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Abstract 
Avian influenza viruses (AIVs) pose a global health risk for animals and humans with outcomes 

ranging from asymptomatic cases to fatalities. In recent years, HPAI were detected in several 

mammal species globally including minks in Spain, marine mammals in South America, cats in 

Poland, and seals along the North Atlantic coast. The H5N1 outbreak in U.S. dairy cattle marked 

the first detection of HPAI in this species. Although human-to-human transmission has not been 

clearly demonstrated so far, this scenario raises epidemiological concerns, particularly due to 

the ability of AIVs to adapt and infect mammalian hosts. Close monitoring of genomic sequences 

and mutations is essential to quickly identify markers that affect host range or virulence, 

potentially leading to spillover in mammals with possible harmful effects. Efficient evaluation of 

AIV risks requires the analysis of mammalian adaptation markers and the screening of genomic 

sequences. To enhance pandemic preparedness measures and to understand the evolution of 

AIVs, a total of 592 potential zoonotic markers across eight viral segments were identified from 

a literature review and screened in over 1.4 million sequences from available public databases. 

From these inputs, mutation frequencies were observed within avian and mammalian hosts, 

including humans, per geographical area, and per period, generating a database composed of a 

total of 1,974 spreadsheets. The present report updates the list of potential zoonotic markers 

and provides an overview of their frequency in avian and mammalian populations, including 

humans. It serves as the basis for future in-depth investigations to assess the zoonotic risks 

associated with avian influenza viruses and to develop a comprehensive risk assessment.  
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Summary 
Avian influenza viruses (AIVs) are globally circulating pathogens with pandemic potential that 

pose a significant health risk due to their ability to infect a wide range of species. These 

pathogens primarily affect birds, including wild waterfowl and domestic poultry, but are also 

capable of infecting mammals and humans, ranging from asymptomatic cases to fatal 

outcomes. In recent years, the Highly Pathogenic Avian Influenza (HPAI) H5N1 subtype raised 

concern by infecting multiple mammalian species. In 2022, infections were registered in minks 

in Spain, and in marine mammals (sea lions and dolphins) from South America. The same 

year, a severe outbreak in harbour and gray seals along the North Atlantic coast in New 

England (USA) was observed, coinciding with mass avian infections and deaths. Similarly, in 

2023, cases of H5N1 were observed in cats in Poland. More recently, in the spring of 2024, 

an H5N1 outbreak in U.S. dairy cattle was recorded, marking the first-ever detection of HPAI 

H5N1 affecting this species, although human-to-human transmission has not been 

demonstrated so far.  

To efficiently evaluate the AIV risk, and thus enhance pandemic preparedness, prevention, 

and control measures, EFSA requested a detailed study of genetic markers associated with 

mammalian adaptation, along with a thoroughly AIV sequences screening on public 

databases. In agreement with the first Terms of Reference (ToR) of this work, a 

comprehensive literature review was conducted to identify potential zoonotic markers from 

the scientific literature. A search string composed of MeSH Terms and Boolean operators was 

used to search peer-reviewed articles on PubMed, resulting in a total of 113 records examined. 

Additional relevant records not initially included by the search string and the periodic EFSA 

reports on avian influenza were also considered. From the selected records, 592 potential 

zoonotic markers were identified and listed in eight different spreadsheets (one for each viral 

segment PB2, PB1, PA, HA, NP, NA, MP, NS) summarizing the point mutations at the amino 

acidic level, the subtype in which the marker was initially observed and its related phenotypic 

effect. In addition, a total of 103 multi-basic cleavage sites sequence stretches in the 

hemagglutinin (HA) protein, which play a crucial role in the pathogenicity of influenza A in 

avian species, were also collected and classified as HPAI, LPAI, and unusual. 

To answer the second ToR, to screen all the available AIV sequences in all subtypes 

encompassing those from spillover events to other mammals (humans included), nucleotide 

sequences and related metadata were collected from public databases. Sequences of 46 

selected AIV subtypes from avian and mammalian hosts, collected over the past 24 years 

(2000-2024), were downloaded from GISAID and GitHub. Sequences from human seasonal 

influenza viruses, and endemic viruses among swine, dog, and equine species, were excluded 

through clustering analysis by the CD-HIT tool. Additionally, to maximize the dataset quality 

and thus reduce bias in downstream analysis, low-coverage sequences, laboratory-derived, 

and duplicates were also removed. 

The sequences were analyzed to generate a comprehensive database in the form of 

spreadsheets (.tsv format). These report all the potential zoonotic markers found in each 

specific virus and associated metadata (subtype, host, collection date, and geographical 

area). Each output was meticulously organized both by subtype, classifying the mutations per 

segment, and for the overall protein segments (PB2, PB1, PB1-F2, PA, PA-X, HA, NP, NA, 
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MP1, MP2, NS1, NS2). This double classification ensures a detailed and accessible format to 

analyze the point mutations and understand their distribution across different virus segments 

and subtypes. Mutation frequency outputs were generated as well. In these cases, 

spreadsheets (organized by subtype and segments) report phenotypic characteristics of each 

marker and frequencies of mutations across the screened sequences. The frequency data 

were determined for different host classes (avian and mammalian), with separate data for 

humans and mammalian subgroups (e.g., Canidae, Felidae, Mustelidae). Furthermore, these 

frequency data were organized by geographical area (continent) and collection date (five-

year intervals). 

In summary, from the literature review, eight different datasets were produced identifying a 

sum of 592 potential zoonotic markers. More than 1,400,000 amino acid sequences, released 

in the period 2000-2024, were screened. This analysis resulted in the creation of a database 

consisting of 1,974 spreadsheets.  

This analysis is crucial to monitor the genetic evolution of AIVs. The identification of potential 

zoonotic markers, the screening of sequences, and the determination of marker frequencies 

across mammalian species, have provided a comprehensive overview of the current situation. 

The analysis can represent the basis for future in-depth investigations to assess the risk 

associated with specific genome constellations and to develop a comprehensive risk 

assessment.  
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1 Introduction 

Avian influenza viruses (AIVs) represent a significant public health threat due to their ability 

to infect a wide range of mammalian hosts, including humans. Primarily maintained in aquatic 

bird populations, which act as natural reservoirs, AIVs can rapidly mutate, enhancing their 

ability to cross species barriers and adapt, causing spillover to other species.  

AIVs belong to the family Orthomyxoviridae, class Insthoviricetes, and phylum 

Negarnaviricota. AIVs are enveloped and segmented viruses, composed of a single-stranded 

negative-sense RNA genome. The genomic sequence encodes for ten proteins essential for 

viral infection, namely PB1 (polymerase basic protein 1), PB2 (polymerase basic protein 2), 

PA (polymerase protein), NP (nucleoprotein), HA (haemagglutinin), NA (neuraminidase), M1 

(matrix protein 1), M2 (matrix protein 2), NS1 (non-structural protein 1), and NEP/NS2 (non-

structural protein 2), along with auxiliary proteins as PB1-F2 and PA-X. HA binds to host 

receptors and mediates membrane fusion; NA is involved in progeny virions releasing, while 

M2 acts as an ion channel for replication and cellular homeostasis. PB1/PB2/PA constitutes 

the polymerase complex for RNA synthesis, NP encapsidates viral RNAs, M1 is involved in 

virions assembly and budding, NS1 impairs antiviral responses, while NEP/NS2 aids in viral 

assembly and export (Liang, 2023).  

The genome segmentation is one of the reasons for the high variability of influenza viruses. 

It undergoes reassortment, by which viral gene segments are exchanged between different 

strains infecting the same host, leading to new genotypes with potential novel phenotypic 

characteristics (Abdelwhab et Mettenleiter, 2023). Transmission to different hosts can occur 

directly from infected birds or through intermediary hosts (Shortridge et al., 1992). Another 

crucial factor increasing AIV variability is linked to the lack of proofreading ability of the viral 

polymerase. The resulting error-prone replication potentially generates a population of viruses 

with diverse mutations (Boivin et al., 2010).  

Based on genetic and antigenic variations of HA and NA genes, AIVs are categorized into 

subtypes. Currently, different subtypes have been identified in wild bird populations, based 

on multiple combinations of 16 HA (H1-16) and 9 NA (N1-9) (Zhang et Lei, 2024). 

Additionally, recent studies have identified the presence of HA subtypes H17 and H18, as well 

as NA subtypes N10 and N11, in bats (Tong et al., 2012; 2013). 

