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ABSTRACT

Highly pathogenic influenza A virus (HPIAV) H5N1 within the genetic clade 2.3.4.4b has emerged in wild birds
in different regions of the world, leading to the death of >70 million birds. When these strains spread to pinniped
species a remarkable mortality has also been observed. A detailed genetic characterization of HPIAV isolated
from pinnipeds is essential to understand the potential spread of these viruses to other mammalian species,
including humans. To gain insight into these matters a detailed phylogenetic analysis of HPIAV H5N1 2.3.4.4b
strains isolated from pinniped species was performed. The results of these studies revealed multiple transmission
events from birds to pinnipeds in all world regions. Different evolutionary histories of different genes of HPIAV
H5N1 2.3.4.4b strains gave rise to the viruses infecting pinnipeds in different regions of the world. European
strains isolated from pinnipeds represent a completely different genetic lineage from strains isolated from South
American ones. All strains isolated from pinnipeds bear characteristics of a highly pathogenic form for of avian
influenza in poultry. Amino acid substitutions, previously shown to confer an adaptive advantage for infecting

mammals, were observed in different genes in all pinniped species studied.

1. Introduction

Influenza A viruses (IAVs) are negative sense, single-stranded RNA
viruses belonging to the family Orthomyxoviridae. IAV genomes
comprise eight genomic RNA segments that encode for at least twelve
viral proteins (Neumann et al., 2004).

Viral nomenclature is based on combinations of the two surface
glycoproteins of the virus, hemagglutinin (HA) and neuraminidase (NA).
Nineteen HA (H1-H19) and nine NA (N1-N9) subtypes are currently
circulating in wild aquatic birds (Suttie et al., 2019). Avian Influenza A
viruses (AIVs) are sporadically transmitted from waterfowl to domestic
avian species. These viruses typically circulate in poultry flocks as low
pathogenicity avian influenza virus (LPAIV), causing little to no
apparent illness; however, some subtypes, such as H5 and H7, have the
potential to mutate into high pathogenicity avian influenza virus
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(HPAIV) which can cause high mortality rates in domestic avian species
(Kaplan and Webby, 2013). Since the 1990s, AIV H5 strains have shown
a distinct evolutionary pattern by accumulating mutations and reas-
sortment with other AIV subtypes and have evolved into 10 genetic
clades (0-9) and several subclades based on the phylogenetic analysis of
its HA gene segment (Sonnberg et al., 2013). In late 2020, HPAIV H5N1
within clade 2.3.4.4b emerged in wild birds and were detected in Africa,
Asia, Europe and the Americas, leading to the death of over 70 million
birds (Ouoba et al., 2022; Nagy et al., 2022; Cui et al., 2022; Bruno et al.,
2023. These H5N1 2.3.4.4b viruses have recently spread to other host
species, including wild mammals, raising concern about virus adapta-
tion for persistent transmission in mammalian hosts (EFSA et al., 2022).
Recently, HPIAV H5N1 2.3.4.4b strains spread to marine mammal
populations of Europe, North and South America (Puryear et al., 2023;
Mirolo et al., 2023; Rimondi et al., 2024), where a remarkable and
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significant cases surge (Leguia et al., 2023) as well as mortality was
found (Ulloa et al., 2023). The virus reached South America in October
2022 and rapidly spread southwards through the Pacific Ocean (OFFLU,
2023; Plaza et al., 2024). It arrived to Uruguay at the end of August
2023, causing a great mortality (>2700 animals) of both, South Amer-
ican sea lions and South American fur seals.

In this study, we tested 18 wild dead marine mammals collected from
the Uruguayan Atlantic coast in late 2023 for Influenza A virus (IAV), an
obtained complete genome sequences from all segments of IAV from a
sea lion (Otaria flavescens), and confirmed the presence of HPIAV H5N1
2.3.4.4b viruses in this sample. A detailed genetic characterization of
HPIAV H5N1 2.3.4.b isolated from pinnipeds in all regions of the world
will be critical to understand the potential spread of these viruses to
other mammalian species, including humans.

In order to understand the evolution, adaptation and pandemic po-
tential of HPIAV H5N1 2.3.4.4b strains in pinnipeds worldwide a
detailed phylogenetic analysis was performed.

2. Materials and methods
2.1. Sample collection

On November 23th, 2023, 18 fresh oropharyngeal and cloacal swabs
were obtained from wild dead marine mammals of varying species from
the Uruguayan coast. The samples were placed in transport media
composed of phosphate-buffered saline (PBS, pH 7.4) supplemented
with 100 U/pL of penicillin and 100 U/pL of streptomycin and imme-
diately shipped at 4 C to the laboratory for further analysis. Once
arrived, total RNA was extracted from the samples were stored at -80 C.

