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Abstract: Genetically diverse influenza A viruses (IAV) circulates in wild aquatic birds with relatively frequent
spillover (cases of single infections) to other mammals, but only a small proportion of outbreaks. The spillover
of TAV to marine mammals such as seals have been reported throughout the last 45 years. Majority of these
viruses when reached seals population cased pneumonia and death of infected animals. Until 2016, all avian
influenza viruses found in seals were of low pathotype (LP) IAV. The H5NXx clade 2.4.4.4b highly pathogenic
avian influenza viruses (HPAIV) were found in seals for the first time in 2016/2017. Our review highlights 45
years of IAV history in seals population, showing interesting features of different IAV subtypes and emphasis
on avian-to-mammals transmission. Furthermore, we also included phylogenetic characterisation of the
representative seal isolates.
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Brief Introduction

Avian influenza viruses (AIVs) are classified as either low- pathogenicity (LP) or high-
pathogenicity (HP). LPAIVs generally cause mild infections, whilst HPAIVs can cause high mortality
in a wide range of avian species. AIV subtypes are defined based on their surface glycoproteins,
haemagglutinin (HA; H1-H16) and neuraminidase (NA; N1-N9), and HPAIVs appear restricted to
the H5 and H7 subtypes. These viruses sporadically were found in other animals, including marine
mammals. Until 2016, none HPAIV was reported in seal population. Currently circulating strains of
H5 HPAI viruses emerged in 1996 in Southern China as A/goose/Guangdong (GsGD) and then
evolved rapidly, expanding the geographical locations and animal species infected. The cross-species
transmission of current H5N1 HPAIV clade 2.3.4.4b was reported in over 43 mammalian species
across Europe, North America, South America, and Asia (EFSA, April-June 2023). Seals were one of
the massively impacted marine mammal species by the current H5N1 influenza outbreak. In this
review we look at 45 years of AIV history in seals population. We also performed phylogenetic
analysis of seal isolates obtained in the last 45 years and simple PB2 protein analysis of 72 isolates
(seals and other marine mammals) available in GSAID with emphasis on two mutations (D701N and
E627K) being know of enhancing replication of avian influenza viruses in mammalian cells (Briggs
and Kapczynski 2023).

Seals along with walruses and sea lions are classified as pinnipeds (suborder Pinnipedia). There
are 32 species of seals that belongs to 17 genera and 2 families (Otariidae and Phocidae). The harbour
seals (Phoca vitulina) which were the most frequently infected seals species by avian influenza virus
(AIV) belong to Genus Phoca (common seals) which represents Northern Hemisphere seals. They
are nonmigratory, earless seal that can be found along coastlines and in a few freshwater lakes in
Canada and Alaska (NOAA, 2024). The grey seals (Halichoerus grypus) are only found in the North
Atlantic and there are three populations of grey seals that are recognized: the Northeast Atlantic, the
Northwest Atlantic and Baltic Sea (Haug et al., 2007). A large colony of grey seals can be found in the
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UK (Stewart et al., 2014) with an estimate number of more than 120,000 animals, representing 40% of
the world's population and 95% of the European population of grey seals (Nature Scotland, 2024;
Figure 1). In U.S. waters, the number of pupping sites has increased from one in 1988 to nine in 2019
and are located in Maine and Massachusetts (Wood et al. 2019). From 1988-2019, the number of pups
born increased however these numbers do not reflect changes in total population growth resulting
from Canadian seals migrating to the USA regions (Wood et al. 2019). The other interesting seals
representing Northern Hemisphere are Northern Elephant Seal (Mirounga angustirostris) with the
largest colonies off southern California in the Channel Islands. They have one of the longest
migrations of any mammal; some have been recorded traveling over 13,000 miles roundtrip. Those
seals nearly extinct in 1892 (Townsend, 1912) but refilled its range within 70-80 years (Lowry et al.,
2014; Steward et al., 1994). Those animals were found positive for HIN1 pandemic influenza virus
twice (in 2011 and 2019) with no clinical sign of disease. The Southern Elephant Seal (M. leonina), in
contrary, can be found throughout sub-Antarctic regions and they have greater body mass than their
northern counterpart. They only occasionally can be found in Antarctica to mate but the breeding
locations are distributed in subantarctic locations. The largest population is in the South Atlantic on
South Georgia (Boyd et al., 1996) other breeding locations include Falkland Islands and Valdes
Peninsula in Argentina. Two other big populations of southern elephant seals can be found is in the
south Indian Ocean, mostly in the Kerguelen Islands and in the subantarctic islands of the Pacific
Ocean south of Tasmania and New Zealand, mainly Macquarie Island. Recent 2.3.4.4b H5N1 virus
cause massive mortality among southern elephant young pups that were born in 2023 across
Argentina where 96% of total population was dead after the AIV viral infection (NEWS, Jan 2024).
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Figure 1. The Horsey Grey Seals Colony, United Kingdom, February 2024. Photography by Klaudia Chrzastek.

