sep2023 26.216361 S 48.588686 W 

11 LDDV- 
2023–0807–0004 

OR844537- 
OR844544 

A/Otaria flavescens/RioGrande/2148-N/2023 03Oct2023 32.174091 S 52.137250 W 

12 LDDV- 
2023–0807–0005 

OR852412- 
OR852419 

A/Otaria flavescens/Torres/2165-SO/2023 11Oct2023 29.428016 S 49.793198 W 

13 LDDV- 
2024–0001–0001 

PP386937- 
PP386944 

A/Sterna hirundo/EspiritoSanto/1455-N/2023 27May2023 20.839900 S 40.722100 W 

14 LDDV- 
2024–0001–0005 

PP390163- 
PP390170 

A/Thalasseus maximus/RioGrandeSul/2177-N/2023 13Oct2023 32.011622 S 51.949222 W 

15 LDDV- 
2024–0418–0001 

PP768657- 
PP768664 

A/Pluvialis dominica/BertiogaBR/2252-N/20,239 08Nov2023 23.791761 S 45.991416 W 

16 LDDV- 
2024–0418–0002 

PP768247- 
PP768254 

A/Procellaria aequinoctialis/SaoSebastiaoBR/2259- 
N/2023 

09Nov2023 23.7896666667 S 45.5671666667 
W 

17 LDDV- 
2024–0418–0003 

PP769611- 
PP769618 

A/S. hirundo/PenhaBR/2261-N/2023 09Nov2023 26.792738 S 48.61598 W 

18 LDDV- 
2024–0418–0004 

PP769736- 
PP769743 

A/Procellaria aequinoctialis/UbatubaBR/2271-N/ 
2023 

10Nov2023 23,519,727 S 45,194,599 W 

19 LDDV- 
2024–0418–0005 

PP776749- 
PP776756 

A/Thalasseus acuflavidus/MatinhosBR/2277-N/2023 14Nov2023 25.809500 S 48.538417 W 

20 LDDV- 
2024–0418–0006 

PP777455- 
PP777462 

A/Thalasseus acuflavidus/IlhaCompridaBR/2280-N/ 
2023 

16Nov2023 24.697327 S 47.4514 W 

21 LDDV- 
2024–0418–0007 

PP778502- 
PP778509 

A/Thalasseus maximus/PraiaGrandeBR/2339-N/2023 13Dec2023 24.0071444444 S 
-46.4202305556 W 

