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Well, I must endure the presence of a few caterpillars if I wish to become 

acquainted with the butterflies. 

 

   -Antoine de Saint-Exupéry 
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Sommario 

Come testimoniato dalla pandemia COVID-19, la capacità di identificare 

rapidamente e caratterizzare geneticamente i virus emergenti, con un focus su quelli 

con impatto zoonotico, è sempre più importante per la salute pubblica. I virus hanno 

tassi di mutazione elevati e possono essere coinvolti in frequenti eventi di 

ricombinazione e riassortimento. Queste proprietà evolutive portano ad un'alta 

diversità genetica e all'emergenza di nuove varianti che possono avere un impatto 

zoonotico, virulenza e diffusione più elevati. In uno scenario come questo, disporre 

di protocolli di laboratorio e di pipeline bioinformatiche capaci di identificare e 

caratterizzare tempestivamente varianti virali emergenti è cruciale in piani di early 

warning volti a prevenire o controllare tempestivamente nuove minacce infettive. 

Questa tesi si concentra sull'identificazione e caratterizzazione dei dati di 

sequenziamento genetico, sviluppando un flusso di lavoro completo per l'analisi dei 

dati NGS, partendo dai dati grezzi generati con differenti approcci di 

sequenziamento, fino alla creazione della sequenza consenso e all'applicazione di 

metodi filogenetici e filodinamici per studiare le dinamiche evolutive. Per la 

caratterizzazione di SARS-CoV-2, agente causativo della pandemia COVID-19, 

sono stati sviluppati protocolli ad hoc ed è stata condotta una comparazione tra le 

tecnologie di sequenziamento di seconda (MiSeq, Illumina) e terza (MinION, 

Nanopore) generazione. Le tecnologie di sequenziamento di seconda generazione e 

il loro protocollo sono stati applicati all'analisi genetica di SARS-CoV-2 

identificato in un gatto domestico, rivelando un'infezione con la variante B.1.177. 

Il miglioramento, l'ottimizzazione e l'applicazione delle analisi bioinformatiche dei 

dati NGS sono stati realizzati anche per l'identificazione e caratterizzazione del 

genoma completo di Hantavirus rilevato nei topi.  

Inoltre, utilizzando un approccio di sequenziamento diretto, così detto “untargeted”, 

è stato possibile caratterizzare il genoma di due virus a DNA nei pappagalli in Italia: 

il Polyomavirus e un possibile nuovo Circovirus. 

Sono stati inoltre applicati approcci bioinformatici anche per l’analisi e lo studio 

del genoma del virus influenzale aviario ad alta patogenicità (sottotipo H5) (HPAI). 
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In particolare, attraverso la generazione del genoma completo di centinaia di virus 

H5 HPAI identificati durante le ondate epidemiche italiane del 2020-2023 che 

hanno colpito volatili domestici e selvatici e la successiva applicazione di analisi 

filogenetiche e filogeografiche bayesiane, è stato possibile rilevare la co-

circolazione di diversi genotipi virali, ricostruire le dinamiche di diffusione del 

patogeno sul territorio nazionale ed esplorare il ruolo svolto dai diversi ospiti 

coinvolti nell’infezione. 

Ma lo studio del genoma dei virus HPAI non si è limitato alla situazione nazionale 

e alle specie aviarie. Una grave epidemia causata ancora una volta da virus H5 HPAI 

ha colpito i gatti in Polonia nell’estate del 2023. Le analisi molecolari ed evolutive 

applicate al genoma completo dei virus coinvolti nell’infezione hanno svelato la 

circolazione di un virus con mutazioni capaci di aumentare l’adattamento del virus 

aviario al mammifero e ha consentito di chiarire che tutti gli animali coinvolti 

nell’evento epidemico erano stati esposti ad una comune fonte di infezione, 

verosimilmente di origine alimentare.  

I risultati generati nel presente progetto di dottorato sottolineano la strategicità del 

dato genetico e delle analisi bioinformatiche per comprendere le dinamiche di 

emergenza, evoluzione e disseminazione dei virus e per fornire informazioni chiave 

nella valutazione del rischio associato ai patogeni virali. 
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Abstract 

As testified by the COVID-19 pandemic, the ability to rapidly identify and 

genetically characterize emerging viruses, with focus on ones with zoonotic impact, 

is increasingly crucial for public health. Viruses have high mutation rates and may 

be involved in frequent recombination and reassortment events. These evolutionary 

properties lead to high genetic diversity and the emergence of new variants that may 

have higher zoonotic impact, virulence, and increased spread. In a scenario like this, 

having laboratory protocols and bioinformatic pipelines capable of promptly 

identifying and characterizing emerging viral variants is crucial in early warning 

plans aimed at preventing or promptly controlling new infectious threats. 

This thesis focuses on the identification and characterization of genetic sequencing 

data, developing a comprehensive workflow for NGS data analysis, starting from 

raw data generated using different sequencing approaches to the consensus 

sequence creation and the phylogenetic and phylodynamic methods application to 

study evolutionary dynamics. For the characterization of SARS-CoV-2, causative 

agent of the COVID-19 pandemic, specific protocols were developed, and a 

comparison was conducted between second-generation sequencing technologies 

(MiSeq, Illumina) and third-generation sequencing technologies (MinION, 

Nanopore). Second-generation sequencing technologies and their protocol were 

applied to the genetic analysis of SARS-CoV-2 identified in a domestic cat, 

revealing an infection with the B.1.177 variant. 

Improvements, optimizations, and the application of bioinformatic analyses of NGS 

data were also accomplished for the identification and characterization of the 

complete genome of Hantavirus detected in mice. Additionally, using an 

"untargeted" direct sequencing approach, the genome of two DNA viruses in parrots 

in Italy, namely Polyomavirus and a possible new Circovirus, could be 

characterized. 

Bioinformatic approaches were also applied to the analysis and study of the genome 

of highly pathogenic avian influenza virus (subtype H5) (HPAI). Specifically, by 

generating the complete genome of hundreds of H5 HPAI viruses identified during 
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the Italian epidemic waves of 2020-2023 that affected domestic and wild birds and 

subsequently applying Bayesian phylogenetic and phylogeographic analyses, it was 

possible to reveal the co-circulation of different viral genotypes, reconstruct the 

pathogen's spread dynamics across the national territory, and explore the role 

played by different hosts in the infection. 

However, the study of the genome of HPAI viruses was not limited to the national 

situation and avian species. A severe epidemic, caused once again by H5 HPAI 

viruses, affected cats in Poland in the summer of 2023. Molecular and evolutionary 

analyses applied to the complete genome of the viruses involved in the infection 

revealed the circulation of a virus with mutations capable of increasing the 

adaptation of the avian virus to mammals and clarified that all animals involved in 

the epidemic event had been exposed to a common source of infection, presumably 

of food origin. 

The results generated in this PhD project emphasize the strategic importance of 

genetic data and bioinformatic analyses in understanding the dynamics of 

emergence, evolution, and dissemination of viruses and providing key information 

in the assessment of the risk associated with viral pathogens. 
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1 Background and aim of the research project 

DNA and RNA virus populations are characterized by high mutation rates and many 

of them engage in frequent recombination and reassortment events, leading to the 

creation of novel genotypes. These evolutionary properties result in a high genetic 

diversity, which has a detrimental impact on the ability to identify and characterize 

the new and constantly emerging RNA viruses. Historically, molecular tools as 

polymerase chain reaction (PCR) or conventional non-molecular techniques, such 

as microscopy, enzyme-linked immunosorbent assay (ELISA) and virus isolation 

were used for virus identification, but they have several limitations [1]. In 

particular, isolation in cell culture is unsuitable for viruses for which no permissive 

cell line is known and molecular identification of viruses is mostly based on nucleic 

acids amplification protocols which are in need of genetic information for each 

tested pathogen and can generally be conducted only for a selected number of 

viruses due to laboratory practical difficulties. Furthermore, novel viruses are not 

identified with these techniques. The recent advances in metagenomic processes for 

virus discovery in clinical samples have opened new opportunities to understand 

the aetiology of unexplained illnesses and to increase the possibility of identifying 

emerging or re-emerging viruses. The combination of the genetic information 

obtained from the unbiased sequencing of new viruses with the development of 

targeted protocols to characterize their whole genome offers unprecedented 

opportunities for the improvement of the laboratory diagnostic flowchart. The 

unique properties of each sequencing technology commercially available affect the 

way the data are assembled as well as the completeness and accuracy of the 

resulting genomes. Specifically, Istituto Zooprofilattico Sperimentale delle Venezie 

(IZSVe), where I am employed as bioinformatician at Viral Genomics and 

Transcriptomics Laboratory, is equipped with both second (Illumina MiSeq and 

NextSeq 550) and third (MinION sequencer from Oxford Nanopore) generation 

platforms. Illumina MiSeq and NextSeq 550 produce very high quality, high 

accuracy, but short, up to 300bp and 150bp, respectively, reads with high costs. It 

takes days to obtain the results and the sample preparation is complex [2]. The 

MinION sequencer from Oxford Nanopore is an evolving technology that produces 

long-read sequencing data with low equipment cost. It belongs to the third 
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generation platforms category, it has relatively simple sample preparation, flexible 

run times and portability, even if it has lower accuracy than second generation 

platforms.  

The major aim of this research project is to develop a diagnostic flowchart for rapid 

identification and characterization of RNA viruses detected in animal species with 

a focus on zoonotic viruses using both platforms for routine analysis and research. 

Furthermore, the integration between the results generated by the two platforms can 

give more robust results and more informative data. The relatively higher error rates 

of MinION can be used in conjunction with lower error rate (2 x 300bps) Illumina 

data that are too short to cover, for example, multiple informative variants in 

samples composed of two or more genomes [3]. As testified by the recent epidemics 

and pandemic, the ability to rapidly identify and genetically characterize emerging 

viruses, with focus on the ones with zoonotic impact, is increasingly important for 

the public health. The unique properties of viruses result in a high genetic diversity 

and emergence of new variants that can have higher zoonotic impact, virulence and 

spread. This leads to the development of ad hoc improved laboratory protocols and 

bioinformatics pipelines for the genetic identification and characterization of 

viruses. Specifically, this project focused on improvement, optimization and 

application of the bioinformatics analyses of NGS data for viral characterization 

obtained from untargeted approaches in MiSeq platform, which allowed the 

identification not only of RNA, but also of DNA viruses such as Polyomavirus and 

a possible novel Circovirus in parrots in Italy. Furthermore, the complete genome 

of a Hantavirus from mice was characterized. In the last part of my PhD project, the 

pipelines developed for consensus sequences generation were used and downstream 

phylogenetic and network analyses were performed, with identification of 

genotypes and mutations, as well as Bayesian evolutionary analysis, using BEAST 

cross-platform program.  

In 1996, high pathogenic avian influenza (HPAI) A(H5) virus of the 

A/goose/Guangdong/1/1996 (Gs/Gd) lineage was identified for the first time in 

poultry in China. In the spring of 2005, this strain spread reached for the first time 

Europe and Africa during the wild bird autumn migration [4]. Since then, the HPAI 

A(H5) virus of the Gs/Gd lineage has widely spread across Asia, Europe, Africa 
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and North America, becoming a serious global threat for the poultry industry, 

endangered wild bird species and representing a zoonotic risk for human health. 

The focus was on the analysis on the HPAI A(H5) viruses collected during the 

2020-2023 Italian epidemic waves, and HPAI A(H5N1) viruses responsible of 

outbreaks of HPAI AIV H5N1 in cats in Poland (June-July 2023). 
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2 Introduction 

A virus is a microscopic organism and it consists of proteins and nucleic acid, DNA 

or RNA as genetic material. Viruses do not contain ribosomes, mitochondria or 

other cell-like organelles, and since they cannot replicate without the metabolic 

processes of the host cell, they are genetic parasites that need to infect hosts as 

humans, plant, animals, bacteria and fungi to reproduce. Their mode of replication 

makes viruses unique: burst of thousands of virus particles from a single virus over 

a short time. Before the invention of the electron microscope (1931), they were 

impossible to visualize. The first viruses to be visualized were bacteriophage and 

they appeared to have a head and tail-like structure, through it the nucleic acid 

entered the bacterial cell. Animal viruses were described as spherical or rod-shaped; 

they were bound to receptors and were taken up by the cell. Studies of viral 

replication indicate that most viruses self-assemble as a result of interactions 

between the viral proteins to form a viral capsid that interacts with the nucleic acid 

to form the whole [1].  

2.1 RNA Virus 

RNA viruses have RNA as genetic material, single-stranded RNA or double 

stranded RNA. Viruses may exploit the presence of RNA-dependent RNA 

polymerases (RdRp) for replication of their genomes or, in retroviruses, with two 

copies of single strand RNA genomes, reverse transcriptase produces viral DNA 

which can be integrated into the host DNA under its integrase function [2]. The 

RNA genome is used as template for synthesis of additional RNA strands. The 

replicase complex usually consists of the RdRp and RNA-helicases, to unwind 

base-paired regions of the RNA genome, and NTPases, to supply energy for the 

polymerization process. The genomes of RNA viruses have one or more open 

reading frames that encode the viral proteins and also regions of RNA that do not 

code for protein and they are conserved (non-coding regions, NCRs, or untranslated 

regions, UTRs). NCRs are present at 5’ and 3’ ends of all RNA genomes and they 

direct genome replication. An important feature of RNA viruses is that many exist 

in nature as quasispecies, a group of closely related, but nonidentical genomes. The 

RdRps of RNA viruses control RNA synthesis error rates. RdRp mutations can have 
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impact on fidelity and this measurably affects virus fitness [3]. RNA viruses can be 

positive or negative-strand. The genomes of positive-strand RNA viruses are 

functional mRNAs and they are translated shortly after penetration into the host 

cell. They produce the RdRp and other proteins necessary for synthesis of additional 

viral RNAs. Positive-strand RNA viruses, for genome replication, use large 

complexes of cellular membranes and they actively modify host cell membranes. 

On the other hand, negative-strand RNA viruses, the ambisense RNA viruses, and 

double-stranded RNA viruses need to trascript their genome by viral proteins, RdRp 

included [3]. 

2.1.1 Virus Recombination 

The phenomenon of Influenza A recombination plays a pivotal role in shaping viral 

diversity and it contributes to the evolution of viruses. There are diverse 

mechanisms through which viruses undergo recombination, such as template 

switching during replication and reassortment in segmented viruses that can be 

detected and studied through computational algorithms and experimental 

approaches. The ability of influenza A viruses to undergo genetic reassortment 

introduces significant variability in their genetic makeup, leading to the emergence 

of novel strains with unique combinations of genetic material. This process of 

recombination occurs when different influenza A viruses infect the same host cell, 

enabling the exchange of genetic segments. The resulting progeny virus carries a 

mosaic of genetic material derived from the parental strains, contributing to the vast 

diversity observed in influenza A viruses. Recombination is a driving force behind 

the constant emergence of new influenza A virus variants, allowing the virus to 

evade host immune responses and potentially gain new biological properties, such 

as altered transmissibility or virulence. Understanding influenza A virus 

recombination is crucial for anticipating and responding to changes in the virus's 

genetic makeup. It poses challenges for vaccine development, as the circulating 

strains may differ from those included in current vaccines. Additionally, monitoring 

recombination events is essential for public health surveillance, enabling timely 

responses to emerging strains that may pose increased risks of transmission or 

severity. The evolutionary consequences of the dynamic process of influenza A 
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virus recombination are shaping viral populations, driving genetic diversity, and 

potentially influencing viral adaptation and pathogenicity [4]. 

2.1.2 Influenza A Virus 

Influenza virus is a negative stranded RNA and it belongs to the Orthomyxoviridae 

family, which is divided into five genera: Influenzavirus A, Influenzavirus B, 

Influenzavirus C, Isavirus and Thogotovirus. Viruses of the Influenzavirus A genus 

are the only known to infect birds, that are a natural reservoir of influenza A viruses. 

Influenza A viruses are classified into subtypes based on the antigenic relationships 

of the surface glycoproteins, hemagglutinin (HA) and neuraminidase (NA), in any 

combination. To date, 17 HA subtypes (H1– H17) and 10 NA subtypes (N1–N10) 

have been recognized [5]. 

2.1.2.1 Biology of Influenza A Virus 

Influenza A virus genome is segmented and this characteristic facilitates the virus 

reassortment and the high rate of mutation, that makes the virus rapidly adaptive, 

since it uses its own error-prone RNA polymerase during replication [6]. The RNA 

genome of the influenza A virus is short (~13.5 Kb), single stranded and “negative 

sense”: the viral RNA segments serve as templates for mRNAs transcription [7]. 

Influenza A virus possesses a genome formed by eight segments, which are 

essential for efficient virus replication and they encode for 12 viral proteins (Figure 

1). Segment 1 is the largest and it is the basic polymerase protein 2 (PB2) that 

encodes for a cap-binding protein which is essential for viral mRNA synthesis [8]. 

Segment 2, the basic polymerase protein 1 (PB1) encodes for the main polymerase 

protein that is involved in chain elongation. It also encodes for the PB1-F2 protein, 

in alternate reading frame, that plays a role in cell apoptosis [9]. Segment 3 encodes 

for the acid polymerase protein (PA) that is required for viral transcription, 

replication and transport to the nucleus but its specific function remains partially 

unclear [10]. As for segment 2, segment 3 contains a second open reading frame 

(X-ORF), via ribosomal frameshifting. Its product, PA-X, functions to repress 

cellular gene expression. The kinetics of the global host response, which notably 

includes increases in inflammatory, apoptotic and T lymphocyte-signaling 
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pathways, changes with PA-X loss of expression [11]. Segment 4, HA gene, 

encodes for hemagglutinin (HA), the main surface glycoprotein, which binds to host 

sialic acid receptors. It allows the entrance of the virus into the cell and fuses viral 

and endosomal membranes to release viral nucleocapsids into the cell cytoplasm 

[12]. The haemagglutinin undergoes post-translational cleavage by a protease 

dividing the protein into the HA1 and the HA2. It consists of two distinct domains: 

a globular head formed by the HA1 that contains a conserved receptor binding site 

and five antigenic regions A-E and a fibrous stem formed by both HA1 and HA2 

[13; 14]. Segment 5, the nucleoprotein, provides the core of the ribonucleoprotein 

(RNP) complex binding the vRNA with the polymerase complex. NP controls the 

switching of the RNA polymerase from transcription to replication [15]. Segment 

6, NA gene, encodes for neuraminidase (NA) glycoprotein, which is involved in 

cleaving the sialic acid receptor to facilitate viral release from infected cells [16]. 

Segment 7, the MP protein, encodes for two proteins: matrix protein 1 (M1) and 

matrix protein 2 (M2), due to two overlapping reading frames, that are translated 

from spliced mRNAs [17]. M1 protein is involved in functions related to the 

assembly and disassembly of viral particles, the transport of the RNPs to the 

nucleus, the nuclear export of viral proteins and viral morphology [18], while M2 

protein is essential for viral infection of host cells [19]. Segment 8 is the smallest 

viral segment and it contains two overlapping reading frames. NS1 and NS2 are 

derived from alternatively spliced RNAs that are transcribed from segment 8. The 

NS1 is the main non-structural protein and interacts with host cell processes to 

promote viral protein synthesis. NS1 also sequesters dsRNA to prevent induction 

of the host interferon response [20]. NS2 is a structural component of the viral 

particle and it is frequently called the “nuclear export protein” (NEP) for its role in 

transporting newly synthesized RNP from the nucleus to the cytoplasm [21]. In 

addition, NS2 interacts with nucleoporins and was suggested to serve as an adaptor 

between vRNPs and the nuclear pore complex [21]. A role of NS2 in the regulation 

of influenza virus transcription and replication has also been proposed [22]. The 

influenza A virus particle is 80-120 nm in diameter and it is formed by a lipid 

envelope derived from the host's cell membrane during viral budding [23]. M2 ion 

channel protein and the HA and NA surface glycoproteins are embedded in the 
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envelope. The viral matrix protein (M1) is under the lipid bilayer. Inside the virion, 

the viral nucleoprotein (NP) in association with a polymerase complex consisting 

of PB2, PB1 and PA forming ribonucleoprotein (RNP) particles encloses each 

genome segment. The globular head of the viral HA binds the sialic acid (N-acetyl-

neuraminic acid) receptors found on host cells to initiate the infection of host cells, 

followed by viral entry by endocytosis. In mammals, influenza viruses typically 

infect cells binding to a sialic acid linked to galactose by a α2,6-linkage, while avian 

influenza viruses typically infect the avian species preferentially binding to a α2,3-

linked sialic acid [24; 25]. The acid environment induces a pH-dependent 

conformational change in the HA that causes the viral and endosomal membranes 

to fuse and release viral RNPs into the cytoplasm [26; 27]. The HA0 precursor 

molecule must be cleaved into HA1 and HA2 subunits by a host cell protease in 

order to the fusion to occur. Several amino acids at the cleavage site determine the 

cleavability of HA0. Viral infection happens to host cells where proteases that 

recognize the cleavage site are found. After the virus entries the cell, H ions flood 

through the M2 ion channel, causing the separation of the M1 from the RNPs in 

order to allow the transport of the RNPs from the cytoplasm into the nucleus. In the 

nucleus, the virus uses host cell machinery during its transcription and replication.  