The first Reported Cases of Avian Influenza Viruses (AIV) in Seals Were of Low Pathogenic
Subtype (LPAIV)

LPAIV: H7N7 (1979), H4N5 (1982), H3N3 (1992), H4N6 (1992, 2002, 2012)

The first cases of avian influenza virus that manifested as a clinical disease (pneumonia with
fatal outcome) in seals were of law pathogenic avian influenza virus pathotype (LPAIV). In the winter
of 1979-1980, approximately 600 harbour seals (Phoca vitulina) were suffering from pneumonia that
ended in a fatal outcome on Cape Cod Peninsula in USA (Lang et al., 1981, Webster et al. 1981; Geraci
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et al., 1982). The influenza A virus H7N7 (previously called serotype Havl Neql) was confirmed in
lung and brain tissues (Lang et al., 1981). Interestingly, this virus was harmless to chickens and
turkeys in transmission experiments but previous human infection by H7/N7 (Havl Neql) was
reported (Lang et al., 1981). Similarly, Webster et al. (1981) have shown that the seal virus replicates
poorly, produce no disease signs, and was not shed in the feces of avian species, yet was able to
replicate in ferrets, cats, and pigs with no clinical disease. No antibodies to this virus were detected
in harbour seals other than New England coast, grey seals, or fur seals suggesting that this virus may
be a new introduction to this species (Webster et al., 1981). The A/Seal/Mass/1/80 influenza virus
provides the first evidence suggesting that a strain deriving all of its genes from one or more avian
influenza viruses can be associated with severe disease in a mammalian population in nature
(Webster et al., 1981). Following the first cases of avian influenza viruses in harbour seals, Hinshaw
et al. (1981) designed the study to see whether there is a possibility of avian viruses to replicate in
three mammals-pigs, ferrets, and cats and the avian strains replicated to high titers in the respiratory
tract (10(5) to 10(7) 50% egg infective doses per ml of nasal wash), with peak titers at 2 to 4 days post-
inoculation, similar to the pattern of human and other mammalian viruses in these animals. The
infected mammals had no significant disease signs and produced low levels of humoral antibodies;
however, challenge experiments in ferrets indicated that they were immune (Hinshaw et al, 1981).
This virus was also able to replicate in squirrel monkeys (Murphy et al., 1983). Later, Li et al. (1990)
have shown that this H7N7 virus can adopt to the CEC by introducing mutation close to the HA
cleavage which resulted in cleavability by ubiquitous proteases and enhance pathogenicity for
chickens whereas adaptation to MDCK cells leads to mutation that was distant from the cleavage side
which increase cleavability, but the virus was still apathogenic for the chicken (Li et al, 1990). The
second time when the harbour seals were reported dying of pneumonia on the New England coast
was from June 1982 through March 1983 (Hinshaw et al., 1984). After performing serological and
RNA-RNA assays it was shown that these viruses are closely antigenically and genetically related to
circulating avian virus strains but were distinct from mammalian viruses, including H7N?7 isolates
recovered from seals in 1980 and were later classified as H4N5 subtype (A/seals/Mass/133/82)
(Hinshaw et al., 1984). Interestingly, these seal viruses were able to replicate in the intestinal tracts of
ducks as compared to the previous isolates (H7N7) that replicated very poorly or not at all (Hinshaw
et al., 1984). The H4N5 seal virus was also used to experimentally infect harbour seals (N=1), ringed
seals (N=2) and harp seals (N=3). Although the clinical sign of the disease was mild, the virus was
recovered from nasal (5/6) and anal swab samples (2/6). The seals also produced antibodies to the
challenge virus (3/3) at two weeks post-challenge that were still present at 30 days post-challenge
starting to slowly decline (Hinshaw et al., 1984). This virus replicated to high titter of the virus was
seen in lungs (10"5.5 EID50) as compared to 1073.5 in brain and lymph nodes tissues. No previous
evidence of contact with this virus was seen in seals population before 1982 (Hinshaw et al., 1984).
We performed phylogenetic analysis of first seal isolate A/seals/Mass/133/82 H4N5 and compare it
with other H4N5 viruses available in the database (N=22), a 99.7%-99.89% similarity in HA was
shown, and the closest related strains were of wild birds isolates isolated from USA, Canada and Peru
between 1990 and 2018 with exception to the strain A/duck/Alberta/2016 (99.27% similarity) (Figure
2). Following these two epizootics of influenza virus in seals in 1980s, the prevalence of influenza
virus on Ross Island, Antarctic region was examined, using samples collected in November 1979 from
Weddell seals, Adelie penguins (N=100) and Antarctic skuas (N=60) in addition to serum samples
collected from October 1985 to January 1986 (Austin and Webster 1992). No influenza virus was
isolated, and none of the seals sera were positive for AIV. However, the antibodies against AIV were
detected (most probably of H10 serotype) in penguins and skuas at the Ross Sea Dependency,
Antarctic region (Austin and Webster 1992).
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Figure 2. Phylogenetic analysis of HA segment of H4N5 avian influenza viruses isolates obtained from seal in
1982 (marked in red) and wild bird isolates available in database (N=22).