Furthermore, AIVs are categorized into highly and low pathogenic strains (HPAI and LPAI, 

respectively), depending on their pathogenicity in avian species. The HPAI strains cause 

severe disease and high mortality rates in poultry, potentially leading to significant economic 

losses in the industry and posing risks to food security and public health. On the other hand, 

LPAI viruses typically cause mild or asymptomatic infections in birds but can evolve into HPAI 

strains through mutation and reassortment events (Tan et al., 2021). 

Several studies have shown that mutations in the HA and NA proteins as well as in internal 

genes, can promote the binding to human receptors, increase replication efficiency in human 

cells, and favor the evasion of the host immune response (Tan et al., 2021). H3N8, H5N1, 

H5N6, H5N8, H6N1, H7N1, H7N2, H7N3, H7N4, H7N7, H7N9, H9N2, H10N3, H10N7, and 

H10N8 have been recognized so far as subtypes capable of infecting humans (AbuBakar et 

al., 2023). This plethora of viruses increases the risk of a pandemic strain emerging from 

avian influenza viruses, potentially repeating historical occurrences such as the Spanish flu 

(H1N1, 1918–1919), the Asian flu (H2N2, 1957–1958), the Hong Kong flu (H3N2, 1968–

1969), and the swine flu (H1N1, 2009) (Akin et Gözel, 2020).  
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The current global landscape of avian influenza is marked by ongoing outbreaks and continued 

inter-species transmission. Currently, the most worrisome AIV subtype is represented by the 

global and multi-species spread of HPAI H5N1 (Bonilla-Aldana et al., 2024). Indeed, H5N1 

infections in minks in Spain (Agüero et al., 2023), in marine mammals and seabirds from 

South America (Leguia et al., 2023), in seals along the North Atlantic coast in New England 

(Puryear et al., 2023), as well as in cats in Poland (Szaluś-Jordanow et al., 2023) are just few 

examples which demonstrate the ability of this virus to infect a wide range of species. The 

potential for widespread ecological impacts is extremely concerning. 

In March 2024, the USDA confirmed the first case of HPAI H5N1 in U.S. dairy cattle. The virus, 

identified as H5N1 Eurasian lineage goose/Guangdong clade 2.3.4.4b, has been detected in 

multiple states (CDC, https://www.cdc.gov/bird-flu/situation-summary/index.html). The 

strain has caused significant impacts on dairy production, with infected cattle showing reduced 

milk production and other clinical signs. The virus has been found in milk samples from 

affected herds. Up to September 6, 2024, the CDC reported 14 human infections linked to 

the ongoing dairy cow outbreak in the USA country, in Texas, Michigan, Colorado and Missouri 

(CDC, https://www.cdc.gov/bird-flu/h5-monitoring/index.html). Out of these cases, 13  

occurred among farm workers exposed to infected cattle, showing symptoms from 

conjunctivitis to mild upper respiratory distress. Genetic analysis connected these cases to 

cattle AIV strains (EFSA, ECDC, EURL, 2024). In contrast, the 14th human H5N1 case in the 

U.S. for 2024, reported in Missouri, is the first without known occupational exposure to 

animals. Missouri has experienced H5N1 outbreaks in poultry, but there have been no 

reported outbreaks in cattle. Avian influenza viruses represent a persistent and evolving 

threat to global public health. The capacity to infect multiple species, accumulate mutations, 

and adapt to new hosts necessitates rigorous surveillance, research, and preparedness 

measures. By closely monitoring wild bird populations, domestic poultry farms, as well as 

mammals, health authorities can mitigate the spread and the risks posed by these viruses. 

Genomic surveillance is essential to understand virus transmission dynamics across species 

and regions, thus preventing and controlling future outbreaks. By sequencing and analyzing 

the circulating strains, researchers can detect mutations affecting virulence, transmissibility, 

and resistance to antiviral drugs. The real-time monitoring facilitates the early identification 

of emerging strains with pandemic potential, enabling timely public health responses and the 

development of vaccines and treatments.  

1.1 Background and terms of reference as provided by the requestor 

The contract entitled “Analysis of zoonotic mutations of avian influenza viruses” (framework 

contract number: PO/EFSA/BIOHAW/2024/03) was awarded to the Istituto Zooprofilattico 

Sperimentale dell'Abruzzo e del Molise "G. Caporale".  

The evolution of the HPAI epidemiological situation with a high number of infected birds and 

newly affected mammalian species is prompting a response by animal and health authorities 

in EU Member States, indicating the need for enhanced preparedness and prevention. Given 

the escalating mammalian adaptation through the evidence of point mutations (e.g., single 

nucleotide polymorphisms and small deletions) and the potential of mammal-to-mammal 

transmission events, public health authorities are currently working on tools and solutions 

which can mitigate this issue. Thus, authorities are developing or adapting their tools for 

epidemiological investigations, strengthening collaboration, issuing new emergency national 

legislations, and updating their surveillance guidance and programs in light of the upcoming 

seasonal flu season. 

The situation and actions described above have been taken in reaction to: 

https://www.cdc.gov/bird-flu/situation-summary/index.html
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• ECDC’s current risk assessment1  that focuses on the immediate risk of avian influenza 

for human health fulfilling ECDC’s new mandate and the Regulation EU 2022/2371 (OJ 

L 314, 6.12.2022, p. 26–63) aiming to prevent and prepare for cross-border health 

threats, including epidemics;  

• EFSA’s latest scientific opinions and reports 2  coupled by measures taken (e.g., 

surveillance, prevention and control measures) under the Animal Health Law (e.g., EU 

2020/689 (OJ L 174, 3.6.2020, p. 21) and EU 2020/687 (OJ L 174, 3.6.2020, p. 64)). 

By considering the One Health nature of this subject, and pursuant to Article 3 of Regulation 

(EU) 2022/2370 and Articles 29 and 31 of Regulation (EC) No 178/2002, the European Centre 

for Disease Prevention and Control (ECDC) and the European Food Safety Authority (EFSA) 

are requested to carry out a scientific opinion on preparedness, prevention, and control 

measures for zoonotic avian influenza in animals. This should be provided: 

a. By assessing the risk posed by H5N1 clade 2.3.4.4b, other HPAI viruses, as well as 

other AI viruses; if possible, by quantifying the risk of mutations of AI viruses and by 

identifying factors influencing the AIVs adaptation to birds and/or mammals; 

b. By implementing a comprehensive set of prevention, protection, and preparedness 

measures in response to HPAI H5N1 and other AIVs observed in birds and mammals. 

Key factors to consider are:  

1. Surveillance, identifying the most suitable avian influenza surveillance tools and 

optimizing surveillance programs to address zoonotic risks;  

2. The prevention, biosecurity, and control measures to reduce the risk of zoonotic 

avian influenza. 

The scope of the present scientific report is to answer to the previous Terms of reference 

(ToR), which were translated into the following objectives: 

a. To identify zoonotic markers from the scientific literature, to extract part of the 

information from the review by Suttie et al. (2019); and to expand the list of mutations 

to include as much as possible relevant markers; 

b. To screen all the AIV sequences available, including the ones obtained from spillover 

events in mammals (also humans) for zoonotic markers. 

1. To generate a database in the form of spreadsheets, encompassing all the 

viruses presenting zoonotic markers along with the list of mutations found in 

each specific virus and associated metadata: virus subtype, clade (for H5 

subtype), host species, location, and collection date; 

2. To provide a mutation frequency overview per mutation, per subtype, per 

species, and per geographical area. 

2 Methodology 

The methodology as explained below and the outcomes requirements were discussed and 

agreed during interim web meetings with EURL experts and EFSA, to ensure the best 

coordination and development of the project.   

2.1 Identification of avian influenza zoonotic markers 

 
1 https://www.ecdc.europa.eu/en/infectious-disease-topics/z-disease-list/avian-influenza/threats-and-

outbreaks/risk-assessment-h5 
2 https://www.efsa.europa.eu/en/topics/topic/avian-influenza 

https://www.ecdc.europa.eu/en/infectious-disease-topics/z-disease-list/avian-influenza/threats-and-outbreaks/risk-assessment-h5
https://www.ecdc.europa.eu/en/infectious-disease-topics/z-disease-list/avian-influenza/threats-and-outbreaks/risk-assessment-h5
https://www.efsa.europa.eu/en/topics/topic/avian-influenza
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A comprehensive literature review was performed, to compile a robust list of zoonotic markers 

and highlight critical mutations of AIVs among mammals. Our approach included the recently 

published AIV cases in mammals to assess the current epidemiological context and to evaluate 

the transmission dynamics within the wild population. The list of cases from the periodic EFSA 

reports on AI monitoring was also integrated.  