22 LDDV- 
2024–0418–0008 

PP779057- 
PP779064 

A/S. hirundo/ItapemirimBR/0155-N/2024 02Feb2024 20.906211 S 40.780175 W 

23 LDDV- 
2024–0418–0009 

PP779930- 
PP779937 

A/S. hirundo/MacaeBR/0177-N/2024 09Feb2024 22.341605 S 41.744273 W 

24 LDDV- 
2024–0418–0010 

PP780171- 
PP780178 

A/T.acuflavidus/BertiogaBR/0291-N/2024 22Feb2024 23.75938611 S 45.906852777 W 

25 LDDV- 
2024–0418–0011 

PP780443- 
PP780450 

A/S. hirundo/PiumaBR/0448-N/2024 02Mar2024 20.838072 S 40.708908 W 

26 LDDV- 
2024–0418–0013 

PP782202- 
PP782209 

A/S. hirundo/SaoFranciscodeItabapoanaBR/0481-R/ 
2024 

02Mar2024 21.321255 S 40.961377 W 

27 LDDV- 
2024–0418–0014 

PP782336- 
PP782343 

A/S. hirundo/Cabo FrioBR/0613-N/2024 09Mar2024 22.5978 S 41.994 W 

28 LDDV- 
2024–0418–0015 

PP785018- 
PP785025 

A/S. hirundo/RiodasOstrasBR/0721-N/2024 15Mar2024 22.5219611111 S 
-41.9440111111 W  
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Fig. 1. Phylogenetic analysis of highly pathogenic avian influenza A(H5N1) from wild birds, poultry, and mammals, Brazil. Maximum-likelihood method was used 
for phylogeny of hemagglutinin H5 sequences from avian influenza viruses in IQ-TREE multicore v.1.6.12. Phylogenetic tree was generated with Geneious Prime® 
2024.0.3 software and edited with iTOL tool (https://itol.embl.de/). Sequences were aligned by using the MAFFT program in the Geneious Prime® 2024.0.3 software 
and editor for the same software. We used the best-fitted evolutionary model based on BIC = Bayesian Information Content models; robustness of tree topology was 
assessed with 1000 bootstrap replicates Green color indicate clustering of strains from Brazil and sequences from this study; “LDDV” indicates the sequences from this 
study. Non–goose/Guangdong lineage virus strains from Eurasia were outgroups. A, B and C shares a most recent common ancestor with viral lineages of Chile, 
Uruguay, and Argentina (2022–2024). With 82–92% bootstrap support values, confirming its closest phylogenetic relatedness with the sequences from 
South American. 
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and with the available sequences, it has been possible to determine that 
the Pacific route seems to be more closely related to the H5N1 cases 
observed in Brazil (Fig. 2). 

Non-synonymous substitutions, also known as missense mutations 
can alter the amino acid sequence of a protein. In the context of avian 
influenza virus, which has a segmented RNA genome, such mutations 
can affect different viral genes, including the HA gene (Smith et al., 
2009). In the sample 6, Guinea fowl (Numida meleagris) from Southern 
Brazil (Santa Catarina state), the hemagglutinin showed high similarity 
to the that encoded by the genome recovered from Uruguay 
A/Black-necked swan/Uruguay/ 014-M3/2023(H5N1). It is worth 
noting that some genetic alterations have been detected in comparison 
with this isolate, with 12 altered aminoacids, reinforcing the importance 
of continuous surveillance in the coming months to closely monitor viral 
evolution in our region. Nonetheless, the changes observed in Brazilian 
samples are not in major antigenic epitopes on hemagglutinin in our 
study. 

Point mutations may have significant implications for the virulence, 
transmissibility, and host specificity of the avian influenza virus. For 
example, mutations in hemagglutinin can lead to changes in the viral 
affinity for host cells, affecting its ability to infect birds or potentially 
adapt to mammals, including humans (Shaw and Palese, 2013). 

A significant obstacle to interspecies transmission is the inability of 
avian-origin viral polymerases to replicate efficiently in mammalian 
cells. Studies have shown that about half of the mammalian viruses from 
the current panzootic contain at least one of three mutations that 
enhance the viral polymerase ability to replicate in mammalian cells 
(Adlhoch et al., 2023). The PB2 subunit is involved in the initial 
mechanism of viral mRNA synthesis during multiplication (Miaomiao 
et al., 2021), and the most frequently observed mutation is PB2-E627K. 
Moreover, when PB2-E627K is absent, the mutations PB2-T271A and 
PB2-D701N are believed to provide similar functionality. Mutation of 
the polymerase complex is crucial for adaptation and transmission to a 
new host (Lagan et al., 2023). 

Agüero et al., 2023 observed that mink viruses in Spain present an 
alanine (A) at position 271 of PB2 (T271A), which increases the poly-
merase activity of influenza A viruses in mammalian and mouse host 
cells. The PB2 mutations E627K and K702R reported by Bordes et al., 
2023 are specifically linked to mammalian host adaptation and 
enhanced transmission. The PB2 D701N mutation (observed in samples 
9, 11, 12, 16 and 18) is associated with increased transmission among 
mammals (Czudai-Matwich et al., 2014), while the Lysine at position 
591 of PB2 (PB2 Q591K), also observed in these same Brazilian samples, 
confers efficient replication to an H5N1 influenza virus in mammals 
(Wang et al., 2016). 

The PB2 d701n and Q591K mutations detection Brazilian samples 9, 
11, 12, 16 and 18 were observed in highly phylogenetically related 
Argentinian samples 29 and 30 (Rimondi et al., 2024), Uruguayan 
sample 35 (Tomáz et al., 2024) and Chilean samples 32 and 33 (Jime-
nez-Bluhm et al., 2022; Castillo et al., 2023). Besides, other two Chilean 
(31) and Uruguayan (34) samples exhibited high phylogenetically 
relatedness with the Brazilian ones. 