In January 1991 and January to February 1992, harbour seals were found dead along the Cape
Cod peninsula of Massachusetts, two avian influenza viruses were identified at that time— H4N6 and
H3N3, out of which, H3N3 was isolated for a first time from the seals (Callan et al., 1995). The
antigenic reactivity of H3 viruses isolated from seals showed that three seal viruses
(A/Seal/MA/3911/92 and A/Seal/MA/4007/92) had patterns similar to A/Duck/Ukraine/1/63 and one
virus (A/Seal/MA/3984/92) had a pattern more similar to the human virus, A/Aichi/2/68 whereas
genetically the HAs of these new viruses were closely related to the HAs of viruses recovered from
North American birds (Callan et al., 1995). Callan et al., (1995) have shown that residues 226 and 228
in HA of the seal isolates are glutamine and glycine, respectively, which coincide with the consensus
for the receptor binding site of most avian and equine H3 viruses. The H7N7 (A/Seal/MA/1/80) and
the H4N5 (A/Seal/MA/133/82) viruses previously isolated from seals also have the same avian
receptor binding sequence, G225-Q-5-G-R229 (Naeve and Webster, 1983; Donis et al., 1989). This
suggests that the binding sequence may be well adapted for seals since mutations away from this
sequence have not been observed in viruses isolated from seals (Callan et al., 1995). Here we
performed genetic analysis of HA and NA segments of H3N3 avian viruses available in the database
(N=47) along with A/seal/Mas/3911/1992 (Suppl. Figures 1 and 2). The HA of seal H3N3 was 99.87
% similar to A/mallard duck/AL/1988 and A/ruddy turnstone/Dalaware bay/1994 and almost
identical (99.9% similarity) to wild bird isolates isolated from USA, Canada and Guatemala between
1994 and 2015 and 2001 swine isolate from Canada. The NA segment clustered with A/mallard
duck/AL/1988 and A/ruddy turnstone/Dalaware bay/1994 and like HA segment, also NA of seal
isolates clustered together with other wild bird isolates isolated later from USA, Canada and
Guatemala, and swine isolate from Canada (2001). Matrosovich et al. (2000) have used four H3N3
viruses isolated from the seals during the outbreak and assessed their affinity for
sialylglycopolymers, 3'SL-PAA (avian receptor) and 6'SLN-PAA (human receptor), three out of four
isolates had typical avian virus-like pattern of binding to sialylglycopolymers which was of about 50
puM-1 and 1 pM, respectively. One of the isolates, had a lower binding affinity for 3'SL-PAA with
no increase in binding to 6'SLN-PAA, and carried two amino acids substitutions A138S and R220S
(Matrosovich et al. 2000). This finding suggests that an avian influenza virus can infect seals without
substantial changes in its receptor-binding specificity Matrosovich et al. (2000). An interesting study
was done by Ramis et al., (2012) where the authors have assessed the patterns of attachment for
different influenza virus strains (H4N5, H7N7 and human HIN1, H3N2 and Human B influenza) of
harbour seals, grey seals (Halichoerus grypus), harbour porpoises (Phocoena phocoena), and bottlenose
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dolphins (Tursiops truncatus). It was shown that attachment of avian influenza A viruses to tracheal
and bronchial epithelium was moderate in seals (harbour seal and gray seal) and absent in cetaceans
(harbor porpoise and bottlenose dolphin) which suggested that seals are high susceptibility to these
viruses and efficient transmission of these viruses can occur. However, scarce attachment of these
viruses to bronchioles and alveoli of harbour seals is consistent with low pathogenicity of these
viruses for harbour seals during experimental infection (Ramis et al., 2012). Lack of attachment of
avian influenza A viruses tested to trachea and bronchi of harbour porpoises and bottlenose dolphins
suggests low susceptibility and inefficient transmission in these species (Ramis et al., 2012). The H4N6
virus was also isolated from Caspian seal at Zhemchuzhny island (Astrakhan Region, Russia) in 2012,
the seal did not show any clinical sign of disease (Gulyaeva, 2018). The genetic analysis of the virus
showed that Caspian seal isolate is closely related to avian-derived influenza viruses of the classical
Eurasian lineage circulating in wild birds and no mammalian adaptational mutations were found in
PB2 protein (Gulyaeva, 2018). The virus could replicate in lungs of mice and cause severe disease in
the experimental mice without prior adaptation (Gulyaeva, 2018). Serological evidence for infection
of Caspian seals with influenza A and B viruses was shown using sera collected in 1993—2000 that
reacted strongly with A/Bangkok/1/79 (H3N2) strain, suggesting that the seals were infected with
human influenza A virus that circulated among humans in 1979—1981 but did not react at all with
the A/Philippines/2/82 strain, which was prevalent in humans in 1982—1983 (Ohishi et al., 2002). The
youngest seal with positive sera was 14.5 years old in 2000, implying that A/Bangkok/1/79-like viruses
were maintained in the Caspian seal population at least until 1985 (Ohishi et al., 2002). None of 27
Caspian seals sera samples tested against H1, H3, H5 and H7 were positive in 2012 (Gulyaeva, 2018).

