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Abstract

Avian influenza viruses (AIVs) of H10 subtype are able to circulate in domestic and wild
bird populations but can also spill over and adapt to mammals, posing a continuous risk to
biodiversity conservation, veterinary health, and public health. In the present study, we as-
sessed the zoonotic potential of nine H10 AIVs isolated from waterbirds during surveillance
and research studies carried out in Italy between 1994 and 2007. Overall, six HIONX strains
from wild mallards (n. 1 HION2, n. 5 H10N7), one H10N7 strain from domestic mallards,
and two H10NS8 strains from Eurasian coots were sequenced by next-generation sequencing
(NGS). HA phylogenetic analysis indicated a marked divergence between viruses from
these two sympatric waterbird species and showed a close relationship between three
H10N?7 strains from wild mallard and one H10N7 isolate of domestic origin. Sequence
analysis revealed the presence of several molecular markers, associated with increased
zoonotic potential, including the PB2-A588V mutation found in the Eurasian coot H10N8
viruses and previously linked to mammalian adaptation in H10 strains. Molecular analysis
also showed that all H10 viruses were susceptible to the major approved classes of influenza
antivirals (inhibitors of neuraminidase, matrix-2, and polymerase acid protein). Moreover,
phenotypic assay confirmed their susceptibility to oseltamivir and zanamivir drugs. From
an ecological perspective, we found that different H10 gene pools seem to be harboured
in different waterbird species sharing the same environment; additionally, a bidirectional
transmission of H10 mallard isolates occurred between natural and anthropic ecosystems.
Overall, our findings account for the need of continuous monitoring of AIVs belonging to
the H10 subtype.
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1. Introduction

Wild waterbirds—the major reservoir of the influenza A virus gene pool—harbour
all the haemagglutinin (HA) and neuraminidase (NA) subtypes of avian influenza viruses
(AIVs) in their natural habitats, including the sixteen HA (H1 to H16) and the nine NA
(N1 to N9) known so far [1,2]. All the sixteen HA subtypes circulate in wild waterbirds as
low pathogenicity (LP) strains, and only the H5 and H7 subtypes can occasionally mutate
in poultry into highly pathogenic (HP) AIVs. As shown by the recent global spread of
H5 HPAIVs of clade 2.3.4.4, virus-host—environment ecological interface can enable inter-
species transmission of AIVs between wild waterbirds and other avian and/or mammalian
species, thus generating potential risks for animal and human health as well as biodiversity
conservation [3-5]. Consequently, the meaning of “notifiable disease”—defined as H5 and
H7 HPALIV infections in poultry and birds other than poultry, including wild birds—has
been extended by the World Organisation for Animal Health to both LPAIV infections
showing a sudden and unexpected increase in virulence in poultry and LPAIV infections of
domestic and captive wild birds with proven natural transmission to humans associated
with severe consequences [6].

Several HA subtypes of LPAIVs can affect poultry production and human health by
zoonotic transmission and possible reassortment events with other influenza A viruses [7].
In recent years, AIVs belonging to H10 subtype have progressively posed a threat to public
health due to their capability to infect and adapt to mammals, including humans. The first
H10 AIV was isolated from a chicken in Germany in 1949 (H10N7) [8]. Since then, HIONX
viruses and/or H10 seropositivity were detected not only in domestic and wild birds but
also in domestic and wild mammalian species (mink, harbour seal, pig, raccoon, feral dog)
worldwide [8-10]. Moreover, sporadic human infections caused by H10 AIV subtype were
reported in Egypt (2004), Australia (2010), and China (2013, 2014, 2021, 2022, 2024, and
2025) [11-16]. In this context, it is becoming increasingly important to control the spread
of HIONX AlIVs by implementing virological and serological monitoring systems in both
animal and human populations.

In this study, we conducted a retrospective analysis of a group of H10 subtype
viruses isolated in Italy between 1994 and 2007 from two sympatric wild species of
waterbirds—mallard (Anas platyrhynchos) and Eurasian coot (Fulica atra)—and from do-
mestic mallards (Anas platyrhynchos domestic form). We have sequenced the complete
genomes of nine H10 AIVs in order to achieve the following: (i) analyse the presence of
known molecular markers associated with pathogenicity and host adaptation; (ii) investi-
gate their evolutionary relationships with other Eurasian human and avian H10 viruses
and determine whether, and to what extent, Italian H10 strains isolated from two sympatric
avian species were related; and (iii) analyse the presence of mutations associated with
adamantanes resistance and reduced susceptibility to neuraminidase inhibitors (NAIs) and
polymerase acidic inhibitors (PAls). Furthermore, the susceptibility of H10 isolates to the
neuraminidase inhibitors oseltamivir, and zanamivir was tested by phenotypic assays.
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2. Materials and Methods

2.1. Sample Collection and Virus Isolation

The nine H10 AIV analysed (Table 1) were previously isolated from wild and domestic

waterbirds during surveillance and research studies carried out in Italy between 1994 and

2007 [17-19].

Table 1. HIONX viruses under study, isolated in Italy from wild and domestic waterbirds (1994-2007).

AIV Isolate HN Subtype Sadmdg:lrrlﬁ /;);te Sampling Site - Bird —

Species Sex Age  Origin
A /Eurasian Coot/It/125/1994 H10N8 11 January 1994 Orbetello Lagoon * Fulica atra M Ad Y
A /Eurasian Coot/It/114/1995 H10N8 12 December 1995 Burano Lake * F atra F Ad W
A /Mallard /It/90/2002 H10N2 30 October 2002 Orbetello Lagoon Anas platyrhynchos M Juv \
A/Mallard /1t/166998/2005 § H10N7 21 July 2005 Bagnacavallo * A. platyrhynchos Na Na D
A /Mallard /It/Eco-634 /2005 H10N7 28 December 2005 Orbetello Lagoon A. platyrhynchos F Juv W
A/Mallard /It/Eco-7 /2006 H10N7 23 January 2006 Orbetello Lagoon A. platyrhynchos F Juv W
A/Mallard /It/Eco-33/2006 H10N7 24 January 2006 Orbetello Lagoon A. platyrhynchos M Juv W
A /Mallard /It /Eco-360/2006 H10N7 24 November 2006 Orbetello Lagoon A. platyrhynchos M Juv Y
A/Mallard /1t/195376 /2007 HI10N7 31 July 2007 Casola Valsenio * A. platyrhynchos Na Na W

" Grosseto province, Tuscany region, Central Italy; * Ravenna province, Emilia-Romagna region, Northern Italy;
It, Italy; §, AIV isolate obtained from ten pooled samples; M, male; F, female; Juv, juvenile; Ad, adult; W, wild;
D, domestic; Na, not available.