The viral NP and the RNA polymerase complex (PB1, PB2 and PA) are required 

for both transcription and replication [28] which happen in the nucleus of infected 

host cells. Influenza A virus uses its own error-prone RNA polymerase, for this 

reason frequent mutations occur. Viral replication produces a cRNA, which is a full 

length copy of the vRNA, and serves as a template for the sythesis of additional 

vRNAs. After transcription, the mRNAs are transported to the cytoplasm and there 

they are translated by the host ribosome. The viral proteins NP, PB2, PB1 and PA 

just synthesized are transported back to the nucleous where they bind to vRNA and 

form RNPs for new viral particles. The HA, NA and M2 are transported via the 

Golgi apparatus to the cell membrane and there they aggregate with the RNPs and 

M1 proteins to form new viral particles that will be released from the cell upon NA 
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cleavage of host sialic acid receptors [29]. 

 

Figure 1. Structure of Influenza A Virus (Source: Krammer, F., Smith, G.J.D., Fouchier, 

R.A.M. et al. Influenza. Nat Rev Dis Primers 4, 3 (2018). https://doi.org/10.1038/s41572-

018-0002-y). 

 

2.1.3 SARS-CoV-2 

Coronavirus Study Group (CSG) of the International Committee on Virus 

Taxonomy, based on phylogenetic studies of related coronaviruses, renamed the 

virus, initially named novel coronavirus (2019-CoV) by World Health Organization 

(WHO), as Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). This 

virus is the responsible of Coronavirus Disease 2019 (COVID-19) (Coronaviridae 

Study Group of the International Committee on Taxonomy of Viruses, 2020), the 

disease started in December 2019 in Wuhan, Hubei Province, China and it is 

characterize by dry cough, high body temperature, breathe shortness, and 

pneumonia [30]. Coronaviridae family is divided into four genera: alfa, beta, 

gamma, and delta [31]. SARS-CoV-2 belongs to beta coronavirus and COVID-19 

is the third zoonotic outbreak of beta-CoVs [32]. 

2.1.3.1 Biology of SARS-CoV-2 

SARS-CoV-2 has round or elliptic and often pleomorphic form, with a diameter of 

approximately 60–140 nm. It consists of four components: spike (S), nucleocapsid 

(N), membrane (M), and envelop (E) (Figure 2) [33]. The reason for the global 

https://doi.org/10.1038/s41572-018-0002-y
https://doi.org/10.1038/s41572-018-0002-y
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spread and severity of this disease is the nature prone to mutation of this novel virus 

[34; 35]. The RNA virus is enveloped, positive-sense, single-stranded with 3՛ and 

5՛ cap structure. The size of its genome is approximately 30 kb in length [36]. The 

genome sequence of SARS-CoV-2 consists of approximately 29,903 nucleotides, 

linear ssRNA with 14 open reading frames (Orfs). The proteins encoded by the 

Spike, Envelop, Membrane, and Nucleocapsid gene are the structural proteins [37; 

38], and the proteins encoded by the Orf3a, Orf3b, Orf6, Orf7a, Orf7b, Orf8, Orf9b, 

Orf9c, and Orf10 in SARS-CoV-2 represent the accessory proteins, which provide 

a collective advantage in infection and pathogenesis [37; 39; 40]. Spike protein 

mediates the entry of SARS-CoV-2 into the host cell and this protein is composed 

of three domains, the N-terminal domain with unit S1 and S2, the cytoplasmic C-

terminal domain, and a transmembrane domain [40; 41]. 

 

 

Figure 2. Structure of SARS-CoV-2 (Source: https://www.abcam.com/). 

 

2.1.4 Dobrava-Belgrade virus 

Hantaviruses is a group of zoonotic viruses transmitted from animal reservoirs 

directly to humans, with no involvement of arthropod vectors, with mortality rates 

ranging from 12 to 40% [42]. These viruses are often found in rodents, bats, and 

insectivores. In Europe, species like the yellow-necked mouse, black-striped field 

mouse, and bank vole host specific strains of hantaviruses. Humans get infected 

through the inhalation of aerosols or dust particles contaminated with virus-
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containing rodent excreta. The Dobrava-Belgrade virus (DOBV) was identified in 

the yellow-necked mouse (Apodemus flavicollis) in Italy, specifically within the 

mountainous region of the Udine province, adjacent to Austria and Slovenia, during 

an event of enhanced mortality in wild mice and voles. This finding occurred during 

a period of heightened mortality among wild mice and voles. Hantaviruses are 

circulating in Italy in rodents and humans since 2000, but this is the first virological 

confirmation of the infection.  

2.1.4.1 Biology of Dobrova-Belgrade virus 

Hantaviruses are enveloped viruses within the Hantaviridae family, characterized 

by segmented, negative-sense, single-stranded RNA. The Orthohantavirus genus, 

as classified by the International Commission on the Taxonomy of Viruses (ICTV), 

includes 23 species, with approximately 30 other viruses for which a complete 

characterization is not available yet (ICTV Hantaviridae). Each species of 

Hantavirus seems to be specifically associated with its own reservoir host. In 

Europe, the main reservoir species are the wild yellow-necked mouse (Apodemus 

flavicollis), the black-striped field mouse (Apodemus agrarius) and the bank vole 

(Myodes glareolus), maintaining two different strains of the Dobrava-Belgrade 

virus (DOBV) and Puumala virus (PUUV), respectively. In addition, the grey rat 

(Rattus norvegicus) potentially maintains Seoul virus (SEOV) globally, 

sporadically reported outside Asia, including a single identification in France [43]. 

The DOBV has three-segmented genome consisting of the S (small), M (medium) 

and L (large) segments which encode the nucleocapsid protein (N), a precursor 

protein giving rise to the two envelope glycoproteins Gn and Gc, and the RNA-

dependent RNA polymerase (RdRp), respectively [44]. 

2.2 DNA Virus 

DNA viruses are a diverse group of viruses that contain double-stranded DNA 

(dsDNA) as their genetic material. They infect a wide range of organisms, including 

humans, animals, plants, and bacteria. These viruses have evolved various strategies 

to enter host cells, replicate their genetic material, produce new viral components, 

and exit the host cell to infect other cells. DNA viruses carry their genetic 
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information in the form of double-stranded DNA and this DNA can vary in size, 

structure, and complexity based on the virus type [45]. They have a protective 

protein coat called a capsid that surrounds their genetic material. Some DNA 

viruses also possess an outer envelope derived from the host cell membrane. They 

are classified into different families based on their genomic structure, mode of 

replication, and other characteristics. DNA viruses attach to specific receptors on 

the surface of host cells and enter through different mechanisms, such as membrane 

fusion or endocytosis. Once inside the host cell, the virus releases its genetic 

material into the cell's nucleus (for viruses that replicate in the nucleus) or 

cytoplasm (for viruses that replicate there). The viral DNA uses the host cell's 

machinery to replicate and transcribe new viral components that are synthesized 

and assembled into complete viruses within the host cell. After assembly, newly 

formed viruses exit the host cell either by causing cell lysis (destroying the cell) or 

by budding through the cell membrane, acquiring an envelope in the process. DNA 

viruses cause a wide spectrum of diseases in humans and other organisms. These 

diseases can range from mild, self-limiting conditions to severe illnesses. Some 

DNA viruses have the ability to establish latent infections, where the viral genome 

remains in the host cell without actively replicating. Periodically, the virus may 

reactivate, leading to recurrent infections. 

2.2.1 Aves Polyomavirus  

Polyomaviruses are DNA viruses found in mammals and birds. While in mammals 

they often do not cause severe illness, in birds they can lead to serious conditions. 

One specific polyomavirus, APyV, formerly known as budgerigar fledgling disease 

virus (BFDV), was first identified in budgerigars and caused disease and high 

mortality in nestlings and young Psittaciformes [46]. The symptoms of APyV 

infection include feather abnormalities, abdominal distention, and even sudden 

death [47] and other clinical signs, such as subcutaneous hemorrhage, weakness, 

anorexia, and apathy, are also found in birds with this disease [48]. Different species 

of this virus have been found in various bird species, like geese, canaries, and 

finches [49]. Microscopy for inclusion bodies or electron microscopy for 

icosahedral virus particles are the methods to identify this virus or probes from 

APyV (Aves polyomavirus) [50]. When the family Polyomaviridae was created it 
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included only a handful of polyomavirus species, whose members had all been 

discovered by the early 1980s, but by September 2015, more than 1200 complete 

polyomavirus genome sequences representing roughly 100 genetically and 

biologically distinct polyomaviruses had been deposited in public databases. In 

2016 the Polyomaviridae Study Group of the International Committee on 

Taxonomy of Viruses et al divided Polyomaviridae in 4 genera, to date there are 6 

genera (Alpha-, Beta, Delta-, Epsilon, Gamma- and Zetapolyomavirus) that 

together include 117 species. 

2.2.1.1 Biology of Aves Polyomavirus 

The virions of Polyomavirus are non-enveloped double-stranded DNA and are 

approximately 40–45 nm in diameter. Their icosahedral capsid consists of 72 

capsomers arranged in a skewed (T = 7d) lattice configuration, 50 nm in diameter 

(Figure 3). Each virion carries a single molecule of circular dsDNA, with the 

genomic size of 4981-5421 bp. The coding capacity of Gammapolyomavirus 

genomes is of 9 proteins, with predicted sizes ranging from 7 to 88 kDa based on 

nucleic acid sequences (Figure 4). Upon transcription from one side of the viral 

origin of DNA replication (ORI), mRNA synthesis encodes the early proteins 

(Figure 4). These nonstructural proteins, referred to as tumor (T) antigens, disrupt 

cell cycle regulation and, in certain instances, prompt cellular transformation or 

tumor development. Virions binding to cellular receptors undergo cellular uptake 

and transportation to the nucleus, where genome transcription and replication occur. 

During a productive infection, transcription of the viral genome is divided into an 

early (replication) and a late (virion assembly/exit) stage. Transcription of the early 

and late coding regions is controlled by separate promoters through the binding of 

specific transcription factors and cis-acting elements [51]. Proteins are expressed 

from the two pre-mRNA by alternative splicing. All genes are transcribed by host 

RNA pol II. To date, nine avian polyomavirus species have been classified into the 

Gammapolyomavirus genus of the Polyomaviridae family (Table 1). The natural 

host of Gammapolyomavirues are birds. The characteristic of this genus is that 

members infect only birds. Some cause severe illness and even death, but 
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oncogenicity has not been observed. Pyrrhula Pyrrhula Polyomavirus and Cracticus 

Polyomavirus belong to the Gammapolyomavirus genus (Table 1). 

 

Figure 3. The virion has a non-enveloped capsid with a T=7d icosahedral symmetry, about 

50 nm in diameter (Source: https://viralzone.expasy.org/7838). 

 

Table 1. Species in genus Gammapolyomavirus  

(https://ictv.global/report/chapter/polyomaviridae/polyomaviridae/gammapolyoma

virus). 

 

 

 

Figure 4. The genome of APyV (Source: https://viralzone.expasy.org/7838). 

 

Genus Species Virus Name Isolate Accesion Available sequence Abbrev.
Gammapolyomaviru Gammapolyomavirus anseris goose hemorrhagic polyomavirus Germany 2001 AY140894 Complete genome GHPV
Gammapolyomaviru Gammapolyomavirus avis budgerigar fledgling disease virus AF241168 Complete genome BFDV
Gammapolyomaviru Gammapolyomavirus corvi crow polyomavirus DQ192570 Complete genome CpyV
Gammapolyomaviru Gammapolyomavirus cratorquatus butcherbird polyomavirus AWH19840 KF360862 Complete genome Butcherbird 
Gammapolyomaviru Gammapolyomavirus egouldiae Erythrura gouldiae polyomavirus 1 1209 KT302407 Complete genome EgouPyV1
Gammapolyomaviru Gammapolyomavirus lonmaja Hungarian finch polyomavirus 14534/2011 KX756154 Complete genome HunFPyV
Gammapolyomaviru Gammapolyomavirus padeliae Adélie penguin polyomavirus Crozier_2012 KP033140 Complete genome ADPyV
Gammapolyomaviru Gammapolyomavirus pypyrrhula finch polyomavirus DQ192571 Complete genome FpyV
Gammapolyomaviru Gammapolyomavirus secanaria canary polyomavirus Ha09 GU345044 Complete genome CaPyV

https://viralzone.expasy.org/7838
https://ictv.global/report/chapter/polyomaviridae/polyomaviridae/gammapolyomavirus
https://ictv.global/report/chapter/polyomaviridae/polyomaviridae/gammapolyomavirus
https://viralzone.expasy.org/7838
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2.2.2 Circovirus 

The Circovirus genus, belonging to the Circoviridae family, finds natural hosts in 

birds like pigeons, ducks, and pigs. This virus is categorized as a single-stranded 

DNA virus (ssDNA) and encompasses 49 species, among which there are the 

Psittacine beak and feather disease virus (BFDV) and canary Circovirus [51; 52]. 

The primary culprit behind a significant dermatological ailment in various 

Psittaciformes is the Beak and Feather Disease Virus (BFDV), posing a global 

threat [53]. Its widespread distribution results from international trade, legal and 

illegal, involving exotic Psittaciformes [54; 55]. BFDV demonstrates a remarkable 

ability to adapt among closely related hosts, facilitating its rapid dissemination 

worldwide [56; 57]. This disease manifests as symmetric feather dystrophy and 

immunosuppression, affecting numerous species of psittacine and even distant 

avian orders. Its transmission occurs through droppings, feather dander, close 

contact, aerosols, and fomites, rendering all Psittaciformes susceptible to infection 

[48]. Circoviruses have also been associated with a condition called "black spot" in 

neonatal canaries in Europe [58]. Subsequently, a newly identified circovirus, 

termed canary circovirus (CaCV), was detected in adult canaries. These birds 

exhibited a brief illness marked by symptoms such as dullness, anorexia, and feather 

abnormalities, ultimately resulting in their demise [59; 60; 61]. 

2.2.2.1 Biology of Circovirus 

Circoviruses exhibit small virions, typically measuring around 20–25 nm in 

diameter. These virions possess a non-enveloped structure, appearing spherical and 

showcasing T=1 icosahedral symmetry. Comprising 60 capsid subunits, they 

encapsulate the viral circular single-stranded DNA. Within infected cells in 

diagnostic samples, mature virions are found either as independent particles or 

arranged in a linear "strings of pearls" configuration in cell-free specimens. The 

genome of circoviruses consists of a singular molecule of circular, single-stranded 

ambisense DNA, spanning approximately 1.7–2.3 kb in size. These viruses stand as 

the smallest known DNA viruses that can infect mammals. Their compact genome 

is notably reduced to the absolute essentials, serving only two fundamental 

functions: the replication and packaging of the viral genetic material [62]. 
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2.2.2.2 Psittacine Circovirus 

The sequence of the Beak and Feather Disease Virus (BFDV) comprises seven open 

reading frames (ORFs), consisting of three within the viral strand and four within 

two complementary strands, situated within the repetitive sequence [63; 64; 60]. 

However, among these ORFs, only two, namely ORF C1 and ORF V1, undergo 

significant structural and genetic alterations [57]. ORF V1, positioned on the viral 

strand, is thought to encode the replication-associated protein (Rep), crucial for the 

process of rolling circle propagation (RCR). Conversely, ORF C1, found in the 

complementary strand, encodes an essential structural element of the viral capsid 

known as the cap gene. Typically, the functional domain of the rep gene remains 

relatively unchanged, initiating RCR to generate the single-stranded DNA 

sequence, thereby facilitating cloning sequences by binding to the host cell. Within 

the sequence's intergenic region, a theoretical stem-loop structure carrying a 

conserved nanonucleotide sequence motif (TAGTATTAC) has been pinpointed. 

This motif represents the binding site for circoviruses to engage with their host 

DNA polymerase, a crucial interaction facilitating viral replication [57]. 

2.2.2.3 Canary circovirus  

In 2001, Phenix et al. conducted the cloning and sequencing of the circular, single-

stranded DNA genome of a newly discovered circovirus in canaries, named Canary 

Circovirus (CaCV). The analysis of the sequence revealed a genome size of 1952 

nucleotides with the potential to encode three viral proteins, including the 

hypothetical capsid and replication-associated (Rep) proteins. Upon examination, 

the CaCV genome displayed its closest sequence resemblance (58.3% nucleotide 

identity) to another recently identified circovirus, the Columbid Circovirus (CoCV). 

Conversely, it exhibited more distant relationships with two strains of porcine 

circovirus (PCV1 and PCV2), Beak and Feather Disease Virus (BFDV), and a 

newly isolated Goose Circovirus (GCV), sharing approximately 46.8–50.9% 

nucleotide identity with these viruses. Similar to other members within the 

Circovirus genus, various nucleotide structures and amino acid motifs, believed to 

play roles in virus replication, were identified on the putative viral strand. 
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Furthermore, phylogenetic analysis conducted on both the capsid and Rep protein-

coding regions provided additional support for the closer relationship between 

CaCV, CoCV, and BFDV, while showcasing a more distant relation to GCV, 

PCV1, and PCV2 [59]. 

2.3 Whole-genome sequencing 

Whole-genome sequencing (WGS) is a comprehensive technique used to determine 

the complete genetic DNA sequence of an organism. Unlike targeted sequencing 

methods that focus on specific regions, WGS covers the entire genome, providing 

a holistic view of the genetic blueprint of an organism. It involves the sequencing 

of both coding (exons) and non-coding (introns, intergenic regions) portions of the 

genome, enabling a deeper understanding of genetic variations, structural 

alterations, and functional elements. WGS has been applied in different fields and 

it has revolutionized clinical diagnostics, enabling the identification of disease-

causing mutations, understanding inherited disorders, and guiding personalized 

treatment strategies. Studying genomes across species aids in understanding 

evolutionary relationships, speciation events, and genetic adaptations. Over the 

years, WGS technologies have evolved rapidly, driven by innovations in 

sequencing platforms, data analysis pipelines, and cost reduction. From first-

generation Sanger sequencing to next-generation sequencing (NGS) and the 

emerging third-generation sequencing technologies, each iteration has increased 

sequencing throughput, reduced turnaround time, and lowered per-base costs, 

democratizing access to genomic information. 

2.3.1 Sanger technology 

Sanger sequencing, developed by Frederick Sanger in the late 1970s, revolutionized 

DNA sequencing. This method is also called “first generation sequencing” and it is 

based on the synthesis of a complementary DNA template in the presence of natural 

2’-deoxynucleotides (dNTPs) and of modified nucleotides (2’,3’-

dideoxynucleotides, ddNTPs) that terminate chain elongation by DNA polymerases 

[65]. Sanger sequencing involves four separate reactions, each with a small amount 

of ddNTPs labeled with a fluorescent marker [66]. These reactions create a set of 

DNA fragments of varying lengths, each ending with a specific ddNTP. The 
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fragments are separated by size using high-resolution gel electrophoresis, allowing 

the determination of the DNA sequence based on the order in which the terminated 

fragments appear, in fact shorter DNA strands migrate through the gel more quickly 

and exit the capillary first. Longer strands take longer to exit. A laser excites the 

fluorescent labels, and a detector reads the emission of light, generating a 

chromatogram that represents the DNA sequence [67]. This technology allowed 

scientists to sequence DNA with high accuracy and it is highly reproducible and 

accessible, paving the way for various applications in genomics, molecular biology, 

and medical diagnostics. However, Sanger sequencing is limited in throughput and 

cost-effectiveness compared to newer, high-throughput sequencing methods like 

next-generation sequencing (NGS). NGS techniques have largely replaced Sanger 

sequencing for large-scale genomic projects due to their ability to generate vast 

amounts of sequence data rapidly and at a lower cost. Nonetheless, Sanger 

sequencing remains valuable for targeted sequencing, validation of NGS results, 

and small-scale applications requiring high accuracy. 

2.3.2 Next-Generation Sequencing 

Next-Geneation Sequencing (NGS, high-throughput sequencing) refers to a set of 

advanced technologies that revolutionized DNA and RNA sequencing 

methodologies and it is known as the “second generation sequencing”. Millions of 

DNA or RNA fragments are sequenced rapidly and in parallel, allowing researchers 

to decipher genetic information with unprecedented speed and depth compared to 

traditional Sanger sequencing. They generate vast amounts of sequencing data in a 

single run facilitating comprehensive analysis of genomes, transcriptomes, and 

epigenomes. A key quality of the NGS technologies is versatility, they 

accommodate various applications, including whole-genome sequencing, exome 

sequencing, RNA sequencing (RNA-Seq), ChIP sequencing (ChIP-Seq), 

metagenomics, and more. The sequencing costs per base have been reduced, 

making large-scale genomic studies more accessible and affordable. NGS enables 

the detection of rare genetic variants, structural variations, single nucleotide 

polymorphisms (SNPs), and gene expression profiles with high sensitivity and 

resolution. NGS data necessitates sophisticated bioinformatics tools and pipelines 
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for processing, analysis, and interpretation due to the massive volume and 

complexity of sequencing data generated.  