The literature review initially focused on the zoonotic marker inventory provided by Suttie et 

al. (2019). To encompass a broader list of point mutations, e.g., targeting those in the NA 

and NP genes, which were not covered in that review, and to cover the temporal gap between 

2000 and May 28, 2024, we formulated a search string, including MeSH Terms and Boolean 

operators. We used the following terms to search for mutations in AIVs: influenza A virus 

[MeSH Terms] AND (mutation OR mutagenesis OR virulence [MeSH Terms]) AND (mammalian 

adaptation). We performed this focused search on PubMed, by applying filters for the selected 

period (2020-2024), and by selecting only papers available in English for ease of translation. 

In May 2024, the search yielded 189 records, exported into a single dataset. The Rayyan 

software was used to organize the bibliography and facilitate the screening process. Screening 

by title and abstract was conducted manually. Subsequently, the remaining papers underwent 

full-text screening, enabling data collection from pertinent studies and facilitating 

snowballing.  

A total of 113 records were included from articles derived from the search string. Additionally, 

other relevant papers, that were not initially selected by the search string, were also enrolled. 

After a deep analysis of the screened records, zoonotic markers were identified and used to 

expand the tables from the inventory by Suttie et al. (2019). Indeed, point mutations and 

molecular markers affecting phenotypic function from avian-origin influenza viruses, including 

those isolated from human cases, were used to generate a database for each segment as 

spreadsheets. For ease of understanding, HA mutations were numbered according to the H5 

reference sequence A/Vietnam/1203/2004 (H5N1) (GISAID acc. n. EPI1990181) and to the 

H3 reference sequence A/Aichi/2/1968 (H3N2) (GISAID acc. n. EPI130007), while NA and 

internal proteins were numbered according to the genome segments of H5N1 

A/Goose/Guangdong/1/1996 (NCBI Reference Sequence PB2: NC_007357.1, PB1: 

NC_007358.1, PA: NC_007359.1, NP: NC_007360.1, NA: NC_007361.1, MP: NC_007363.1, 

NS: NC_007364.1).  

We excluded computational studies due to the lack of experimental validation. Furthermore, 

to focus on AIV and zoonotic infection, specific markers of viruses that are endemic in swine 

(H1 and H3) (Bi et al., 2010), in dog and equine (H3) (Cui et al., 2016) were also excluded. 

Finally, as several publications report the same mutations causing similar biological 

characteristics, we excluded duplicate information. 

The subtypes of avian influenza viruses (AIVs) included in the analysis were those that had 

reported spillover to mammals based on literature. In detail, a total of 46 subtypes were 

included: next to HPAI H5Nx and H7Nx viruses, H10 (mostly affecting marine mammals), 

H3N8 and H9N2 found in wild mammals and identified as causative agents in human cases 

(EFSA, ECDC and EURL, 2023) were considered. H17 and H18, as well as N10, and N11 

affecting bats (Tong et al., 2012; 2013) were deliberately excluded since these subtypes have 

not been detected in avian species to date. All the subtypes included are reported in Table 1.  

2.2 Multi-basic cleavage site sequences 

To conduct a comprehensive analysis, we decided to examine the cleavage site sequences 

that play a crucial role in the pathogenicity of influenza A in all the selected subtypes (as from 
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the sequences downloaded, see Section 2.3). For this analysis, the inventory provided by 

OFFLU, version 4th January 2022 (https://www.offlu.org/wp-

content/uploads/2022/01/Influenza-A-Cleavage-Sites-Final-04-01-2022.pd) was used. In 

this inventory, cleavage sites are classified as multi-basic cleavage sites of H5Nx HPAI viruses, 

multi-basic cleavage sites of sporadic H7 HPAI viruses, and unusual, 2-3 basic residue multi-

basic cleavage sites with variable LP and HP phenotypes. To this list, we added some recent 

HPAI sequences, such as the one belonging to the strain A/chicken/South Africa/SA2310/2023 

(H7N6; HA GISAID acc. N. EPI2699047) (Monjane et al., 2024).  

2.3 AIV sequences download 

To screen the zoonotic markers identified in the literature review (see Section 2.1) within  

AIVs sequences, including those from spillover events to mammals, public sequence 

databases were consulted. Indeed, the sequences of the selected subtypes of AIV from avian, 

mammalian, and human hosts were downloaded from GISAID. Additionally, the sequences 

from the current H5N1 dairy cattle outbreak were obtained from GitHub, to include data from 

AIV-infected cows missing in GISAID.  

GitHub sequences were directly obtained from https://github.com/moncla-lab/avian-flu-

USDA-cattle/tree/main, while those from GISAID were collected from GISAID EpiFluTM 

database (https://platform.epicov.org/epi3/frontend#502094) by applying specific filters, as 

detailed below.  

All records were downloaded from the “avian-flu-USDA-cattle” GitHub section (FASTA files 

and specific metadata). The download was conducted, in the GISAID EpiFluTM database, by 

selecting the influenza type A. Then, each subtype was selected based on the hemagglutinin 

(H) and the neuraminidase (N) fields. Host selection was performed as follows: human; avian 

hosts (chicken, curlew, duck, eagle, falcon, goose, grouse, guineafowl, gull, ostrich, other 

avian species, partridge, passerine birds, penguin, pheasant, pigeon, rails, sandpiper, 

shearwater, swan, turkey, turnstone, and US quail); and mammals (canine, dairy cow, 

equine, feline, other mammals, and swine). Those marked as “laboratory-derived” viruses 

were deliberately excluded. No filter was applied for the “Location”, the “Clades”, and the 

“Lineages” fields. The “Collection date from” and the “Submission date from” were set to 

January 2000 to May 2024. For each AIV segment, we conducted separate downloads for the 

viral segments PB2, PB1, PA, HA, NP, NA, MP, and NS, ensuring only complete sequences 

were included (by applying the filter “only complete” on GISAID). Otherwise, for the PB1 and 

PA segments, we also downloaded sequences marked as incomplete. This is because we 

detected that many of the sequences flagged by GISAID as incomplete, were complete. We 

selected all the available records, thus downloading the specific metadata (isolates as XLS 

with only virus metadata) and nucleotide sequences in FASTA format.  

2.4 Dataset filtering and sequences exclusion 

To improve the dataset quality and reduce potential biases, isolates were filtered. The aim 

was to remove sequences endemic in swine, canine, equine, and human species; poor-quality 

sequences; those laboratory-derived, and duplicates.  

2.4.1 Endemic strains 

The H1 and H3 endemic strains, circulating in swine, canine, and equine species, as well as 

sequences from human seasonal influenza viruses, were excluded according to the aims of 

the current opinion. To exclude these endemic strains, the HA segments from the following 

https://www.offlu.org/wp-content/uploads/2022/01/Influenza-A-Cleavage-Sites-Final-04-01-2022.pd
https://www.offlu.org/wp-content/uploads/2022/01/Influenza-A-Cleavage-Sites-Final-04-01-2022.pd
https://github.com/moncla-lab/avian-flu-USDA-cattle/tree/main
https://github.com/moncla-lab/avian-flu-USDA-cattle/tree/main
https://platform.epicov.org/epi3/frontend#502094
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subtypes including H1N1, H1N2, H3N1, H3N2, H3N3, and H3N8 were clustered at 95% of 

identity using the CD-HIT v4.8.1 software (https://github.com/weizhongli/cdhit). 

2.4.2 Poor-quality sequences and duplicates 
Except for PB1 and PA segments, we used the GISAID filter “only complete” to remove 

incomplete and poor-quality sequences from our dataset. However, we observed samples 

with low coverage during the alignment process. Some sequences, identified by GISAID as 

complete, actually contain missing portions represented as multiple 'N's. Since these poor-

quality sequences could adversely affect results, a threshold of 90% coverage was 

established. Therefore, all sequences that fell below this threshold were removed. 

Additionally, we noted that some nucleotide sequences contained extraneous elements within 

the sequences like anomalous letters, or even references to the host (e.g., the entire word 

"chicken") and the geographical locations (e.g., the entire word "poland"). In these instances, 

the identified sequences were removed to maximize the overall quality of the dataset. 