The involvement of this species of mammal, South American sea lion 
(Otaria flavescens), observed in Brazilian samples 11 and 12, has already 
been reported in South American countries causing the death of thou-
sands of individuals, such as in Peru, Chile, Argentina, Uruguay, and 
Brazil (Ulloa et al., 2023 and Plaza et al., 2024). Specific mutations in 
PB2 have also been reported to affect mammals alike. The PB2 D701N 
mutation had already been observed in sea lions from Chile and Peru 
(Leguia et al., 2023) and in the case reported in humans in Chile (WHO, 
2023). Nevertheless, it is important to consider that transmission and 
adaptation generally require a consecutive number of mutations that 
allow the virus to become more efficiently infectious for a given species. 

The adaptive mutations in the PA protein of the H5N1 avian influ-
enza virus also contribute to mammalian adaptation. There is a syner-
gistic effect of the PA 224P + 383D of H5N1 avian influenza viruses and 
its ability to enhance the pathogenicity and viral replication in a 
mammalian mouse model (Song et al., 2015). The mutation of PA 224P 

Fig. 1. (continued). 
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Table 2 
Mutational analysis of Brazilian HPAI A/H5N1 viruses (1 to 14). Additional reference sequences used are available through GenBank and GISAID.Sequences A/domestic duck/OHiggins/245741-2/2023 and A/Black- 
necked swan/Uruguay/ 014-M3/2023(H5N1) are the most similar with Brazilian sequences was using a Matriz Distance with Geneious Prime® 2024.0.3 software. The Sequence A/Mink/Spain/3691-8_22VIR10586- 
10/2022 was illustration a mutation T271A no observed in Brazilian sequences. Mutations PB2 Q591K and D701N has been previously linked to mammalian host adaptation and enhanced transmission was 
observed in Brazilian sequences. Mutations PA M86I and D26K, reported in recently human case in Chile was observed in Brazilian sequences. n.a: not available.     