2.3.2.1 Illumina technology 

Illumina is a leader in NGS technologies, offering a range of sequencing platforms 

known for their high-throughput and accuracy. Illumina's hallmark technology, 

Sequencing by Synthesis (SBS), uses reversible dye terminators to sequentially 

identify nucleotides as they are incorporated into DNA strands, enabling massively 

parallel sequencing of millions of DNA fragments on a single flow cell. Illumina 

platforms, such as the NovaSeq, HiSeq, and NextSeq series, generate vast amounts 

of sequencing data in a single run, facilitating comprehensive genomic analysis, 

large-scale projects, and population-scale studies. Illumina systems provide high-

quality sequencing data with low error rates, allowing for accurate detection of 

genetic variations, structural changes, single nucleotide polymorphisms (SNPs), 

and complex genomic features. The platforms also offer flexibility in read lengths, 

supporting various applications. Over time, Illumina has reduced sequencing costs 

per base, making NGS more accessible for researchers, clinicians, and institutions, 

contributing to the scalability and affordability of genomic studies. Illumina's 

sequencing technology allows unbiased sequencing without prior knowledge of the 

complete DNA content in a sample, but at the same time has the flexibility to allow 

for targeted sequencing. NGS uses DNA polymerase to integrate fluorescently 

labeled building blocks into a DNA template, identifying nucleotides via 

fluorophore excitation. However, NGS extends this process across millions of 

fragments simultaneously, a critical difference from sequencing a single DNA 

fragment. The workflow involves four main steps: 

1. Library Preparation: DNA or cDNA samples are fragmented and ligated 

with adapters (Figure 5A) for sequencing library preparation. Alternatively, 

"tagmentation" that is the combination of fragmentation and ligation 

reaction in a single step, enhances efficiency of the library preparation 

process 

(www.illumina.com/documents/products/datasheets/datasheet_nextera_dn
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a_sample_prep.pdf). Adapter-ligated fragments are then amplified via PCR 

and purified. 

2. Cluster Generation: The library is loaded into a flow cell where fragments 

are captured using complementary oligos, generating distinct clusters 

through amplification, and preparing templates for sequencing (Figure 5B). 

3. Sequencing: Illumina SBS technology uses reversible terminators to detect 

single bases as they integrate into DNA strands (Figure 5C). This minimizes 

bias and errors [68; 69], providing highly accurate sequencing across 

repetitive regions and homopolymers. 

4. Data Analysis: Sequence reads are aligned to a reference genome (Figure 

5D), allowing various analyses. 

Paired-end (PE) sequencing marks a significant advancement in NGS technology, 

involving the sequencing of both ends of DNA fragments within a library and 

aligning these forward and reverse reads as read pairs. This method offers twice the 

number of reads compared to single-end sequencing for the same library 

preparation effort and time. Aligning sequences as read pairs enhances read 

alignment accuracy and enables the detection of indels, which is not feasible with 

single-read data [70]. PE sequencing also allows for the analysis of differential 

read-pair spacing, facilitating the removal of PCR duplicates, a common artifact 

arising during library preparation. Moreover, it leads to a higher count of SNV 

(single nucleotide variant) calls post read-pair alignment [70] 

(www.illumina.com/documents/products/datasheets/datasheet_nextera_dna_sampl

e_prep.pdf). Library preparation for Illumina NGS has evolved significantly. 

Current protocols, like Nextera® XTDNA Library Preparation, have slashed library 

prep time to under 90 minutes 

(www.illumina.com/documents/products/datasheets/datasheet_nextera_xt_dna_sa

mple_prep.pdf). PCR-free and gel-free kits are available, offering superior 

coverage in traditionally challenging regions like AT/GC-rich segments, promoters, 

and homopolymeric regions 

(www.illumina.com/documents/products/datasheets/datasheet_truseq_dna_pcr_fre

e_sample_prep.pdf). Multiplexing has remarkably increased both data output per 

sequencing run and sample throughput in NGS over time (Figure 6). This method 



32 

 

involves pooling and sequencing numerous libraries simultaneously in a single 

sequencing run. Each DNA fragment within multiplexed libraries is tagged with 

unique index sequences during library preparation, enabling the identification and 

sorting of each read before final data analysis. However, sequencing reads from 

pooled libraries must undergo computational identification and sorting, a process 

known as demultiplexing, before final data analysis. Index misassignment, a known 

issue in NGS technologies since the inception of sample multiplexing, poses a 

challenge. The misassignment of the index assigned to the libraries can lead to 

misalignment and inaccuracies in sequencing results [71]. Addressing these 

challenges is crucial for ensuring the accuracy and reliability of multiplexed NGS 

data. 
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Figure 5. Next-Generation Sequencing Chemistry Overview—Illumina NGS includes four 

steps: (A) library preparation, (B) cluster generation, (C) sequencing, (D) alignment and 

data analysis. (Source:  

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina

_sequencing_introduction.pdf). 

 

NGS technology not only generates immense data output but also boasts remarkable 

flexibility and scalability. Sequencing systems cater to various study scales, from 

small labs to large genome centers. Illumina's NGS sequencers are designed with 

adaptable run configurations. This flexibility empowers researchers to customize 

runs according to their specific study requirements, utilizing the instrument best 

suited for their needs  

(https://www.illumina.com/content/dam/illumina-marketing/documents/products/i

llumina_sequencing_introduction.pdf). 

 

 

Figure 6. Library Multiplexing Overview. (A) Unique index sequences are added to two 

different libraries during library preparation. (B) Libraries are pooled together and loaded 

into the same flow cell lane. (C) Libraries are sequenced together during a single instrument 

run. All sequences are exported to a single output file. (D) A demultiplexing algorithm sorts 

the reads into different files according to their indexes. (E) Each set of reads is aligned to 

the appropriate reference sequence. (Source:  

https://www.illumina.com/content/dam/illumina-marketing/documents/products/illumina

_sequencing_introduction.pdf) 
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2.3.2.1.1 lllumina MiSeq and NextSeq  

Illumina MiSeq and NextSeq 550 are next-generation sequencing platforms 

developed by Illumina and present at Istituto Zooprofilattico Sperimentale delle 

Venezie in the Viral Genomics and Transcriptomics Laboratory. They have been 

designed to offer flexibility, scalability, versatility, efficiency and high-throughput 

sequencing capabilities suitable for various applications in genomics and molecular 

biology research and to deliver accurate and reliable sequencing data. They are 

accurate and sensitive, in fact, they provide high-quality sequencing data with low 

error rates, allowing researchers to sequence multiple samples concurrently and 

obtain extensive genomic information in a single run. The MiSeq platform 

generates up to 15-25 million reads per run while NextSeq 550 is a higher 

throughput platform capable of generating an output from 130 million to 1 billion 

reads per run. The read length of the two platforms is different: MiSeq offers read 

length up to 2x300 base pairs for paired-end sequencing while NextSeq 550 

supports up to 2x150bp or 2x300bp paired-end reads. MiSeq technology is often 

used for targeted amplicon sequencing, targeted resequencing, metagenomics and 

small transcriptomics studies, while NextSeq 550 is suited for a wider range of 

applications including whole-genome sequencing, RNA sequencing, exome 

sequencing, ChIP-Seq and larger-scale projects due to its higher throughput. MiSeq 

is a smaller and more compact benchtop sequencer, occupying less space and 

requiring less infrastructure, while NextSeq 550 might require more space and 

infrastructure to accommodate its size and output. The MiSeq is suitable for 

smaller-scale studies and targeted applications, while the NextSeq 550 is more 

appropriate for larger-scale and diverse sequencing projects requiring higher 

throughput.  

2.3.2.2 Nanopore technology  

Nanopore technology, “third generation sequencing”, is an innovative approach 

used in DNA and RNA sequencing, offering unique advantages in the field of 

genomics. It operates by passing DNA or RNA strands through nanoscale pores, 

measuring changes in electrical current as individual nucleotides traverse these 

pores. Nanopores are small, nanometer-sized apertures embedded in a membrane. 
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When a DNA or RNA molecule passes through a nanopore, it causes characteristic 

disruptions in the ionic current, which are measured and interpreted to determine 

the DNA or RNA sequence. Nanopore sequencing allows for real-time detection 

and analysis of the nucleotide sequence. This feature enables rapid data generation 

and immediate insights into the sequenced molecule. Nanopore sequencing 

platforms, such as those offered by Oxford Nanopore Technologies, are known for 

their capability to generate long read lengths, facilitating the study of complex 

genomic regions, repetitive sequences, and structural variations. Some nanopore 

sequencing devices, like the MinION from Oxford Nanopore, are portable and 

pocket-sized, allowing sequencing experiments to be conducted in various settings, 

including fieldwork or resource-limited environments. Nanopore technology is very 

versatile and it supports multiple sequencing applications, including whole-genome 

sequencing, targeted sequencing, metagenomics, RNA sequencing (RNA-Seq), and 

more. Continuous advancements in nanopore sequencing technology aim to 

improve accuracy, throughput, and versatility, making it a promising tool for 

various research applications, clinical diagnostics, and personalized medicine. 

Nanopore technology continues to evolve and has contributed significantly to 

genomics research by providing accessible, real-time, and portable sequencing 

solutions with potential applications across diverse scientific fields. 

2.3.2.2.1 MinION  

The MinION is a portable, pocket-sized, and USB-powered nanopore sequencing 

device developed by Oxford Nanopore Technologies. It is part of nanopore 

sequencing platforms and offers several unique features: it uses nanopore 

technology and it has compact size and portability, allowing researchers to conduct 

sequencing experiments in various environments, including remote locations or 

field settings. It provides rapid sequencing and real-time data analysis, enabling 

immediate insights into the sequenced DNA or RNA and it generates long reads, 

aiding in resolving complex genomic regions, detecting structural variations, and 

facilitating de novo assembly of genomes. The MinION is utilized across various 

research domains, including genomics, metagenomics, transcriptomics, and 

pathogen detection due to its versatility and portability. It has contributed to 
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democratizing sequencing technologies, making them more accessible to smaller 

laboratories, field researchers, and educational institutions due to its relatively 

lower cost compared to larger sequencing platforms. The MinION has been 

instrumental in advancing research by providing portable and real-time sequencing 

capabilities, allowing for applications in diverse scientific disciplines and enabling 

researchers to explore biological samples in new and innovative ways. 

2.4 Bioinformatics 

Bioinformatics plays a pivotal role in sequencing data analysis, providing the 

computational framework essential for interpreting the vast volumes of genetic 

information generated by high-throughput sequencing technologies. The diversity 

and complexity of viral genomes as well as the evolving nature of viral populations 

pose challenges in sequencing viruses. Viruses exhibit a wide range of genome 

sizes, structures, and replication strategies that makes it challenging to develop 

universal sequencing methods that can efficiently capture all viral genomes. They 

can also evolve rapidly due to high mutation rates and recombination events so the 

viral populations are constantly changing. Isolating viral genetic material from the 

complex biological samples containing host DNA and RNA, without 

contamination, can be significantly difficult. In many infections, viral genetic 

material may be present at low concentrations, making the detection and sequencing 

of the viral genome accurately very challenging. Analyzing viral sequence data 

requires specialized bioinformatics tools and pipelines that need to be developed 

and maintained to handle the diversity of viral genomes. Additionally, interpreting 

the massive amounts of data generated from high-throughput sequencing 

technologies requires sophisticated algorithms and computational resources. In this 

context, the development of bioinformatics pipelines handles various stages of 

analysis, from initial quality control and pre-processing to alignment, variant 

calling, and downstream interpretation. These tools facilitate the identification of 

genetic variations, such as single nucleotide polymorphisms (SNPs), insertions, 

deletions, and structural variations, enabling researchers to unravel the genetic basis 

of diseases, explore evolutionary relationships, and understand complex biological 

processes. Algorithms like BLAST (Basic Local Alignment Search Tool) are 
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employed for sequence similarity searches, while tools like Smith-Waterman 

perform local sequence alignment to identify regions of similarity between DNA, 

RNA, or protein sequences. De novo assembly algorithms reconstruct genomic 

sequences from short reads obtained through sequencing, enabling the 

reconstruction of entire genomes. Most of the platforms have integrated data 

analysis tools and many bioinformatics softwares have been developed and 

accessible online. The available tools for data analysis usually have user-friendly 

interface, making them accessible to users with limited programming skills or 

bioinformatics background. They are typically hosted on servers so users do not 

need to install any software or deal with dependencies and they are quick and easy 

to use since they are designed to be straightforward and require minimal setup time 

but they present limited flexibility, scalability, data size limitations and privacy and 

security concerns. The development of in-house pipeline, frequently in Python, R 

or command-line tools provide greater flexibility to design custom analysis 

pipeline. The increasing volume of biological data with the advent of high-

throughput technologies poses challenges in analysing big data efficiently. The 

development of in-house pipeline used on a scalable and responsive computational 

infrastructure and resources as high-performance computing clusters can overcome 

this limitation and can offer efficient data handling and processing capabilities, 

allowing large data sets analysis and complex manipulations and computations of 

data. For data security, sensitive and proprietary data cannot be uploaded to online 

web tools for analysis. The development of in-house pipeline allows the overcome 

of this limitation and additionally they can be documented, version-controlled and 

shared enabling reproducibility and reusability of analysis. 

2.5 Metagenomics 

Metagenomics is a powerful approach in the field of virology that allows the study 

of viral communities within complex environmental or clinical samples. Analyzing 

viruses through metagenomics involves the direct sequencing of genetic material 

from a sample, without the need for isolation or cultivation of individual viral 

particles. The samples can be collected from the environment or from clinical 

sources. The nucleic acids, DNA and/or RNA, are then extracted from the collected 
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samples. The preparation of metagenomic libraries is performed by randomly 

fragmenting the extracted nucleic acids and attaching sequencing adapters. This 

step enables the subsequent high-throughput sequencing of the mixed genetic 

material using NGS technologies. Specific bioinformatics tools and pipelines are 

used to analyse the output starting from quality control to taxonomic classification 

until functional annotation and assembly. This can provide a more complete view 

of individual viral genomes present in the sample. Metagenomic analyses enables 

the discovery of novel viruses, understanding viral diversity, their interactions with 

host organisms, and their potential roles in different environments. 

2.6 Molecular epidemiology 

2.6.1 Phylogenetic and Evolutionary analysis 

The increasing availability of viral genome sequences, the improvement in 

sequencing methods and the statistical methodologies used to analyse the data have 

helped to explore the field of evolutionary biology of viral genomes. Phylogenetic 

analyses involve studying the evolutionary relationships among different species, 

genes, or populations by examining their shared ancestry and divergence over time. 

These analyses are represented using diagrams like phylogenetic trees or networks, 

illustrating the evolutionary connections and patterns of ancestry among the 

sequences being investigated. Phylogenetic analyses rely on information extracted 

from genetic material such as deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA) or protein sequences [72] and they encompass various methods used to study 

the evolutionary relationships. The computation of the matrix of genetic distances 

between pairs of aligned nucleotide sequences provides a measure of the similarity 

between two sequences. The p-distance is the proportion of different sites between 

two aligned sequences, but this underestimates the d-distance (true genetic 

distance). There are different models of substitution, that describe changes over 

evolutionary time, as the simplest one parameter Jukes-Cantor model which 

assumes that all nucleotides occur in equal proportions and the probabilities of each 

nucleotide substitutions are equal [73]. A more complex model, GTR model 

(general time reversible), is used to calculate the likelihood of phylogenetic trees 

and it is a statistically better fit to the patterns of sequence evolution in this thesis 
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[74]. It is the most general neutral, independent, finite-sites, time-reversible model 

possible. The frequency of the four nucleotide bases and the rate of substitution 

between nucleotide pairs can vary in this model, as the third codon positions in 

protein coding sequences mutate faster than the first two positions. The Γ-

distribution accommodates for varying degree of rate heterogeneity. The various 

methods used to study the evolutionary relationships are of different common types. 

Maximum Likelihood (ML) and Bayesian Inference are statistical methods used to 

estimate the most likely tree topology given the observed data and model 

assumptions. ML methods outperform other methods in term of accuracy, 

according to simulation studies [75; 76] but the computational intensity is high with 

a large number of sequences. Bayesian inference of phylogeny combines the 

information in the prior and in the data likelihood to create a posterior probability 

of trees, which is the probability that the tree is correct given the data, the prior and 

the likelihood model. However, while ML seeks the tree that maximizes the 

probability of observing the data given that tree, Bayesian analysis seeks the tree 

that maximizes the probability of the tree given the data and the model of evolution. 

However, it is usually not possible to calculate the posterior probabilities of all the 

trees analytically. The Markov chain Monte Carlo (MCMC) method, as 

implemented by the MrBayes program can be used for this purpose [77]. Distance-

Based Methods calculate the evolutionary distance between each pair of operational 

taxonomic units (OUT), using a model of nucleotide substitution to produce a 

pairwise distance matrix and then infer the phylogenetic relationship from this 

matrix. The Neighbour-Joining distance method is the most commonly used. 

Parsimony Methods, as Maximum Parsimony, identify the tree that requires the 

fewest evolutionary changes to explain the observed differences among sequences. 

Parsimony operates by selecting the trees that minimise the number of evolutionary 

steps, by an algorithm, required to explain the data. Molecular Clock Methods 

estimate divergence times based on the assumption of a constant or variable rate of 

evolution across lineages. Phylogeographic Analyses focus on studying the 

geographical distribution and migration patterns of organisms or pathogens through 

time. Coalescent Methods are used to model the stochastic process of genetic 

lineages coalescing backward in time to a common ancestor. Phylogenetic 
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Networks represent reticulate evolution for scenarios where tree-like structures are 

insufficient. Phylogenomic Analyses utilize genome-scale data to infer 

evolutionary relationships, often providing higher resolution compared to single-

gene analyses. The preferred method for constructing trees, especially when 

evolutionary rates vary among lineages, are Maximum Likelihood and Bayesian 

methods, both of which are employed in the studies within this thesis. Confidence 

levels for each node in the phylogeny are statistically evaluated using the 

bootstrapping method [78]. This method assesses the reliability of a phylogenetic 

structure by determining the proportion of "pseudoreplicate" datasets supporting 

each node. These datasets are created by randomly sampling the original character 

matrix (alignment columns) to generate new matrices of the same size as the 

original. These proportions, presented as percentages, serve as a measure for the 

reliability of individual branches in the optimal tree, with percentages greater than 

70 considered statistically significant. The foundation of phylogenetic analysis 

relies on identifying discrete clades of genetically related viral isolates that group 

together on a tree and share a common ancestor. Clades, also known as genetic 

clusters, are separated topologically by long branches and are considered 

statistically robust when bootstrap values exceed 70 [78]. Bayesian statistical 

methods for phylogeography is the approach used to study the geographical spread 

and evolution of pathogens and other organisms and it has revolutionized the 

analysis of spatial and temporal aspects of evolutionary processes. It is based on 

integrating molecular data, evolutionary models, and geographical information to 

reconstruct the migration patterns and historical dispersion of species [79].  

2.7 Istituto Zooprofilattico Sperimentale delle Venezie 

The Istituto Zooprofilattico Sperimentale delle Venezie (IZSVe) is a health 

institution dedicated to public health objectives, conducting activities related to 

control and surveillance, scientific research, and specialized services in the fields 

of animal health, food safety, and zoonotic diseases. Established by national and 

regional laws as a technical-scientific tool within the National Health Service, it 

serves the Ministry of Health, Regions and Autonomous Provinces, Local Health 

Authorities, independent veterinary professionals, livestock sector operators, food 
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companies, and citizens. The IZSVe operates within the Veneto Region, the 

Autonomous Region of Friuli Venezia Giulia, and the Autonomous Provinces of 

Trento and Bolzano. It is part of a network of 10 Zooprophylactic Institutes with 

similar functions and various areas of expertise distributed throughout Italy. 

Situated in Legnaro (Padua), IZSVe also encompasses 10 territorial laboratories 

spread across different provinces within its jurisdiction and it collaborates with 

major national and international organizations focused on animal health and food 

safety. It serves as a national and international reference center on specific topics 

for the Ministry of Health, the World Organisation for Animal Health (OIE), and 

the Food and Agriculture Organization of the United Nations (FAO). The mission 

of IZSVe is centered on improving public health and contributing to the socio-

cultural and economic advancement of the community through control and research 

activities in food safety and animal welfare. The primary objectives of IZSVe's 

institutional mandate include providing specialized diagnostic services for animals, 

conducting analytical assessments of food products, performing official analyses 

on livestock and food products, implementing epidemiological surveillance plans, 

undertaking scientific research in veterinary medicine and food safety, organizing 

training activities for professionals in the veterinary and food sectors. It engages in 

scientific communication focused on health risks related to animal contact and food 

consumption, and it promotes for animal welfare in the productive world, 

biomedical scientific research, and society in general. The complex structure SCS5-

Research and Innovation of the Istituto Zooprofilattico Sperimentale delle Venezie 

(IZSVe) deals with virology in the field of animal health, aiming to create and 

enhance knowledge and expertise in this area through scientific research, 

technological innovation, and cooperation at both national and international levels. 