A map showing H10 sampling sites and the waterbird species sources of these isolates
is reported in Figure 1.

Sampling sites of H10 viruses isolated from sympatric waterbird species
(Italy, 1994-2007)

I Bagnacavallo

Emilia-Romagna X
o 1 x) Casola Valsenio

Orbetello
Lagoon

@Wild Mallard

-
A "/ Domestic Mallard

V)
AWild Eurasian Coot

Figure 1. Map showing geographic areas and waterbird species sampled in the Tuscany and Emilia-
Romagna regions. Sampling sites and related H10 isolate numbers were as follows: Orbetello Lagoon
(n. 6), Burano Lake (n. 1), Bagnacavallo (n. 1), and Casola Valsenio (n. 1).
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Briefly, the following procedures were performed in two different geographic areas:

(i) During bird-ringing activities carried out in the Laguna di Orbetello Oasis and Lago
di Burano World Wildlife Fund Oasis—protected wetlands placed on the west coast of
Central Italy in the Tuscany region, about 140 km north of Rome—seven cloacal swabs
were collected between 1994 and 2006 from two Eurasian coots (Fulica atra) and five
mallards (Anas platyrhynchos). These samples were individually processed and inocu-
lated according to standard procedures in specific pathogen-free (SPF)-embryonated
chicken eggs for virus isolation [20], followed by influenza A virus detection and
characterisation by hemagglutination (HA) assay [21], enzyme-linked immunosorbent
assay (ELISA) [22], RT-PCR [23], and finally subtyped by hemagglutination inhibition
(HI) and neuraminidase inhibition (NI) tests [21].

(ii) During the AIV Surveillance Plan implemented in the Emilia-Romagna Region of
northern Italy, one pool of 10 cloacal swabs obtained from a group of 2000 free-range
mallards reared in an open-air breeding farm (Anas platyrhynchos domestic farm),
and one cloacal swab obtained from an injured wild mallard (recovered in the upper
valley of the Senio River), were processed to be inoculated into SPF-embryonated
chicken eggs [20]. The harvested allantoic fluids were tested by the HA assay [21] and
an ELISA specific for the detection of influenza A virus nucleoprotein [22]. Allantoic
fluids that tested positive by both HA and ELISA were sent to the Italian National
Reference Laboratory for Avian Influenza and Newcastle Disease (Legnaro, PD) for
antigenic subtype and pathotype characterisation.

2.2. Sample Processing and Testing
2.2.1. RNA Extraction and Whole Genome Sequencing

Viral RNAs were extracted from isolates using the QIAamp Viral RNA extraction
kit (Qiagen, Hilden, Germany). The entire genome of each H10 virus was amplified by
multisegment reverse transcription-PCR with MBTuni-12 and MBTuni-13 primers using the
SuperSript III one-step RT-PCR System with Platinum Taqg DNA Polymerase (Invitrogen,
Waltham, MA, USA), according to the protocol of Zhou et al. [24].

Next-generation sequencing was performed using the Illumina MiSeq Next Generation
platform (Illumina, San Diego, CA, USA).

Raw reads were filtered using the Trimmomatic tool v.0.36 [25], as follows: dynamic
trimming was adopted to remove read fragments of 15 nt in length and with a mean
Phred quality score <30; trimmed reads shorter than 100 nt were discarded. All reads were
examined for mean quality, length, GC, and adapter content before and after trimming
process with FastQC software v0.11.5 (Babraham Institute, Cambridge, UK). Whole genome
sequence assembly, variant calling, and phasing were performed using the Iterative Re-
finement Meta-Assembler (IRMA) pipeline v.1.2.0 [26]. Complete H10 segment sequences
were aligned using the MAFFT software v7.505 [27] and manually checked with Geneious
Prime v.2020.2.5 (Dotmatics, Boston, MA, USA). The complete genome sequences were
submitted to GISAID (“global initiative on sharing avian flu data”, https:/ /www.gisaid.org,
accessed on 28 October 2025) EpiFlu database. Sequence accession numbers in GISAID
were as follows: EPI_ISL_20096817 for A/Eurasian Coot/Italy/125/1994; EPI_ISL_20096818
for A/Eurasian Coot/Italy/114/1995; EPI_ISL_20096819 for A/Mallard/Italy/90/2002;
EPI_ISL_20096820 for A /Mallard/Italy /166998 /2005; EPI_ISL_20096822 for A /Mallard/
Italy /Eco-634/2005; EPI_ISL_20096945 for A /Mallard/Italy/Eco-7/2006; EP1_ISL_20097047
for A/Mallard/Italy /Eco-33/2006; EPI_ISL_20097048 for A /Mallard /Italy/Eco-360/2006;
and EPI_ISL_20097050 for A /Mallard/Italy/195376/2007.
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2.2.2. Sequence and Phylogenetic Analyses

The sequences analysed in this study were aligned and compared with those available
from GISAID, edited, and analysed using the CLUSTAL X programme v.1.4 [28] and BioEdit
7.05 version [29]. The Megalign programme, included in the DNASTAR Lasergene v.15
software (Lasergene software, DNASTAR Inc., Madison, WI, USA), was also used to analyse
nucleotide sequence identity.

For HA phylogenetic analysis, sequences downloaded from BLAST (accessed on
24 June 2025) results obtained from GISAID were used, together with representative
sequences from H10NX Eurasian viruses collected from 1970 to 2024, including sequences
from human H10 viruses isolated in China and from other mammalian species. Some HA
sequences of the North American lineage were also added. The HA phylogenetic tree
was created using the maximum likelihood method with IQ-Tree v.16.12 and ModelFinder
software v.1.0 to select the best tree model [30], with 5000 bootstrap replicates.

2.2.3. Neuraminidase Inhibitors and NA Inhibition Test

Oseltamivir carboxylate (G54071) and zanamivir compounds were kindly provided
by Roche and GlaxoSmithKline, respectively.

A fluorescent enzyme inhibition assay was used in the present study to test the
H10NX AIVs susceptibility to NI drugs and to determine the inhibitory drug concen-
tration (ICsp) [31]. Briefly, HIONX were screened for susceptibility to NAIs using the
2'-(4-methylumbelliferyl)-a-D-N-acetylneuraminic acid, sodium salt hydrate (MUNANA:
Sigma-Aldrich, St Louis, MO) as the substrate. Each isolate was initially titrated in black
96-well flat bottom plates in order to standardise virus input. After titrating NA activities,
the inhibition assay was performed by preincubating 10 uL of drug and 10 uL of diluted
virus for 30 min at 37 °C. Then, 100 uM of working MUNANA solution was added to each
well, and plates were incubated for 1 h at 37 °C. The reaction was stopped, and fluorescence
was measured in a fluorometer with an excitation wavelength of 355 nm and an emission
wavelength of 460 nm.