LPAIV: H3NS (2011, 2017-2019)

In September 2011, a new outbreak of avian influenza virus was reported along the New
England coast in the USA where harbor seals (Phoca vitulina) were found dead or moribund. This
virus belonged to H3N8 subtype and was never isolated from seals prior to this event; however it
was detected in harp seal in Northwest Atlantic once (Bogomolni et al., 2008; Anthony et al., 2012).
“Unusual mortality event” was also declared in Maine, New Hampshire, and northern Massachusetts
in November 2011 (Yang et al., 2015). Genetic characterisation of this viruses showed similarity to a
waterfowl isolate circulating in North America since at least 2002 (Anthony et al., 2012). Interestingly,
this new seal H3NS8 viral isolate enquired an adaptational mutation D701N in the viral PB2 protein,
however, maintained the avian phenotype at positions 226 (Q) and 228 (G) in HA protein, which
correlates with a continued ability to use SAx-2,3 avian -type receptor (Anthony et al., 2012). Later,
the binding properties and preferences of seal H3NS8 virus to a2-3-linked and a2-6-linked sialosides
were investigated in more details (Karlsson et al. 2014; Yang et al. 2015; Hussein et al., 2016). Karlsson
et al. (2014) have demonstrated that seal H3N8 is unique amongst the avian H3N8 viruses tested by
having enhanced a2,6 receptor binding, increased morbidity in mice and efficient respiratory droplet
transmission in ferrets which was not seen in the other avian viruses within this clade (those only
transmitted via contact). Later, Yang et al. (2015) have performed a detailed structural and
biochemical analysis of the surface antigens of the A/harbor seal/New Hampshire/179629/2011 virus
and shown that both the hemagglutinin and neuraminidase indicate a true avian receptor binding
preference with a strong binding preference for the a2-3-linked sialosides, as well as mixed a2-3/a2-
6 branched sialosides (glycans 65 to 66) but only little binding to human a2-6-linked sialosides.
Hussein et al., (2016) have evaluated potential human transmissibility of seal H3NS8. The binding of
recombinant HA proteins of seal H3N8 and human-adapted H3N2 viruses to respiratory tissues of
humans and ferrets were tested; showing that there was a strong tendency of the seal H3 to bind to
lung alveoli in human tissue which was opposite to human-adapted H3 that bound mainly to the
trachea and similar pattern was also seen in ferrets (Hussein et al., 2016). Furthermore, the binding of
the recombinant HAs to a library of 610 glycans showed that the seal H3 bound preferentially to -
2,3 sialylated glycans which is in contrast to the human H3, which bound almost exclusively to a-2,6
sialylated glycans suggesting that seal H3N8 virus has retained its avian-like receptor binding
specificity but could potentially establish infection in human lungs (Hussein et al., 2016).

The H3NS8 virus was next found in grey seal pup in Cornwall, UK in 2017. The pup underwent
medical treatment but died after two weeks (Venkatesh et al., 2020). Based on BLAST search and
phylogenetic analysis this virus most probably originated from an unsampled, locally circulating (in
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Northern Europe) viruses, likely from wild Anseriformes. Furthermore, several mutations were
detected, including D701N in the PB2 segment which is a rare mutation in this virus subtype and
suggest on mammalian adaptation of bird viruses (Venkatesh et al., 2020).

Interestingly, although H3 influenza A virus is the most ubiquitous hemagglutinin subtype, and
as we also showed here has a potential to replicate in human cells, no human infection was found
until very recently where the person infected with H3N8 developed severe pneumonia in April 2022
followed by a second case in May 2022 in China (Bao et al., 2022, Tan et al., 2022). This human H3N8
strain was triple reassortant of avian influenza A-H3NS virus (A/Henan/ZMD-22-2/2022(H3N8) with
avian-origin HA and NA genes and six internal genes acquired from Eurasian lineage HIN2 viruses
and it possessed E627K mutation in PB2 gene (Bao et al., 2022). Wang et al. (2023) have shown that
H3NS8 viruses circulating in wild migratory birds in China have evolved into different branches and
have undergone complicated reassortment with viruses in waterfowl, they preferentially bind to
avian-type receptor but they have acquired the ability to bind human-type receptors.