Furthermore, sequences marked as "laboratory-derived" in GISAID were originally excluded. 

Then we examined the “passage history” data associated with each sequence to ensure a 

more comprehensive filtering. This allowed us to identify and exclude sequences that 

underwent multiple passages on cell cultures or chicken embryos.  

Finally, we also identified and removed duplicate sequences, preserving only those sequences 

from the first isolation passage. Any repetition (e.g., sequences available in both databases) 

was recognized by assessing the repetition/similarity of “isolate names” among sequences 

and sequentially removed. 

2.5 Screening of point mutations at the amino acid level 

Each remaining sequence was mapped to the previously identified references for each 

segment, using NCBI’s mapping tool BLAST v2.14.0 

(https://github.com/ncbi/blast_plus_docs). Sequences carrying the point mutations of 

interest at the amino acid level were identified and, for each of them, a set of in-house scripts 

was executed to extract the presence/absence profiles of potential zoonotic markers, and 

associate related metadata.  

From the matrices, the frequencies of each potential zoonotic marker were calculated using 

different metadata to group the sequences based on host, location, and collection date. 

Mutation frequencies were calculated: 

- across subtypes and its segments; 

- and for each segment, across all subtypes, as total frequencies. 

 

3 Results 

3.1 Identification of AIV zoonotic markers 

From the screened records, potential AIV zoonotic markers were identified and used to expand 

the tables from the inventory by Suttie et al. (2019), resulting in a sum of 592 markers (Table 

1). It must be noted that mutations reported as occurring in combination were enumerated 

as a single entity, meaning that multiple mutations occurring together were reported as a 

https://github.com/ncbi/blast_plus_docs
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separate entry in the dataset (e.g. in the PB2 segment, the combined mutation E627K-D701N 

was reported as a separate line in the dataset). A table was created for each viral segment 

(PB2, PB1, PA, HA, NP, NA, MP, NS), resulting in eight spreadsheets. 

In these files, each entry provides the following details, organized into a series of columns: 

• the specific mutation, as the exact amino acid substitution according to the references 

(HA mutations were numbered according to the H5 and H3 reference sequences 

A/Vietnam/1203/2004 (H5N1) and A/Aichi/2/1968 (H3N2), respectively; while NA and 

internal proteins were numbered according to the genome segments of 

A/Goose/Guangdong/1/1996 (H5N1)); 

• the subtype in which the mutation was originally observed; 

• the phenotypic effect resulting from the mutation; 

• the study type (in vitro, in vivo studies, or mutations exclusively observed through 

genomic characterization); 

• the corresponding scientific reference (literature).  

 

The phenotypic effect of the marker was initially described in the tables based on information 

extracted from the literature. Subsequently, this information was disaggregated into different 

columns, to discriminate effects on:  

• evasion from mammalian restriction factors,  

• increased mammalian specificity of the viral polymerase,  

• increased mammalian specificity of virus attachment to receptor (receptor preference),  

• increased HA stability in mammal’s environment (decreased pH of fusion, increased 

thermal stability),   

• disruption of the second sialic acid binding site (2SBS) in neuraminidase,  

• increased antiviral resistance,  

• increased virulence in mammals,  

• increased transmission in mammals. 

 

The presence/absence of mutation effects or study type is expressed using the binary code, 

for each field described above: "0" denotes absence, while "1" indicates presence. Mutations 

are categorized based on specific criteria. For better understanding, some examples are 

provided below: 

• the “In vitro” field was marked with “1” when the mutation's effect was solely described 

in vitro (e.g., “increased virus binding to α2–6”), 

• the “In vivo” field was marked with “1” when the mutation has experimental evidence, 

and the specific column “In which species” reflects the animal model(s) used, 

• the "Observed" field was marked with "1" when the mutation's effects were observed 

through genomic characterization, with the column "In which species" indicating the 

species in which these mutations were observed, 

• the column “Evades mammal restriction factors” was marked with “1” for mutations 

affecting evasion from Butyrophilin subfamily 3 member A3 (BTN3A3) or interferon 

response, 

• the field “Increases mammalian specificity of the viral polymerase” was marked with 

“1” if the effect was observed in the polymerase complex, 

• the field “Increases mammalian specificity of virus attachment to receptor (receptor 

preference)” was marked with “1” for effects involving the HA segment (e.g., increased 

virus binding to α2–6), 

• the “Disruption of the second sialic acid binding site (2SBS) in neuraminidase” field 

was marked with “1” for mutations affecting the 2SBS in the NA segment, 
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• the fields related to “Increased virulence in mammals” and “Increased transmission to 

mammals” were compiled based on effects reported from in vivo experiments. If the 

original study provides information about specific traits for virulence or transmission 

to mammals e.g. “Increased mammalian specificity of virus attachment to receptor” + 

“increases HA stability in mammal’s environment” + etc, a "1" will also be present in 

the corresponding columns of the specific phenotype trait. 

 

The markers without a negative impact on mammals (e.g., mutations related to decreased 

virulence in mammals), as well as mutation with a phenotype exclusively described in avian 

hosts, were excluded, being not relevant for the potential zoonotic risk assessment. The 

corresponding fields in the tables were filled with "/". 

Table 1: Number of identified markers for each AIVs segment. 

     Segments  

 PB2 PB

1 

PB1

-F2 

PA PA-X HA NP NA MP1 MP2 NS1 NS2 tot 

n. 

marker 

97 48 6 73 2 166 50 82 16 6 40 6 592 

PB2, polymerase basic protein 2; PB1 and PB1-F2, polymerase basic protein 1; PA and PA-X, 

polymerase protein; HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; MP1, matrix 

protein 1; MP2, matrix protein 2; NS1, non-structural protein 1; NS2, non-structural protein 

2; tot, total number of markers identified from literature review. 

The updated spreadsheets summarizing the identified AIV zoonotic markers can be accessed 

at the following link:  https://zenodo.org/records/14024971 . 

 

3.2 AIV sequences download 

A total of 46 subtypes were included based on their spillover to mammals and if they were 

described along the mutations identified in Section 3.1. The collected sequences were isolated 

from January 2000 to May 2024, from avian and mammalian hosts including humans. Overall, 

1,091 species were included: 980 avian hosts, 110 mammalian species and humans. The 

undefined terms “mammals” and “other mammals” were also in the host list, related to two 

viral isolates. Table 2 reports the subtypes included and the number of sequences downloaded 

for each segment and each subtype. Sequences were downloaded in FASTA format, from the 

“avian-flu-USDA-cattle” GitHub section and from the GISAID EpiFluTM database. A number of 

1,482,574 nucleotide sequences were downloaded, corresponding to a total of 2,201,362 

amino acidic sequences from 304,086 unique viruses, referring to viruses for which at least 

one segment sequence was available. 

The downloaded metadata (.xlsx format) reported:  

• Isolate ID (virus identification) and ID from each segment,  

• Isolate name,  

• Subtype, Lineage, and Clade,  

• Location,  

• Host,  

• Collection date, 

https://zenodo.org/records/14024971
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• and other minor information such as passage history, submitting lab, authors, etc.  

  

Table 2: Number of sequences downloaded from GISAID and GitHub, for each segment and 

each subtype. 