Criteria recommended by the World Health Organisation Antiviral Working Group,
based on the fold change in IC5y compared to a susceptible virus, were used to define the
susceptibility of HIONX strains to NAIs. According to these criteria, Influenza A isolates
showed the following: normal inhibition (<10-fold), reduced inhibition (10- to 100-fold),
and highly reduced inhibition (>100-fold) [32].

A /Victoria/4897 /2022 (HIN1pdm09) and A/Darwin/9/2021 (H3N2) strains were
included in the assay as wild-type reference viruses. An oseltamivir-resistant HIN1pdm09
isolate with the NA-H275Y amino acid substitution was also included in the test. ICs;
values (the drug concentration that inhibited 50% of the NA activity) were representative
of two independent assays.

3. Results
3.1. HA Phylogenetic Analysis

Phylogenetic analysis of the HA genes showed that all the Italian H10 strains belonged
to the Eurasian lineage and fell into two subgroups (Figure 2).

In particular, subgroup 1 contained all seven strains that were isolated from the mal-
lards, while subgroup 2 contained the coot-origin viruses. In subgroup 1, the H10 isolates
were grouped together with viruses that were circulating mainly in Europe, predominantly
in mallards and other duck species, during the years 2000-2007. More specifically, the two
H10N7 strains A /Mallard/Italy/Eco-360/2006 and A /Mallard /Italy /195376 /2007 were
closely related to viruses that were also circulating in Italy at that time, A/Mallard/Italy/
46341-12/2006 (H10N7) and A/Mallard/Italy/4518/2007 (H10N1), respectively, with
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A/Mallard/Italy /195376 /2007 isolate sharing the highest nucleotide identity (99%—BLAST
result, accessed on 24 June 2025) with a virus isolated in Germany (H10N7 A /Mallard/

Germany/R2075/2007) (Table 2).

A/mallard/Netherlands/1/2014 N7
Alduck/italy/4481/2014 N4
A/mallard duck/Netherlands/31/2013 N7
A/mallard/Sweden/133546/2011 N4
A/mallard/Denmark/16109-4/2011 N6
A/mallard/Netherlands/47/2010 N7
A/duck/Bangladesh/821/2009 N7
A/duck/Shimane/321103/2010 N4
A/duck/Shanxi/3180/2010 N7
Alduck/Shanghai/602/2009 N8
5 A/mallard/Korea/1203/2010 N8
[ A/mallard/Bavaria/3/2006 N7
Alshoveler/Egypt/09782-NAMRU3/2004 N7
_[A/ducldltaly/73383/2006 N7
A/Duck/ltaly/62330/2006 N7
A/Mallard/Italy/166998/2005 N7
A/Mallard/Italy/Eco-33/2006 N7
A/Mallard/Italy/Eco-634/2005 N7
A/Mallard/Italy/Eco-7/2006 N7
‘L‘A/malIard/Sweden/64476/2007 N4

A/Chicken/Netherlands/09007064/2009 N7
ArTurkey/Netherlands/09006938/2009 N7
— A/mallard/Sweden/3151/2003 N7
A/mallard/Sweden/1417/2002 H10N7
hﬁ/mallardlSweden/4258/2004 N4
A/herring gull/Netherlands/4/2006 N4
[ A/Mallard/Italy/90/2002 N2
— Alpied avocet/Ukraine/05848-NAMRU3/2006 N4
A/mallard/Sweden/5824/2005 N7
A/mallard/Sweden/52903/2006 N9
A/mallard/Sweden/6039/2005 N4
[l A/migratory duck/Jiangxi/593/2005 N8
A/migratory duck/Jiangxi/10861/2005 N2
A/duck/Hokkaido/W87/2007 N2
Alduck/Jiangxi/4759/2009 N8
LL‘A/muscovy duck/Thailand/CU-LM4754/2009 N3
A/duck/Thailand/LM-CU4777/2009 N3
A/mallard/Sweden/4/2002 N2
A/Duckltaly/268302/2004 N4
A/mallard/Sweden/4411/2004 N4
~ A/mallard/Netherlands/02/2000 N7
— A/mallard/Sweden/2823/2003 N8
A/Ducklltaly/60772/2007 N7
L A/Mallard/Italy/46341-12/2006 N7
A/Mallard/Italy/Eco-360/2006 N7
A/mallard duck/Netherlands/7/2006 N6
A/mute swan/Netherlands/1/2006 N7
A/mallard duck/Netherlands/1/2007 N7
A/mallard/italy/4518/2007 N1
A/Mallard/Italy/195376/2007 N7
A/Mallard/Germany/R2075/2007 N7
A/duck/Hokkaido/18/00 N4
A/duck/Hokkaido/24/04 N5
A/duck/Shimane/45/1997 N7
A/mandarin duck/Singapore/805 F-72 7/1993 N5
A/Mallard/Gloucestershire/PD374/1985 N4
Alswan/Shimane/1331/1981 N6
A/duck/Hong Kong/786/1979 N3
Alchicken/Hubei/119/1983 N5
A/duck/Hubei/137/1985 N4
A/duck/Hong Kong/938/80 N1
A/duck/Hong Kong/934/1980 N5
A/Eurasian Coot/ltaly/114/1995 N8
AlEurasian Coot/lItaly/125/1994 N8
A/Eurasian coot/Germany/R411/2010 N8
AlTurkey/Italy/928/1967 N2
A/Quaillltaly/1966 N8
Alquaillltaly/1117/1965 N8
Alchicken/Germany/N/1949 N7
Alblue-winged teal/ALB/778/1978 N3
A/mallard duck/Minnesota/19/1979 N7
Alruddy turnstone/New Jersey/471614/2001 N7
A/mallard/Maryland/060S2409/2006 N4
A/mallard/Alberta/57/2004 N7

e
0.10

-
o
=
5]
S
[=2]
Q
=
(7}
Eurasian
lineage
N
%
-
5]
—_
[=2]
e
=
7]

|
North American
lineage
|

Figure 2. Phylogenetic tree of H10 genes of Italian AIVs under study. AIVs isolated from mallards and
Eurasian coots are represented in green and red, respectively. The phylogenetic tree was generated
using the maximum likelihood algorithm with 5000 bootstrap replicates.
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Table 2. BLAST (GISAID) results for HA sequences from H10NX strains under study (updated
24 June 2025).