2.2. RNA extraction

QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) was used for
total RNA extraction from samples, following the manufacturer’s
directions.

2.3. Molecular detection of avian influenza virus

5 pl of extracted ARN was first used to screen for IAV by quantitative
reverse transcription polymerase chain reaction (QRT-PCR) for the M
gene (Spackman et al., 2002). Each 20 pl was set up in 0.1 ml MicroAmp
Fast PCR tubes with 1X TagMan Fast Virus 1-Step Master Mix (Life
Technologies, USA), 10 pmol of each primer, and 5 pmol of the probe.
All M gene-positive samples were then tested by qRT-PCR for the H5
(Wang et al., 2002), with the same reaction setup used for the M gene.
PCRs were performed on a QuantStudio™ 5 Real-Time PCR thermo-
cycler (Applied Biosystems Inc., USA).

2.4. Full genome amplification and sequence of IAV

Positive samples for the M gene were amplified using one-step RT-
PCR with two sets of primers that recognize the conserved 3' and 5'
segment ends to simultaneously amplify all influenza genomic segments
(available at: www.dx.doi.org/10.17504/protocols.io.n2bvj655wlk5/
vl).

2.5. Sequencing of amplified PCR products

Sequencing of the amplified segments was performed according to
Williams et al. (2023). Libraries were loaded into a FLO-MIN106D
R9.4.1 flowcell and sequenced on the GridION X5 sequencing plat-
form (ONT). Base calling and demultiplexing were performed with
Guppy 6.3.9 (Oxford Nanopore Technologies, 2003a) using the super
accuracy mode. Consensus genomes were generated using the Epi2Me
workflow for Flu (Oxford Nanopore Technologies, 2003b) with default
parameters.
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Complete, high quality nucleotide sequences from HA, NA, M, PB1,
NP, NS1 IAV genome segments obtained in this work were deposited in
GISAID (EPLISL_19354810). Genome sequences for PA and PB2 seg-
ments, in which stretches of N were found, can be found under the same
accession number.

2.6. Sequences used in the analyses

The Global Initiative on Sharing Avian Influenza Data (GISAID)
database was used throughout these studies. Available and comparable
sequences of 57 HPIAV H5N1 2.3.4.4b strains isolated from pinnipeds in
Europe, North- and South America, as well as Antarctica were used
throughout these studies (representing the 85 % of strains isolated from
pinnipeds for whom the complete segments genome sequences were
known and available in GISAID database). For comparison purposes 72
HPIAV H5N1 isolated from birds and 2 from otters from these same
regions were also obtained from GISAID. Only available strains for
whom complete HA, NA, M, NP, PA, PB1, PB2 and NS1 gene sequences
are known, were used throughout these studies. For strains names, date
of isolation, host and accession numbers, see Supplementary Material
Table 1 (for originating, submitting laboratories and authors of the se-
quences see Supplementary Material Table 2). Assignment to H5
2.3.4.4b genetic clade was done using FluSurver (available at http://
flusurver.bii.a-star.edu.sg). All strains used throughout these studies
were assigned to 2.3.4.4b clade.

2.7. Sequence alignment

Sequences were aligned using MAFFT version 7 program (Katoh
et al., 2019). Only the coding regions of each segment were included in
the alignment.

2.8. Bayesian Markov chain Monte Carlo analysis

Population dynamics and structure can influence the shape of a
phylogenetic tree depicting the population history of an RNA virus
population (Pannell, 2003). For these reasons, a structured coalescent
model was used in the Bayesian Markov Chain Monte Carlo (MCMC)
analyses of this work as implemented in the BEAST package v.2.5.2
(Bouckaert et al., 2019). This model is capable of overcoming bias in the
inference of the genealogy obtained in the analyses and represent a
suitable approach in the study of IAV populations (Vaughan et al.,
2014). The best nucleotide evolutionary model was determined using
jModelTest 2 software (Darriba et al., 2012) from the IQ-TREE web
server (Trifinopoulos et al., 2016). Statistical uncertainty in the data was
reflected by the 95 % highest probability density (HPD) values. Results
were examined using the TRACER v1.6 program (available at:
http://beast.bio.ed.ac.uk/Tracer). Convergence was assessed by effec-
tive sample sizes (ESS) above 200. Maximum clade credibility trees were
generated by means of the use of the Tree Annotator program from the
BEAST package. Visualization of the annotated trees were done using
the FigTree program v1.4.2 (available at: http://tree.bio.ed.ac.uk).