 Segment  

Subtyp

e 

PB2 PB1 PA HA NP NA MP NS tot 
nt/sub 

tot 
aa/sub 

H1N1 59571 45125 62206 93871 58308 79124 70576 58657 527438 764002 

H1N2 3778 3881 3958 6618 3879 6553 4735 3959 37361 53894 

H2N2 41 48 48 44 43 43 45 45 357 543 

H3N1 205 218 217 247 210 238 226 236 1797 2694 

H3N2 61422 85504 79884 78221 55505 10479
4 

87433 73928 626691 953440 

H3N3 25 30 30 29 26 25 29 27 221 337 

H3N8 1993 2135 2151 2259 2043 2286 2100 2197 17164 25747 

H4N1 11 13 13 13 12 12 16 15 105 162 

H4N2 164 193 191 160 172 169 177 185 1462 2157 

H4N5 18 19 18 15 16 16 16 18 136 207 

H4N6 1509 1607 1606 1543 1549 1520 1608 1610 12552 18983 

H5N1GI

S 

10860 11926 11958 13739 11577 12136 10693 11568 94457 140646 

H5N1Git 239 239 239 239 239 239 239 239 1912 16298 

H5N2 1355 1384 1372 1524 1306 1359 1309 1312 10921 2429 

H5N3 190 206 209 278 195 202 171 196 1647 235 

H5N4 20 19 20 20 20 19 19 20 157 2416 

H5N5 196 204 204 235 188 195 188 205 1615 24213 

H5N6 1875 2001 2012 2392 1937 2065 1979 1980 16241 183 

H5N7 14 15 15 20 17 16 11 17 125 35776 

H5N8 2891 3049 3065 3442 2911 3068 2714 2904 24044 488 

H5N9 40 40 39 52 40 34 41 41 327 5089 

H6N1 418 424 432 426 426 441 413 420 3400 8368 

H6N2 662 715 715 726 671 763 659 684 5595 915 

H6N5 73 77 75 77 74 75 80 76 607 8912 

H6N6 705 763 734 836 714 753 718 737 5960 2189 

H6N8 168 191 185 187 171 185 181 182 1450 1519 

H7N1 108 147 148 112 121 112 119 119 986 740 

H7N2 53 62 63 73 57 59 60 64 491 9526 
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H7N3 761 813 807 837 791 731 795 788 6323 568 

H7N4 44 47 46 55 42 51 46 49 380 181 

H7N5 16 17 10 15 16 16 15 17 122 917 

H7N6 73 78 79 90 67 93 69 71 620 5356 

H7N7 600 419 418 663 358 581 349 391 3779 386 

H7N8 30 32 32 34 30 32 34 32 256 26904 

H7N9 2190 2272 2250 2347 2187 2294 2206 2215 17961 64243 

H9N2 4654 5136 5071 9419 4860 5222 4823 5014 44199 879 

H10N1 71 76 76 72 73 71 71 73 583 2009 

H10N3 164 169 168 166 166 165 170 167 1335 910 

H10N4 75 81 80 76 76 73 73 71 605 1276 

H10N5 107 106 107 102 106 105 108 107 848 8123 

H10N7 644 685 687 636 678 663 686 693 5372 1535 

H10N8 125 135 135 133 121 128 122 122 1021 195 

H11N6 13 17 15 13 16 13 17 21 125 1037 

H13N2 84 87 89 78 86 87 88 87 686 2985 

H13N6 242 254 258 239 244 240 246 252 1975 1355 

H13N8 111 114 113 112 113 113 113 113 902 395 

H13N9 30 34 34 36 30 35 32 32 263 764002 

tot/seg 15863
8 

17083
2 

18230
8 

22252
1 

15248
7 

22721
4 

19661
8 

17195
6 

148257
4 

220136
2 

PB2, polymerase basic protein 2;  PB1, polymerase basic protein 1; PA polymerase protein; 

HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; MP, matrix proteins; NS, 

non-structural proteins; tot/seg, total number of sequences for segment; tot nt/sub, total 

number of nucleotide sequences for subtype; tot aa/sub, total number of amino acid 

sequences for subtype. For H5N1, sequences were downloaded from GISAID (GIS) and GitHub 

(Git) to include genomic data from AIV-infected cows missing in GISAID.  

All the nucleotide sequences (FASTA format) and related metadata (.xlsx format) can be 

available on request by EFSA.   

 

3.3 Dataset filtering and sequence exclusion  

Sequences were filtered through a multi-step process to remove endemic strains in swine, 

canine, equine, and humans; poor-quality sequences; laboratory-derived, and duplicates. The 

aim was to improve the dataset quality and minimize potential biases. 

3.3.1 Endemic strains 

The H1 and H3 endemic strains, circulating in swine, canine, and equine species, as well as 

sequences from human seasonal influenza viruses, were excluded to focus only on avian 

influenza spillover into mammals. By grouping sequences at 95% of identity using the CD-

HIT v4.8.1 software (https://github.com/weizhongli/cdhit), clusters mainly composed of 
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strains from swine (H1 and H3), human (H1 and H3), canine (H3), and equine species (H3), 

circulating in different geographical areas during multiple years, were manually excluded 

from downstream analyses. For clarity, examples of removed clusters are listed below: 

• Pandemic H1N1-derived viruses (clusters composed of multiple swine isolates, and a 

limited number of human and/or few other species strains); 

• Groups of human seasonal viruses (composed of several human isolates, and few 

strains from swine and some other animals);  

• Circulating strains in swine species (H1 and H3) (composed mainly of viruses from 

swine origin); 

• Circulating strains in equine and canine species (H3) (composed mainly of 

equine/canine strains and a low number of strains from viruses isolated from other 

animals); 

• Groups composed of low numbers of avian species that may have caused spillover 

among several strains from swine/human samples. 

The sequences of other segments were also removed for these strains. Conversely, clusters 

composed of sequences of viruses from avian hosts, groups formed by mammalian 

sequences, and strains from human, swine, canine, and equine species not included in the 

previously removed clusters, were manually included in the subsequent analysis. A number 

of 177,436 viruses were removed based on clustering analysis, indicating that more than half 

of the initial dataset (58.35%) was excluded from subsequent analysis. In the following table 

(Table 3) the numbers of H1 and H3 removed sequences are reported, for each subtype. 

Table 3: Number of sequences belonging to H1 and H3 subtypes, removed based on clustering 

analysis on HA segment, for each subtype. 

Subtypes Downloaded HA Discarded HA based on clustering Analyzed HA 

H1N1 764002 92893 671109 

H1N2 53894 6350 47544 

H3N1 2694 64 2630 

H3N2 953440 77782 875658 

H3N3 337 0 337 

H3N8 25747 347 25400 

tot 1036112 84543 951569 

HA, hemagglutinin; tot, total number of sequences removed after clustering by the CD-HIT 

tool for the H1 and H3 subtypes.   

3.3.2 Poor-quality sequences and duplicates  

Similarly, to maintain the integrity and reliability of our dataset, sequences were filtered 

before the bioinformatic analysis for the zoonotic marker screening, to eliminate poor-quality 

sequences, as well as those derived from laboratory handling (multiple cell cultures or chicken 

embryo passages) and those observed as duplicates. 
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As for the horizontal coverage on reference sequences, by setting a threshold of 90%, we 

identified and removed 7,037 sequences with low coverage, out of a total of 1,482,574 

downloaded FASTA files (0.47%). These sequences belonged to a total of 3,489 viruses. It is 

important to note that among these sequences, a number of 6,154 (87.45%) corresponds to 

PB1, PB1-F2, PA, and PA-X segments since we downloaded both complete and incomplete 

sequences for these two genes from GISAID. This decision was based on our observation that 

on GISAID, especially for the PA segment, many sequences are identified as incomplete even 

if these contain the entire length of the segment. Anyway, only the specific segment that 

exhibited low coverage was eliminated. The other segments from the same strain, with 

coverage higher than 90%, were preserved and included in the subsequent analysis.  

Regarding sequences containing extraneous elements like anomalous letters, a total of 315 

amino acid sequences out of 1,482,574 FASTA files (0.021%) were identified and discarded. 

In these instances, the complete viruses (69 isolates) were removed to ensure a higher 

integrity of the dataset.  

Initially, we excluded samples identified as "laboratory derived" from GISAID. However, we 

also reviewed the “passage history” data associated with each sequence, to ensure more 

comprehensive filtering. Specifically, sequences indicating a “passage history” involving cell 

cultures or cell passaging were excluded. A total of 413 “passage history” descriptions were 

excluded (e.g., SIAT, MDCK2; passage details: SIAT1, MDCK1; MDCK-SIATX, SIAT3; CaCo-

2 2 +hCK1; 4046_Day_4; 10 passages - MDCK cells; Passage Line 1, Clone 2; and so on), 

corresponding to the removal of a total of 15,301 unique isolates (5.03%). In these cases, 

the entire viruses were removed (all the segments) to ensure consistency across the different 

viral segments. 

Finally, duplicates were identified by analyzing the “isolate name” among sequences. Doing 

that, sequences present in both databases (GISAID and GitHub) were considered as single 

entities. In addition, four identical sequences reported in GitHub were distinguished by minor 

variations in their isolate names, as reported in the example:  

• >A/Cattle/USA/24-009110-023-original/2024 

• >A/Cattle/USA/24-009110-023-v/2024 

 

In these cases, sequences reporting the word “original” were retained, while those expressing 

“v” were removed. After duplicate removal, a total of 352 sequences deposited on GitHub but 

missing from GISAID, were included in the final dataset, corresponding to 44 unique viruses. 