LPAIV: H10N7 (2014-2015 and 2021)

In 2014, the mass deaths among harbour seals (Phoca vitulina) occurred in Sweden (March 2014),
Denmark (July 2014), and Germany (October 2014) where the seals were found dead being washed
out to the shores (Zohari et al., 2014; Bodewes et al., 2015; Krog et al., 2015). Those were a first reported
cases of dead seals outside the USA coast. From March through October 2014, 425 carcasses were
detected in several seal colonies in the Kattegat and the Skagerrak seas in Sweden (Zohari et al., 2014).
The H10N7 subtype was detected and based on HA characterisation the virus clustered with seal
isolate from Germany (2014) and Swedish mallard H10 isolate from 2011 (Zohari et al., 2014). In
Denmark, 152 harbour seals on the island of Anholt were found dead from severe pneumonia
between June-August 2014 (Krog et al., 2015). In general, both the HA and NA segments showed
high-level nucleotide sequence identity to AIVs from birds sampled in Scandinavia and the Republic
of Georgia (Krog et al., 2015). In Germany, dead seal accounted for 12 % of the whole population of
seals which at the time was approximately 12,000 animals in total (Bodewes et al., 2015). Influenza A
virus (A/harbor seal/Germany/1/2014) of H10N7 subtype was isolated from lung and throat swab
samples and replicated to the high level on 11-day-old embryonated chicken eggs and on MDCK
cells. Genetic characterisation of the virus showed that seal HION7 is closely related to the HION7
viruses found in migratory ducks in Georgia, Egypt, and the Netherlands in 2009-2014 (Krog et al.,
2015). Interestingly, at the amino acid level, the HA of the viruses from Denmark and Germany was
99.3% identical and the very first Swedish isolate was only around 97.5% identical to all the other
strains (Krog et al., 2015). This low amino acid identity of HA was reflected by nucleotide mutations
(dN/dS =0.7) indicating that adaptation to seals was in progress (Krog et al., 2015). A limited number
of seals (<180) were also found dead in the Netherlands from early November 2014 until early January
2015 (Bodewes et al. 2015). A serological investigation showed that antibodies against A(H10N7) was
found in 41% (32 out of 78) pups, 10% (5 out of 52) weaners, and 58% (7 out of 12) subadults or adults
harbor seals in 2015 (Bodewes et al. 2015). Although no cases of dead grey seals were reported, 26%
(5 out of 19) were seropositive to influenza virus in 2015 (Bodewes et al. 2015). These findings indicate
that, despite apparent low mortality, infection with seal influenza A(HION7) virus was
geographically widespread and also occurred in grey seals (Bodewes et al. 2015). Brand et al. (2016)
have shown that seal/Germany/2014 H10N7 virus cause respiratory disease in harbor seals and
experimentally infected ferrets. The lesions in both species were restricted to the respiratory tract
with no evidence for spread to extra-respiratory tissues (Brand et al, 2016). The viral antigen was
predominantly found in bronchial and submucosal glandular epithelial cells in harbour seals
whereas in ferrets they were mainly found in bronchiolar and bronchial submucosal glandular
epithelial cells and less frequently in type I and II pneumocytes, bronchial, bronchial glandular and
tracheal epithelial cells which might suggest on slightly different cell-receptor distribution (Brand et
al, 2016). Bodewes et al. (2016) have shown that the majority of the sequence variation collected from
seals during the course of the outbreak between April 2014 and January 2015 occurred in HA genes.
The highest variation in HA was observed at the beginning of the epidemic, and then the number of
the mutations observed earlier had been fixed suggesting that when an avian influenza virus jumps
the species barrier from birds to seals, amino acid changes in HA may occur rapidly and are
important for virus adaptation to its new mammalian host (Bodewes et al., 2016). Later, Dittrich et al.
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(2018) by reverse genetics system generated recombinant avian H10N4 viruses that caried one of
eight unique mutations or the complete HA from the seal virus were rescued. Wild-type recombinant
H10N4 virus had high affinity to avian-type sialic acid receptors and no affinity to mammalian-type
receptors whereas Q220L (H10 numbering) in the rim of the receptor binding pocket increased the
affinity of the HI0N4 virus to mammal-type receptors and completely abolished the affinity to avian-
type receptors (Dittrich et al. 2018). Furthermore, all viruses, including the wild-type H10N7 virus,
replicated at higher levels in chicken cells than in human cells suggesting that adaptive mutations
(e.g., Q220L) enhanced replication in mammals and retained replication efficiency in the original
avian host (Dittrich et al. 2018). Herfst et al. (2020) have shown that A/H10N7 viruses isolated from
seals in Europe (A/harbour seal/NL/PV14-221_TS/2015 and A/harbor
seal/51047_14_L/Germany/2014) obtained changes in their HA segment that decreased avidity of the
virus for avian-type receptors and an increase in its preference for human-type receptors. Those
changes were caused by substitutions in the 220-loop that forms one edge of the receptor-binding
pocket, in particular the amino acid substitution Q226L which showed stronger binding to the
human-type sialic acid receptor (Herfst et al., 2020). Furthermore, these seal A/HI10N7 viruses were
aerosol or respiratory droplet-transmissible between ferrets (Herfst et al., 2020). Interestingly, Guan
et al. (2019) have shown that HION7 gull isolates found in Iceland in 2015, that were genetically
related to H10 that cause influenza outbreaks and deaths among European seals in 2014, can also be
transmitted between ferrets through the direct contact and aerosol routes, without prior adaptation.