2.9. Genotypes

Genotypes were classified using the eight segments of each assigned
sample according to the scheme described in Youk et al. (2023) and
confirmed by phylogenetic analysis (see Supplementary Material Fig. 1).
HPIAV H5N1 2.3.4.4b strains isolated from pinnipeds in Europe belongs
to genotype A3, while strains isolated in the East of North America
belong to genotype A2. Strains isolated in the West of North America as
well as strains isolated in South America belong to genotype B3.2 (for
constellations found, see Supplementary Material Table 3).
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Table 1

Key amino acid analysis of HPIA HS5N1 2.3.4.4b strains isolated from different species and regions.
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HA receptor binding domain NS1 NP Ml PB1-F2 PB2

Pinniped HPIA HA NA stalk o -

Species Region 133 154 222 224 cleavage site deletion 42 149 205 52 3043215 66 627 701 714
Otaria flavescens/byronia South America A N Q G YES NO S A S Y DMA S E N S
Arctocephalus australis ~ South America A N Q G YES NO S A S Y DMA S E N S
Arctocephalus gazella  Antarctica A N Q G YES NO S A S Y DMA S E D S
Mirounga leonine Antarctica A N Q G YES NO S A S Y DMA 1} E D S
Phoca vitulina North America (West) A N Q G YES NO S A S Y DMA S E D S
Phoca vitulina North America (East) A N Q G YES NO S A S H DMA S E D S
Phoca vitulina Europe (Scotland) A N Q G YES NO S A S H DMA S K D S
Halichoerus grypus Europe (Netherlands) A N Q G YES NO S A S H-YD M A S E D S

HA receptor binding domain NS1 NP Ml PBI1-F2 PB2

Avian HPIA HA NA stalk o -

Species Region 133 154 222 224 cleavage site deletion 42 149 205 52 3043215 66 627 701 714
Calidris alba South America A N Q G YES NO S A S Y DMA S E N S
Sterna hirundinacea South America A N Q G YES NO S A S Y DMA S E N S
Anas platyrhynchos South America A N Q G YES NO S A S Y DMA S E D N
Fregata magnificens South America A N Q G YES NO S A S Y DMA S E D S
Stercorarius antarcticus  Antarctica A N Q G YES NO S A S Y DMA S E D S
Sterna lorata South America A N Q G YES NO S A S Y DMA S E D S
Falco peregrinus Europe A N Q G YES NO S A S N DMA S E D S
Buteo buteo Europe A N Q G YES NO S A S N DMA S E D S
Uria aalge Europe A N Q G YES NO S A S N DMA S E D S
Platalea leucorodia Europe A N Q G YES NO S A S N DMA S E D S
Larus hyperboreus North America (west) A N Q G YES NO S A S Y DMA S E D S
Anser anser North America (west) A N Q G YES NO S A S Y DMA S E D S
Branta canadensis North America (west) A N Q G YES NO S A S Y DMA S E D S
Hydroprogne caspia North America (west) A N Q G YES NO S A S Y DM A S E D S
Somateria mollissima North America (east) A N Q G YES NO S A S H DMA S E D S
Larus marinus North America (east) A N Q G YES NO S A S H DMA S E D S
Larus argentatus North America (east) A N Q G YES NO S A S H D MA S E D S
Sterna hirundo North America (east) A N Q G YES NO S A S H DMA S E D S

¢ Aminoacid substitutions in relation to Otaria flavescens (strain A/Seal/Uruguay/H5/2023) are highlighted in yellow. For strains included in this analysis see Supplementary Material Table 1.

Table 2
Amino acid polymorphisms found in HPIA H5N1 strains isolated from birds in different regions of the world in relation to A/Seal/Uruguay/H5/2023.

Strain HA NA Ml M2
104 115 210 540 6 8 10 269 287 339 369 395 405 55 85 87 101 200 27 30
A/Seal/Uruguay/H5/2023 M Q A \' K T I M D P S E T L N T R \ \' A
European birds L L v 1 RIT L E S S-I A T M N N K A v A
South American birds M Q v \Y% K TI M D P S E S L S T R v \% A
North American birds (West) M Q A \% K TI1 L D P S E S L N N R \% \% A
North American birds (East) M L T v K TI1I L D S S E S L N N R A% 1 A
PA PB2 NP NS
20 57 61 85 96 608 795 592 702 52 119 230 353 450 21 76 87 116 171 223 226
A/Seal/Uruguay/H5/2023 T Q M A 1 N S Q D Y 1 L V. N Q A P S D E T
European birds A T 1 T M T S Q D N I F L S R T S C SN A 1
South American birds A T M A M S S Q D Y 1 L V N R A P S D E 1
North American birds (West) A T M A M N S Q D Y 1 F V N R A P C D E I
North American birds (East) A T M A M S G Q D H I F I S R A S C D A I
PB1
59 104 172 176 264 375 378 399 429 480 515 527 660 694 738
A/Seal/Uruguay/H5/2023 S E E K D S M D R K A \% \% N E
European birds T E D K E N L G K K N I v S E
South American birds S E E K D S M D R K N \% \% N E
North American birds (West) S-T E D-S K-T D-E S-N L G R-K K S \% \% N E
North American birds (East) T G D T E N L G K R S \% 1 G G