Tables 4 and 5 express the number of amino acidic sequences downloaded, discarded, and 

subjected to bioinformatic analysis for each subtype and each segment, respectively. 

Table 4: Number of amino acid sequences downloaded, discarded, and subjected to 

bioinformatic analysis for each subtype. 

Subtypes Downloaded Discarded  Analyzed  

H1N1 764002 673963  90039  

H1N2 53894 44280  9614  

H2N2 543 8  535  

H3N1 2694 650  2044  
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H3N2 953440 594623  358817  

H3N3 337 3  334  

H3N8 25747 2231  23516  

H4N1 162 3  159  

H4N2 2157 13  2144  

H4N5 207 9  198  

H4N6 18983 79  18904  

H5N1GIS+Git 140646 718  139928  

H5N2 16298 54  16244  

H5N3 2429 18  2411  

H5N4 235 0  235  

H5N5 2416 12  2404  

H5N6 24213 33  24180  

H5N7 183 1  182  

H5N8 35776 157  35619  

H5N9 488 10  478  

H6N1 5089 34  5055  

H6N2 8368 163  8205  

H6N5 915 0  915  

H6N6 8912 153  8759  

H6N8 2189 16  2173  

H7N1 1519 6  1513  

H7N2 740 1  739  

H7N3 9526 39  9487  

H7N4 568 1  567  

H7N5 181 0  181  

H7N6 917 0  917  

H7N7 5356 15  5341  

H7N8 386 1  385  

H7N9 26904 37  26867  

H9N2 64243 715  63528  

H10N1 879 10  869  

H10N3 2009 2  2007  

H10N4 910 14  896  

H10N5 1276 5  1271  

H10N7 8123 26  8097  
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H10N8 1535 3  1532  

H11N6 195 0  195  

H13N2 1037 14  1023  

H13N6 2985 31  2954  

H13N8 1355 2  1353  

H13N9 395 1  394  

tot 2201362 1318154  883208  

Downloaded, sequences downloaded from public databases; Analyzed, sequences used for 

the screening of zoonotic markers; Discarded, sequences removed following filtering process; 

tot/seg, the total number of amino acid sequences downloaded, discarded, and subjected to 

bioinformatic analysis for each subtype. As for H5N1GIS+Git, sequences were downloaded from 

both databases (GISAID and GitHub) to include genomic data from AIV-infected cows missing 

in GISAID (duplicates from isolates reported in both databases were excluded). 

Table 5: Number of amino acid sequences downloaded, discarded, and subjected to 

bioinformatic analysis for each segment.  

Subtypes Downloaded Discarded Analyzed 

PB2 158399 92213 66186 

PB1 170568 89230 81338 

PB1-F2 170568 88763 81805 

PA 182043 100761 81282 

PA-X 182043 102380 79663 

HA 222326 178203 44123 

NA 226975 136802 90173 

NP 152248 101125 51123 

MP1 196379 117972 78407 

MP2 196379 117989 78390 

NS1 171717 96437 75280 

NS2 171717 96279 75438 

tot/seg 2201362 1318154 883208 

PB2, polymerase basic protein 2;  PB1, polymerase basic protein 1; PA polymerase protein; 

HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; MP, matrix proteins; NS, 

non-structural proteins; Downloaded, sequences downloaded from public databases; 

Analyzed, sequences used for the screening of zoonotic markers; Discarded, sequences 

removed following filtering process; tot/seg, the total number of amino acid sequences 

downloaded, discarded, and subjected to bioinformatic analysis for each subtype. 

3.4 Screening AIV sequences presenting zoonotic markers  
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By searching for the identified mutations in the AIV sequences from GitHub and GISAID, a 

set of twelve databases in the form of spreadsheets was generated for each subtype: PB2, 

PB1 and PB1-F2, PA and PA-X, HA, NP, NA, M1 and M2 from MP, NS1 and NS2 from NS. The 

coupled mutations, composed of more than one marker on different segments, have been 

reported in a separate file. Thus, considering the number of subtypes (46), a total of 598 

spreadsheets were produced. In addition, a summarizing file was created for each segment 

and the coupled mutations (13 spreadsheets), including all the subtypes evaluated. 

Each of these outcomes is grouped into a folder titled with the specific subtype (e.g. H1N1) 

and entitled with the name of the specific segment associated with the term “positive 

samples” (e.g., HA_positive samples). Each file reports the following information: 

• Isolate ID (virus identification),  

• Segment ID (segment identification),  

• Isolate name,  

• Subtype,  

• Clade,  

• Location (divided into continent; state and when available specific location), 

• Host,  

• Host class (avian or mammal), 

• Host family (mammalian subgroups), 

• Collection date, 

• along with the list of mutations related to the specific segment. For ease of 

understanding, mutations related to HA are expressed according to the H5 and H3 

numbering (reference sequences H5N1 A/Vietnam/1203/2004 and H3N2 

A/Aichi/2/1968, respectively); while NA and internal proteins were numbered 

according to genome segments of H5N1 A/Goose/Guangdong/1/1996. 

 

The missing metadata from the database appear as empty fields. As for “isolate ID” which 

identifies the unique virus, codes from GISAID are formatted as EPI_ISL_XXXXX (e.g., 

EPI_ISL_19074717), whereas those from GitHub are presented in numeric format (e.g., 24-

009027-004). The presence or absence of a specific mutation is indicated using binary coding, 

where “0” denotes absence and “1” indicates presence. The host class was manually 

extrapolated from metadata due to the observation that, during sequence downloading, hosts 

were often categorized as “other mammals” or “other avian”. To determine the precise 

number of hosts, a manual analysis was conducted to remove generic categories and extract 

real data from the “Isolate name” field, obtaining a sum of 1.091 species (980 avian hosts, 

humans, and 110 mammalian species). 

Additionally, for subsequent frequency calculations, mammalian species have been grouped 

into subcategories, considering their large number, as follows: 

• Canidae, 

• Felidae,  

• Mustelidae, 

• Phocide, 

• Otariidae, 

• Cetacea, 

• Bovidae, 

• Primate,  

• Rodentia,  

• Swine,  

• Equidae, 
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• other mammals (attributed to only two sequences). 

The spreadsheets (named as “name of marker_positive samples.tsv”) can be accessed at the 

following link: https://zenodo.org/records/14033485 . 

 

and those per each subtype can be available on request by EFSA. 

 

Table 6, Figures 1 and 2 report the number of amino acidic sequences screened for zoonotic 

markers for each subtype and segment. Overall, following filtering processes, a global of 

883,208 amino acidic sequences were analyzed. These correspond to a total of 126,480 

isolates considering viruses for which at least a segment sequence was available, or a count 

of 27,875 unique viruses, considering isolates for which all the segments were accessible. 

 

Table 6: Amino acid sequences screened for each amino acidic segment and each subtype.  

     Segments 

Subtypes PB2 PB1 PB1-
F2 

PA PA-
X 

HA NP NA MP
1 

MP
2 

NS1 NS2 tot/su
b 

H1N1 
7793 5559 5607 7317 7270 527 7605 12906 8407 8407 9322 9319 90039 

H1N2 
817 871 877 875 877 256 845 546 915 915 909 911 9614 

H2N2 
41 46 46 46 46 44 43 43 45 45 45 45 535 

H3N1 
154 157 161 157 158 180 165 172 177 177 193 193 2044 

H3N2 
24235 39772 39963 37879 36206 208 8345 40571 35668 35664 30072 30234 358817 

H3N3 
25 30 30 29 29 29 26 25 29 28 27 27 334 

H3N8 
1856 1937 1968 1941 1972 1908 1891 2035 1945 1945 2059 2059 23516 

H4N1 
11 12 12 12 13 13 12 12 16 16 15 15 159 

H4N2 
164 190 191 188 188 159 172 168 177 177 185 185 2144 

H4N5 
17 17 17 16 16 15 16 16 16 16 18 18 198 

H4N6 
1508 1580 1597 1582 1596 1539 1549 1517 1608 1608 1610 1610 18904 

H5N1GIS+Gi

t 

10836 11731 11785 11800 11830 13760 11568 12127 10686 10684 11561 11560 139928 

H5N2 
1354 1375 1373 1357 1357 1523 1306 1359 1309 1308 1312 1311 16244 

H5N3 
190 204 205 199 206 277 195 201 171 171 196 196 2411 

H5N4 
20 19 19 20 20 20 20 19 19 19 20 20 235 

H5N5 
196 201 201 201 201 235 188 195 188 188 205 205 2404 

H5N6 
1872 1989 1995 2006 2007 2391 1937 2065 1979 1979 1980 1980 24180 

H5N7 
14 14 15 15 15 20 17 16 11 11 17 17 182 

H5N8 
2886 3000 3011 3041 3037 3439 2909 3066 2712 2712 2903 2903 35619 

H5N9 
40 38 38 36 36 52 40 34 41 41 41 41 478 

H6N1 
418 409 420 425 424 426 426 441 413 413 420 420 5055 

H6N2 
643 683 682 683 682 720 671 758 659 657 683 684 8205 

https://zenodo.org/records/14033485
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H6N5 
73 77 77 75 75 77 74 75 80 80 76 76 915 