H10NX Strains BLAST Results Nt Identity
A /Eurasian Coot/It/125/1994 (H10NS) A/Eurasian coot/Germany/R411/2010 (H10NS) 96%
A /Eurasian Coot/It/114/1995 (H10N8) A/Eurasian coot/Germany/R411/2010 (H10NS) 96%
A/Mallard /It/90/2002 (H10N2) A/mallard/Sweden /1417 /2002 (H10N?7) 98%

A/Mallard /1t/166998 /2005 (H10N7) A/shoveler/Egypt/09781-NAMRU3 /2004 (H10N7

99%

)
A /Mallard /1t/Eco-634 /2005 (H10N?7) A/shoveler/Egypt/09781-NAMRU3 /2004 (H10N?7) 98%
A /Mallard /1t/Eco-7 /2006 (H10N7) A/shoveler/Egypt/09781-NAMRU3 /2004 (H10N?7) 98%
A/Mallard /It/Eco-33/2006 (H10N?7) A/shoveler/Egypt/09781-NAMRU3 /2004 (H10N7) 98%
A /Mallard /1t/Eco-360/2006 (H10N7) A/Mallard /Italy /46341-12 /2006 (H10N7) 99%

A/Mallard /1t/195376 /2007 (H10N7) A /Mallard /Germany /R2075/2007 (H10N7) 99%

Nt, nucleotide; It, Italy.

The other four H10N7 isolates, A /Mallard /Italy /166998 /2005, A /Mallard/Italy /Eco-
634/2005, A/Mallard/Italy/Eco-33/2006, and A/Mallard/Italy/Eco-7/2006 clustered
together (Figure 2), and all of them showed the highest nucleotide identity with A/H10N7
A/Shoveler/Egypt/09781-NAMRU3 /2004 (98-99%—BLAST result) (Table 2). The HION2
A/Mallard/Italy /90/2002 isolate, instead, predominantly showed a close relationship
with viruses that were circulating in Sweden and shared the highest identity with HI0N7
A/Mallard /Sweden /1417 /2002 (98%—BLAST result).

In subgroup 2, the two H10N8 coot-origin strains, A/Eurasian Coot/Italy/125/1994
and A/Eurasian Coot/Italy/114/1995, clustered together with H10N8 A/Eurasian
coot/Germany/R411/2010 virus, shared 96% of nucleotide identity (BLAST result).

As shown in the Appendix A and Supplementary Materials (Figure Al and Figure S9),
none of our H10 under study had a close relationship with the more recent human H10N8
(A/Jiangxi-Donghu/346/2013, A/Jiangxi/09037/2014) and H10N3 (A/Jiangsu/428/2021,
A/Yunnan/0110/2024, A/Guangxi/01591/2024) isolates from China. In addition, they did
not show any close relationship with the H10 strains that were isolated in other mammalian
species including minks (H10N4, 1984), pigs (H10N5, 2008), and harbour seals (H10N7,
2014, 2015, and 2021) [8,33]. We also found that none of our H10 were closely related to
more recent Eurasian H10 AIVs identified over the last few years (Figure A1).

3.2. Molecular Characterisation of the H10 AIVs
3.2.1. Nucleotide Identity

Regarding the HA gene, at the nucleotide level (Figure S1), a low degree of similarity
was observed between the H10 strains isolated from Eurasian coots and those from mallards.
Particularly, the HA similarity percentage observed between the two viruses A /Eurasian
Coot/Italy /125/1994 and A /Eurasian Coot/Italy /114/1995 was 99% and this percentage
was found to be lower when these strains were compared with those isolated from mallards
that ranged from 83.6 to 84.9% (Figure S1). Among the seven H10 mallard-origin strains,
the HA nucleotide similarity percentage varied from 93.2 to 99.9%, with the highest val-
ues (99.2-99.9%) observed among A /Mallard /Italy /166998 /2005, A /Mallard/Italy/Eco-
634/2005, A/Mallard /Italy/Eco-7/2006, and A /Mallard/Italy /Eco-33/2006 (Figure S1).
Concerning the NA genes, N8 neuraminidase of A/Eurasian Coot/Italy/125/1994 and
A/Eurasian Coot/Italy /114 /1995 were 99.2% similar. Additionally, NA nucleotide sim-
ilarity percentages among the six HION7 viruses ranged from 92.4 to 99.9% (Figure S2).
Examination of the sequence of the six internal protein genes of the two virus groups
from Eurasian coots and mallards revealed comparable results to those observed for the
HA genes. In this regard, the two Eurasian coot-origin strains shared high similarity per-
centages from 99.1% to 99.7% across all segments, but these values decreased when these
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isolates were compared with viruses from mallards, with the exception of the MP and NS
genes, for which higher values were found (Figures S3-58). More in detail, the ranges of
similarity percentages were as follows: 88.5 to 89.9% for NP gene (Figure S3); 89.4 to 90.6%
for PA gene (Figure 54); 90.7 to 91.4% for PB1 gene (Figure S5); 87.7 to 88.6% for PB2 gene
(Figure S6); 95.6 to 97% for MP gene (Figure S7); and 72 to 92.5% for NS gene (Figure S8).

The nucleotide similarity values of internal genes ranged from 92.5 to 100% in most
viruses isolated from the mallards. Noteworthy, one virus, A/Mallard/Italy/195376/2007,
showed very low similarity values for the NS gene (71.7-72%) when compared with the
other H10 mallard-origin strains under study.

3.2.2. HA Gene

Haemagglutinin amino acid sequence analysis of the seven H10 AlVs isolated from
mallards showed the presence of the PEIMQGR/GLF motif at the cleavage site, typically as-
sociated with an LP (low pathogenicity) phenotype. Interestingly, two viruses, A /Eurasian
Coot/Italy /125/1994 and A /Eurasian Coot/Italy /114/1995, presented a different cleavage
pattern, PEVVQGR/GLE, usually observed in the H10 viruses belonging to the North
American lineage [10,34] (Table 3).

Table 3. Hemagglutinin cleavage site of H10 influenza viruses isolated from coots and mallards.

Viruses

Hemagglutinin
Subtype Cleavage Site

Amino Acids Nucleotides

A /Eurasian Coot/It/125/1994 H10N8 PEVVQGR/GLF CCAGAAGTAGTGCAAGGAAGGGGTTTGTIT
A/Eurasian Coot/It/114/1995 H10N8 PEVVQGR/GLF CCAGAAGTAGTGCAAGGAAGGGGTTTGTIT

A/Mallard /It/90/2002

H10N2 PEIMQGR/GLF  CCAGAAATAATGCAAGGGAGAGGTCTATTT

A /Mallard /1t/166998 /2005 H10N7 PEIMQGR/GLF  CCAGAAATAATGCAAGGGAGAGGTCTATTT
A /Mallard/It/Eco-634/2005 H10N7 PEIMQGR/GLF  CCAGAAATAATGCAAGGGAGAGGTCTATTT
A/Mallard /It/Eco-7 /2006 H10N7 PEIMQGR/GLF  CCAGAAATAATGCAAGGGAGAGGTCTATTT
A/Mallard /It/Eco-33/2006 H10N7 PEIMQGR/GLF CCAGAAATAATGCAAGGGAGAGGTCTATTT
A /Mallard /1t/Eco-360/2006 H10N7 PEIMQGR/GLF  CCAGAAATAATGCAAGGGAGAGGTCTATTT
A /Mallard /1t/195376 /2007 H10N7 PEIMQGR/GLF  CCAGAAATAATGCAAGGGAGAGGTCTATTT

In bold, amino acid differences; It, Italy.