! Substitutions with respect to A/Seal/Uruguay/H5/2023 are shown in bold and highlighted in yellow. Only polymorphisms higher than 50 % are shown. North American birds West and
East refer to strains isolated in Washington and Maine states of the USA, respectively. For strains enrolled in these studies, see Supplementary Material Table 1.
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Fig. 1. Bayesian MCMC phylogenetic tree analysis of HA and NA genes from HPIAV H5N1 2.3.4.4b strains. Maximum clade credibility trees are shown. Trees are
rooted to the Most Recent Common Ancestor (MRCA). Time to the MRCA is shown in years at the bottom of the figure. Bar at the bottom of the trees denote time in
years. Strains in the trees are shown by name followed by date of isolation. Clusters of strains isolated in Europe, North and South America are shown in red, green
and blue, respectively. Node bars indicate the 95 % credibility values of the node heights. Strains isolated from birds are shown in black, while strains isolated from
seals are shown in magenta. Strains isolated from otters are indicated by an arrow in magenta in both phylogenetic trees.

2.10. In silico translation

In order to observe the amino acid substitutions found in the proteins
of the strains included in these analyses, the nucleotide sequences of
each genome segment were translated in silico using software from the
MEGA 11 program (Tamura et al., 2021).

3. Results

3.1. HPIAV H5N1 2.3.4.4b circulates in sea lions (Otaria flavescens) of
Uruguay by the end of 2023

The analysis of 18 swabs samples obtained from dead sea lions in the
Atlantic coast of Uruguay by November 23, 2023, revealed one positive
sample for IAV. RNA samples from this specimen were directly amplified
by PCR and the sequences were obtained as described in Materials &
Methods section, without previous passage in cell cultures. Further
analysis revealed that this IAV strain was a H5N1 2.3.4.4b strain. Full-
genome IAV genome sequences were obtained from this sample and
included in the phylogenetic analyses performed in these studies.

3.2. Phylogeographic analysis of HPIAV H5N1 2.3.4.4b genes circulating
in birds and pinnipeds

HPIAV strains isolated from pinnipeds (for whom the complete gene
sequences of the 8 IAV segments are known) have been isolated in
Europe, North and South America. In order to study the degree of ge-
netic variability and evolution of HPIAV in pinnipeds, a structured
coalescent Bayesian MCMC analysis of all gene segments of strains iso-
lated from seals and sea lions of these three regions of the world, as well

as comparable gene sequences isolated from birds in these regions was
performed.

First, an analysis of virion surface HA and NA genes was performed
(see Fig. 1). In both cases, strains in the trees are assigned to different
clades according to their region of isolation (Europe, North and South
America). HA and NA genes from strains isolated from birds and pin-
nipeds from the same region share a closer genetic relation among
themselves and a more distant genetic relation with birds and pinnipeds
of the other geographic regions analyzed (see Fig. 1). Interestingly,
although all isolates included in these studies belong to 2.3.4.4b HPIAV
clade, strains isolated from pinnipeds belong to different genetic line-
ages, even in the same geographic location, revealing multiple events of
spillover to pinniped populations by different HPIAV strains (see Fig. 1,
HA and NA trees). Strains isolated from otters in Europe share the same
nodes with European strains isolated from seals (see Fig. 1, HA and NA
trees).

Then, the analysis of polymerase genes PB2 and PB1 revealed a
completely different situation, where strains isolated from North
American seals belong to two different genetic lineages (Fig. 2). Strains
isolated in Maine (USA) have a closely related genetic relationship with
strains isolated in Europe, while strains isolated in Washington are
closely related to strains isolated in South America (see Fig. 2). More-
over, two different European genetic lineages have been found to
circulate in European seals in these two genes (Fig. 2). Interestingly,
strains isolated from otters in Scotland map in the same genetic lineage
than strains isolated from Scottish seals. In the case of the polymerase PA
gene, different genetic lineages are observed for strains isolated in
Europe, one strictly composed of strains isolated from birds, while
others were found composed of strains circulating in birds and seals
(Fig. 2). These reveals that different PA genes were circulating in the
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Fig. 2. Bayesian MCMC phylogenetic tree analysis of PB2, PB1 and PA genes from HPIAV H5N1 2.3.4.4b strains. Maximum clade credibility trees are shown. North
American clusters where strains isolated from seals were found are indicated by green arrows in PB2 and PB1 trees. Red arrow in the PA tree indicates a clade of
strains only isolated from birds, while clades conformed by strains isolated from birds, seals and otters in Europe are indicated by orange arrows. Strains isolated from
otters in Scotland are indicated by black arrows. The rest as same as Fig. 1.