Specifically, applied and experimental research is used on the etiology, 

pathogenesis, and prophylaxis of infectious and contagious diseases in animals, as 

well as diseases at the human-animal interface. Basic and targeted research is 

applied to advance knowledge in veterinary hygiene and health, following 

designated programs and also through collaborations with Italian and foreign 

universities and research institutions. These efforts are undertaken upon request 

from the State, Regions, Autonomous Provinces, and public or private entities. The 



42 

 

activities carried out by National and International Reference Centers affiliated with 

DSBIO are particularly in the fields of Avian Influenza/Newcastle Disease 

(AI/ND), Rabies and Lyssaviruses. This includes international cooperation and 

training. Technical and scientific collaboration are made with domestic and foreign 

veterinary institutions. The development and implementation of molecular 

methods, bioinformatics, and next-generation genomic sequencing within virology 

focuses on host-pathogen-environment interactions. The Viral Genomics and 

Transcriptomics Laboratory is engaged in the design and execution of research 

projects applied to the field of infectious diseases in animals and diseases at the 

human-animal interface, focusing particularly on investigating the factors 

influencing the virulence and transmissibility of pathogenic microorganisms. It also 

envolved in the development of applied genetics research lines and projects in the 

field of species and population traceability. It provides sequencing and 

bioinformatics service to various laboratories within IZSVe and external national 

and international users. Finally, it is the leader laboratory in the development and 

implementation of methodologies for viral genomic characterization and 

transcriptomic analysis. 
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3 Results 

Due to the multiple emergencies that the Viral Genomics and Transcriptomics 

Laboratory has had to face in recent years, we have developed protocols for 

analyzing various viruses using different sequencing methodologies. Starting from 

a new protocol for the analysis of SARS-CoV-2, including a comparison of the two 

sequencing platforms, Illumina and MinION, to the publication of the case of 

SARS-CoV-2 infection in a cat in the North of Italy. The development of various 

pipelines also extends to DNA viruses, with the identification of a possible new 

genotype of Circovirus using a metagenomic approach. Research also encompasses 

the identification of Dobrava-Belgrade orthohantavirus. As the National Reference 

Centre for Avian Influenza (AI), numerous research projects are conducted in our 

laboratory in this area. These projects range from the phylogenetic analysis of the 

HPAI A(H5) epidemic waves from 2020 to 2023 in Italy to the transmission of 

avian influenza A(H5N1) to mammals, specifically to cats, in Poland during 

summer 2023. In this section all the studies and the pubblications out of these 

studies are reported. 

 

3.1 SARS-CoV-2 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a novel 

betacoronavirus identified as the causative agent of the COVID-19 pandemic. Its 

genome, a single-stranded positive-sense RNA of approximately 30 kilobases in 

length, encodes several structural proteins, non-structural proteins, and accessory 

proteins. Among these, the spike (S) protein, responsible for receptor binding and 

viral entry into host cells, particularly through interaction with the angiotensin-

converting enzyme 2 (ACE2) receptor, plays a pivotal role in infectivity [1]. The 

genetic composition of SARS-CoV-2 exhibits inherent variability, leading to the 

emergence of different viral lineages characterized by specific mutations across its 

genome. These genetic variations have implications for viral transmissibility, 

disease severity, and the efficacy of diagnostics, therapeutics, and vaccines. 

Continuous genomic surveillance has been crucial in tracking the evolution and 
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spread of different SARS-CoV-2 variants, aiding in understanding their impact on 

disease dynamics and public health interventions [2]. 

3.1.1 Long amplicon-based protocol for SARS-CoV-2: Illumina VS 

ONT 

Abstract 

In response to the urgent need for rapid identification and characterization of SARS-

CoV-2 during the COVID-19 pandemic, innovative, cost-effective, and high-

throughput sequencing techniques were developed and applied. The different 

sequencing methods available are unable to accurately identify large indels, large 

structural variants or to determine haplotypes. Here we developed techniques that 

encompassed both targeted and untargeted sequencing approaches utilizing second 

(Illumina) and third (Oxford Nanopore Technologies) generation sequencing 

platforms for virus characterization starting from different diagnostic matrices 

(swab and saliva) also in samples with low viral load (up to 30ct*), allowing 

comprehensive identification and characterization of SARS-CoV-2 in a one-health 

framework. Overall, this study highlights the efficacy and robustness of the 

developed targeted sequencing protocols for SARS-CoV-2 characterization, 

offering insights into viral population dynamics and evolution in clinical settings. 

*ct = viral load obtained by Real-time RT-PCR for E gene using oligonucleotides 

developed by Corman et al. [11]. 

Introduction 

In January 2020 the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-

2) was identified as the causative agent of COVID-19 (Coronavirus Disease 2019). 

SARS-CoV-2 is an enveloped, single stranded positive-sense RNA virus of the 

family Coronaviridae, genus Betacoronavirus [3]. Its poly-adenylated genome of 

about 30-kb consists of two open reading frames (ORFs) for viral nonstructural 

proteins (Nsps) and nine small ORFs that encode structural proteins, including 

surface (S), envelope (E), membrane (M), nucleocapsid (N) proteins, and accessory 

genes [4]. Timely whole genome sequencing of SARS-CoV-2 has been proven as 

a powerful tool for early detection of introductions of known variants and for 
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characterization of emerging variants, as demonstrated by the United Kingdom 

sequencing programme (https://www.gov.uk/government/publications/SARS-cov-

2-variant-of-concern-diagnostic-assurance), which enables the identification of the 

first Variant of Concern (VOC). Moreover, genomes analyses can support contact 

tracing and can be used to identify mutations which can i) affect the performance 

of diagnostic assays, ii) increase virus virulence or transmissibility, or iii) change 

the virus antigenic properties. With the beginning of the vaccination campaign in 

several countries around the world, early detection of possible vaccine escape 

mutants has assumed a high priority. World Health Organization designed specific 

criteria for SARS-CoV-2 sample selection for which sequencing should be 

prioritized, among which: i) samples from re-infected individuals or from infected 

individuals vaccinated for SARS-CoV-2; ii) samples from immunocompromised 

patients with prolonged shedding, especially when receiving antibody therapy 

against SARS-CoV-2; iii) samples collected from clusters of infection in order to 

investigate transmission events or to evaluate the efficacy of infection control 

procedures [5]. Given the relatively low evolutionary rate of SARS-CoV-2, which 

is currently estimated to be 1 x 10-3 nucleotide substitutions per site per year [6], in 

all these scenario characterization of minority variants and/or of quasispecie 

haplotypes can help reconstructing transmission dynamics of highly related viruses 

and promptly identifying potential viral escape mutants. At the time of the research, 

several methods were available for sequencing of SARS-CoV-2 from clinical 

samples, but the COVID-19 global pandemic has requested the scientific 

community for the rapid virus identification and early characterization. The 

development and application of rapid, low costs and high throughput innovative 

targeted and untargeted sequencing techniques for Illumina and ONT platforms 

were necessary for the analysis in a one-health prospective. Amplicon-based 

methods is a cost-effective way to achieve complete genome characterization. 

Among them, the ARTIC protocol (https://artic.network/ncov-2019) and 

commercial kits based on short amplicons are the most commonly used (ECDC, 

2021); however, these methods are not adequate for accurate detection of large 

indels, large structural variants or to determine haplotypes. Moreover, coverage 

may be not homogeneous as a consequence of differences in primer efficiency or 
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presence of variants in the primer annealing regions, which can affect an accurate 

analysis of minority variants (ECDC, 2021) [7]. Here we describe a long amplicon-

based protocol for SARS-CoV-2 sequencing on second (Illumina) and third 

(Oxford Nanopore) generation sequencing platforms and evaluate its accuracy and 

analytical validity on dilutions of cultured isolates and clinical samples. We showed 

that this protocol can be applied to detect intra-individual single nucleotide 

variations. Illumina technology produces very high quality, high accuracy, but short 

(up to 300bp and 150bp, respectively) reads with high costs. It takes days to obtain 

the results and the sample preparation is complex [8]. The MinION sequencer from 

Oxford Nanopore is an evolving technology that produces long-read sequencing 

data with low equipment cost. It belongs to the third generation platforms category; 

it has relatively simple sample preparation, flexible run times and portability, even 

if it has lower accuracy than second generation platforms [9]. 

Methodology 

222 SARS-CoV-2 genomes available in GISAID Epicov repository on 8th March 

2020 were downloaded and aligned for primer design. Primal scheme software 

(https://primalscheme.com/) was used to design a set of 22 primers (Table 1) to 

cover the complete coding regions (29260 nucleotides). This set was built with the 

aim of obtaining 11 amplicons (the first 10 of about 3 kb and last one of about 1.6 

kb) with overlapping edges of about 200 bp (Figure 1). SuperScript™ IV VILO™ 

Master Mix with ezDNase™ Enzyme (ThermoFisher) was used to remove 

contaminating genomic DNA (ezDNAse activity) and to perform retrotranscription 

(SSIV VILO enzyme activity) following the manufacturer instructions. Target 

amplification was obtained using Platinum™ SuperFi™ Green PCR Master Mix 

and the specific primers pairs used in singleplex. In detail, the optimized PCR 

protocol was set as follows: 5 µM primers, 10 µl 2X Plat SuperFi Green Mastermix, 

1.5 µl of cDNA in a final volume of 20 µl; thermal profile was: 98°C for 2 min 

followed by 40 cycles of 98°C for 15 s, 65°C for 30 s, and 72°C for 2 min, with a 

final extension at 72°C for 5 min. 1 % Agarose gel electrophoresis (Figure 3) was 

set up to confirm the presence of all the 11 PCR products. In addition to a targeted 

approach, an untargeted specific method SISPA (Sequence-independent, single 
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primer amplification) has been tested, that contemplate the use of tailed random 

primer and tailed oligodT [10]. Two distinct sequencing platforms have been 

evaluated, namely the Illumina MiSeq platform and the Nanopore sequencing 

device MinION (ONT). Bioinformatics analysis has been performed for raw data 

generated by both the platforms, using pipelines developed in house for the project 

that provide reads filtering and trimming, reads alignment, consensus sequence 

generation and analysis of variants. 

 

Table 1. Primer sets designed for full genome amplification of SARS-CoV-2 genome. 

Genome position refers to Wuhan-Hu-1 (NC_045512.2). 

Amplicon Primer Name Sequence Genome position  

1 
Covid19_1F ACCAACCAACTTTCGATCTCTTGT 31 - 54 

Covid19_2R AATCAATGCCCAGTGGTGTAAGT 2932 - 2954 

2 
Covid19_3F GACACTGTGATAGAAGTGCAAGGT 2747 - 2770 

Covid19_4R AGTTCATACTGAGCAGGTGGTG 5691 - 5712 

 3 
Covid19_5F AAGAGTCTTGAACGTGGTGTGT 5500 - 5521 

Covid19_6R TGACTTTTTGCTACCTGCGCAT 8364 - 8385 

4 
Covid19_7F TCGGCAAGGGTTTGTTGATTCA 8176 - 8197 

Covid19_8R AGCTACAGTGGCAAGAGAAGGT 11188 - 11209 

5 
Covid19_9F ACACACCACTGGTTGTTACTCAC 11000 - 11022 

Covid19_10R AATACCAGCATTTCGCATGGCA 14022 - 14043 

6 
Covid19_11F GGCATTTTGATGAAGGTAATTGTGACA 13835 - 13861 

Covid19_12R GCTCTTGTGGCACTAGTGTAGG 16948 - 16969 

7 
Covid19_13F ACCGAAATTATGTCTTTACTGGTTATCGT 16766 - 16794 

Covid19_14R CAGTGAGTGGTGCACAAATCGT 19960 - 19981 

8 
Covid19_15F AATGTAGCATTTGAGCTTTGGGC 19774 - 19796 

Covid19_16R CCCTGGAGCGATTTGTCTGACT 22780 - 22801 

9 
Covid19_17F TAACGCCACCAGATTTGCATCT 22588 - 22609 

Covid19_18R TGCAGTAGCGCGAACAAAATCT 25470 - 25491 

10 
Covid19_19F TGCTGTAGTTGTCTCAAGGGCT 25280 - 25301 

Covid19_20R ACTGCCAGTTGAATCTGAGGGT 28330 - 28351 

11 
Covid19_21F ACCTTTTACAATTAATTGCCAGGAACC 28145 - 28171 

Covid19_21R TAGGCAGCTCTCCCTAGCATTG 29769 - 29790 

 

SARS-CoV-2 clinical samples 

Five clinical samples (2 nasal swabs and 3 saliva) which tested positive by Real-

time PCR targeting the E gene [11] were selected for testing the sequencing 

protocol using both Illumina and Oxford Nanopore technologies. Specifically, the 
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two nasal swabs have ct of 25.88 and 28.84, while the three saliva have ct of 25.03, 

27.11 and 29.54. 

Viral clones 

Two viral clones of SARS-CoV-2, (labeled as pS and pL), isolated through limiting 

dilutions and then amplified, have been quantified and genetically characterized. 

For these two clones the whole genome consensus sequences have been generated 

by targeted amplification protocol and sequenced on an Illumina MiSeq; SNPs and 

INDELs identified have been confirmed by Sanger sequencing. The two pS and pL 

clones differ to each other for 6 consensus nucleotide variants (2 in ORF1ab, 2 in 

Spike and 2 in ORF3a) and for a deletion of 4 nucleotides in ORF7a of sample pL. 

Based on their genome, pL and pS clones have been mixed in proportion 25:75 

(mix-pS/pL) (Table 2). Furthermore, pS clone and/or mix-pS/pL have been 

properly diluted in matrix in order to obtain biological samples with medium (~ 

26ct) and low (~29ct) viral load (Figure 2). pS clone has been spiked in nasal swab 

in VTM medium, while the mix of two viral clones were spiked in nasal swab in 

VTM medium and in saliva. 

Illumina and Oxford Nanopore sequencing 

For each sample 5 µl of the ten 3 kb amplicons and 2.5 µl of the smallest one (1.6 

kb) were combined in a sterile tube and the entire volume of amplicons pool was 

purified using Agencourt AMPure XP beads (Beckman Coulter™ ) (beads to 

sample ratio of 1.8x). Each purified sample amplicons pool was quantified using 

the Qubit 1X dsDNA HS (High-Sensitivity) Assay Kit and diluted to the 

concentration required by the sequencing kit used. Illumina sequencing libraries 

were prepared using Nextera XT DNA Library Preparation kit following the 

manufacturer’s instructions and sequencing reactions was performed using 

platform Miseq and 250PE mode. Nanopore sequencing was made using Ligation 

Sequencing Kit and Native Barcoding following the manufacturer’s instructions. 

Sequencing was performed on the MinION device. 
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Bioinformatic analyses 

For MiSeq sequencing data the read quality was assessed by using FastQC v0.11.7 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Illumina Nextera 

XT adaptors sequences (Illumina, San Diego, CA, USA) were clipped from reads 

with scythe v0.991 (https://github.com/vsbuffalo/scythe) and the adaptors were 

trimmed with cutadapt v2.10 [12] that was used also to filter the raw data by 

removing reads with Q score below 20 and length below 80 nucleotides. Complete 

genomes were generated through a reference-based approach using BWA v0.7.12 

(https://github.com/lh3/bwa) [13] and the alignments were processed with Picard-

tools v2.1.0 (http://picard.sourceforge.net) and GATK v3.5 

(https://github.com/moka-guys/gatk_v3.5) [13;14;15]. LoFreq v2.1.2 

(https://github.com/CSB5/lofreq) [16] was used to call Single Nucleotide 

Polymorphisms (SNPs). The consensus sequences were obtained by in-house script 

with a minimum coverage of 10X and 50% of allele frequency as threshold for the 

base calling. Pangolin COVID-19 Lineage Assigner application 

(https://pangolin.cog-uk.io/) [17] has been used to assign virus lineage. In order to 

detect viral subpopulations, minority variants analysis was conducted. The BAM 

alignment files were parsed using the DiversiTools program 

(http://josephhughes.github.io/btctools/) to determine the average base-calling error 

probability and to identify the frequency of polymorphisms at each site relative to 

the reference used for the alignment. Only polymorphisms with a frequency above 

2% identified in positions with a minimum coverage of 500 were taken in 

consideration. For Oxford Nanopore sequencing data, the read quality and reads 

filtering were assessed by FastQC v0.11.7 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and by NanoFilt 

[18]. Complete genome sequences were generated through a reference-based 

approach using Minimap2 [19;20]. For the variant calling step, Medaka tool from 

Oxford Nanopore Technologies (https://github.com/nanoporetech/medaka) was 

used. The consensus sequences were obtained using BCFtools consensus [21]. All 

the samples analyzed by targeted amplification and by SISPA have been sequenced 

on Illumina platform. Sequencing by MinION device has been performed only on 

samples amplified by targeted RT-PCR. 
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Figure 1. Schematic representation of 11 specific amplicons of around 200 bp in SARS-

CoV-2 genome. 

 

 

Figure 2. Panel A. pL and pS clones (large and small, respectively) and the mixed 25:75 

(mix-pS/pL). pS clone and/or mix-pS/pL have been properly diluted in matrix in order to 

obtain biological samples with medium (~ 26ct) and low (~29ct) viral load. pS clone has 

been spiked in nasal swab in VTM medium, while the mix of two viral clones were spiked 

in nasal swab in VTM medium and in saliva.  

Panel B. Sanger sequencing verifies in the mix-pL/pS samples the presence of a double 

peak in the electropherograms at the positions differing between the two isolates. 

Schematic representation of 11 specific amplicons of around 200 bp in SARS-CoV-2 

genome. 

Results 

Description of samples and genome amplification 

Two purified SARS-CoV-2 isolates by limiting dilutions, namely pS and pL, were 

used to create the reference samples. For this purpose, the two isolates were 
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quantified and genetically characterized. The genome of the two strains differs for 

six nucleotides and a four nucleotides deletion (Table 2). 

 

Table 2. Nucleotide differences between SARS-CoV-2 reference clones pS e pL. 

* numbering based on the reference genome Wuhan-Hu-1 (NC_045512.2) 

** 4 nucleotides deletion compared to the reference genome Wuhan-Hu-1 (NC_045512.2) 

  Position* pL pS 

ORF1ab 
2479 A C 

11095 A C 

Spike 
22205 G C 

23615 A C 

ORF3a 
25470 G A 

25959 T C 

ORF7a 27694-27697 -** TTTC 
 

In order to assess the performance of the NGS assay on different type of specimens 

(nasal swabs and saliva) with different viral loads and to evaluate its accuracy in 

detecting multiple viral subpopulations, we generated six reference samples (Figure 

2A). Specifically, pS was diluted in negative nasal swabs (NS) to obtain biological 

samples with ct of  ̴ 26 (NS26_pS) and  ̴ 29 (NS29_pS). In addition, a mix 75:25 of 

the two isolates pL and pS (mix-pL/pS) were diluted in negative nasal swabs (NS) 

and saliva (Sa) to obtain four samples with ct of  ̴ 26 (NS26_ mix-pL/pS and Sa26_ 

mix-pL/pS) and  ̴ 29 (NS29_ mix-pL/pS and Sa29_ mix-pL/pS). The viral load was 

confirmed for each sample by quantitative Real-time RT-PCR. Sanger sequencing 

was used to verify in the mix-pL/pS samples the presence of a double peak in the 

electropherograms at the positions differing between the two isolates (Figure 2B). 

Besides the reference samples, a total of 5 clinical samples (2 nasal swabs and 3 

saliva) with ct ranging from 25,03 to 29,54 were selected for testing the sequencing 

protocol. The genome was efficiently amplified for both the reference and clinical 

samples. Moreover, 459 SARS-CoV-2 clinical samples belonging to different 

PANGO lineages including all the variants-of-concern (VOCs) B.1.1.7, P.1, P.1.1 

and B.617.1 and B.617.2 [22] have been efficiently amplified using this protocol 

during our genome surveillance activities. 
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Figure 3. Agarose gel electrophoresis (1%) of the eleven RT-PCRs products for SARS-

CoV-2 whole genome amplification. M: 1 Kb Plus DNA Ladder; lanes 1-11: PCR products. 

 

Analysis of reference samples 

To assess the accuracy of high throughput sequencing assay we first sequenced 

reference samples on Illumina MiSeq and ONT MinION. 

Illumina sequencing 

Following filtering, a total number of paired end reads ranging from 607010 to 

856320 for each sample were generated, with more than 99% of the reads aligning 

to SARS-CoV-2 genome and an average coverage depth ranging from 4581x to 

6626x (Figure 4, Table 4). We obtained complete genomes (99.46% of the length 

of the reference genome Wuhan-Hu-1 and 100% of the cds) with a minimum 10x 

depth threshold for all the analysed samples. 

Table 3. Genome number of reads, sequence length, average coverage for reference 

samples obtained by Illumina and ONT sequencing.  