No mutations in the 226 and 228 amino acid positions (H3 numbering) were observed
in residues that define the receptor-binding site (RBS) of all H10 viruses, indicating their
ability to preferentially bind to the avian Neu5Aca2,3-Gal receptor determinants [4]. How-
ever, the S221P amino acid change (S231P in H10 numbering), which may potentially
increase the virus binding to the human Neu5Aca2,6-Gal receptor, was found [35,36].
(Table 4).

Finally, molecular markers in HA associated with altered viral fitness and transmissi-
bility of AIVs reported in Table S1 [36-81] were not found in the H10 isolates under study,
even though the K393E (H3 numbering) aminoacidic substitution, known to be related
to increased pH of fusion, decreased HA stability, and reduced virulence in mice for the
H7N9 subtype [36,37], was detected in all H10 viruses under study.
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Table 4. Receptor-binding site of H10 avian influenza isolates.
Receptor-Binding Site
. (Amino Acidic Positions—H10 Numbering)
Viruses Left Ed Right Ed
e ge ig ge
105 161 163 193 200 204 205 230-239 142-146
A /Eurasian Coot/1t/125/1994 Y 4 \% H E L Y RPQVNGQSGR GVTKA
A/Eurasian Coot/It/114/1995 Y 4 \% H E L Y RPQVNGQSGR GVTKA
A /Mallard /It/90/2002 Y w v H E L Y RPQVNGQSGR GTTKA
A/Mallard /It/166998 /2005 Y \ v H E L Y RPQVNGQSGR GTTKA
A /Mallard /It /Eco-634/2005 Y \% v H E L Y RPQVNGQSGR GTTKA
A/Mallard/It/Eco-7 /2006 Y 4 \% H E L Y RPQVNGQSGR GTTKA
A/Mallard/It/Eco-33/2006 Y 4 \% H E L Y RPQVNGQSGR GTTKA
A/Mallard/It/Eco-360/2006 Y \ \% H E L Y RPQVNGQSGR GTTKA
A/Mallard /1t/195376 /2007 Y W v H E L Y RPQVNGQSGR GTTKA

In bold, valine amino acid detected only in Eurasian coots; It, Italy.

3.2.3. NA Gene

Analysis of NA amino acids forming the catalytic site involved in the release of the
progeny virions from the surface of infected cells (R118, D151, R152, R224, E276, R292,
R371, and Y406—N2 numbering) did not reveal any changes in the viruses analysed. No
mutations were identified in the eleven amino acids of the framework region that are
involved in the stabilisation of the NA active site (E119, R156, W178, S179, D198, 1222,
E227, H274, E277, N294, and E425—N2 numbering) [82], except for a D198N aminoacidic
substitution found in the N7 of all analysed H10N7 viruses. It was not possible to verify the
406 and 425 amino acid positions for only one isolate, A/Mallard/Italy/90/2002, because
of its shorter N2 sequence.

Additionally, no molecular markers reported in Table S2 and known to be associated
with reduced susceptibility to neuraminidase inhibitors, oseltamivir, and zanamivir [83-93]
were found in the N8, N7, and N2 amino acid sequences of our H10 isolates. Also, no
deletions related to increased transmission in mammalian cells [94] or those reported in
Table S3 and associated with enhanced virulence in mice [36,95-100] were observed.

3.2.4. Internal Protein Genes

None of the H10 isolates under study harboured the amino acid changes that are more
frequently associated with the adaptation of AIVs to mammalian species in the PB2 (E627K,
D701N) and PB1-F2 (N66S) genes. In addition, eight out of the nine H10 viruses had the
four C-terminal amino acids motif ESEV in the NS1 protein, typical of avian influenza
viruses [101], whereas the isolate A /Eurasian Coot/Italy/114/1995 showed the presence
of a stop codon in it (ES*V).

The screening of M2 mutations did not reveal the presence of substitutions known to
confer resistance to adamantanes [102]. Concerning susceptibility to the polymerase acidic
inhibitor baloxavir marboxil, the PA-L28P genetic change—the PA marker associated with
reduced susceptibility to this antiviral in seasonal human influenza A(H3N2) viruses—was
detected [103], although the presence of a proline in this position (P28) could represent a
conserved characteristic of AIVs [104]. Interestingly, the analysis of amino acid substitution
in internal proteins of our H10 isolates revealed several mutations previously reported to
be linked to an increase in the zoonotic potential in different avian influenza subtypes [36].
As shown in Table A1 [105-119] and in Table S4, the following mutations were found in
our H10 isolates: in PB2, R340K, K389R, A588V, V598T, L89V + G309D, and L8V + G309D
+ T339K + R477G + 1495V + K627E + A676T [105-107]; in PB1, D3V and D622G [108,109];
in PA, S37A, N383D, and N409S [110,111]; in NP, M105V, 1109T, and A184K [112,113]; in
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M1, N30D, 143M, and T215A [114,115]; in NS1, P42S, C138F, V149A, L103F + I106M, and
K55E + K66E + C138F [116-119]. Overall, 18 mutations and 4 motifs were found in the
internal genes of H10 isolates. The distribution of mutations/motifs by gene, strain origin,
and sample collection date is shown in Table 5.

Table 5. Distribution of potentially zoonotic markers in internal genes of H10 strains isolated in Italy
from 1994 to 2007. See Tables 1, A1 and S4 for details.