bird population of Europe, but not all of them were passed to the seal (Fig. 3).
populations (Fig. 2). The results of these studies revealed a different evolutionary history

The phylogenetic analysis of the M gene revealed that strains cluster of different genes in HPIAV H5N1 2.3.4.4b strains included in these
according to their geographic location of isolation (Fig. 3), as was studies.
observed in HA and NA genes. In the case of NP and NS genes, strains
isolated from seals in North America can be assigned to two completely 3.3. Genetic characterization of HPIAV H5N1 2.3.4.4b isolated from
different genetic lineages as previously observed for PB2 and PB1 genes pinnipeds
(Fig. 3). Moreover, the analysis of NS1 gene revealed that strains iso-

lated in Europe can be divided in two different clusters, one containing Since the phylogenetic analysis of HPIAV isolated from pinnipeds
only strains 1'solated from birds and another c01.1formed by strains iso- revealed that multiple genetic lineages coexist in time and in different
lated from birds, seals and otters, as observed in the case of PA gene geographic regions, it is important to study the genetic characteristics of
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those strains in order to understand the pandemic potential and the
spread among different mammal hosts. To gain insight into the main
genetic characteristics of HPIAV strains isolated from pinnipeds, a
detailed analysis of key amino acid substitutions was done for HA, NA,
M1, M2, NP, PA, PB1, PB2, NS1, and NS2/NEP genes of these strains.

The HA genes from all HPIAV strains isolated from pinnipeds and
included in these studies bear multiple basic amino acids at their
cleavage site (PLREKRRKR/GLF) (Table 1), characteristic of a high
pathogenicity avian influenza virus (Isoda et al., 2022). Substitutions in
the HA protein, which have been proven to increase in vitro binding to
human-type receptor (i.e. S133A and S154N), have been also identified
in almost all strains isolated from pinnipeds from seven different
pinniped species (Table 1) (EFSA, 2024). On the other hand, amino acids
Q222 and G224 also belonging to the receptor binding site have been
found in all strains isolated from pinnipeds species (Table 1). These two
sites have been shown to have an avian-like 2,3-sialic acid receptor
binding preference (Mosaad et al., 2023). These substitutions were also
present in all strains isolated from different avian species circulating in
different continents of the world and included in these studies (Table 1).

All the NA sequences of HPIAV strains isolated from pinnipeds and
avian species used in these studies were found without amino acid de-
letions in the NA stalk region (Table 1). This deletion has been previ-
ously associated to the high pathogenicity of HS5SN1 strains in ducks (Li
et al., 2014).

Another important factor to consider is the potential of the H5N1
2.3.4.4b clade viruses to overcome the human/mammal antiviral
response. In this regard, it has been

Previous studies have found that certain 2.3.4.4b clade viruses pre-
sent a substitution in position 52 of NP (Y52/N/H) that allows the
evasion of the antiviral activity of the human butyrophilin subfamily 3
member A3 (BTN3A3) protein (EFSA, 2024). This substitution was not
found in strains isolated from pinnipeds from the west of North America,
South America or Antarctica. Nevertheless, a substitution 52 in NP
(Y52H) has been found in strains isolated from pinnipeds in Europe and
the east of North America (Maine, USA) (Table 1).

Substitutions related to host adaptation in M protein, like N30D,
143M, T215A, which has been shown to increase the virulence of A/
H5N1 subtype in mice and ducks were found in all strains isolated from
pinnipeds (Nao et al., 2015; S. Fan et al., 2009) (see Table 1). In addi-
tion, a substitution in position 66 in accessory protein PB1-F2 (produced
from a + 1 alternate reading frame of PB1 protein), also shown to in-
crease virulence in A/H5N1 viruses in mice but not ducks, has been
found in all strains isolated from pinnipeds (Schmolke et al., 2011)
(Table 1).