 

Sample T26_pS T29_pS T26_25pS/75pL S26_25pS/75pL T29_25pS/75pL S29_25pS/75pL T26_pS T29_pS T26_25pS/75pL S26_25pS/75pL T29_25pS/75pL S29_25pS/75pL

# TOT raw reads 857468 796424 729360 698350 608080 827174 268000 272000 268000 280000 228000 280000

# of passing filter reads 856320 795020 727718 697416 607010 825856 3501 3049 2875 8558 2982 4421

Passing filter reads aligned to SARS-CoV-2 852650 790326 722360 694250 603206 821228 2547 2249 2274 2700 2480 2675

% SARS-CoV-2 reads 99,57 99,41 99,26 99,54 99,37 99,44 72,75 73,76 79,09 31,55 83,16 60,51

Sequence length (10x) 29743 29744 29743 29743 29743 29743 29752 29752 29752 29752 29752 29752

% sequenced genome (10x) 99,46 99,47 99,46 99,46 99,46 99,46 99,49 99,49 99,49 99,49 99,49 99,49

Average coverage depth 6626 6021 5561 5345 4581 6294 232 214 201 227 201 212,65

Minimum coverage depth (cds region) 947 469 1522 1773 806 2064 81 96 59 72 59 94

Maximum coverage depth (cds region) 12233 12194 8794 8820 7889 10219 612 563 493 499 493 598

Illumina ONT
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Figure 4. Genome coverage profiles for reference samples obtained by Illumina 

sequencing. 

 

 

 

Figure 5. Genome coverage profiles for reference samples obtained by Oxford Nanopore 

sequencing. 

 

ONT sequencing 

The number of filtered reads ranged from 2249 to 2700, with 31.55%-83.17% of 

the reads aligning to SARS-CoV-2 genome for each sample. We obtained complete 

genome sequences from all reference samples (99.50% of complete genome length 

and 100% of cds covered with at least 10x coverage), with an average coverage 

depth ranging from 201x to 232x (Figure 5, Table 3). The sequences generated by 

the two sequencing methodologies differ, in the cds, in 1 to 2 positions (9812 and/or 

11075) where the sequences generated by ONT sequencing present the deletion of 

T nucleotide (Table 4). These differences are in homopolymeric regions. 
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Analysis of clinical samples 

Five clinical samples with a different viral load were selected for testing the 

sequencing protocol on Illumina MiSeq and ONT MinION.  

Illumina sequencing 

For each sample, a total number of filtered reads ranging from 375214 to 553398 

was obtained, of which at least 90% aligned with SARS-CoV-2 genome. The 

average coverage depth ranged from 2991x to 4338x (Figure 6) and did not 

correlate with viral load. We obtained complete genome sequences for all samples, 

with at least 99,46% of complete genome length and 100% of cds sequenced. 
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Table 4. Nucleotide differences between consensus sequences of SARS-CoV-2 reference 

and clinical samples generated by Illumina MiSeq and ONT MinION. The colours indicate 

the nucleotides where the consensus sequences generated by MiSeq and MinION 

technologies differ (orange for the reference samples where we know that MiSeq is correct 

and green for clinical samples). The presence of double population and the percentage of 

presence of the most present nucleotide is represented in grey. In light blue are indicated 

the positions where isolate pS differs from isolate pL. 
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Figure 6. Genome coverage profiles for clinical samples obtained by Illumina sequencing. 

 

ONT sequencing 

Following filtering, a total number of reads ranging from 2130 to 3472 was 

obtained, with 57.46%-84.62% of reads aligning to SARS-CoV-2 genome. The 

minimum 10x coverage has been reached in at least 99.50% of the complete genome 

for each clinical sample, with 100% of cds sequenced. The average coverage depth 

ranged from 152 to 283 (Figure 7). 

 

Figure 7. Genome coverage profiles for clinical samples obtained by Oxford Nanopore 

sequencing. 

 

The sequences generated by the two sequencing methodologies differ, in the cds, in 

1 position (10252 or 11075) where the sequences generated by ONT sequencing 

present the deletion of T nucleotide (Table 4). At consensus level, sample 

20VIR4894-17 presents 2 more differences in positions 203 and 3874 where there 

is a double population (Table 4). These differences are in homopolymeric regions.  
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Characterization of minority variants 

To assess whether this method was able to detect viral subpopulations, we tested it 

on 75:25 mix-pL/pS reference samples and we looked for the presence of minority 

variants at genomic positions where the two viral isolates differed. This analysis 

was performed from Illumina data only, as MinION has a much higher error rate 

[23]. For mix samples with ct of  ̴ 26, minority variants were correctly identified at 

all expected positions, with allele frequency ranging from 0,23 to 0,30 for the mix 

diluted in negative nasal swab, and from 0,21 to 0,35 for the one diluted in saliva 

(Figure 8). By looking at minority variants throughout the genome, we confirmed 

the accuracy of this protocol for their detection, as no variants were found with 

frequency higher than 0,06. For mix samples with ct of  ̴ 29, expected minority 

variants were identified with a frequency ranging from 0,19 to 0,33 and from 0,2 to 

0,39 for nasal swabs and saliva samples, respectively. 
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Figure 8. Minority variant allele frequencies of mix samples with ct of   ̴26 (A) and  ̴ 29 

(B) from Illumina data. The dashed lines indicate the genomic positions where the two viral 

isolates used for the mix differ, and thus where the variant frequency is expected around 

0,25. 

 

However, other variants were observed throughout the genome, with a frequency 

of up to 0,24 (NS) and 0,15 (Sa), indicating that identification of minority variants 

with this protocol in samples with low viral load should be confirmed using multiple 

replicates. Overall, the results of the validation approach applied on reference 

materials show higher performance of targeted approach in comparison to SISPA 

approach: in the first case the percentage of viral reads mapped to the viral genome 

is higher than 99% while of the reads generated by SISPA approach less than 1% 

is SARS-Cov-2. For all the samples analyzed by targeted amplification, the protocol 

A 

B 
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has good performance since whole genome average depth of coverage is high and 

uniform, from different matrices (swab and saliva) and with samples with a viral 

load from 18ct to 30ct. This allowed to study the intra-host variability of the viral 

population and to detect a double population in all the positions where the two 

clones differ. Differently, with SISPA approach we obtained a depth of coverage of 

the genome (minimum coverage for each position is 10X) of 67.52%-98.25% for 

reference samples and of 33.52%-99.09% for clinical samples. For reference 

samples, with known consensus sequence, the targeted protocol allowed the 

generation of the correct consensus sequence for all the samples. Differently, 1 to 6 

nucleotide differences for each sample, with respect to the expected sequences, 

have been identified when using the SISPA protocol. Regarding the nanopore 

sequencing, only the samples generated by targeted amplification have been tested 

on MinION platform, since the results obtained using the SISPA protocol were not 

completely satisfying. Specifically, 6 reference samples and 5 clinical samples, 

previously sequenced by Illumina platform (gold standard), have been sequenced 

also by third generation platform MinION. As expected, the mapping read length is 

from 94 to 16884. In order to analyze the data sequenced by MinION device, we 

adapted a bioinformatics pipeline for viral nanopore sequencing data 

(https://github.com/artic-network/fieldbioinformatics). This workflow starts with 

raw data in FASTQ format and includes read filtering, primer trimming, amplicon 

coverage normalization, mapping with minimap2 [24], variant calling with medaka 

(https://github.com/nanoporetech/medaka) and consensus building with bcftools 

(https://samtools.github.io/bcftools/bcftools.html). For every reference and clinical 

sample, we obtain 100% of consensus sequence with a coverage higher than 100X 

for the majority of the samples processed, with an average coverage for sample 

between 201-232 for the reference samples (Figure 5) and 152-283 for clinical 

samples (Figure 7). Compared to the consensus sequence generated by Illumina 

sequencing, the sequences generated by MinION platform are correct in 99.9%-

100% of the genome positions. The differences (Table 4) are in homopolymeric 

regions (T nucleotide repeated 5, 6 and 8 times), where MinION technology 

sometimes identified a nucleotide less. In summary, the protocols developed for the 

targeted sequencing of SARS-CoV2 allowed the virus characterization starting 
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from different diagnostic matrices (swab and saliva) tested on both Illumina MiSeq 

and MinION platform and with samples with variable viral load (18ct- 30ct). 

Discussion 

In order to test whether the protocol described in this work could offer greater 

coverage uniformity, we calculated the Inter-Quartile Range (IQR) for four 

reference samples (NS26_pS, NS29_pS, NS26_mix-pL/pS and NS29_mix-pL/pS) 

processed with target-based protocol or ARTIC protocol on Illumina MiSeq 

platform. The IQR is used to measure coverage variability across the genome, 

meaning that a high IQR indicates low coverage uniformity across the genome, and 

vice versa (https://emea.illumina.com/). Three out of four samples tested 

(NS29_pS, NS26_mix-pL/pS and NS29_mix-pL/pS) showed greater uniformity of 

coverage when sequenced with the target-based protocol compared to sequencing 

with the ARTIC protocol, confirming that sequencing based on short amplicons 

often results in high coverage variability. This analysis allowed to confirm pros and 

cons of MinION technology application. The easy acquisition of the device, the 

portability and the small size promote the use of this technology in multiple 

situations. Another crucial benefit of this approach is the rapidity since it allows to 

obtain results in short time, although the library preparation is not so easy neither 

quick. As expected, according to the technology properties, comparing the 

consensus sequences obtained by Illumina sequencing to the ones generated by 

MinION platform the differences are in homopolymeric regions. The strategic 

MinION protocol allows to process few samples, as it requires assigning a lower 

number of reads per sample to obtain the complete genome with good coverage, 

thanks to its homogeneity. The skills/expertise acquired on these sequencing 

approaches lead to the application of the in-house target sequencing approach to 

clinical samples. 
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3.1.2 SARS-Cov-2 Natural Infection in a Symptomatic Cat: 

Diagnostic, Clinical and Medical Management in a One Health 

Vision 

The work described in this chapter is taken from: Natale A, Mazzotta E, Mason N, 

Ceglie L, Mion M, Stefani A, Fincato A, Bonfante F, Bortolami A, Monne I, Bellinati 

L, Guadagno C, Quaranta E, Pastori A, Terregino C. SARS-Cov-2 Natural 

Infection in a Symptomatic Cat: Diagnostic, Clinical and Medical Management in 

a One Health Vision. Animals (Basel). 2021 Jun 1;11(6):1640. doi: 

10.3390/ani11061640. PMID: 34205893; PMCID: PMC8227534. 

Abstract 

Despite the reported increase in SARS-CoV-2-infected pets, the description of the 

clinical features from natural infection and the medical follow up in symptomatic 

pets is still not sufficiently documented. This study reports the case of an indoor cat 

that displayed respiratory signs and a gastrointestinal syndrome, following the 

COVID-19 diagnosis of his owners. Thoracic radiographies were suggestive of 

bronchial pneumonia, while blood tests were indicative of a mild inflammatory 

process. Nasal and oropharyngeal swabs tested positive through RT-qPCR assays 

targeting SARS-CoV-2 genes 14 days after his owners tested positive for the virus. 

Nasal swabs persisted to be RT-qPCR positive after 31 days. Serology confirmed 

the presence of antibodies through ELISA, electrochemiluminescence analysis and 

plaque reduction neutralization test, recording a high antibody titre after 31 days. 

The cat improved after medical treatment and clinically recovered. This study 

suggests that exposure to SARS-CoV-2 could lead to a natural infection with 

bronchial pneumonia in cats along with a possible prolonged persistence of SARS-

CoV-2 RNA in the upper airways, albeit at a low level. The cat developed 

neutralizing antibodies, reaching a high titre after 31 days. Further descriptions of 

SARS-CoV-2 naturally infected pets, their medical management and diagnostic 

findings would be useful to enhance knowledge about COVID-19 in susceptible 

animals. 
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Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first reported 

in Wuhan, Hubei Province, China, in December 2019, and was confirmed to have 

caused Coronavirus Disease (COVID-19) [1,2]. The current SARS-CoV-2 

pandemic possibly originated from an animal reservoir, most likely from bats and/or 

pangolins [3–8]. Since its first identification, it has been demonstrated that SARS-

CoV-2 can naturally and experimentally infect several animal species, including 

companion animals such as cats and dogs [3,9–13]. Human to animal transmission 

has been reported in domestic, peri-domestic, wild and zoo animals [3,14–23]. As 

a matter of fact, the association between humans and animals, including companion 

animals, livestock and wildlife species, raises concerns about the potential risk of 

SARS-CoV-2 transmission from COVID-19 human patients to animals (“reverse 

zoonosis”), and about the potential role that infected animals could play in 

perpetuating the spread of the disease [17,24–26]. A case of COVID-19 human-to-

animal and subsequent animal-to-human transmission has been described in Danish 

mink workers, although further investigations are needed to define this 

circumstance [22,27,28]. Evidence of exposure to SARS-CoV-2 in cats and dogs 

from SARS-CoV-2-infected people have been reported [4,16,29–31]. In pets, 

clinical findings ranged from asymptomatic to mild respiratory or gastrointestinal 

symptoms [32]. It has been described that cats naturally or experimentally infected 

with SARS-CoV-2 are able to transmit the virus to other cats within two days after 

the contact, and that the shedding of the virus most likely occurs through the 

respiratory and gastrointestinal tract [17,33–35]. It could be supposed that the virus 

localization in the respiratory tract may vary during the clinical phase of the disease 

or may depend on the clinical form, the age and the presence of concomitant 

systemic conditions [17,35]. Experimentally, the replication of SARS-CoV-2 in the 

nose and throat and a consequent inflammation pathology deeper in the lower 

respiratory tract (massive lesions in the nasal and tracheal mucosa epithelia and 

lungs) was reported in young cats [9]. Differently, a recent study has reported that 

in sub-adult experimentally infected cats the epithelial cells of the trachea and 

bronchi seemed non-permissive to SARS-CoV-2 replication, even if the SARS-

CoV-2 RNA detection with RT-qPCR throughout the respiratory tract tested 
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positive, particularly in the upper airways [17]. Furthermore, a recent study has 

described that SARS-CoV-2 effectively replicated in the upper respiratory tract in 

cats, and that the virus had cleared from the lungs within 6 days post-infection, even 

when asymptomatic. Moreover, histopathologic examination demonstrated chronic 

lung sequelae in cats even a month after viral clearance (histiocytic bronchiolitis 

with occlusive plugs, peribronchiolar fibrosis and thickening of alveolar septa). In 

addition, it revealed that after initial infection with SARS-CoV-2, cats were 

protected from reinfection, with no virus replication in the respiratory organs and 

no additional lung damage [36]. Recently, Hamer et al. delivered an 

epidemiological assessment of natural SARS-CoV-2 infections, including virus 

isolation, among serially tested cats and dogs in households with confirmed human 

COVID-19 cases in Texas (USA) [31], investigating the presence of SARS-CoV-2 

through molecular and serological analyses. No particular clinical symptoms were 

detected in the dogs and cats enrolled in the study. In serological screenings, the 

prevalence of anti-SARS-CoV-2 antibodies in cats from Germany, Italy, Croatia, 

France, and China ranged from 0.69% to 23.5% [16,37–41]. Moreover, in a recent 

study from Texas, reporting the investigations on 17 cats from COVID-19-affected 

households [31], it emerged that only 41.2% of the tested animals presented 

neutralizing antibodies. In most cases, virus-neutralizing antibodies were reported 

and viral genome sequencing did not reveal any nucleotides coding for the spike 

protein following human-to-animal transmission [32,40,42–46]. The cat population 

enrolled for experimental studies is normally represented by cats without 

underlying health conditions, differently from the pet cat population presented to 

veterinarians. Human patients with underlying clinical conditions, or 

immunocompromised humans, were shown to have a higher risk of developing 

severe clinical disease when infected with SARS-CoV-2 [47], and a previous report 

from Spain in felines suspected the contribution of comorbidities to the clinical 

outcome in a cat that was found to be SARS-CoV-2 RT-qPCR positive using nasal 

swabs while suffering from severe respiratory distress and thrombocytopenia. After 

the cat was euthanized and a necropsy conducted, it was diagnosed with feline 

hypertrophic cardiomyopathy, severe pulmonary oedema and thrombosis [48]. 

Moreover, a case of a cat with symptomatic SARS-CoV-2 infection while suffering 
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from intestinal B-cell lymphoma was reported in Northern Italy [49]. Although 

most of the experimentally or naturally SARS-CoV-2-infected cats were reported 

as being asymptomatic or mildly symptomatic, in this study, we investigated the 

presumptive SARS-CoV-2 infection in a cat with a mild-to-severe respiratory 

syndrome and gastrointestinal signs infected by COVID-19-positive owners. 

Despite the increase in cases reporting about SARS-CoV-2-infected pets, the 

description of the clinical features after natural infection and medical follow up in 

symptomatic cases is still not well documented [50]. Providing information such as 

the clinical presentation, medical management and diagnostic findings would be 

useful to enhance knowledge about COVID-19 disease in susceptible animals. 

Materials and Methods 

Sampling 

According to our estimation of the “day zero”, the owners of a 10-year-old 

European shorthair neutered male cat, 5.8 kg body weight, were both diagnosed 

positive and symptomatic for SARS-CoV-2 by the public health service. The cat 

was the only pet in the household and lived exclusively indoors. He was regularly 

vaccinated against Feline Calicivirus (FPV), Feline Herpes Virus Type 1 (FHV-1) 

and Feline Panleucopenia Virus (FPV); on Day 14, he was referred to a veterinary 

clinic to receive medical consultation. No previous history of respiratory or 

gastrointestinal illness was reported. The owners revealed that the cat had started to 

show apathy, anorexia, cough, respiratory distress and vomiting for 7 days before 

veterinary examination (Day 7). His clinical condition was getting worse. The cat 

was not taking any medication at the time of the visit, if we exclude the monthly 

administration of fipronil/(S)methoprene/eprinomectina/praziquantel (Broadline® 

spot on for cats, Boehringer Ingelheim Vetmedica GmbH, Ingelheim/Rhein 

Germany) for the prevention of ecto–endo parasite infestation. The cat was 

subjected to clinical investigation on Days 14 and 31. The veterinarians wore 

specific personal protection equipment (facial mask, gloves, face shield and gowns) 

to visit the cat, and followed any other measure recommended by the international 

guidelines to prevent the risk of infection and spread of COVID-19 disease [51–

54]. Two saliva samples were self-collected by the two veterinarians on Day 31, for 
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SARS-CoV-2 RT-qPCR analysis. A serum sample was also checked for SARS-

CoV-2 serological evaluation. The local public health service submitted the owners’ 

nasal swab samples collected on Day 7 to our laboratories to compare the viral RNA 

genomes. 

Time of the Study 

Day 0: the SARS-CoV-2 first diagnosis of the owners; first molecular test by public 

health laboratory services. 

Day 7: onset of clinical symptoms in the cat; owners’ second molecular test by 

public health laboratory services. 

Day 14: first clinic, radiographic (thoracic radiographies) and laboratory 

investigations; first samples setting: serum, blood in K3-EDTA, nasal (N), 

oropharyngeal (OP) and rectal (R) swabs. 

Day 31: second clinic, radiographic (thoracic radiographies) and laboratory 

investigations; second samples setting: serum, blood in K3-EDTA, nasal (N), 

oropharyngeal (OP) and rectal (R) swabs. Saliva and serum samples collected from 

the two veterinarians 

Molecular Investigation 

Nucleic Acid Extraction and Qualitative Real-Time Rt-Pcr Analyses Swabs 

collected from the cat on Days 14 and 31 were screened by molecular protocols for 

the presence of viral pathogens: N and OP swabs were tested for FHV-1, FCV and 

SARS-CoV-2, while R swabs were analysed for FPV [55–58], Feline Coronavirus 

(FCoV) (VetMAX™ FIP Dual IPC Kit, Laboratoire Service International, Lissieu, 

France, Applied Biosystems by Thermo Fisher Scientific, Waltham, MA, USA) and 

SARS-CoV-2. Nucleic acids from the N, OP and R swabs were extracted on the 

KingFisherTM Flex Purification System (Thermo Fisher Scientific) using the 

MagMAXTM Pathogen RNA/DNA kit (Applied Biosystems, by Thermo Fisher 

Scientific), according to the low-cell-content sample suggested by the 

manufacturer’s instructions. RNAs were subjected to the SARS-CoV-2 RT-qPCR 
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protocol [59], targeting fragments of the E, N and RdRP genes on a CFX 96 Deep 

Well Real time PCR system (Bio-Rad Laboratories, Inc., Singapore). 

A universal heterologous control RNA, referred to as ‘Intype IC-RNA’ (Indical 

Bioscience GmbH, Leipzig, Germany), was added to each sample in the extraction 

step with a ratio of 1:10 of the total elution volume and amplified by using the 

primers and probes as per Hoffman et al. [60], in order to check the efficiency of 

the RNA extraction and validate each negative result. Negative and positive 

controls were included in each run. The Ct values equal or superior to 40.0 were 

considered negative. Results were generated with Bio-Rad CFX Maestro 1.1 

software (Bio-Rad Laboratories). Molecular tests on the saliva samples of the two 

veterinarians were performed using the same method of the RNA extraction and 

RT-qPCR protocol [59]. A RT-qPCR ssRNA was performed on an EDTA blood 

sample to exclude an ongoing Feline Leukemia Virus (FeLV) infection [55–58]. 