PB2 PB1 PB1- 
F2 

PA NA NS1     

T271A  Q591K  E627K  D701N  K702R  L378M 
N66S M86I 224P 383D  

H275Y 
N295S T438I D26K 

1 LDDV- 
2023–0389–0002 

A/Thalasseus cuflavidus/EspiritoSanto/1339-N2/2023 T Q E D K M S M S D H N T E 

2 LDDV- 
2023–0787–0001 

A/Megascops choliba/Serra/1409-N/2023 T Q E D K M S M S D H N T E 

3 LDDV- 
2023–0510–0002 

A/Fregata magnificens/RJ/1532-N/2023 T Q E D K M S M S D H N T E 

4 LDDV- 
2023–0787–0002 

A/Thalasseus maximus/Ubatuba/1546-N/2023 T Q E D K M S M S D H N T E 

5 LDDV- 
2023–0787–0004 

A/Thalasseus maximus/Itapoa/1941-N/2023 T Q E D K M S M S D H N T E 

6 LDDV- 
2023–0787–0005 

A/Numida meleagris/Maracaja/1843-N3/2023 T Q E D K M S M S D H N T E 

7 LDDV- 
2023–0787–0006 

A/Thalasseus maximus/Antonina/1775-N/2023 T Q E D K M S M S D H N T E 

8 LDDV- 
2023–0787–0007 

A/Buteogallus urubitinga/Itapemirim/1630-SC/2023 T Q E D K M S M S D H N T E 

9 LDDV- 
2023–0807–0001 

A/Gallus gallus/Bonito/2108-SN52/2023 T K E N K M S I S D H N T K 

10 LDDV- 
2023–0807–0003 

A/Sula leucogaster/Sao Francisco do Sul/2122-N/2023 T Q E D K M S M S D H N T E 

11 LDDV- 
2023–0807–0004 

A/Otaria flavescens/RioGrande/2148-N/2023 T K E N K M S I S D H N T K 

12 LDDV- 
2023–0807–0005 

A/Otaria flavescens/Torres/2165-SO/2023 T K E N K M S I S D H N T K 

13 LDDV- 
2024–0001–0001 

A/S. hirundo/EspiritoSanto/1455-N/2023 T Q E D K M S M S D H N T E 

14 LDDV- 
2024–0001–0005 

A/Thalasseus maximus/RioGrandeSul/2177-N/2023 T Q E D K M S M S D H N T E 

15 LDDV- 
2024–0418–0001 

A/P. dominica/BertiogaBR/2252-N/20,239 T Q E D K M S M S D H N T E 

16 LDDV- 
2024–0418–0002 

A/Procellaria aequinoctialis/SaoSebastiaoBR/2259-N/ 
2023 

T K E N K M S I S D H N T K 

17 LDDV- 
2024–0418–0003 

A/S. hirundo/PenhaBR/2261-N/2023 T Q E D K M S M S D H N T E 

18 LDDV- 
2024–0418–0004 

A/Procellaria aequinoctialis/UbatubaBR/2271-N/2023 T K E N K M S I S D H N T K 

19 LDDV- 
2024–0418–0005 

A/Thalasseus acuflavidus/MatinhosBR/2277-N/2023 T Q E D K M S M S D H N T E 

20 LDDV- 
2024–0418–0006 

A/Thalasseus acuflavidus/IlhaCompridaBR/2280-N/2023 T Q E D K M S M S D H N T E 

21 LDDV- 
2024–0418–0007 

A/Thalasseus maximus/PraiaGrandeBR/2339-N/2023 T Q E D K M S M S D H N T E 

22 LDDV- 
2024–0418–0008 

A/S. hirundo/ItapemirimBR/0155-N/2024 T Q E D K M S M S D H N T E 

23 LDDV- 
2024–0418–0009 

A/S. hirundo/MacaeBR/0177-N/2024 T Q E D K M S M S D H N T E 

24 LDDV- 
2024–0418–0010 

A/Thalasseus acuflavidus/BertiogaBR/0291-N/2024 T Q E D K M S M S D H N T E 

(continued on next page) 
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+ 383D was not identified in the Brazilian samples, but the mutation of 
PA 383D was clearly detected. This mutation is highly conserved in 
avian influenza viruses, increases the polymerase activity in both avian 
and human cells, may have roles in maintaining the avian influenza 
virus in their avian reservoirs, and may also jump species to infect 
humans (Song et al., 2015). 

All Brazilian samples with available PB1-F2 sequence exhibit the PB1 
N66S mutation (Table 2), which is associated with increased virulence 
in human infections with H5N1 (Conenello et al., 2007). 

The confirmed human case of HPAI H5N1 in Chile in 2023 illustrates 
the risk to humans. In this instance, high environmental exposure 
significantly increased the threat to humans, as there were many dead 
wild animals near the residence of the affected individual. This was 
demonstrated by the fact that the sequenced virus from the patient was 
identical to the strains found in local wild birds. (WHO, 2023). Indeed, 
the PB2 D701N and PA M86I mutations in the Brazilian samples 9, 11, 
12, 16 and 18 were also reported in the human case in Chile. 

Two additional mutations (PA M861I and NS1 D26K) in the same sea 
lion samples (11 and 12), one domestic chicken (9), and two white- 
chinned petrels (16 and 18) were also identified. The same mutations 
in sea lions were reported by Leguia et al. (2023), and in the human case 
from Chile (WHO, 2023). This may indicate the possibility that the virus 
may be adapting to the mammalian host. If viruses more adapted to 
mammals are circulating again in wild birds and possibly infecting do-
mestic birds, this fact demonstrates great concern for industrial poultry 
farms to maintain adequate biosecurity to prevent the entry of HPAI 
H5N1 into commercial flocks. 

The protein products from the M (M1 and M2) genes lacked markers 
associated with mammalian adaptation (CDC, 2024). Although it was 
not detected any alteration in HA of Brazilian samples that would 
possibly indicate an evolutionary adaptation to mammals, those samples 
had acquired substitutions in PB2 that probably would increase the 
replication in mammal cells, illustrating that we need to remain vigilant 
and continuously characterize zoonotic viruses. 