Substitution D701N in the PB2 protein is known to play a prominent
role in the adaptation of avian influenza A viruses to mammalian host.
This substitution led to an increase in polymerase activity and replica-
tion efficiency in mammalian cells and in mouse pathogenicity
(Czudai-Matwich et al., 2014). Interestingly, this substitution was found
in pinniped species from South America, but not in pinnipeds isolated
elsewhere (Table 1). A more in-depth analysis of the 229 available and
comparable sequences from PB2 genes from strains isolated in the avian
population of South America revealed that only 8 isolates have this
substitution. This result suggest that they represented minor variants
circulating in the avian population of South America (see Supplemen-
tary Material File 1). On the other hand, previous studies have shown
that substitution E627K in PB2 increase viral polymerase activity in
mammalian cells and is accompanied by improved viral replication at
low temperatures (Hatta et al., 2007; Massin et al., 2001). This substi-
tution was only found in strains isolated from pinnipeds in Scotland.

NS segment encodes for at least two proteins, NS1 and NS2 (now
known as Nuclear Export Protein, NEP). NS1 protein performs multiple
functions that affect IAV replication and virulence (Marc, 2014). In
addition to NS1, viral segment 8 encodes a 121 amino acid polypeptide
from a spliced form of the segment mRNA transcript (NEP) which is
involved in mediating the export of viral ribonucleoproteins (VRNPs)
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from the host cell nucleus and ensuring that the viral genomic segments
are available for packaging on the cellular periphery (Paterson and
Fodor, 2012).

Substitutions in NS1 decreasing the host antiviral response in
chickens, ferrets, or mice, at positions 42, 149 and 205 have been found
in all strains isolated from pinnipeds (Table 1) (Jiao et al., 2008; Imai
et al., 2010). Previous studies have shown that a substitution in position
16 of NEP (M16I) leads to an enhancement of avian polymerase activity
in mammalian cells (Manz et al., 2012). This substitution was not found
in all seven pinniped species studied (not shown). Recent studies
revealed that NEP harbors a highly conserved SUMO-interacting motif
(SIM). Disruption of the integrity of this SIM in NEP has deleterious
effects on the replication and pathogenicity of AIVs in mammalian hosts,
but not in avian hosts (Sun et al., 2023). Notably, SIM wild type motif
(LLEVE) is highly conserved in avian isolates of H1-H16 IAVs. This motif
was found in all strains isolated from pinnipeds (not shown).

While this work was in process, HPIAV H5N1 2.3.4.4b strains iso-
lated from other three pinniped species is South America and Antarctica.
This permitted to compare the substitutions found in key amino acids of
these three species with the other pinniped species included in these
studies (Table 1). Most of the amino acid substitutions were shared by all
pinniped species isolated in South America and Antarctica, with the
exception of the substitutions found in PB1-F2 and PB2 in strains iso-
lated from pinnipeds in Antarctica (Table 1).

In order to observe if key amino acid substitutions found in pinniped
species were previously circulating in the avian population, the sub-
stitutions found in strains isolated from pinniped species were compared
with strains isolated from avian species in Europe, North and South
America and Antarctica. The results of these studies revealed that the
majority of the key amino acid substitutions were already circulating in
the avian population of the different regions studied. These results
revealed that HPIAV have evolved to acquire these substitutions in the
avian population previous to expand in the pinniped species. Never-
theless, an analysis of amino acid substitutions found in the genome of
strains isolated from avian species from Europe, North- and South
America and Antarctica in relation to the genome of strain isolated from
pinniped Otaria flavescens (A/Seal/Uruguay/H5/2023) revealed that
although the pinniped specie share most of the sites with avian species
isolated in South America, they are not identical, revealing that HPIAV
strains continue to evolve in the seal population (see Table 2).

4. Discussion

There is an increasing concern of a new epidemic or pandemic in
environments where IAV evolve and spread, since new strains may carry
mutations of mammalian adaptation, show enhanced polymerase ac-
tivity and replication in these species, increased virulence, increased
binding to human-like receptors, as well as evasion of immune response
(EFSA, 2024). For these reasons, a detailed genetic characterization of
HPIAV H5NI1 strains isolated in marine mammals like pinnipeds is
mandatory to understand its emergence, spread, evolution and
pandemic potential.

HPAIV H5 clade 2.3.4.4b infection of mammals was reported in 2021
and 2022 during the ongoing epizootic in birds in Eurasia and the
Americas (Puryear et al., 2023). More recently, H5N1 clade 2.3.4.4b
infection was confirmed in grey seals (Halichoerus grypus) from coastal
waters of the Netherlands and Germany (Mirolo et al., 2023) while an
unusual mass mortality events caused by epizootics of HPAIV H5N1
infection have been reported in harbor seals (Phoca vitulina) in North
America (Puryear et al., 2023; Lair et al., 2024). By the beginning of
2023, HPIAV H5N1 of the clade 2.3.4.4b were detected in marine
mammals of South America, caused the death of thousands of South
American sea lions (Otaria flavescens/byronia) (Plaza et al., 2024) and a
catastrophic mortality of southern elephant seals (Mirounga leonina) in
Argentina (Campagna et al., 2024). The results of these studies revealed
multiple events of transmission from birds to pinnipeds in all regions of
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the world and the capacity of different HPAIV H5N1 2.3.4.4b strains
circulating in different regions of the world to infect as well as cause
mortality in the seven different pinnipeds species studied (see Fig. 1 and
Table 1).