Later, the HI0N7 virus was also isolated from 2 dead harbor seal in British Columbia, Canada
in 2021, that died from bronchointerstitial pneumonia (Berhane et al., 2022). This new H10N7 virus
isolated in Canada is a reassortant virus between North America and Eurasia lineages (Berhane et al.,
2022). Interestingly, this virus carries a mutation at position 701 in PB2 segment (D701N) that was not
seen in the other H10N?7 isolates from seals (Berhane et al., 2022, Suppl. Figure 3). Based on HA and
NA genetic analysis performed here the HION7 viruses isolated from seals in Europe in 2014
clustered together and H10N7 Canadian isolate from 2021 were closely related to European H10N7
and H7N?7 isolates from seals in 1980s in USA (Suppl. Fig 5 and 6). Interestingly, PB2 segment of
H10N7 Canadian seal isolate from 2021 were closely related to 2.3.4.4b H5N1 seal isolates obtained
in 2023 in USA (above 99.94% similarity) and current South America isolates from marine animals
(such as sea lion, dolphin, porpoise) (Figure 3). This very high similarity was most probably due to
D701N substitution in PB2 gene observed in the Canadian seal HION7 and current H5N1 isolates
(Suppl. Figure 3). Similarly to PB2, PB1 segment also clustered with current H5N1 2.3.4.4b isolates
(Figures 3 and 4). In addition, PB1 and MP segments were also closely related to H3N8 isolates
obtained from seals in USA in 2011 and 2018 (Figures 4 and 6). PA segment clustered with seal H4N5
isolate from 1982 USA and HI1NT1 isolates obtained from seals in California in 2011 but not with
European H10NY isolates (Figure 5). MP segment clustered with H3N8 isolates obtained from seals
in USA in 2011 and 2018 (Figure 6). The phylogenetics analysis of NP, HA, NA and NS segments is
shown in Suppl. Fig 4, Suppl. Figure 5, Suppl. Figure 6 and Suppl. Figure 7, respectively.
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Figure 3. Phylogenetic analysis of PB2 segment of avian influenza viruses found in seal population over the last
45 years. The analysis includes 72 isolates available in GSAID (as of March 2024): 58 seals isolate of different
subtype isolated between 1980-2023 and recently isolated H5N1 clade 2.3.4.4b viruses from 8 sea lions, 3 dolphins
and 3 porpoise. The nucleotide sequences of PB2 segment were aligned using MUSCLE software and GTR
nucleotide substitution model, with among-site rate variation model using a discrete gamma distribution.
Bootstrap support values were generated using 500 rapid bootstrap replicates.
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Figure 4. Phylogenetic analysis of PB1 segment of avian influenza viruses found in seal population over the last
45 years. The analysis includes PB1 segments that are available in GSAID (as of March 2024) isolated between
1980-2023 and recently isolated H5N1 clade 2.3.4.4b viruses from 8 sea lions, 3 dolphins and 3 porpoise. The
nucleotide sequences of PB1 segment were aligned using MUSCLE software and GTR nucleotide substitution
model, with among-site rate variation model using a discrete gamma distribution. Bootstrap support values
were generated using 500 rapid bootstrap replicates.
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Figure 5. Phylogenetic analysis of PA segment of avian influenza viruses found in seal population over the last
45 years. The analysis includes PA segments that are available in GSAID (as of March 2024) isolated between
1980-2023 and recently isolated H5N1 clade 2.3.4.4b viruses from 8 sea lions, 3 dolphins and 3 porpoise. The
nucleotide sequences of PA segment were aligned using MUSCLE software and GTR nucleotide substitution
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model, with among-site rate variation model using a discrete gamma distribution. Bootstrap support values
were generated using 500 rapid bootstrap replicates.
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Figure 6. Phylogenetic analysis of MP segment of avian influenza viruses found in seal population over the last
45 years. The analysis includes MP segments that are available in GSAID (as of March 2024) isolated between
1980-2023 and recently isolated H5N1 clade 2.3.4.4b viruses from 8 sea lions, 3 dolphins and 3 porpoise. The
nucleotide sequences of MP segment were aligned using MUSCLE software and GTR nucleotide substitution


https://doi.org/10.20944/preprints202409.0280.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 September 2024 d0i:10.20944/preprints202409.0280.v1

12

model, with among-site rate variation model using a discrete gamma distribution. Bootstrap support values
were generated using 500 rapid bootstrap replicates.