Neuraminidase inhibitors (such as oseltamivir, zanamivir, and per-
amivir) are an important class of drugs used in the treatment of influ-
enza. They act by inhibiting the activity of neuraminidase, an enzyme 
that is present on the surface of the influenza virus and is essential for 
the release of new viral particles from infected cells. By interrupting this 
process, NAIs help to reduce the spread of the virus in the body, and, 
thus, reducing the severity and duration of flu symptoms (Chan and Hui, 
2023). 

Earhart et al., 2009 reported the NA N294S mutation (N295S ac-
cording to N1 numbering) in A(H5N1) virus from two human patients 
previously associated with resistance to oseltamivir, and that was indeed 
one of the first reports associated with this type of resistance. Kobayashi 
et al., 2017 also reported mutations in neuraminidase in mice infected 
with the H5N1 virus, containing the NA H275Y mutation. Antiviral 
activity of peramivir against this variant was lower when compared with 
H5N1 virus without the mutation. Furthermore, the NA substitution 
T438I in A(H5N1) clade 2.3.4.4b leads to reduced inhibition by zana-
mivir and peramivir, but not oseltamivir, which continues to be detected 
all around the world (WHO, 2024). 

In the Brazilian samples, no mutations related to NAIs in the hot 
spots NA N295S, NA H275Y, and NA T438I were detected. These results 
demonstrate an indication to continue the use of antivirals such as 
oseltamivir, peramivir and zanamivir in people infected with strains of 
HPAI A(H5N1) (Earhart et al., 2009; Kobayashi et al., 2017). Nonethe-
less, it is extremely important the continuous genomic surveillance to 
detect and inform potential antiviral resistance risks to H5N1 viruses, 
given the possible exposure to the human population. 

5. Conclusion 

Our phylogeographic analysis showed more one evidence that H5N1 
was transmitted to the USA from Europe and Asia, and from the USA to Ta
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South America via Pacific route. It is well known that the circulating 
H5N1 viruses are reassortants of viruses from different origins, and these 
events must continue in South America. The Pacific route seems to be 
more closely related to the H5N1 cases observed in Brazil, and other bird 
populations, mainly composed of non-migratory or vagrant species, may 
act as steppingstones and can indeed transmit the virus between 
different routes and regions inside the continent. 

We have identified common mutations in avian and human influenza 
viruses PA 383D and PB1-F2 N66S, respectively. Other more important 
mutations were detected in one domestic chicken, two South American 
sea lion, and two /White-chinned petrel that relation with adaptative 
mammals, such as Q591K and D701N. Additionally, the same mutations 
(PA M86I and D26K) was also recently reported for a human case in 
Chile. 

The presence of previously reported mutations may have public 
health implications because of their associations with increased viru-
lence, viral replication, and mammal host adaptation. Furthermore, 
HPAI H5N1 has already caused outbreaks in commercial and backyard 
poultry with spillover resulting in sporadic infections in mammals. 

Therefore, continuous genomic surveillance is needed to identify 
markers associated with mammal adaptation and potential human-to- 
human transmission, provide data to drive public health measures, 
avoid mass animal deaths, and protect human populations. 
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Hoffmann, D., Lerolle, S., Li, X., Abd, El-Hamid, H.S., Veits, J., Breithaupt, A., 
Boons, G.J., Matrosovich, M., Finke, S., Pleschka, S., Mettenleiter, T.C., de Vries, R. 
P., Abdelwhab, E.M., 2023. Phenotypic effects of mutations observed in the 
neuraminidase of human origin H5N1 influenza A viruses. PLoS Pathog. 19 (2), 
e1011135 https://doi.org/10.1371/journal.ppat.1011135. Feb 6.  

Shaw, M.L., Palese, P., 2013. Orthomyxoviridae: the viruses and their replication. Fields 
Virology, 5ª Edição DM Knipe e PM Howley, Editores. 2006. Lippencott Williams e 
Wilkins, Filadélfia, pp. 1691–1740. ISBN-10: 0-7817-6060-7.  

Shi, J., Zeng, X., Cui, P., Yan, C., Chen, H., 2023. Alarming situation of emerging H5 and 
H7 avian influenza and effective control strategies. Emerg. Microb. Infect. 12, 
2155072 https://doi.org/10.1080/22221751.2022.2155072. 
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