H6N6 
694 716 727 717 719 828 707 750 716 715 735 735 8759 

H6N8 
168 188 189 181 181 186 171 183 181 181 182 182 2173 

H7N1 
108 145 145 147 147 112 121 112 119 119 119 119 1513 

H7N2 
53 62 62 62 63 73 57 59 60 60 64 64 739 

H7N3 
759 807 806 803 804 834 789 728 793 793 786 785 9487 

H7N4 
44 46 47 46 46 55 42 51 46 46 49 49 567 

H7N5 
16 17 17 10 10 15 16 16 15 15 17 17 181 

H7N6 
73 78 78 79 79 90 67 93 69 69 71 71 917 

H7N7 
600 416 417 413 414 663 358 581 349 348 391 391 5341 

H7N8 
30 32 32 32 32 34 30 31 34 34 32 32 385 

H7N9 
2190 2265 2267 2236 2240 2347 2187 2294 2206 2205 2215 2215 26867 

H9N2 
4626 4927 4990 4920 4928 9408 4849 5215 4822 4818 5013 5012 63528 

H10N1 
71 74 74 73 73 72 73 71 71 71 73 73 869 

H10N3 
164 168 169 167 168 166 166 165 170 170 167 167 2007 

H10N4 
75 79 79 75 75 76 76 73 73 73 71 71 896 

H10N5 
106 104 106 106 106 102 106 105 108 108 107 107 1271 

H10N7 
641 677 684 680 682 634 678 663 686 686 693 693 8097 

H10N8 
125 134 133 135 135 133 121 128 122 122 122 122 1532 

H11N6 
13 17 17 15 15 13 16 13 17 17 21 21 195 

H13N2 
84 82 82 87 87 78 86 87 88 88 87 87 1023 

H13N6 
242 247 247 251 251 238 244 240 246 246 251 251 2954 

H13N8 
111 113 113 113 113 112 113 113 113 113 113 113 1353 

H13N9 
30 33 34 34 34 36 30 35 32 32 32 32 394 

tot/seg 
66186 81338 81805 81282 79663 44123 51123 90173 78407 78390 75280 75438 883208 

PB2, polymerase basic protein 2; PB1 and PB1-F2, polymerase basic protein 1; PA and PA-X 

polymerase protein; HA, hemagglutinin; NP, nucleoprotein; NA, neuraminidase; MP1, matrix 

protein 1; MP2, matrix protein 2; NS1, non-structural protein 1; NS2, non-structural protein 

2; tot/seg, the total number of amino acidic sequences for segment; tot/sub, the total number 

of amino acidic sequences for subtype. As for H5N1GIS+Git, sequences were downloaded from 

both databases (GISAID and GitHub) to include genomic data from AIV-infected cows missing 

in GISAID (duplicates from isolates reported in both databases were excluded).  

 

 

Figure 1: Amino acid sequences analyzed for viral segment. 
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In the Y-axis viral segments (PB2, polymerase basic protein 2; PB1 and PB1-F2, polymerase 

basic protein 1; PA and PA-X polymerase protein; HA, hemagglutinin; NP, nucleoprotein; NA, 

neuraminidase; MP1, matrix protein 1; MP2, matrix protein 2; NS1, non-structural protein 1; 

NS2, non-structural protein 2), in the X-axis the number of amino acid sequences analyzed. 

Figure 2: Amino acid sequences analyzed for subtype included (46). 

H1N1
H1N2
H2N2
H3N1
H3N2
H3N3
H3N8
H4N1
H4N2
H4N5
H4N6
H5N1
H5N2
H5N3
H5N4
H5N5
H5N6
H5N7
H5N8
H5N9
H6N1
H6N2
H6N5

H6N6
H6N8
H7N1
H7N2

H7N3
H7N4
H7N5
H7N6
H7N7
H7N8
H7N9
H9N2
H10N1
H10N3
H10N4
H10N5
H10N7

H10N8
H11N6

H13N2
H13N6
H13N8
H13N9

Total=883208

H3N2

H5N1

H1N1
H9N2

H7N9

H5N8

H5N6

H5N2

 



 

Zoonotic mutation of avian influenza  

24 
www.efsa.europa.eu/publications  EFSA Supporting publication 2024 
 

The present document has been produced and adopted by the bodies identified above as authors. This task has been carried out 

exclusively by the authors in the context of a contract between the European Food Safety Authority and the authors, awarded 

following a tender procedure. The present document is published complying with the transparency principle to which the 

Authority is subject. It may not be considered as an output adopted by the Authority. The European Food Safety Authority 

reserves its rights, view and position as regards the issues addressed and the conclusions reached in the present document, 

without prejudice to the rights of the authors. 

 

3.5 Mutation frequency 

Data generated from the zoonotic markers screening in the AIV sequences (3.4 section) were 

combined with metadata and elaborated to answer the second ToR, thus providing a mutation 

frequency overview per mutation, subtype, species, and geographical area.   

Similarly, for each subtype (46), a panel of thirteen spreadsheets (one for each segment, plus 

the one for combined mutations) was generated, for a sum of 611 files. In addition, thirteen 

summarizing files were created including all the subtypes evaluated.  

Each of these is entitled with the name of the subtype and the specific segment (e.g., 

H2N2_HA_frequencies or HA_TOT_freq) and reports: 

• the subtype analyzed, 

• the viral protein segment,  

• the specific mutation (mutations related to HA are expressed according to H5 and H3 

numbering (reference sequences H5N1 A/Vietnam/1203/2004 and H3N2 

A/Aichi/2/1968, respectively); while NA and internal proteins were numbered 

according to genome segments of H5N1 A/Goose/Guangdong/1/1996),   

• its phenotypic function (in vitro, in vivo studies or mutations exclusively observed 

through genomic characterization; evasion of mammalian restriction factors, increase 

of specificity of the viral polymerase, mammalian receptor preference, increase of viral 

stability, disruption of the second sialic acid binding site in NA, increase of antiviral 

resistance, and increase of virulence and transmission), 

• frequency in viruses from avian species, 

• frequency in viruses from mammals,  

• frequency in viruses from humans, 

• frequencies, in viruses from different mammal subgroups (Canidae; Felidae; 

Mustelidae; Phocidae; Otariidae; Cetacea; Bovidae; Primate; Rodentia; Swine; and 

Equidae), 

• frequencies of mutation based on geographical area (determined for continents: 

Europe, North America, South America, Asia, Africa, Antarctica, and Oceania), 

• frequencies of mutation by collection date (five-year intervals were determined: 2000-

2004; 2005-2009; 2010-2014; 2015-2019; 2020-2024). 

 

Frequencies were defined as the number of sequences isolated from a class (e.g. humans) 

showing a mutation divided by the total number of sequences from that class. Furthermore, 

duplicate spreadsheets were generated, with frequencies expressed as absolute numbers 

rather than percentages. In both cases, headers indicate the number of sequences analyzed, 

while each row shows the percentage or number of positive samples for the specific mutation 

in that species/location/period. Results are indicated as NA (not applicable), when a mutation 

was not identified at all in a certain subgroup, differentiating it from mutations characterized 

by very low frequencies (e.g. 0.000001), expressed as 0. 

 

It is important to underline that these percentages pertain specifically to sequenced cases, 

not to sampled cases or the overall total. 