Mutation/Motif Grouped by Bird Species, and Sampling dd/mm/yy of Nine H10 Isolates

] Eurasian Coot Mallard

No. o

Genes Mutation/Motif nllggr?ry Decirznber Oc?c?ber 21 July 2005 Decgfnber 2 ]2a (;géary 24 ]za&)léary Novifnber 3;351;}1

@ 1995 2002 H10N7 *@ 2005 © P 2006 ®
HI10N8S H10N8 @ H10N2 @ H10N7 © HI10N7 HI10N7 H10N7 ® H10N7

PB2 4/2 4/2 4/2 2/2 2/2 3/2 3/2 3/2 2/2 2/2
PB1 2/0 2/0 2/0 2/0 2/0 2/0 2/0 2/0 2/0 2/0
PA 3/0 3/0 3/0 3/0 3/0 3/0 3/0 3/0 3/0 3/0
NP 3/0 1/0 1/0 1/0 2/0 2/0 2/0 3/0 2/0 2/0
M1 3/0 3/0 3/0 3/0 3/0 3/0 3/0 3/0 3/0 3/0
NS1 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 3/2 2/0

*, dd/mm/yy; D, A/Eurasian Coot/1t/125/1994; ®, A /Eurasian Coot/It/114/1995; @, A/Mallard/1t/90/2002;
@,  A/Mallard/It/166998/2005; ©), A/Mallard/It/Eco-634/2005; ©, A/Mallard/It/Eco-7/2006;
@),  A/Mallard/It/Eco-33/2006; ®, A/Mallard/It/Eco-360/2006; ), A/Mallard/It/195376/2007;
*, pooled samples collected from domestic mallards.

In detail, all the mutations/motifs that we detected in PB2 (4/2), PB1 (2/0), PA (3/0),
M1 (3/0), and NS1 (3/2) were found in the two Eurasian coot isolates, whereas only one
of the three NP-mutation (A184K) was found in these HIONS viruses. The seven H10
AlVs isolated from mallards had all the mutations/motifs that we detected in PB1, PA,
and M1, whereas two or three mutations and two motifs were found in the PB2 gene.
All NS1 mutations/motifs (3/2) were found in six of seven mallard strains, whereas only
two mutations were observed in the 31 July 2007 isolate. Finally, the distribution of NP
mutations in mallard isolates was as follows: A184K found in the unique H10N2 and in
all the HI0N7 strains; M105V found in all six HION7 strains; and I109T only found in the
H10N7 virus sampled on 24 January 2006 (see also Table 54 and Table A1).

3.3. Antiviral Susceptibility by Phenotypic Assay

H10NX AIVs were also examined for their susceptibility to the NA inhibitors os-
eltamivir and zanamivir by phenotypic assay. All isolates tested, with the exception of
A /Mallard /Italy /166998 /2005, for which it was not possible to perform the assay due to
its low neuraminidase activity, were sensitive to both drugs. These strains showed mean
ICs5¢ (mean 50% inhibitory concentration) values ranging from 0.3 to 3.4 nM for oseltamivir
and from 0.7 to 1.3 nM for zanamivir (Table 6). Furthermore, all viruses tested exhibited
less than a 10-fold increase in oseltamivir and zanamivir ICsy compared with the mean of
reference wild-type viruses used in the assay and with the ICsj values previously reported
in the literature for N8, N2, and N7 susceptible viruses [84,85,120], indicating that they
were susceptible to both drugs.
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Table 6. H10NX avian influenza virus susceptibility to oseltamivir and zanamivir tested by pheno-

typic assay.

Sub Mean IC50 + SD (IIM) *
Isolate ubtype Oseltamivir Zanamivir

A /Eurasian Coot/It/125/1994 H10N8 3.4 +£0.07 1.3 +£0.02
A /Eurasian Coot/It/114/1995 H10N8 3.2+£0.07 1.1 +£0.01
A /Mallard /1t/90/2002 H10N2 0.3 = 0.001 0.7 £0.04

A /Mallard /1t /Eco-634 /2005 H10N7 0.7 £ 0.03 1+ 0.06
A/Mallard /1t/Eco-7 /2006 H10N7 0.8 £0.07 1+ 0.002
A /Mallard /1t/Eco-33 /2006 H10N7 1.1 +£0.07 1.3 £ 0.02
A /Mallard /1t/Eco-360/2006 HI10N7 1.2 +£0.07 1.2 £+ 0.06
A/Mallard /1t/195376 /2007 HI10N7 0.7 £+ 0.09 0.9 £0.02
A/Victoria/4897 /2022 (Wt) HIN1pdmo09 1.1 +0.01 0.3 £ 0.006
A/Darwin/9/2021 (Wt) H3N2 0.3 £ 0.06 0.3 £ 0.002
H1-H275Y * HIN1pdm09 492.9 4+ 0.07 0.7 £ 0.04

*, concentration that inhibits viral NA activity by 50% expressed as the mean = standard deviation (SD); It, Italy;
Wt, wild-type reference virus; *, oseltamivir-resistant virus with NA-H275Y mutation.

4. Discussion

In recent decades, H10 subtype AIVs such as HION3, H10N4, HION5, H10N7, and
H10NS8 have crossed species barriers, confirming their ability to infect several mammalian
species, including domestic and wild animals as well as humans, thus posing a threat to
public health, veterinary health, and biodiversity conservation [3-5,11-16,121,122]. Fur-
thermore, serological evidence of H10 infections has been reported in wild and domestic
mammals [8-10] as well as in occupationally exposed workers [123]. Given the occurrence
of these events, it is now becoming increasingly important to keep these avian influenza
strains under control by monitoring their circulation in both wild and domestic birds, as
well as in mammals, including humans.

Our retrospective study provides molecular and phylogenetic data of H10 AIVs
isolated in Italy between 1994 and 2007 from wild mallards (Anas platyrhynchos), Eurasian
coots (Fulica atra), and from reared mallards (Anas platyrhynchos domestic form) that were
exposed to avian influenza through natural wetland habitats and open-air free-range
farms, respectively.

According to the census of wintering waterbirds [124], in Italy, large flocks of these
two avian species overwinter in Italian wetlands, and during the study period, the mal-
lard was the most widespread and abundant anatid species, showing an increasing
trend (242,022 vs. 72,383 individuals, respectively, in the 2006-2010 and 1991-1995 pe-
riods). Similarly, the Eurasian coot was found to be the most abundant species in Italy
(263,976 vs. 215,010 individuals, respectively, in the 2006-2010 and 1991-1995 periods).
In this context, both wintering avian species were primarily represented by migratory
contingents coming from breeding sites mainly represented by wetlands in Central and
North-Eastern Europe and, to a lesser extent, by sedentary populations (accounting for
10,000-20,000 pairs and 8000-12,000 pairs, respectively, estimated for mallards and Eurasian
coots) [125,126]. It should be noted that the above mentioned domestic mallards—belonging
to the taxon artificially selected for food, ornamental, and hunting uses—could occur in
the wild because of accidental or voluntary releases (e.g., 5149 individuals of this taxon
were counted in Italian wetlands during the 2006-2010 period) [124]. This anthropogenic
interface could influence AIV ecology, as reported below.