Pandemic HIN1 (2010, 2019)

In 2010, the pandemic HIN1 (pH1N1) in northern elephant seals on California coast was found
which was the first report of pH1N1 in any marine mammal. None of the seals appeared ill (Goldstein
et al,, 2013). Genetic analysis showed greater than 99% homology for all segments to pandemic
influenza A/California/04/2009 that circulated in people in California in 2009 (Goldstein et al., 2013).
The antibodies to pH1N1 were detected in seals population in 2010 (and the virus was isolated). The
antibodies to pH1N1 were also detected in following years 2011 and 2012 even though the PCR results
were negative (Goldstein et al., 2013). Interestingly, antibodies to pandemic HIN1 were also detected
in pups born in 2011 even though the seals were tested negative to the virus which could suggest on
passive transfer of maternal antibodies to the pups (Goldstein et al., 2013). Between the 2011-2018 the
surveillance in marine mammals along the California coast was conducted and the results shown
frequent detection of antibodies against influenza virus in seals but rare PCR positive virus detection
(Plancarte et al., 2023). In spring 2019, ten samples from northern elephant seals (Mirounga
angustirostris) were PCR positive for pHINT1 avian influenza virus although the virus isolation was
not successful. This represents the first report of human A(HIN1)pdm09 IAV in northern elephant
seals since 2010, suggesting IAV continues to spill over from humans to pinnipeds (Plancarte et al.,
2023).

The first reported Cases of Highly Pathogenic Avian Influenza Viruses (HPAIV) in Seals
HPAIV: H5N8 Clade 2.3.4.4b (2016/2017, 2021, 2022)

Since the first report of AIV in seals in 1979-1980s, it took over 30 years for the HPAIV to reach
seal population and cause clinical disease. Two gray seals were found dead on the Baltic coast of
Poland, first one on November 27, 2016 and the second one 5 months later (Dai-Lun Shin et al., 2019).
The lung samples were collected and A/H5N8 clade 2.4.4.4 b virus was confirmed in both cases (Dai-
Lun Shin et al., 2019). Only one virus was isolated, the isolation of the virus from the other animal
failed; however, direct sequencing of the HA and NA genes was performed. This H5N8/seal virus
99.7%-100% similar to viruses that were circulating in aquatic wild bird species during the avian
influenza outbreaks in 2016 and 2017. No mutations in PB2 segment of seal/H5N8 were found. This
first findings of HPAIV in seals suggested that cross-species transmissions can occur sporadically,
and possibility of seal-to-seal transmission should not be excluded (Dai-Lun Shin et al., 2019).

A few years later, HSN8 HPAIV was detected in harbour and grey seals in the UK (2021), harbour
seals in Germany (2021) and one harbour seal in Denmark (2022). An unusual disease event occurred
at Rehabilitation Center in the UK where few mammals, including red fox, gray seal and several
common seals were dead due to H5N8 virus infection. The seals exhibited sudden-onset neurologic
signs, including seizures before death or euthanasia. These events occurred roughly 1 week after 5
swans housed in the same quarantine unit died from infections with HPAI H5NS8 virus (Floyd et al.,
2021). Based on genetic and epidemiologic investigations the swans were most likely the source of
infection for the fox and seals; virus transmission likely occurred by fomite transfer or aerosol spread
(Floyd et al.,, 2021). The D701N amino acid substitution in PB2 gene identified in both sequences
derived from the mammalian species and was absent from all avian sequences generated during this
2020-2021 outbreak in the United Kingdom (Floyd et al., 2021).

In mid-August 2021 three adults harbour seals (Phoca vitulina) were found dead at the German
North Sea coast (Postel et al. 2022). Two variants of H5NS8 virus were detected from the seal samples;
genotype Ger-10-20-N8 that dominated the avian epizootic 2020/2021, and was found in Germany
from October 2020 until July 2021 and the second, clustered with genotype Ger-02-21-N8, a much
rarer genotype that was only detected three times in Germany (in February and March 2021) with a
novel NP segment sharing the highest identity with Eurasian LPAIV strains found in wild birds
(Postel et al., 2022). These findings suggest that there were most probably at least two independent
entries of the H5NS8 into seal population in Germany (Postel et al., 2022). Some of these viruses
possess a mutation E637K in PB2 segment (Suppl. Figure 3).
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HPAIV: H5N1 Clade 2.3.4.4b (2022-Current)

The current outbreak of 2.3.4.4b H5N1 viruses affected over 43 mammalian species, including
marine mammals, across Europe, North America, South America, and Asia (EFSA, April-June 2023).
The 2.3.4.4b H5N1 virus in seals was reported by North and South America (USA, Canada, Argentina,
Chile, Uruguay, Brazil) and Europe (Germany, Russia, Denmark, South Georgia and the South
Sandwich Islands, UK).

On 8 October 2023, the 2.3.4.4b H5N1 virus for a first-time reach to Antarctic and sub-Antarctic
regions of South Georgia and the Falkland Islands (British overseas territory of South Georgia at Bird
Island) (Bennison et. al, 2023). The main infected bird species were brown skuas where the mortality
rate increased rapidly throughout the month. The virus was confirmed in skuas and kelp gulls across
four different sampling locations in South Georgia and southern fulmar in the Falkland Islands
(Bennison et. al, 2023). Clinical disease was also manifested in elephant and fur seals in South Georgia
(Bennison et. al, 2023). Genetic assessment of the virus indicates spread from South America, likely
through movement of migratory birds (Bennison et. al, 2023).