Different evolutionary history of different genes of HPAIV H5N1
2.3.4.4b strains gave rise to the viruses infecting pinnipeds in different
regions of the world. European strains isolated from seals constitute a
completely different genetic lineage from strains isolated in South
America in all genes (see Figs. 1 to 3). North American strains isolated
from seals share a close genetic relation with South American strains in
surface genes HA and NA, as well as in the M and PA genes. Neverthe-
less, internal genes like PB2, PB1, NP as well as NS1 gene revealed that
two different genetic lineages gave rise to strains isolated in North
America: strains isolated from pinnipeds in Maine (who share a close
genetic relation with strains isolated from European pinnipeds) and
strains isolated from pinnipeds in Washington (who share a close genetic
relation with strains isolated in South American pinnipeds) (see Figs. 2
and 3 and Table 1). This is in agreement with recent results revealing the
presence of reassortment events in the evolution of H5N1 2.3.4.4b vi-
ruses (Cho et al., 2023; Marandino et al., 2023). Moreover, the results of
these studies are in agreement with previous ones revealing that geno-
type A3 viruses can be traced back to HSN1 viruses from the Netherlands
that dispersed throughout Europe, while evidence of reassortment
involving up to five internal gene segments (PB2, PB1, PA, NP, and NS)
were found between the A1 genotype viruses isolated from pinnipeds in
North and South America (Youk et al., 2023). These viruses resulted to
be genotype B3.2 is in agreement with very recent results (Rivetti et al.,
2024) (for constellations found, see Supplementary Material Table 3).

These results are also in agreement with previous studies revealing
the transatlantic spread of HPIAV H5N1 by migratory wild birds from
Europe to North America (Alkie et al., 2023: Giinther et al., 2022) that
ultimately gave rise to the strains isolated from pinnipeds in the east of
North America (Maine, USA), while other migratory birds with different
movement patterns along the pacific (birds breeding in North America
and Eurasia and wintering in southern Eurasia) ultimately gave rise to
the strains isolated from pinnipeds in the west of North America
(Washington, USA) (Peterson et al., 2007). Moreover, the results of these
studies revealed an important role of the Pacific route in the spread of
HS5N1 viruses to the South American region in agreement with recent
results (Rivetti et al., 2024) (see Supplementary Material Fig. 2).

Host restriction limits cross-species transmission of AIV from
migratory aquatic birds to mammals (Long et al., 2019). These viruses
must overcome multiple host range barriers to effectively infect and
spread among mammals in both structural and non-structural proteins
(Sun et al., 2023). Most of the H5N1 2.3.4.4b strains isolated from
pinnipeds bear HA receptor binding domain sites that increase binding
to human-type receptor, like the substitutions found in positions 133
and 154, as well as avian-like type receptors sites at positions 222 and
224) (Table 1). These substitutions were already present in strains
circulating in the avian population and might represent an evolutionary
advantage acquired by the virus to infect mammals and facilitate the
spillover to pinnipeds and other mammals as recently reported
(Erdelyan et al., 2024). Nevertheless, more studies will be needed to
address the role of these particular substitutions in the adaptation to
mammalian hosts.

A major species barrier known in the restriction of avian virus to
adapt to mammals reside in the PB2 gene (Sun et al., 2023). Substitution
D701N in the PB2 protein is known to play a prominent role in the
adaptation of avian influenza A viruses to mammalian hosts. This sub-
stitution led to an increase in polymerase activity and replication effi-
ciency in mammalian cells and in mouse pathogenicity (Czudai-Matwich
et al., 2014). Interestingly, this substitution was found in different
pinniped species of South America, but not in pinnipeds isolated else-
where (Table 1). An analysis of 229 available and comparable PB2 se-
quences from strains isolated from avian species in South America
revealed that only 8 isolates have N at position 701 (see Supplementary
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Material File 1). These results revealed that this substitution was present
in the avian population of South America as a minor variant. Impor-
tantly, this study revealed that the evolution of HPAIV permits the se-
lection of minor variants that bear substitutions that may allow them to
better adapt to other host and environments (see Table 1). Moreover,
whereas most AIV isolates contain glutamic acid (E) at position 627 of
PB2. This position is frequently mutated to lysine (K) in human-derived
isolates, including H5N1 isolates that cause a high morbidity in humans
(Manz et al., 2012). This substitution was only found in strains isolated
from pinnipeds in Scotland, also revealing that minor variants might be
selected to adapt to other hosts.