HA phylogenetic analysis of the nine HIONX viruses under study indicated that all
these strains belonged to the Eurasian lineage. None of the H10 showed a close relationship
with Eurasian human and avian H10 AIVs identified in more recent years, as well as no
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observed relationship with H10 strains isolated in other mammalian species including
minks, pigs, and harbour seals [8,33]. Interestingly, the H10 viruses isolated from mal-
lards and coots fell into different subgroups, subgroup 1 and subgroup 2, respectively
(Figure 2). In subgroup 1, the mallard isolates analysed clustered with H10 viruses almost
exclusively circulating in Anseriformes in Europe during the years 2000-2007. Among
these, four H1I0N7 grouped together as follows: three strains from wild mallards cap-
tured in Central Italy (A/Mallard/Italy /Eco-634/2005, A/Mallard/Italy/Eco-33/2006,
and A/Mallard/Italy /Eco-7/2006) and one (A/Mallard/Italy/166998/2005) from do-
mestic mallards reared in Northern Italy in a lowland area at high risk for AIV intro-
duction into bird farms [19]. Interestingly, the HA genes of these three HION7 viruses
isolated from wild mallards in December 2005 and January 2006 were closely related
to that of the H10N7 strain isolated from domestic mallards in July 2005. This result
seems to confirm that free-range farms of Anas platyrhynchos domestic type can represent a
wildfowl-poultry interface, allowing bidirectional transmission of AIVs between outdoor-
housed ducks and wild waterfowl [19]. Moreover, the two H10N?7 isolates of wild origin,
A /Mallard /Italy /Eco-360/2006 and A/Mallard/Italy /195376 /2007, obtained in Central
and Northern Italy, respectively, were closely related to other strains also co-circulating
in mallards in Italy, with A/Mallard/Italy/195376/2007 sharing the highest nucleotide
identity (99%) with the HION7 A /Mallard/Germany/R2075/2007 strain. In subgroup
2, A/Eurasian Coot/Italy /125/1994 and A /Eurasian Coot/Italy/114/1995 shared a rela-
tionship (96% HA nucleotide identity) only with A /Eurasian coot/Germany/R411/2010,
an H10NS8 strain previously isolated in Germany in 2010. Within the same subgroup,
these coot isolates seem to share a common origin with the old HIONX strains, in-
cluding the first reported HI0N7 (A /chicken/Germany/N/1949) and three H10 viruses
(A/quail/Italy /1117 /1965-H10N8, A/Quail/Italy /1966-H10NS), A/Turkey/928/1967-
H10N2) isolated in Italy from Galliformes birds in 1960s.

Noteworthy, mallards and coots belong to two sympatric species—Anas platyrhynchos
and Fulica atra, respectively—that share large and overlapping distribution areas in Eurasia
and, from an ecological point of view, live and interact with each other in the same local
communities in wetland habitats, enabling water-mediated transmission of AIVs. The HA
gene divergence observed between H10 AIVs from these two sympatric species of water-
birds sharing the same environment appears to confirm that distinct influenza gene pools
can be maintained in ducks and coots, as previously hypothesised [17]. This is supported
by the nucleotide identity results, showing that the two Italian H10N8 strains isolated from
coots were different from those isolated from mallards, also in the nucleotide sequences
of the internal genes, except for the MP and NS. It is well documented that distinct gene
pools of AIVs can be maintained in gulls, shorebirds, and ducks [127-129]. Additionally,
previous serological data—obtained between 1992 and 1998 from wild waterbirds sampled
in the same protected areas of Central Italy [17]—already indicated some species-specific
differences in AIV subtype circulation in these sympatric species. In fact, 407 sera collected
from mallards showed HI antibodies against eight of the fourteen HA subtypes tested
(except for H3, H4, H7, and H12), while 449 coot sera were only positive for the H3 and
H10 subtypes. During the six sampling periods in the Tuscany region (spanning from
November/December 1992 to January/March 1998), H10-seropositive coots were found
only during the first three, including the H10NS8 isolation period [17,130].

Multiple mutations in avian influenza genes can alter viral biological characteristics,
making them potentially zoonotic. The acquisition of specific mutations in the viral HA can
alter the receptor-binding specificity of influenza viruses, thus representing a key factor in
interspecies transmission. Various studies have reported amino acid substitutions, includ-
ing the Q226L and G228S changes (H3 numbering), that cause a change in receptor-binding
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preference from the avian-type «-2,3 receptor to the human-type x-2,6 receptor [35,131].
Our molecular data showed that the Q226 and G228 residues in the receptor-binding site
were highly conserved in all H10 strains, suggesting their preference for binding to avian-
type receptors, although the S221P mutation, previously associated with H5N1 increased
binding to the human-type «-2,6 receptor [48], was found in all H10 isolates. Further
research is needed to better define the effect of this mutation in H10 subtype viruses. Addi-
tionally, the HA amino acid sequences at the cleavage site of our H10 strains were typical
of low-pathogenicity AIVs. Several mutations of internal genes may play an important role
in the mammalian adaptation and, consequently, in the pandemic potential of AIVs [36]. In
this regard, full-genome sequence analyses of our H10 strains did not reveal the presence
of the two changes in PB2 (E627K and D701N) that are more frequently associated with the
adaptation of AIVs to mammalian hosts [132]. Interestingly, the PB2-A588V amino acid
substitution, known to be linked to increased virulence in mice infected with H10N8 sub-
type viruses [47], was found in both our H10NS strains: A /Eurasian Coot/Italy/125/1994
and A/Eurasian Coot/Italy/114/1995. Additional mutations in other genes, associated
with increased pathogenicity in mammals but found in other AIV subtypes [36] were
also detected in our H10NX isolates. Overall, mutations/motifs found in the PB1 (2/0),
PA (3/0), NP (3/0), and M1 (3/0) were equally distributed among all H10 strains (Table 5).
All mutations/motifs found in PB2 (4/2) and NSI1 (3/2) were detected in coot strains. In
contrast, in seven mallard strains, PB2 mutations/motifs ranged from 2/2 (in four iso-
lates) to 3/2 (in three isolates), whereas NS1 mutations/motifs ranged from 3/2 (in six
isolates) to 2/0 (in one isolate). The effects of multiple mutations are very complex to
understand [94,133] and could differ among various influenza virus subtypes [105,134]. To
our knowledge, the phenotypic effects of these mutations have not been described for the
H10 subtype.