 

 

Figure 1. Schematic representation of the clinical case events. The cat started presenting 

respiratory and gastrointestinal signs on Day 7. On Day 14 occurred the first veterinary 

examination (sample setting and thoracic radiographies) and the beginning of medical 

treatment administration. On Day 21, the cat no longer presented clinical symptoms. On 

Day 31, the second veterinary consult (sample setting and chest radiographies) was carried 

out. Specific serum antibodies were detected starting from Day 14 (ELISA, ECLIA and 

PRNT). 
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The cat’s specific serological response against SARS-CoV-2 was investigated at 

Days 14 and 31 (see Figure 1) by means of two ELISA commercial kits, an 

electrochemiluminescence immunoassay (ECLIA) and plaque reduction 

neutralization test (PRNT). Feline Immunodeficiency Virus (FIV) was ruled out 

performing an immunochromatographic commercial KIT (SNAP FIV/FeLV 

Combo Test, IDEXX Europe, Hoofddorp, The Netherlands) on the cat’s serum. The 

serological response against SARS-CoV-2 of the two veterinarians following the 

clinical case was investigated only on Day 31, through an ELISA commercial kit 

(ID.vet Innovative diagnostics, Grabels, France), ECLIA and PRNT. 

Electrochemiluminescence Immunoassay (ECLIA) 

For the in vitro quantitative determination of antibodies (including IgG) to the 

SARS-CoV-2 spike (S) protein, the receptor-binding domain (RBD) in the serum 

of the Elecsys® Anti-SARS-CoV-2 S immunoassay (Roche Diagnostics 

International AG, Rotkreuz, Switzerland) on a Cobas e601 analyser was used 

(Roche Diagnostics International AG, Rotkreuz, Switzerland). The assay is a one-

step double antigen sandwich assay. A result of 0.8 U/mL has to be considered as 

reactive. Analytical performances of the method were evaluated according to the 

CLSI EP15-A3 protocol [61]. The test has been developed for human testing, but 

the double-antigen method is species-independent. 

Elisa 

ID Screen®—SARS-CoV-2 Double Antigen, Grabels, France ID.vet Innovative 

diagnostics (ELISA KIT 1) detects antibodies against the nucleocapsid (N) protein. 

Following the manufacturer’s instructions, we evaluated the ratio between the 

optical density (OD) of the sample (S) and OD of the positive control (P), as the 

SP% value.  

The sample is considered negative with SP% 50%, positive with SP% 60% and 

doubtful when between them. The test is validated for multi-species use, as the 

double-antigen method is species-independent. The ERADIKITTM COVID-19 

multi-species and total Ig, IN3 Diagnostic kit, Torino Italia (ELISA KIT 2), is an 

indirect ELISA for total IgG anti SARS-CoV-2. Following the manufacturer’s 
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instructions, the sample is considered negative with an SP% < 20% and positive 

with an SP% ≥ 20%. The test is validated for multi-species use. 

Plaque Reduction Neutralization Test (Prnt) 

PRNT assays were performed in a Biosafety Level 3 laboratory using a SARS-CoV-

2 isolate, as previously described [62]. In brief, serum samples were heat-

inactivated (56◦C for 30 min) and 2-fold diluted in Dulbecco modified Eagle 

medium (DMEM). Serum dilutions were mixed with an equal volume (1:1) of a 

virus solution containing approximately 25 focus-forming units (FFUs) of SARS-

CoV-2 and incubated for 1 h at 37◦C in a 5% CO2 incubator. Fifty microliters of 

the virus–serum mixtures were added to the confluent monolayers of Vero E6 cells, 

in 96-wells plates and incubated for 1 h at 37◦C, in a 5% CO2 incubator to allow for 

the infection of the cells. A total of 100 µL of an overlay solution made of minimum 

essential medium (MEM) with 2% foetal bovine serum (FBS, Sigma, Saint Louis, 

MO, USA), penicillin (100 U/mL, Sigma, Saint Louis, MO, US), streptomycin (100 

U/mL, Sigma, Saint Louis, MO, US) and 0.8% carboxy methyl cellulose (CMC, 

Sigma, Saint Louis, MO, USA) were then added to each well after inoculum 

removal. After 26 h of incubation, the overlay was removed, and the cells were 

fixed with a 4% paraformaldehyde (PFA) solution. Visualization of plaques was 

obtained with an immunocytochemical staining method using an anti-dsRNA 

mouse monoclonal antibody (J2, 1:10,000; Scicons, Sziràk, Hungary) for 1 h, 

followed by 1 h incubation with peroxidase-labelled goat anti-mouse antibodies 

(1:1000; Jackson ImmunoResearch Inc., West Grove, PA, USA) and a 7 min 

incubation with the True Blue (KPL, Gaithersburg, MD, USA) peroxidase 

substrate. FFUs were counted after acquisition of pictures on a flatbed scanner. The 

neutralization titre was defined as the reciprocal of the highest dilution resulting in 

a reduction of the control plaque count >50% (PRNT50). 

Sequencing Analysis 

Complete genome sequencing was performed on the RNAs extracted from the cat’s 

OP swab sampled on Day 14 and from the nasal swabs of the two owners sampled 

on Day 7, using an Illumina MiSeq platform (Illumina, San Diego, CA, USA) and 
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an in-house protocol for target amplification. After trimming and filtering for 

quality, reads were aligned against the reference genome (GenBank: NC_045512.2) 

using BWA-mem [63,64]. The sequence was deposited in GISAID under accession 

number EPI_ISL_962892. The virus lineage was assigned according to the 

PANGOLIN application, (https://pangolin.cog-uk.io/, Rambaut et al., 2020) 

(accessed on 23 December 2020) [65,66]. 

Clinical Procedures 

After physical examination, the cat was sedated with medetomidine (Domitor®, 

ZOETIS Italia S.r.l., Rome, Italy) and propofol (PropoVet®, ZOETIS Italia S.r.l., 

Rome, Italy) via intramuscular and intravenous injections, respectively, to carry out 

thoracic radiographies (right lateral and dorso-ventral radiographic projections) and 

to collect blood (K3EDTA and serum), OP, N and R swabs. The same procedures 

were carried out on Day 31. All the procedures were performed for diagnostic 

purposes only with the owners’ informed consent. 

Haematology and Biochemistry 

The first sample of the cat’s whole blood in EDTA (Day 14) was analysed by 

IDEXX VetConnect® PLUS Laboratories at the veterinary clinic; the second one 

(day 31) was processed at by with the Sysmex XN1000-V analyser (Sysmex Europe 

GmbH, Norderstedt, Germany). Biochemistry was performed on the serum on Days 

14 and 31 (Table 2) through the Cobas c501 clinical chemistry analyser with a 

related kit (Roche Diagnostics GmbH, Mannheim, Germany). 

Results 

The clinical exam performed on Day 14 revealed a normal body temperature 

(38.5◦C), no alteration of the oral or conjunctival mucosae membranes, mild 

retromandibular lymph nodes enlargement, mild dehydration status, normal 

abdomen examination and no cardio-circulatory alterations. The respiratory tract 

evaluation revealed a positive tracheal cough and an increase in pulmonary 

respiratory effort with moderate bronchial and pulmonary sounds. Haematology 

showed a mild decrease in red blood cells (RBC) and increased reticulocytes. A 
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mild decrease in platelet count (PLT), aggregation and large platelets were detected 

at the blood smear examination. Serum biochemical parameters showed a mild 

increase in serum calcium (Ca) (2.90 mmol/L (2.26–2.73 mmol/L)) with normal 

total protein and albumin values. Mild hyperglycaemia (Glu) (13.9 mmml/L (3.16–

8.88 mmol/L)) was observed and a mild decrease in alkaline phosphatase (ALP) 

(<5 U/L (6–46 U/L)) and of cholinesterase (1245 U/L (1749–2905 U/L)) were 

reported. Serum protein electrophoresis showed a mild increase in beta 2 protein 

fraction (6.1 mmol/L (3–4.7 mmol/L)). An increase in haptoglobin (99 mg/dL (18–

74 mg/dL)) was described; conversely, serum amyloid A (SAA) was within the 

laboratory reference ranges (<0.5 µg/mL (0–9 µg/mL)) (Tables 1–3). The OP, N 

and R swabs analysed through real-time RT-qPCR assay targeting the SARS-CoV-

2 RNA nucleoprotein and envelope protein genes tested positive for the OP and N 

swabs and negative for the R swab (Table 4). The tests for other possible viral 

pathogens, such as FCV (N and OP swabs), FHV-1 (N and OP swabs), FCoV and 

FPV (R swabs), were negative, as well as for the FIV and FeLV assays [55–58]. 

The cat’s serum sample tested negative using ELISA KIT 1 and positive using 

ELISA KIT 2. The ECLIA showed a positive value of 47.20 U/mL and the PRNT 

revealed a positive result with a titre of 1:5120 (Table 5). The thoracic radiographies 

revealed a mild-to-severe bronchial pattern and a diffuse interstitial lung pattern 

(Figure 2). The clinical diagnosis was bronchial pneumonia potentially due to the 

SARS-CoV-2 viral infection. Because of the complex respiratory clinical condition, 

the cat received amoxicillin (Vetrimoxin® Paste, Ceva Salute Animale, Agrate 

Brianza, Italy) at 10 mg/kg orally twice a day to prevent possible pulmonary 

bacterial complications and prednisone (Prednicortone®, Dechra, Torino, Italy) 1 

mg/Kg orally once a day for 10 days. At the end of the 10 day period, the dose of 

prednisone was progressively decreased until it was totally suspended on Day 15 of 

the medical treatment [67]. The clinical status of the cat started to improve on the 

third day of treatment, and a week later the cat no longer presented any respiratory 

or gastrointestinal symptoms. Fifteen days after the first examination, the 

veterinarian evaluated the clinical status of the cat. At this time, both owners tested 

negative for SARS-CoV-2 by the public health services laboratories. The results of 

the second set of samples’ blood tests (Day 31), thoracic radiographies and N, PO 
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and R swabs are described in Figure 1. At this time, the owners reported the cat 

showed no clinical signs. The physical examination was unremarkable. The thorax 

radiographies showed a normal lung pattern and very low bronchial aspect. The 

haematology reported a low increase in PLT; aggregation and large platelets were 

detected at the blood smear examination under optic microscopy. The biochemical 

analysis reported mild hyperglycaemia (Glu) (11.7 mmml/L (3.16–8.88 mmol/L)) 

and a low increase in alanine aminotransferase (ALT) (77 U/L (19–71 U/L)) was 

reported. Serum protein electrophoresis showed a mild increase in the alpha 2 

protein fraction (13.4 mmol/L [5.6–10.6 mmol/L]) (Tables 1–3). The RT-qPCR 

assay performed on the OP, N and R swabs gave a negative result for the OP and R 

swabs, while the N swab turned out to be slightly positive. The serology for SARS-

CoV-2 tested positive by both ELISA kits. Furthermore, a relevant increase in 

production of SARS-CoV-2 IgG antibodies was reported through the ECLIA assay 

(1598 U/mL). The PRNT confirmed that the cat had developed neutralizing 

antibodies against SARS-CoV-2 (1:2560) (Tables 4 and 5). The cat had completely 

recovered after 15 days (Day 31) and did not show any residual respiratory or 

gastrointestinal signs. The veterinarians tested negative for SARS-CoV-2. A 

complete genome sequencing was performed on the RNA extracted from the cat’s 

OP. The virus was assigned to the lineage B.1.177 [65,66], a common lineage in 

humans in Italy (sequence data available in GISAID as of 14 January 2021). 

Furthermore, none of the mutations that have occurred to date in the SARS-CoV-2 

spike following human-to-animal transmission has been identified. Only the partial 

genome was obtained from the owners’ samples, most probably as a consequence 

of the low viral titre at the time of the sampling. However, the data generated 

allowed to cover 93% of the genome, which was sufficient to confirm the clustering 

of the sequence within the same lineage. 

Discussion 

Concomitantly with the outbreaks of COVID-19 disease, a relevant number of 

SARS-CoV-2 naturally infected cats have been reported by the Office International 

des Epizooties (OIE) in different geographic areas (United States, Latin America, 

Spain, Switzerland, the Netherlands, Germany, France and China) [68–70]. Several 
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studies have recently reported natural human-to-pet SARS-CoV-2 transmission in 

close contact conditions (COVID-19-positive households). The reported clinical 

features were classified as asymptomatic or mildly symptomatic (lethargy, 

sneezing); thus, the prevalence of SARS-CoV-2 infection in cats, especially for the 

asymptomatic cases, may be underestimated [31]. The present study describes a 

natural human-to-cat SARS-CoV-2 transmission. The cat showed respiratory and 

gastrointestinal syndromes, even if we may not exclude a mild–low concurrent 

bacterial infection. This may justify the response to the medical treatment, but it 

could also represent the natural course of the COVID-19 viral infection. Thoracic 

radiographic alterations suggestive of bronchial pneumonia were observed. Such 

abnormalities likely indicate a bronchial inflammatory process in association with 

pulmonary inflammatory infiltrate or fibrotic tissue. Recently, possible prolonged 

and persistent pulmonary sequelae in SARS-CoV-2 infected cats have been 

reported [36]. Even if the pathogenic events and consequences of SARS-CoV-2 in 

cats have yet to be comprehensively recorded, it has been observed that cats seem 

to possess a SARS-CoV-2 pulmonary receptor binding model similar to the one in 

humans. This would explain the susceptibility of felines to SARS-CoV-2 and may 

describe both the development of the respiratory syndrome and the chest 

radiographic abnormalities [71,72]. The mild regenerative normocytic 

normochromic anaemia (mild decrease in RBC) and increased reticulocytes, 

reported on Day 14, may be consistent with an ongoing inflammatory process [73]. 

The mild hyperglycaemia detected, similar in both the Day 14 and Day 31 samples, 

was probably due to the administration of the sedative drugs and to the stressful 

overall situation [74,75]. The serum electrophoresis increase in the beta 2 protein 

fraction was probably connected with the clinical inflammatory status and the 

immunologic response, such as antibodies production, particularly the 

immunoglobulin complement fraction [76]. The mild decrease in ALP and in 

cholinesterase was likely due to an impaired liver function consequent to the 

gastrointestinal symptoms, such as vomit and loss of appetite [77,78]. The increase 

in haptoglobin reflected an ongoing inflammatory process [76,79], whereas the 

Feline SAA was possibly within the laboratory reference ranges considering that 

Feline SAA concentrations increase early during inflammation, usually in 
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concomitance with other clinical signs (e.g., fever) or increase in the haematological 

parameter, such as leukocytosis [80]. At the time of the second sampling set (Day 

31), a mild increase in PLT value was found, which may be related both to the 

inflammatory process and, more likely, to the PLT activation and aggregation 

during the blood sampling (pseudothrombocytopenia) [81,82]. A low increase in 

ALT and in the serum protein electrophoresis alpha 2 protein fraction would be 

related both to the medical treatment and the systemic inflammation [77,83]. The 

cat showed clinical signs 7 days after the owners had been confirmed positive for 

COVID-19 and were symptomatic themselves (Day 7). In this study, the cat showed 

a clinical recovery and developed neutralizing antibodies from Day 14, reaching a 

high antibody titre after 31 days. Such a titre may be considered protective for a 

reinfection, as previously reported [16,32,35,36,39,41,84]. The RT-qPCR assay 

performed on OP, N and R swabs resulted positive for the N and OP swabs on Day 

14, negative for the OP swab and weak positive for the N swab on Day 31, 

respectively. The R swabs both tested negative, suggesting a rapid clearance of the 

virus from the intestinal tract. In experimental studies, cats stop shedding the virus 

within 10 days [3,9,35], while more recent studies reported that the SARS-CoV-2 

experimentally infected cats may have a prolonged period of oral and nasal viral 

shedding not accompanied by clinical signs, and are capable of direct contact 

transmission to other cats [35,42]. In agreement with a recent paper [31], we report 

a prolonged persistence of SARS-CoV-2 infection (N swabs positive in RT-qPCR 

on Day 31), although the presence of the viral agent is low and presumably not 

sufficient to infect other susceptible subjects. Although we reported a very low 

positivity in the last RT-qPCR assay (N swab), it was not possible to perform further 

diagnostic procedures as the owners denied their consent. As only limited 

information is available so far on the potential viral shedding routes, it would be 

beneficial to investigate for SARS-CoV-2 in those cats referred to veterinary clinics 

for respiratory or gastrointestinal symptoms developed after or concomitantly to 

their COVID-19-positive owners. Furthermore, SARS-CoV-2 diagnostics in cats 

living in particular situations and environments, such as dense housing conditions, 

close contact with elderly people, cat rescue or breeding centres, would be crucial. 

The recently emerged variants (B.1.1.7. and B.1.351) may have a fitness advantage 
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associated with mutations in the spike protein, which are suspected to lead to an 

increase in human-to-human transmissibility and more effective replication [65,85]. 

Possible changes in the susceptibility of animals in the context of these new variants 

should be evaluated [86,87]. Fortunately, with reference to this specific case, 

SARS-CoV-2 genomic mutations which may possibly be involved in the animal-

to-human transmission have not been reported so far, although the diagnostic and 

clinical surveillance, as well teaching how to implement preventions measures, are 

issues of utmost importance. 

Conclusions 

The diagnosis of SARS-CoV-2 infection in pets such as cats would be extremely 

important (i) to provide appropriate veterinary care for the infected animals; (ii) to 

guarantee adequate protection of veterinary staff and pet owners; and (iii) to apply 

quarantine measures to prevent transmission between pets, people and potentially 

susceptible animals. Even though the viral shedding from pets does not appear 

sufficient to infect other family members or other animals, the usual precautionary 

measures should urgently be considered as part of the global control efforts and One 

Health approach. There is currently no evidence that cats play a significant role in 

human infection and in the spread of the virus to humans. The recently emerged 

variants (B.1.1.7. and B.1.351) may raise concerns about the possible involvement 

of susceptible species in new mutations [70] and about the chance of severe clinical 

signs in animals [87]. Thus, reverse zoonosis is possible if infected owners expose 

their pets to the virus, particularly during the acute phase of the infection. It is 

important that pet owners are educated to adopt the precautionary measures to avoid 

human-to-cat SARS-CoV-2 transmission [88]. Preventing interspecies transfer of 

an emergent pathogen is essential to decrease the risk of emerging mutations that 

could affect the transmissibility or effectiveness of the countermeasures, and is also 

needed to safeguard pet welfare and discourage animal abandonment. 
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Table 1. Haematology performed from K3EDTA blood samples on Days 14 and 31, 

respectively. The first sample was analysed by IDEXX VetConnect® PLUS Laboratories, 

and the second (Day 31) was performed at the SCS3 Laboratory Medicine of the IZSVE 

with the Sysmex XN1000-V analyser (Sysmex Europe GmbH, Norderstedt, Germany). 
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Table 2. Biochemistry performed on Days 14 and 31, respectively. Analyses were 

performed on serum through the Cobas c501 clinical chemistry analyser with a related kit 

(Roche Diagnostics International AG, Rotkreuz, Switzerland) at the SCS3 Laboratory 

Medicine of the IZSVE. 

 

 

Table 3. Serum protein electrophoresis (Minicap, Sebia Italia S.r.l., Firenze, Italy) on Days 

14 and 31, respectively. A mild increase in alpha 2 globulin and beta 1 globulin on Day 14 

was reported, consistent with the inflammatory response and the antibodies production. 
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Table 4. Results of the real-time RT-qPCR performed on Days 14 and 31, using 

oropharyngeal, nasal and rectal swabs collected at Days 14 and 31, targeting the SARS-

CoV-2 RNA.  

 

 

Table 5. Serological assays performed at different times: first cat’s blood sample collected 

7 days after the beginning of the respiratory and gastrointestinal symptoms on Days 14 and 

31. 
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Figure 2. Thoracic radiographic study on Day 14: dorsoventral (DV) and right lateral 

radiographies (RL). The radiologic findings show a mild-to-severe diffuse bronchial 

pattern and a mild diffuse interstitial lung pattern. R = right side. 
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3.2 DNA Viruses 

Known viruses can be identified by a wide range of techniques: traditional, 

molecular and NGS methods [1]. NGS, using a metagenomics approach, are the 

only able to detect novel viruses. The rapid diagnosis of novel viruses is of extreme 

importance for the selection of prevention and treatment strategies. The DNA 

viruses have mutation rates between 10−6 to 10−8 mutations per base per generation, 

while the average mutation rates for RNA viruses fall in the range of 10−3 to 10−6 

mutations incorporated per nucleotide copied [2]. The companion bird deaths in 

2021 in the North Central Italy gave the opportunity to investigate different DNA 

species present in bird species and to solve discrepancies in identification of viruses 

using different diagnostic techniques. 

3.2.1 Polyomavirus and Novel Circovirus: Untargeted approach using 

Miseq technology 

Abstract 

A wave of fatal incidents among companion birds struck several regions in North 

Central Italy between February and June 2021, affecting various bird species. 