 

The spreadsheets of frequencies expressed as percentage or absolute numbers can be 

accessed at the following link: https://zenodo.org/records/14033485 (“name of marker_TOT_freq.tsv” 

and “name of marker_TOT_freq_absolute number.tsv”), while the spreadsheets per each subtype can 

be available on request by EFSA. 

https://zenodo.org/records/14033485
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3.6 Multi-basic cleavage sites 

The hemagglutinin sequences of all subtypes tested (a total number of 44,123) were also 

analyzed for the cleavage site evaluation, which is involved in HPAI avian influenza 

pathogenicity in birds. By considering the sequences listed in the OFFLU document and recent 

HPAI sequences, a total of 103 multi-basic cleavage site sequences (HPAI, LPAI, and unusual) 

were screened in the hemagglutinin sequences. 

For each subtype, a spreadsheet was generated reporting:  

• the investigated cleavage site sequence,  

• the subtypes related (H5, H7, unusual),  

• the associated pathogenicity to the subtype (HPAI, LPAI),  

• and the corresponding frequencies across different categories (as specified in the 

previous section).  

Similarly to the point mutations screening, a set of “positive results” outcomes, and two 

“mutation frequency” sets were generated. For the three sets, frequencies have been 

calculated for each subtype (46) and globally (one summarizing file), thus 141 spreadsheets 

were created (available on request from EFSA). Related spreadsheets of the summarising 

files:  

• clivage_TOT_freq.tsv  (%) 

• clivage_TOT_freq.tsv  (absolute numbers) 

• clivage_TOT_positive_samples.tsv 

 

can be accessed also at the following link: https://zenodo.org/records/14033485 . 

3.7 Data availability  

Data provided to the requestor were organized in folders, specifically: 

• AIV zoonotic markers (eight tables, one for each viral segment, reporting identified 

zoonotic mutations), 

• Downloaded sequences (FASTA format) and related metadata (.xlsx format), 

• Outcomes, divided into subfolders: 

o Positive results (658 spreadsheets from the screening of zoonotic markers in 

AIV sequences, divided by subtypes and segments), 

o Mutation frequency (1,316 spreadsheets from frequencies analysis for hosts, 

locations, and periods; divided by subtypes and segments; expressed as 

percentages and absolute numbers). 

 

The dataset produced are available in the tsv. format, are accessible at the links in the present 

document or can be accessed on request by EFSA. 

 

4 Conclusion 

AIVs pose a significant risk of zoonotic transmission, host switching, and the potential 

generation of pandemic strains. The continuous circulation in wild and domestic birds and the 

high genetic variability highlight the importance of understanding the potential risk of 

emerging new strains. Factors like deforestation, urbanization, and habitat changes further 

increase interactions between domestic and wild species, influencing the transmission 

https://zenodo.org/records/14033485
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dynamics of AIVs. Global trade and traveling also contribute to the AIVs' spread, potentially 

introducing novel strains to different regions or host species. Active monitoring is crucial as it 

allows the early detection of outbreaks, thus enabling rapid response measures to prevent 

the spread to humans and other animals. Recently, an increase in AIV infections among 

mammals has been observed. Notably, H5N1 infections have been documented in minks in 

Spain, dolphins in South America, and seals in the USA, coinciding with significant avian 

outbreaks (Bonilla-Aldana et al., 2024; Agüero et al., 2023; Leguia et al., 2023; Puryear et 

al., 2023; Szaluś-Jordanow et al., 2023). The recent outbreak of H5N1 in dairy cattle has 

heightened public health concerns regarding the zoonotic potential of these viruses, 

emphasizing the critical need for a One Health approach (CDC, https://www.cdc.gov/bird-

flu/situation-summary/index.html; EFSA, ECDC, EURL, 2024). It is fundamental to enhance 

preparedness and mitigation strategies, by integrating veterinary and human health sectors 

with environmental and wildlife management, ultimately reducing the risks posed by zoonotic 

diseases and promoting global health security. 

This research aimed to identify potential zoonotic markers documented in the literature that 

can contribute to mammalian adaptation in avian influenza viruses and to screen sequences 

deposited in public databases over the past 24 years. These were analyzed by collecting 

mutation frequencies per host (avian, mammals, humans, and mammalian subgroups), per 

geographical area (by continent), and per period (five-year ranges). From a literature review 

comprising approximately 120 records published between 2020 and 2024, a total of 592 

potential zoonotic markers were identified and listed in eight different datasets (one for each 

viral segment: PB2, PB-1, PA, HA, NA, NP, MP, NS). Precisely, a number of 883,208 amino 

acid sequences deposited in GISAID and Github, collected worldwide between January 2000 

and May 2024 were screened. A database composed of a total of 1,974 spreadsheets was 

created. In detail, 658 positive result outcomes, and 1,316 frequency mutation outcomes 

were produced.  

However, we acknowledge that our analyses are subject to biases. A primary concern is 

related to the bias associated with observed mutation frequencies. This is because frequencies 

are intricately linked to the surveillance activity of particular species. Specifically, the 

sequencing may not fully reflect the sampling, as not all sampled cases are sequenced. 

Moreover, the sampling may not cover all cases, as not all cases are tested. Consequently, 

our data predominantly represent sick or deceased cases, potentially overlooking those 

asymptomatic. Similarly, species subjected to more frequent monitoring might be over-

represented in the dataset, potentially distorting the results. A similar consideration regarding 

the frequency related to collection dates. The advances in sequencing technologies, the 

broader surveillance efforts, and the increase of data sharing have significantly enhanced the 

accuracy and efficiency of monitoring operations. As a result, recent sequences may dominate 

the dataset, potentially overlooking older data.  

Furthermore, it is important to note that from GISAID database download, sequences 

containing non-nucleotide characters have been identified. The immediately identifiable data 

(315 sequences from 69 unique viruses) have been promptly removed. However, due to the 

challenge of systematically detecting and excluding all potentially problematic sequences, 

some sequences with non-amino acidic characters may still be in our dataset.  

The GISAID filter “only complete” for the data download may represent another bias. 

Originally, the filter was applied to remove incomplete and poor-quality sequences. However, 

we noted that the majority of PB1 and PA sequences marked by GISAID as incomplete were 

complete. To overcome this issue, we re-downloaded and re-analyzed genomic data for these 

two segments, thus including incomplete sequences. However, due to time constraints, a 

https://www.cdc.gov/bird-flu/situation-summary/index.html
https://www.cdc.gov/bird-flu/situation-summary/index.html
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similar detailed assessment was not conducted for the other viral segments, representing a 

limitation in the comprehensiveness of the analysis. 

Similarly, the short deadline prevented the phylogenetic tree building for the clustering 

analysis of H1 and H3 sequences. Indeed, this method requires significant computational 

resources and time. After a first attempt with unsuccessful results, the clustering analysis was 

conducted based on sequence similarity using the CD-HIT tool. Anyway, it is important to 

emphasize that observed clusters strictly depend on our dataset, thus the final dataset may 

not accurately reflect reality. This is because some endemic strains, that could have generated 

distinct clusters, have probably been excluded during the downloading and filtering processes. 

Finally, two limitations must be highlighted, regarding the neuraminidase and the accessory 

proteins PB1-F2 and PA-X. As for the NA, it should be noted that the screening regarded point 

mutations and some deletions in the second sialic acid binding site (2SBS) described in the 

literature. These mutations, adjacent to the catalytic site, contribute to sialidase activity 

against multivalent substrates (Du et al., 2019). However, it is important to clarify that the 

bioinformatics analysis did not identify any deletions different from those specified in the 

input. Therefore, some deletions in the 2SBS of the neuraminidase may have been potentially 

missed. Regarding the auxiliary proteins PB1-F2 and PA-X, it should be remarked that, due 

to the application of the 90% coverage filter (as with all other segments), the analysis may 

have overlooked the identification of truncated PB1-F2 and PA-X. The PB1-F2 truncation has 

been related to increased virulence in mammals (Mettier et al., 2021), while PA-X truncation 

has been linked to altered replication in vitro and virulence in mice, chickens, and ducks (Gao 

et al., 2015; Hu et al., 2015). However, we chose to maintain the 90% coverage threshold 

considering the absence of a significant and unequivocal impact of these truncated segments 

on mammals. Thus, any truncated protein may have been potentially excluded from the 

analysis.  

Despite the identified biases, by considering the high number of zoonotic markers included 

and the screening of over 1.4 million sequences from public databases, this research 

unquestionably serves as a starting point to investigate the zoonotic risks associated with 

avian influenza viruses and to develop a comprehensive risk assessment to enhance 

preparedness and mitigation strategies.  
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