Antivirals represent the first line of defence against AIV infections in humans, and their
usage is important for reducing pandemic risk [135]. However, treatment and prophylaxis
of ALV infections in humans could lead to the emergence of drug-resistant viruses [136].
In our study, the Italian HIONX isolates were shown to be sensitive to oseltamivir and
zanamivir when tested by genotypic and phenotypic assays. The NA-D198N amino
acid substitution, known to be associated with normal/reduced inhibition (NI/RI) by
oseltamivir and zanamivir in human influenza B viruses [137] and detected in the frame-
work region of the NA active site of the HI0N7 strain under study, can be attributed to a
conserved characteristic of N7 neuraminidase from AIVs [83]. Moreover, no amino acid
substitutions at positions 26, 27, 30, 31, and 34 of the M2 gene were found in our HIONX
isolates, confirming their susceptibility to adamantanes as well [102]. Finally, all the nine
H10 isolates did not possess the most clinically relevant genetic change, I38T, in the PA
gene [138], as well as other frequent markers associated with reduced susceptibility to
baloxavir marboxil in seasonal human influenza strains [103].

The main limitation of our study is the restricted number of sequences from coots
that were available for analysis. Further sample collections from this waterbird species are
needed to better define the apparent gene pool divergences between coots and ducks.

5. Conclusions

This retrospective study, based on molecular characterisation of nine H10 AIV isolates
obtained in Italy from wild mallards (1 HION2 and 5 H10N7), domestic mallards (1 H10N7),
and Eurasian coots (2 HIONS), demonstrated that, despite sharing the same environment,
sympatric dabbling ducks and coots could harbour different H10 gene pools. This hy-
pothesis can be supported either by the high diversity existing between the two sampled
species [139] or by their use of different trophic niches, where mallards predominantly
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feed at the water surface whereas Eurasian coots also feed in deep-water habitats [125,126].
Notably, our coot isolates grouped with an H10NS coot strain isolated in 2010 in Germany,
that—according to Italian recapture data of coots ringed abroad—represents a possible
reproductive site of coots wintering in Italy [126]. Moreover, the HA genes of three HION7
viruses obtained from wild mallards were closely related to that of an HION7 AIV isolated
from domestic mallards, thus indicating a possible bidirectional transmission of AIVs
between outdoor-housed ducks and wild waterfowl. Finally, although several potential
zoonotic molecular markers were observed in our strains, the only PB2-A588V substitution,
experimentally found to promote the mammalian adaptation of H10, was found in both
H10NS8 coot strains.
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Figure Al. Phylogenetic tree of the HA genes of the H10 viruses. AIVs isolated from mallards and
Eurasian coots are represented in green and red, respectively. Recent HIONX viruses of Eurasian
lineage are included in the dotted box. The phylogenetic tree was generated using the maximum
likelihood algorithm with 5000 bootstrap replicates. Names of HIONX strains used in the tree are
shown in Supplementary Materials (Figure S9).
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Table A1. Multiple mutations detected in internal protein genes of the nine HIONX AIVs under study
and phenotypic effects previously reported in the literature.

Protein Mﬁz?i(fm/ Strains with Mutation Phenotypic Effect/Subtype Tested Reference
A/Eurasian Coot/It/125/1994,
A /Eurasian Coot/It/114/1995,
A/Mallard /It/Eco-634/2005, . o
R340K A/Mallard /It /Eco-7 /2006, Increased virulence in mice [105]
and
A /Mallard /It/Eco-33/2006
Increased polymerase activity and

K389R All replication in mammalian cell [106]

line/H7N9

Increased polymerase activity and
replication in avian and mammalian
cell line; increased virulence in
mice/H7N9, HIN2, and H10N8

A /Eurasian Coot/It/125/1994
PB2 A588V and
A /Eurasian Coot/It/114/1995

[105]

Increased polymerase activity and
V598T All replication in mammalian cell line; [106]
increased virulence in mice/H7N9

Increased polymerase activity and

L89V, G309D All replication in mammalian cell line; [107]
increased virulence in mice/H5N1
L89V, G309D, T339K, Increased polymerase activity and
R477G, 1495V, K627E, All replication in mammalian cell line; [107]
and A676T increased virulence in mice/H5N1

Increased polymerase activity and

D3v All replication in avian and mammalian [108]
PB1 cell line/H5N1
Increased polymerase activity and
D622G All virulence in mice/H5N1 [109]
Increased polymerase activity in
S37A All mammalian cell line/H7N9 [110]
Increased polymerase activity in avian
PA N383D All and mammalian cell line/H5N1 (1]
Increased polymerase activity in avian
N4095 All and mammalian cell line/H7N9 [110]
A /Mallard /It/ 166998 /2005,
A/Mallard /It/Eco-634 /2005,
A /Mallard/It/Eco-7 /2006,
M105V A/Mallard /1t /Eco-33/2006,  Increased virulence in chickens/H5N1 [112]
A/Mallard /It/Eco-360/2006,
and
NP A /Mallard /It/195376 /2007
Increased polymerase activity and
T109T A/Mallard/It/Eco-33/2006  Viral replication in chickens (but not in [112]
ducks), and increased virulence in
chickens/H5N1
Increased replication in avian cells
Al184K All virulence in chickens and enhanced [113]
IFN response/H5N1
N30D All Increased virulence in mice/H5N1 [114]
M1 143M All Increased virulence in mice, ducks, [115]

and chickens/H5N1
T215A All Increased virulence in mice/H5N1 [114]
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Table Al. Cont.

Protein Mll\l/Iz?i(fm/ Strains with Mutation Phenotypic Effect/Subtype Tested Reference

A /Eurasian Coot/It/125/1994,
A /Eurasian Coot/It/114/1995,
A/Mallard /It/90/2002,

A /Mallard /1t/ 166998 /2005, . . .
Increased virulence in mice and

P42S A/Mallard /It /Eco-634/2005, . [116]
A/Mallard /1t /Eco-7 /2006, pigs/H5N1
A /Mallard /It/Eco-33/2006,
and
A /Mallard /It /Eco-360/2006
Increased replication in mammalian
C138F All cells and decreased interferon [117]

response/H5N1

Increased virulence and decreased
V1494 All interferon response in chickens/H5N1 (17

A /Eurasian Coot/It/125/1994,
NS1 A /Eurasian Coot/It/114/1995,
A/Mallard /It/90/2002,
A /Mallard /1t/ 166998 /2005,
A/Mallard /It/Eco-634 /2005, Increased virulence in mice [118]
A/Mallard/1t/Eco-7/2006,
A /Mallard /1t/Eco-33/2006,
and
A /Mallard /It/Eco-360/2006

A /Eurasian Coot/It/125/1994,
A /Eurasian Coot/It/114/1995,
A /Mallard/It/90/2002,

A /Mallard /It/ 166998 /2005,
A /Mallard /It /Eco-634 /2005,
A /Mallard /1t/Eco-7 /2006,
A /Mallard /1t/Eco-33/2006,
and
A /Mallard /It/Eco-360/2006

L103E,
1106M

K55E, K66E,
C138F

Increased replication in mammalian

cells and decreased IF response/H5N1 [117,119]
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