Despite standard diagnostic efforts, including necropsies and molecular tests, the 

causative agent remained unidentified, leading to an in-depth investigation utilizing 

next-generation sequencing (NGS) technology. Analysis of organ homogenates 

through electron microscopy initially suggested Circoviridae-like particles, though 

specific PCR tests failed to confirm these findings. Employing a metagenomic 

approach revealed the presence of Pyrrhula Pyrrhula Polyomavirus and 

Corvus/Cracticus Polyomavirus in select samples. Notably, discrepancies in avian 

Polyomavirus detection were attributed to primer mismatches, highlighting the 

need for precise primer design. Further RNA analysis exposed genetic variations in 

Beak and Feather Disease Virus (Circovirus), emphasizing the dynamic nature of 

viral evolution. Phylogenetic analysis led to the understanding of the different strain 

and the development of a specific protocol for rapid and accurate detection of the 

novel Circovirus strain. This investigation unveiled the limitations of conventional 

diagnostics and underscored the importance of complementary methodologies in 

identifying elusive pathogens. The study emphasizes the necessity for refined 
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molecular tools to adapt to evolving viral genomes, highlighting the dynamic nature 

of viral evolution and its impact on diagnostic accuracy. Moreover, the discovery 

of novel viral sequences highlighted the significance of comprehensive 

metagenomic approaches in uncovering previously unknown viral species or 

strains. The study's implications extend beyond diagnostics, emphasizing the need 

for adaptive strategies to monitor and manage viral outbreaks in companion bird 

populations. In conclusion, the integration of electron microscopy, metagenomics, 

and refined primer design proved pivotal in delineating the diverse viral landscape 

in these bird populations. This study advocates for the integration of multiple 

diagnostic modalities and continuous refinement of molecular tools for accurate and 

comprehensive viral identification in avian veterinary pathology. 

Introduction 

A series of fatal episodes affecting companion birds in various regions of Italy, 

specifically in the North Central regions (Province of Bolzano, Torino, Treviso, 

Vicenza, Verona and Brescia) happened from February to June 2021. These 

outbreaks affected different species of birds within the families of Psittacidae, 

Estrildidae and Fringillidae (i.e Melopsittacus undulatus, Psittacus erithacus, 

Erythrura gouldiae, Spinus cucullatus and Serinus canaria). Despite standard 

necropsy protocols and infectious disease diagnosis, the cause of these fatalities 

remained elusive upon electron microscopy, prompting a deeper investigation using 

NGS technology. To identify potential viral agents, the organ homogenates 

underwent rigorous analysis, including virological molecular test and conventional 

PCR, classical virological technique as electron microscopy and, in the end, 

metagenomic approaches and new protocols were developed. Interestingly, electron 

microscopy revealed the presence of virus-like particles resembling Circoviridae, 

while specific PCR tests failed to detect these viruses. To resolve the discrepancies, 

a metagenomic approach was developed, leading to the discovery of Pyrrhula 

Pyrrhula Polyomavirus and Corvus/Cracticus Polyomavirus in certain samples. 

Further examination of the avian Polyomavirus primers highlighted the presence of 

mismatches for the detection of the viruses, explaining the failed detections. 

Subsequent RNA analysis of Psittacines unveiled the presence of Beak and Feather 
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Disease Virus (Circovirus), displaying slight genetic variations among samples 

from different locations. This variation was elucidated through phylogenetic 

analysis, prompting the design of a specific protocol for rapid detection of the novel 

Circovirus in subsequent screenings. This comprehensive investigation not only 

shed light on the diversity of viruses present but also highlighted the importance of 

different technology, specifically with an untargeted approach for the discovery of 

novel species. The findings provide crucial insights into the complexity of viral 

infections in companion birds, potentially aiding in better diagnostic protocols and 

mitigation strategies. 

Methodologies 

Sample analysis 

Conventional PCR 

Livers and/or intestine were submitted for virological molecular tests and according 

to the bird species, specific conventional PCR for Canary circovirus (CaCV) was 

applied in fringillidae birds and Psittacine Circovirus (PBFD) and avian 

Polyomavirus (APV) in Psittacines. The DNA was extracted from the livers and/or 

intestine of these samples using High Pure PCR Template Preparation Kit (Roche 

Diagnostics). AmpliTaq Gold with GeneAmp Twelve Paq 10X PCR Buffer II 

(Applied Biosystems) with GeneAmp dNTP Mix with dTT (Applied Biosystems) 

was used for the amplification of 4 µl of DNA. The primers used for the detection 

of Canary circovirus (CaCV) are: 5’-TATACGGCAGAAGAAGAAGC-3’ 

(Operon/MWG) 10µM and 5’-TTGTAGAACTTCGATCCTTCC-3’ 

(Operon/MWG) 10µM, (1,25 µl each for reaction). The primers used for the 

detection of Avian Polyomavirus (APV) are: POLY-A 5’-

CTTATGTGGGAGGCTGCAGTGTT-3’ (Operon/MWG) 100µM and POLY-B 

5’-TACTGAAATAGCGTGGTAGGCCTC-3’ (Operon/MWG) 100µM, (0,5 µl 

each for reaction). For the detection of Psittacine Beak and Feather Disease (PBFD) 

the primers are: PBFD-2F 10µM 5’-AACCCTACAGACGGCGAG-3’ 

(Operon/MWG) 10µM and Primer PBFD-4R 10µM 5’-
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GTCACAGTCCTCCTTGTACC-3’ (Operon/MWG), 10µM (1,25 µl each for 

reaction). 

Electron Microscopy 

An organ homogenate was obtained by grinding 1 g of tissue sample in 5 mL of 

sterile distilled water (1:5 w/v) using a small mortar and pestle with the aid of fine 

sterile quartz. The homogenate was first frozen at -20°C, thawed in a water bath at 

37°C for 15’, and then centrifuged at 3,500 rpm or 2,205× g for 15’ and the 

supernatant at 15,000 rpm or 24,133× g for 15’ for clarification. Once 90 µL of the 

second supernatant were vialed, a formvar/carbon supported copper grid (Electron 

Microscopy Sciences Formvar/Carbon Copper Grid 200 Mesh) was placed flat on 

the bottom of the vial. This preparation was spun at high-speed (28 ̶ 30 psi at 95,000 

rpm or 100,000× g) for 15’ (Beckman Air-Driven Ultracentrifuge Airfuge). The 

grid was stained with 10 µL of 2% phosphotungstic acid (PTA) (pH 7); PTA was 

left on the grid for a few seconds (8 ̶ 10 sec). The grid was then examined under an 

EM 208S transmission electron microscope (Philips) and virus particles observed 

with Megaview III and measured using iTEM software (Olympus SIS).  

NGS 

The five samples underwent whole-genome sequencing. The DNA and RNA were 

extracted from liver and intestine of five carcasses using QIAsymphony DSP 

Virus/Pathogen Kit for the DNA extraction and the QIAamp Viral RNA Mini Kit 

(Qiagen, Hilden, Germany) for the RNA extraction. Due to the need to identify all 

the viruses present in these samples, sequencing was carried out using a 

metagenomic approach. Starting from purified RNA a double-stranded cDNA was 

produced using the Maxima H Minus Double-Stranded cDNA Synthesis kit 

(Thermo Scientific™), in parallel 1 ng of genomic DNA was used to specifically 

analyze the DNA viral component. In both cases sequencing libraries were 

generated using the Nextera XT DNA sample preparation kit (Illumina, San Diego, 

CA, USA) and processed on the Illumina Miseq platform with the MiSeq reagent 

kit V2 (2x250 bp PE) (Illumina, San Diego, CA, USA). 
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Bioinformatic analysis 

The DNA was extracted from liver and intestine of the carcasses and analyzed in 

MiSeq Illumina. In order to analyze these data, an in-house pipeline was developed. 

From the raw data, in FASTQ format, generated by MiSeq Illumina platform we 

used Genome Detective online tool (https://www.genomedetective.com/) for a first 

investigation of the raw data. Blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was 

performed and the consensus sequence generated by Genome Detective and the best 

blast hits have been used as reference sequence for a reference-based approach. 

Cutadapt (Martin, 2011; https://cutadapt.readthedocs.io/en/stable/) has been used to 

trim and filter the reads for quality. FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) has been used for 

quality analysis of raw and filtered FASTQ files. In order to map the reads against 

the reference genome, we use the software package BWA (http://bio-

bwa.sourceforge.net/) using the algorithm BWA-MEM, that is fast and accurate. 

An in-house script based on LoFreq (https://csb5.github.io/lofreq/) has been 

developed for variant calling and another script for consensus sequence generation. 

Results 

Livers and/or intestine were submitted for virological molecular test and the 

specific conventional PCR for Canary circovirus (CaCV) applied in fringillidae 

birds and Psittacine Circovirus (PBFD) could not reveal the presence of these 

viruses, as the avian Polyomavirus (APV) in Psittacines. These samples were also 

submitted to classical virological technique by means of negative staining electron 

microscopy. Negative staining electron microscopy of organs homogenates 

revealed the presence of numerous virus particles, single or in small groups, 

morphologically resembling to Circoviridae (Figure 1). 
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Figure 1. Electron microscopy of organs homogenates. 

In order to elucidate the cause of these discrepancies in laboratory results of electron 

microscopy and those obtained from the available conventional PCR for 

Circoviridae, a metagenomic approach was applied to these biological specimens.  

The investigation started with the analysis of DNA from the two samples from 

Bolzano (Table 1). 

 

Table 1. Samples analyzed with untargeted approach in MiSeq platform. 

 

 

This bioinformatics analysis using the untargeted approach (metagenomics 

approach) revealed the presence of Pyrrhula Pyrrhula Polyomavirus and, 

interestingly, one of the two samples contains also Corvus/Cracticus Polyomavirus 

(21VIR2281-9). The analysis shows a coinfection of two different species of 

Polyomavirus in this sample. To prove the presence of these viruses we sequenced 

also the RNA from the same samples that confirmed these results. We could 

reconstruct the complete consensus sequence of Pyrrhula Pyrrhula Polyomavirus 

from both analyses. We examined the primers utilized in the diagnostic in use at the 

laboratory to detect and amplify the genome of avian Polyomavirus (APV) and a 

high number of mismatch (3 mismatch in Poly-A primer and 7 mismatch in Poly-

B_rc) were identified, that justifies the unsuccessful detection of these viruses. Then 

sample host location source method Virus

21VIR2609-7 Erythura gouldiae Bolzano liver DNA + RNA sequencing Polyomavirus

21VIR2281-9 Erythura gouldiae Bolzano intestine DNA + RNA sequencing Polyomavirus

21VIR1149-3 Psittacus erithacus Torino liver RNA sequencing Circovirus

21VIR2659-12 Psittacine Macerata liver RNA sequencing Circovirus

21VIR2198-7 Melopsittacus undulatus Vicenza liver RNA sequencing Circovirus
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we analyzed RNA from 3 Psittacines (Table 1) and we could obtain 60-93% of the 

whole genome of Beak and Feather Disease Virus (Circovirus) for all of them. Two 

of them (21VIR2659-12 and 21VIR2198-7) are identical, where present, and 

identical to the reference sequence MK387075.1. Interestingly, the consensus 

sequence of the sample from Turin (21VIR1149-3) has around 70 nucleotide 

differences from the others (coverage 93%) revealing the presence of a possible 

novel Circovirus. The phylogenetic analysis performed clearly shows these 

differences (Figure 3). 

 

Figure 2. Phylogenetic analysis of Polyomavirus. In pink the Pyrrhula Pyrrhula 

Polyomavirus that cluster together with the other Pyrrhula Pyrrhula Polyomavirus present 

in literature and the Corvus/Cracticus Polyomavirus identified in 21VIR2281-9 sample. 
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Figure 3. Phylogenetic analysis of Circovirus. The tree shows that sample 

21VIR1149-3 (in pink) clusters far from the two other samples (in pink) and from 

the best 100 sequences of its blast. 

 

In order to perform a rapid detection of this possible novel Circovirus, two couples 

of specific primers were degnided (Table 2) for conventional PCR using the Primal 

scheme software (https://primalscheme.com/). These primers are based on the 

consensus sequence of the possible novel Circovirus sample to perform PCR and 

rapidly screen all the other samples.  

0.02

KT764927_BFDV-MH-IR-27-Rep-2014_partial_cds

JX221004_BFDV_2010_complete_genome

AB277750_MU-JP5P

21VIR1149-3_parrot-liver

MG148344_FJ-FZ01_complete_genome.

AB277748_MU-JP3P

JX221010_BFDV_2011_complete_genome

MK410951_HB25_complete_genome

MK387074_BFDV_2017

21VIR2659-12_parrot-liver

MN720913_SDXM_Parrot_17_complete_genome

MK803399_BVDV-S18_complete_genome

JX221019_BFDV_2007_complete_genome

KP677584_Taiwan-21_complete_genome

JX221043_BFDV_2009_complete_genome

KT764934_BFDV-MH-IR-C50-Rep-2014_partial_cds

other_BFDV

KT764928_BFDV-MH-IR-28-Rep-2014_partial_cds

AB277749_MU-JP4P

21VIR2198-7_parrot-liver

MN720914_SDXM_Parrot_28_complete_genome

KT764926_BFDV-MH-IR-26-Rep-2014_partial_cds

MN720912_SDXM_Parrot_4_complete_genome

JX221003_BFDV_2010_complete_genome

MK410950_HB23_complete_genome

JX221002_BFDV_2010_complete_genome

JX221024_BFDV_2007_complete_genome

JX221009_BFDV_2011_complete_genome

MK410952_HB26_complete_genome

MK387075_BFDV_2017

AB277751_MU-JP6P

100

100

86

99

99

97

100

97

90

100

99

81

100

98

100

100

100

99

52

100

100

98

99

100
100

35

100

95

100

100



109 

 

 

Table 2. Primer designed for novel Circovirus 

 

 

New protocol for PCR 

A new protocol was developed for Master PCR, nested PCR and One Step PCR for 

novel Circovirus detection at IZSVe. 

Preparation method of Master Mix: CircoNew1 

While the enzymes are kept refrigerated, the reagents are thowed and mixed, by 

centrifuging them. The reaction mix is prepared following the scheme outlined 

below (Table 3). 

 

Table 3: Reagents and primers concentration for PCR 

Reagent 
Final 

concentration 
l x 1 REACTION

Sterile ultrapure water / 13.75 

10X PCR Buffer                                   

(Platinum Taq DNA Polymerase Kit Invitrogen cod. 10966-034) 
1X 2.5 

MgCl2 50 mM                 

(Platinum Taq DNA Polymerase Kit Invitrogen cod. 10966-034) 
1.5 mM 0.75 

dNTPs mix 10 mM 

(Applied Biosystem) 
0.5 mM 1.25 

Primers: CircoNew1  

FOR 10 µM5’ AGTAAGGGCAGTGATGCG 3’ 
300 nM 0.75 

Primers: CircoNew1  
REV 10 µM 5’ TAAACTCCACGAAGGCGCCT 3’   

300 nM 0.75 

Platinum Taq 5 U/µl                              

(Platinum Taq DNA Polymerase Kit Invitrogen cod. 10966-034) 
1.25 U 0.25 

              Total VOLUME 20 

              DNA sample VOLUME 5 

              FINAL VOLUME of reaction 25 

 

Primer Direction Primer Sequence % GC Tm Length start stop Amplicon length

forward AGCTAAGGGCAGTGATGCG 57.9 58.8  19 368 386

reverse TAAACTCCACGAAGGCGCCT 55 59.3 20 818 837

forward AAACCCTTGCTAAGATACCAT 38.1 54 21 1497 1517

reverse GAAGCAAACTACCGCTGCT 52.6 56.7 19 1781 1799

469

302
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The prepared mix is vortexed and centrifuged, then the mix is distributed in 20 µl 

aliquots into 0.2 ml PCR tubes and the DNA is added into their respective wells 

(Table 4). 

 

Table 4: Temperature and time of PCR steps 

Activation of Taq 
polymerase 

Denaturatio
n 

Annealin
g 

Extensio
n 

Final 
elongation 

Coolin
g 

95°C  94°C  56°C 72°C  72°C  4°C  

5 min 30 sec 45 sec 45sec 5 min ∞ 

  45 cycles     

 

Discussion 

The investigation into the fatal episodes affecting companion birds in the north 

central regions of Italy presented a complex scenario where initial diagnostic 

methods failed to pinpoint the causative agents. The identification of Pyrrhula 

Pyrrhula Polyomavirus and Corvus/Cracticus Polyomavirus (Figure 2) through 

metagenomic approaches revealed the virus presence that eluded standard 

diagnostic techniques. This underscores the limitations of conventional PCR 

testing, emphasizing the necessity of complementary methodologies in unveiling 

elusive pathogens within avian populations. The discrepancy between electron 

microscopy findings of Circoviridae-like particles and the failure of specific PCR 

tests to detect Canary circovirus (CaCV), Psittacine Circovirus (PBFD), and avian 

Polyomavirus (APV) warrants attention. The elucidation of mismatches in the avian 

Polyomavirus primer sequences offers a crucial insight, indicating the need for 

meticulous primer design and constant adaptation to evolving viral genomes. This 

finding underscores the importance of periodic reassessment and refinement of 

molecular diagnostic tools to ensure their efficacy in viral identification. The 

genetic variability observed in Beak and Feather Disease Virus (Circovirus) among 

samples from different regions highlights the dynamic nature of viral evolution and 

its implications for diagnostic accuracy. The phylogenetic analysis delineating 

genetic differences among these strains emphasizes the necessity of precise 
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molecular tools tailored to detect such variations. The development of a specific 

protocol that uses primers based on the identified consensus sequences presents a 

promising approach for enhancing the rapidity, sensitivity and accuracy of PCR-

based diagnostics in identifying the novel strain of Circovirus. Furthermore, the 

discovery of novel viral sequences highlight the importance of comprehensive 

metagenomic approaches in uncovering previously unknown viral species or 

strains. The application of these advanced techniques not only broadens our 

understanding of viral diversity but also highlights the potential existence of novel 

viruses. The implications of these findings extend beyond diagnostic 

methodologies. They highlight the necessity of continuous vigilance, adaptive 

diagnostic strategies, and a holistic approach to comprehend the intricate dynamics 

of viral infections in companion bird populations. This study offers valuable 

insights into the challenges associated with viral diagnostics and emphasizes the 

imperative need for multifaceted approaches to effectively monitor and manage 

viral outbreaks. In conclusion, the combination of electron microscopy, 

metagenomic analyses, and refined primer design proved instrumental in 

unraveling the diverse viral landscape in the investigated bird populations. This 

study serves as a testament to the necessity of integrating multiple diagnostic 

modalities and refining molecular tools for accurate and comprehensive viral 

identification in avian veterinary pathology.  
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3.3 Dobrova-Belgrade Virus 

DOBV is a RNA virus of the genus Orthohantavirus, a group of pathogens 

maintained in nature by different species of rodents, but also by small insectivorous 

mammals and bats. Hantaviruses are important because some of them are zoonotic, 

meaning that they can transmit between animals and people, causing from mild to 

serious illnesses. Human cases are reported in different parts of the world and 

especially in Asia, while they are less frequent in Europe. To date, only a few cases 

have been reported in Italy, all contracted in neighbouring Slovenia and associated 

almost exclusively with two viral species: Puumala and Dobrava-Belgrade 

Orthohantavirus. As both these viruses circulate widely in wild rodents in Croatia 

and Slovenia, the search for Hantavirus was essential in the samples of the two 

respective reservoir species, the bank vole (Myodes glareoulus) and the yellow-

necked mouse (Apodemus flavicollis), collected in northeastern Italy. In spring 

2021, a large number of individuals belonging to these species were submitted to 

the IZSVe laboratories where a large spectrum screening was carried out. The 

identification of Dobrava-Belgrade was conducted in collaboration with the Italian 

National Health Institute (Istituto Superiore di Sanità). 

3.3.1 Identification of Dobrava-Belgrade Virus in Apodemus 

flavicollis from North-Eastern Italy during Enhanced Mortality  

The work described in this chapter is taken from: Leopardi S, Drzewnioková P, 

Baggieri M, Marchi A, Bucci P, Bregoli M, De Benedictis P, Gobbo F, Bellinati L, 

Citterio C, Monne I, Pastori A, Zamperin G, Palumbo E, Festa F, Castellan M, 

Zorzan M, D'Ugo E, Zucca P, Terregino C, Magurano F. Identification of Dobrava-

Belgrade Virus in Apodemus flavicollis from North-Eastern Italy during Enhanced 

Mortality. Viruses. 2022 Jun 7;14(6):1241. doi: 10.3390/v14061241. PMID: 

35746712; PMCID: PMC9229784. 

Abstract 

Hantaviruses include several zoonotic pathogens that cause different syndromes in 

humans, with mortality rates ranging from 12 to 40%. Most commonly, humans get 

infected through the inhalation of aerosols or dust particles contaminated with 
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virus-containing rodent excreta. Hantaviruses are specifically associated with the 

host species, and human cases depend on the presence and the dynamics of reservoir 

hosts. In this letter, we report the identification of Dobrava-Belgrade virus (DOBV) 

in the yellow-necked mouse (Apodemus flavicollis) from Italy. The virus was 

detected in the mountainous area of the province of Udine, bordering Austria and 

Slovenia, during an event of enhanced mortality in wild mice and voles. Despite 

serological evidence in rodents and humans that suggested the circulation of 

hantaviruses in Italy since 2000, this is the first virological confirmation of the 

infection. Phylogenetic analyses across the whole genome of the two detected 

viruses confirmed the host-specificity of DOBV sub-species and showed the 

highest identity with viruses identified in Slovenia and Croatia from both A. 

flavicollis and humans, with no signs of reassortment. These findings highlight the 

need for ecologists, veterinarians and medical doctors to come together in a 

coordinated approach in full compliance with the One Health concept. 