Recent studies have shown that NS2 acts as a cofactor in AIV adap-
tation to mammalian hosts (Sun et al., 2023). These studies revealed that
a conserved SUMO-interacting motif (SIM) in NS2 is required for its
avian polymerase-enhancing properties and disrupting SIM impairs AIV
replication and pathogenicity in mammalian hosts, but not in avian
hosts (Sun et al., 2023). All strains isolated from the seven pinniped
species studies bears a characteristic SIM wild type motif (LLEVE) in NS2
(not shown) revealing that the selection of strains bearing this motif may
also represent an evolutionary advance to the adaptation to a mamma-
lian host, like pinnipeds. Therefore, adaptation to new mammalian hosts
may be determined not only by substitutions in structural proteins but in
non-structural proteins as well.

As HPIAV continues to evolve, probably acquiring amino acid sub-
stitutions that permits the virus to adapt to different host and environ-
ments the pandemic potential of these findings is particularly
concerning. During 2023, at least 52,000 pinnipeds died in South
America, likely due to the rapid spread of HPAIV H5N1 2.3.4.4b strains.
In Peru, 10,457 sea lions were recorded dead. In Chile, >20,000 pin-
nipeds died, including sea lions, fur seals, and elephant seals (OFFLU
2023). Argentina reported over 18,000 deaths, including a mortality
rate of 97.4 % among Southern elephant seal pups born in the 2023
breeding season (Campagna et al. 2023). In Uruguay, between
September and December 2023, at least 2713 pinnipeds died (Szteren
and Franco-Trecu, in preparation). Finally, in southern Brazil, approxi-
mately 1000 pinnipeds were reported dead (de Carvalho-Araujo et al.,
2024). This highlights the urgent need for continued surveillance and
research to understand the mechanisms behind these substitutions and
their implications for both animal and human health.

The results of this work revealed that in addition of having some
receptor binding sites that bind preferentially to mammalian-like re-
ceptors and a high-pathogenic characteristic cleavage site of HA protein,
strains isolated from pinnipeds have substitutions in several internal
genes that may provide an evolutionary advantage to adapt to
mammalian hosts like pinnipeds (see Table 1). Nevertheless, these
valuable findings need to be handled with care, since changes in bio-
logical characteristics for specific point mutations and motifs may
sometimes only be associated with specific hosts. On the other hand, the
results of this work highlight the capacity of HPIAV H5N1 2.3.4.4b
strains to acquire amino acid substitutions that permit them a rapid
spillover to different host species and its epidemic/pandemic potential
(OFFLU, 2023; Campagna et al., 2024). Although key substitutions
among strains circulating in avian and pinniped populations in a specific
geographic area can be shared, strains isolated from pinnipeds are not
necessarily identical to the avian ones (see Table 1 and 2). This fact
reveals that HPIAV continues to evolve in both avian and pinniped
population acquiring new substitutions that might have a phenotypic
effect. Moreover, substitutions present in minor variants in the avian
reservoir in a particular region, can be found in different pinniped
species of that particular region. Although these studies used the com-
plete segment genomic sequences of 57 strains isolated from pinnipeds
(representing the 85 % of the ones available at the time this work was
performed) as new sequences became available it is possible that new
amino acid substitutions will be found in key sites of HPIAV genome.
More studies will be needed to address the possible effect of these new
substitutions in the evolution and pathology of HPIAV.
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5. Conclusion

The results of these studies revealed multiple transmission events
from birds to pinnipeds in all regions of the world. All strains isolated
from seven different pinniped species, isolated from different regions of
the world, bears characteristics of a high pathogenic form. Most of the
key substitutions found in the proteins of HPIAV strains infecting pin-
nipeds were already present in the avian population in relation to the
geographic area of isolation. These results revealed the selection of
HPIAV strains circulating in the avian population are capable of
infecting both avian and mammals’ populations. Interestingly, even
minor variants carrying key substitutions in non-structural proteins may
be selected in the adaptation process to other hosts. Strains isolated from
European pinnipeds represent a completely different genetic lineage
from strains isolated from pinniped in America. The Pacific route played
an important route of spread from the west of North America to South
American for birds and pinnipeds. Amino acid substitutions found in the
HA receptor binding sites of avian and pinniped species permits to bind
to human as well as avian type receptors. Amino acid substitutions,
previously shown to confer an adaptive advantage for infecting mam-
mals, were observed in different genes of the seven different pinniped
species studied. Enhanced monitoring and preventive measures are
crucial to mitigate the risks associated with the spillover of HPIAV to
pinnipeds and other mammal host species.
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