In South America, Argentina reported a mas mortality of young pups born in 2023 across
Argentina, which represented almost 96% of all southern elephant (Mirounga leonina) seal pups born
across Argentina (NEWS, 24 January 2024). Previously, a mass mortality event of more than 3,000 sea
lions (Otaria flavescens) was observed in January and February 2023 in Peru (Gamara-Toledo et al,,
2023). These viruses belong to the HPAI A/H5N1 lineage 2.3.4.4b and are 4:4 reassortants, where PA,
HA, NA and MP belong to Eurasian lineage that initially entered North America from Eurasia and
remaining PB2, PB1, NP and NS came from American lineage that was already circulating in North
America (Leguia et al 2023). As reported by Leguia et al (2023) these viruses do not enquire mutations
linked to mammalian host adaptation and enhanced transmission (such as PB2 E627K or D701N), but
at least 8 novel polymorphic sites were found in their genome. Occurrence of the H5 virus in unusual
host, sea lions (Otaria flavescens) was also reported in Chile on 10 February 2023 (WOAH report,
March 2023). Genetic characterisation of isolated obtained from birds and marine mammals viruses
revealed that all Chilean H5N1 viruses belong to lineage 2.3.4.4b and cluster monophyletically with
viruses from Peru, indicating a single introduction from North America into Peru/Chile (Pardo-Roa
et al, 2023). There were D701N (in two sea lions, one human, and one shorebird) and Q591K (human
and one sea lion) mutations identified in PB2 segments (Pardo-Roa et al, 2023 BiorxV). Interesting,
minor population of viruses carrying D701IN mutation was present in 52.9% — 70.9% of sequence
reads obtained from the samples tested suggesting on mix population of viruses within the sample
(Pardo-Roa et al, 2023).

Previously, HPAIV H5N1 infection was reported in seals in USA (New England). After
sequencing of 71 avian- and 13 seal-derived virus genomes from New England, in contrary to what
was reported by Leguia et al (2023), all but 1 virus represented non reassortant Eurasia 2.3.4.4b
viruses (Puryear et al. 2023). The authors concluded that virus outbreak among New England
harbour and grey seals was concurrent with a wave of avian infections in the region and the evidence
of mammal adaptation existed in a small subset of seals (PB2 E627K or D701N mutations) (Puryear
et al. 2023). Many years before the HPAIV outbreak in seals, Puryear et al. 2016 have shown that
North Atlantic grey seals from Cape Cod, MA, USA and Nova Scotia, Canada were consistently for
IAV infection and positive sera showed a broad reactivity to diverse influenza subtypes suggesting
that seals might possibly representing an endemically infected wild reservoir of IAV.

Here we performed a simple analysis of PB2 proteins of 72 isolates available in GSAID that were
isolated from seals or other marine mammals (58 seals isolates of different subtype isolated between
1980-2023 along with recently isolated H5N1 clade 2.3.4.4b viruses from 8 sea lions, 3 dolphins and 3
porpoise) (Suppl. Figure 3). A mutation D701N was found in H3N8 seal isolates isolated in 2011 and
2018 in USA and H10NY7 seal isolate obtained from Canadian case in 2021. However, no mutation
D701IN was found in HION7 from 2014 and 2015 isolated during epizootic in Europe. Several
mutations D701N in PB2 were also found in recent 2.3.4.4b H5N8 and H5N1 seals isolates, and sea
lions, dolphins and porpoise isolated from South America in 2023 (Suppl. Figure 3). Interestingly,
none of the LPAIV seal isolate carried mutation E627K in PB2 and this mutation was only found in
some of H5Nx viruses of 2.4.4.4b clade isolated recently (eg. H5SN8 from Germany, Denmark or H5N1
from Scotland, USA) (Suppl. Figure 3).
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Summary

In this short review we have shown 45 years of AIV history in seal population. The very first
cases of AIV were reported in harbour seal population (Phoca vitulina) in late 1970s. Later, the virus
was also isolated from grey seals (Halichoerus grypus). All AIV viruses between 1979-2016/17 were of
low pathogenic pathotype (LPAIV). Some of LPAIV showed interesting features that allowed them
to adapt to a new species (such as enquired mutation in PB2 segment) but not all of them, suggesting
that the virus is able to replicate in the seal population with or without clinical sign of disease. This
was later confirmed by seroprevalence and virus isolation. The H5N8 HPAIV clade 2.3.4.4b was
found for a first time in a seal population in 2016/17. Current 2.3.4.4b H5N1 virus is causing massive
mortality of seals and sea lions in America drastically reducing its population. Importantly, the ATV
HPAIV H5N1 virus reached Antarctic region which is an important breeding ground for many key
Antarctic species. This is alarming and along with a climate change might have impair ecology of
seabirds, penguins, and marine mammals in this remote region. Previously the evidence of
influenza A virus in various animals was reported in Arctic regions and 26 unique low and highly
pathogenic subtypes have been characterized in the scientific literature (Gass et al., 2022).
Furthermore, the papers cited here are also strong evidence for interspecies transmission of AIV
between birds and marine mammals and shows that seals might be an important wild reservoir of
influenza and may contribute to mammalian adaptation of avian variants.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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