Introduction 

Hantaviruses are enveloped viruses belonging to the family Hantaviridae with 

segmented, negative sense, single-stranded RNA. The genus Orthohantavirus 

includes 23 species classified by the International Commission on the Taxonomy 

of Viruses (ICTV), plus about 30 other viruses for which a complete 

characterization is not available yet [1]. In contrast to other viruses of this family, 

hantaviruses are transmitted directly from animal reservoirs with no arthropod 

vectors involved. Most hantaviruses have been described in rodents (order 

Rodentia, families Cricetidae, Muridae, Nesomyidae and Sciuridae) and new 

species are increasingly found in bats (order Chiroptera) and insectivores (order 

Soricomorpha) [2]. Each species of Hantavirus seems to be specifically associated 

with its own reservoir host. In Europe, the main reservoir species are the wild 

yellow-necked mouse (Apodemus flavicollis), the black-striped field mouse 

(Apodemus agrarius) and the bank vole (Myodes glareolus), maintaining two 

different strains of the Dobrava-Belgrade virus (DOBV) and Puumala virus 

(PUUV), respectively. In addition, the grey rat (Rattus norvegicus) potentially 

maintains Seoul virus (SEOV) globally, sporadically reported outside Asia, 
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including a single identification in France [3]. Hantaviruses, particularly the several 

species associated with rodents, are known as zoonotic pathogens that cause acute 

febrile diseases in humans with a mortality rate ranging from 12% for haemorrhagic 

fever with renal syndrome (HFRS) to 40% hantavirus cardiopulmonary syndrome 

(HCPS). Although most cases are reported from China, Europe notifies more than 

9000 severe cases each year, with several others likely remaining undetected [4,5]. 

These cases are mainly related to Puumala and Dobrava-Belgrade viruses, with 

mortality usually lower than 1% and ranging from 5 to 15%, respectively [3,4,6]. 

As humans are exposed mostly by inhaling viral particles aerosolized from the 

saliva, urine and/or faeces of rodents, occupations and activities such as working in 

forestry, farming and road maintenance strongly increase the likelihood of viral 

infection [5]. In addition, the incidence of human cases seems to be highly 

correlated with the dynamics of the populations of the reservoir species [6]. In 

particular, the massive increase in population density caused by an abundance of 

food during the mast years of beech (Fagus sylvatica) and oak (Quercus robur) trees 

can enhance the circulation of hantaviruses in the wild during the following year 

and increase the risk of human exposure [6–9]. The fact that mast-seeding events 

are linked to environmental factors, such as higher temperatures and seasonal 

changes in rainfall, suggests that the burden of hantavirus disease might increase as 

a consequence of climate change [10]. In this context, there is a major need for an 

integrated approach between ecologists, veterinarians and medical doctors, in full 

compliance with the One Health concept [11,12]. In Italy, only eight cases of 

Hantavirus disease have been described, mostly from tourists or transboundary 

workers, suggesting they contracted the infection abroad. Among these, most had a 

clinical presentation of HFRS, but three cases related to infection with the new 

world hantavirus Sin Nombre virus, showed typical signs of HCPS [5]. To date, no 

native cases of hantavirus disease have been described in Italy, despite the 

proximity to endemic countries and the presence of both the wild yellow-necked 

mouse, the black-striped field mouse and the bank vole [5]. However, antibodies 

neutralizing either PUVV or DOBV have been historically detected in both humans 

and rodents, particularly in the mountainous areas bordering Austria and Slovenia, 

suggesting that these pathogens are actively circulating at least in some parts of the 
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country [5,12,13]. The present communication reports the first molecular finding of 

Dobrava-Belgrade orthohantavirus in Apodemus flavicollis from north-eastern Italy 

in Summer 2021. 

Materials and Methods 

Between June and July 2021, the diagnostic laboratories at the Istituto 

Zooprofilattico Sperimentale delle Venezie (IZSVe) received 35 rodent carcasses 

from the mountainous area bordering Austria and Slovenia, in the province of 

Udine, that were necropsied. Twenty-one samples consisting of pools of liver and 

lungs from one to five individuals were sent to the Department of Infectious Disease 

(IDD) at the Italian National Institute of Health (ISS) for molecular detection. 

Further analysis was conducted at the IZSVe on individual kidney samples to 

determine the percentage of positive samples using a nested RT-PCR [14] and to 

confirm the host species through sequencing of the cytochrome oxidase I, as 

described elsewhere [15]. All samples positive for the detection of Orthohantavirus 

spp. were initially characterized through Sanger sequencing before attempting 

whole genome sequencing of viruses from individual samples. No further analyses 

were performed on the pooled samples, because they included more than one 

positive individual that could have challenged correct reconstruction of the 

sequences. We used a target approach amplifying the three segments using four 

pairs (one for S, one for M and two for L) of DOBV specific primers modified from 

Taylor et al., [16] (Table 1). The reaction was performed in a two-step RT-PCR 

reaction using SuperScript™ IV Reverse Transcriptase (Invitrogen, Waltham, MA, 

USA) and Platinum™ SuperFi II Green PCR Master Mix (Invitrogen). Positive 

samples were sequenced using next generation sequencing implemented in Illumina 

MiSeq with Reagent Nano Kit v2 (500 cycles). 
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Table 1. Primers used for targetted amplification of the complete genome of DOBV. 

 

 

To obtain complete genomes for the viruses, we first assessed the quality of raw 

reads using FastQC v0.11.7  

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 26 

January 2022) and removed the reads related to the Illumina Nextera XT adaptors 

(Illumina, San Diego, CA, USA) using scythe v0.991 (https://github.com/vsbuffalo/ 

scythe, accessed on 26 January 2022). We then used cutadapt v2.10 to trim the 

adaptors, designed specifically for Hantavirus, and to filter the raw reads with a Q 

score below 30 and a length below 80 nucleotides [17]. Complete genomes were 

generated through a reference-based approach using BWA v0.7.12 

(https://github.com/lh3/bwa, accessed on 26 January 2022) [18]. We then used 

loFreq v2.1.2 (https://github.com/CSB5/lofreq, accessed on 26 January 2022) [19] 

to call single nucleotide polymorphisms (SNPs) and applied an in-house script to 

obtain the consensus sequences, setting 10 as the minimum coverage and 50% of 

allele frequency as the threshold for base calling. Viral sequences obtained in the 

study were aligned with reference strains using G-INS-1 and default parameters 

implemented in Mafft [20]. Maximum likelihood (ML) nucleotide phylogenetic 

trees were inferred using PhyML (version 3.0) implemented in Seaview employing 

the GTR+Γ4 substitution model, a heuristic SPR branch-swapping algorithm and 

100 bootstrap reiterations [21]; the obtained trees were edited online for graphical 

display using iTOL (version 6.0) [22]. 
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Results 

Between June and July 2021, the diagnostic laboratories at the Istituto 

Zooprofilattico Sperimentale delle Venezie (IZSVe) received 35 rodent carcasses 

collected from the mountainous area bordering Austria and Slovenia, in the 

province of Udine. Necropsies showed no significant macroscopic lesions. Genetic 

analyses classified the hosts as Apodemus flavicollis (n = 22) or Myodes glareolus 

(n = 8), whereas five analyses provided no interpretable sequences, likely due to the 

advanced decay stage of the carcasses. Among the twenty-one liver-lung pools, two 

tested positive for Orthohantavirus spp. Further analysis conducted on individual 

kidney samples confirmed the positivity of four individuals of A. flavicollis, with a 

percentage of positivity of 11.7% in the yellow-necked mice. All voles tested 

negative. Sanger sequencing of the PCR product attributed the infection to 

Dobrava-Belgrade virus. Target next generation sequencing performed from 

individual samples provided the complete genomes of two viruses, with an average 

coverage ranging respectively between 2967 and 3152. All consensus sequences 

were submitted to GenBank under accessions n. OM677634-OM677639, raw data 

were submitted to SRA with accession n. PRJNA807277, and BioSamples 

SAMN25965836 and SAMN25965837. Maximum likelihood phylogenetic 

reconstructions using whole genome sequences demonstrated that the Italian 

DOBV clustered within variants found in A. flavicollis and humans from Croatia 

and Slovenia in all three segments (Figure 1A–C) and showed no signs of genetic 

reassortment. Highest identity was found with strains from A. flavicollis in Slovenia 

(SLO/Af BER, with an identity of 97.5% in L and 97.8% in M) and Croatia 

(Croatia_Gerovo/Af968/2008, with an identity of 98.7% in S and no sequences 

available for the remaining segments).  
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Figure 1. ML phylogenetic trees of the whole sequences for segments L (A), M (B) and S 

(C). The red box shows the viruses belonging to the specie Dobrava-Belgrade 

orthohantavirus. Original sequences are marked with a star, and sequences from countries 

neighbouring the study area are indicated with arrows. Coloured boxes represent the host 

in which the strains were detected, namely A. flavicollis (yellow), A. ponticus (orange), A. 

agrarius (green) and human infections (pink). 
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Discussion and Conclusions 

The fact that hantaviruses are specifically associated with a certain host species 

makes the presence of these reservoirs the most relevant risk factor for human 

infection. Other than the grey rat, all rodents known as hantavirus reservoirs in 

Europe are present in north-eastern Italy, including both A. flavicollis and A. 

agrarius, that have been found to maintain different sub-species of Dobrava-

Belgrade orthohantavirus [23]. In this short report, we describe the identification of 

DOBV in the yellow-necked mouse from the Italian mountainous area bordering 

Austria and Slovenia. Phylogenetic analyses confirmed that our sequences grouped 

only with variants from the yellow-necked mouse, confirming the host-specificity 

of DOBV sub-species [23]. Despite serological evidence in rodents and humans the 

suggested the circulation of hantaviruses in Italy since 2000, this is the first 

virological confirmation of the infection [5,13,24]. Previous studies questioned why 

hantaviruses should be restricted to a limited portion of the distribution of their 

hosts [25]. Indeed, our findings suggest that negative findings in certain areas could 

be due to a lack of or ineffective surveillance rather than the true absence of the 

pathogen. Indeed, the number of rodents received from north-eastern Italy in 2021 

is the highest reported from the laboratory over the past 5 years, with average 

submissions between 2017 and 2020 being about 15 individuals with 1 single 

sample analysed from the province of Udine before 2021. Such an increase in rodent 

diagnostic activity was associated with enhanced mortality reported from north-

eastern Italy. In Italy, previous efforts in active surveillance were pivotal in 

supporting the circulation of both DOBV and PUVV using serology but failed to 

identify the virus for over 20 years. This is not new in the study of pathogens in 

their wild reservoir, where they often circulate at low prevalence, making serology 

the most effective tool for monitoring the infection in the absence of viral detection 

[26]. Periodic epidemic waves have been largely described for both PUVV and 

DOBV in the case of relevant variations in population dynamics [6–8,27]. In our 

case, positive findings could have been favoured by increased prevalence within the 

reservoir due to increased population density, likely associated with the high 

production of seed in 2020, reported as a mast year across Europe [28]. This 

hypothesis is consistent with the enhanced mortality of rodents experienced in the 
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area that was likely associated with exceeding the carrying capacity for the species 

rather than to the viral infection. However, it is crucial to notice that all the samples 

collected in 2012 after a similar event tested negative, which further highlights the 

challenges related to the study of pathogens in wildlife and might suggest changes 

in the ecology of hantaviruses in Italy that can be only unravelled through 

longitudinal active and passive surveillance. In addition, genetic data from our 

investigation show that the increased mortality was not peculiar to mice but also 

involved voles, despite the absence of virus detected in M. glareoulus, the reservoir 

species for PUVV. Since serological evidence suggests that PUVV might circulate 

in the country as well [13,24], our negative result could indicate that the sample size 

of bank voles was too low to detect the virus, or it could be related to differences in 

the dynamics of the two viral species in the area. Numerous studies have revealed 

that outbreaks of hantavirus disease in humans are often associated with a high 

prevalence of the pathogen within the reservoir [4,11,12]. In this context, Slovenia 

reported several cases of PUVV over spring-summer in 2021 and compatible 

syndromes were also recorded in the provinces of Trieste and Udine, with a single 

case confirmed by molecular approaches that had contracted the infection in 

neighbouring Slovenia. Our study, together with previous serological evidence 

[5,12,13], confirms the circulation of DOBV in the wild yellow-necked mice in 

north-eastern Italy. Data presented herein encourage both active and passive 

surveillance plans in wild mice, taking into account population dynamics to better 

understand hantavirus ecology in thec areas bordering their putative distribution, 

with the final aim of mitigating the risk of infection in humans. Indeed, this first 

identification in the reservoir emphasizes the risk of occurrence in humans of mild 

and severe forms of hantavirus disease in Italy, HFRS and HCPS included. It also 

reveals the need to conduct further research on hantaviruses in Italy, and to increase 

the awareness of physicians and local populations regarding the transmission 

pathways of the viruses and the available diagnostic methods. Equally important is 

the need to implement and integrate effective surveillance systems. 
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3.4 Avian Influenza Virus  

The molecular epidemiology of Avian Influenza Viruses (AIVs) delves into the 

genetic composition and evolutionary patterns of these viruses, elucidating their 

spread, diversification, and impact on avian populations. By analyzing the genetic 

sequences of AIVs, researchers trace their transmission pathways, identify 

emerging strains, and understand the potential for interspecies transmission, 

including zoonotic threats [1]. This field employs genomic techniques to 

characterize various AIV subtypes, such as H5 and H7, and their subclades, aiding 

in surveillance, outbreak prediction, and vaccine development [2]. Understanding 

the genetic makeup and evolutionary dynamics of AIVs is crucial for devising 

effective control strategies to mitigate their impact on both poultry and public 

health. 

3.4.1 The three epidemic waves in Italy, 2020-2023 of HPAI A(H5) 

viruses: phylogenetic networks and Bayesian phylogenetic 

analysis to identify genetic diversity  

Abstract 

The study focuses on the molecular epidemiology and spread dynamics of Highly 

Pathogenic Avian Influenza (HPAI) A(H5) viruses, particularly during the 2020-

2023 epidemic waves in Italy. The investigation encompasses 547 complete viral 

genomes collected from poultry, wild birds, and wild carnivores, sequenced using 

the Illumina MiSeq platform. Phylogenetic analyses through IQtree v1.6.6 and 

BEAST v1.10.4 identified thirteen distinct genotypes resulting from reassortment 

events. Notably, the H5N8, H5N5, and H5N1 subtypes circulated, with the C 

genotype (H5N1-A/Eurasian Wigeon/Netherlands/1/2020-like) predominant 

during the second epidemic wave. The third wave saw a prevalence of genotypes 

AB and BB, notably linked to significant poultry outbreaks and mass mortality in 

wild birds, including foxes. Phylodynamics and network analyses revealed multiple 

introductions from wild birds to domestic poultry, with turkeys identified as key 

contributors to inter-species transmission. Verona and Mantua provinces were 

highlighted as principal sources of viral spread, emphasizing the importance of 

geographical patterns. Despite sporadic mutations associated with mammalian 
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adaptation, the continuous emergence of reassortant viruses poses significant 

concerns for animal and public health within Italy and Europe. This comprehensive 

genetic investigation elucidates the varied biological characteristics and behaviors 

of multiple viral genotypes, emphasizing the ongoing threat and need for vigilant 

surveillance and control measures. 

Introduction 

Avian Influenza viruses (AIVs) are part of the Alphainfluenzavirus genus in the 

Orthomyxoviridae family, characterized by their segmented negative-sense RNA 

structure. Their impact varies based on pathogenicity, that can be either low (LP) 

or highly pathogenic (HP), particularly in chickens (Gallus gallus domesticus) and 

other related species. Typically, highly pathogenic strains arise from low 

pathogenic ones initially introduced by wild aquatic birds into domestic poultry, 

historically leading to outbreaks (Swayne and Suarez, 2000). However, the H5 

lineage HPAIVs, specifically A/goose/Guangdong/1/96 (Gs/GD), have been a 

persistent threat to both domestic poultry and wild bird populations since 1996. 

Initially observed in Asian domestic ducks and geese, these viruses spilled over into 

migratory wild birds, facilitating their dissemination across various continents and 

the emergence of multiple variants [3]. The World Health Organization (WHO) has 

established a unified nomenclature system for the hemagglutinin (HA) gene of this 

H5 Gs/GD lineage, aiding in tracking its phylogenetic evolution (World Health 

Organization, 2020). The current H5 2.3.4.4 clade exhibits several defined 

subclades, showcasing significant reassortment with low pathogenic strains from 

wild birds across multiple flyways. In October 2020, a distinct H5N1 2.3.4.4b virus 

4b of the H5 Goose/Guangdong/96 lineage was first detected in wild birds in the 

Netherlands [4]. Since that time, several European countries have reported H5N1 

detections in wild birds prior and up to December 2021 [5]. This virus has a 

devastating effect on domestic and wild birds and it has repeatedly emerged in Italy. 

Since 2020, three consecutive epidemic waves have occurred, with the last ones 

(2021-2022 and 2022-2023) having a devastating impact on poultry industry in the 

densely populated areas of northern Italy. 
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Methodology 

To elucidate the diffusion dynamics and the genetic diversity of the HPAI A(H5) 

viruses in Italy, phylodynamics analyses were performed on the complete genomes 

of 547 viruses identified in poultry/captive birds, wild birds and wild carnivores. 

Samples were collected from November 2020 to April 2023 and sequences were 

generated using an Illumina MiSeq platform. Phylogenetic and evolutionary 

analyses were performed using IQtree v1.6.6, BEAST v1.10.4, and Network 10. 

The identification of the viruses genotype was based on the phylogenetic trees 

topology (IQtree 1.6.6). Monophyletic clusters supported by ultrafast bootstrap 

values > 90 were identified for all the trees. A reference sequence, the potential 

progenitor of the European HPAI H5 viruses, was selected within each cluster and 

associated to an ID number. The genotype was assigned to each virus based on the 

combination of the eight ID (one for each gene segment), defined from the tree 

topology. Bayesian discrete analysis (BEAST 1.10.4, strict clock, coalescent 

constant population size model, MCMC chains run for 50 million iterations) of the 

second wave (October 2021-March 2022) was performed to obtain the Maximum 

Clade Credibility Tree and using Location and Species as traits. Genetic network of 

the complete genome of H5N1 viruses belonging to genotype C and BB and 

collected during the second and third epidemic wave respectively was generated 

using the Median Joining method implemented in Network 10 for the eight 

concatenated gene segments of non-reassortant H5N1 viruses. 

Results 

Three HPAI A(H5) subtype viruses (H5N8, H5N5, H5N1) and thirteen different 

genotypes, originating from reassortment events, were identified since November 

2020 (Figure 1). Few cases, in wild (mainly waterfowls) and domestic birds, were 

recorded during the first wave (November 2020-February 2021) with the A 

genotype (H5N8-A/duck/Chelyabinsk/1207-1/2020-like) as the main circulating 

one (Figure 2i). A high circulation of the virus in poultry farms characterized the 

second epidemic wave (October 2021-March 2022) (Figure 2ii). During this wave, 

the most widespread genotype was the C genotype (H5N1-A/Eurasian 

Wigeon/Netherlands/1/2020-like) (poultry, N=281; wild birds, N=14), which 
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started to circulate during the first wave and became predominant in the second 

wave (Figure 1). The majority of the characterized viruses marking the third 

epidemic wave (since September 2022) belong to the AB (H5N1-

A/duck/Saratov/29-02/2021-like) and BB (H5N1-A/Herring 

gull/France/22P015977/2022-like) genotypes (Figure 1). Genotype AB was 

identified in most of the poultry outbreaks recorded in September-December 2022 

and in wild anseriformes (Figure 2iii), whereas genotype BB was associated to the 

mass mortality events reported in black-headed gulls in northern Italy starting from 

December 2022. The BB genotype, as in other European countries, was identified 

also in two foxes found sick or dead at the beginning of April 2023 (Figure 2iii). 

 

 

Figure 1. Genetic diversity over time. Genotypes A (H5N8) in the first wave, C (H5N1) in 

the second wave, AB (H5N1) and BB (H5N1) in the third wave were the most prevalent. 
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Figure 2. Distribution of genotypes by species for each of the 3 epidemic waves. i) first 

wave. ii) second wave. iii) third wave. 

 

Since the highest number of cases was recorded during the second epidemic wave 

(2021-2022), we performed the Phylodynamics analysis to understand the viral 

spread among the different locations and species involved. From the 

pylogeographic analyses, many distinct introductions into poultry from wild birds 

were recorded and also the occurrence of several secondary outbreaks (Figure 3). 

These results were also confirmed by the network analysis (Figure 5). The province 

of Verona (VR) and Mantua (MN) were identified as the main source of the virus 

for the neighboring areas (Figure 3). 
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Figure 3. Maximum Clade Credibility Tree obtained from the Bayesian discrete 

phylogeographic analysis of the second wave (October 2021-March 2022), Each Italian 

province is associated to a different color. The map shows statistically supported non-zero 

rates for the HA gene segment of 2.3.4.4B H5 viruses. The thickness of the lines is 

proportional to the relative strength by which rates are supported. The Lombardy region is 

in yellow and the Veneto region in blue. 

 

From the phylodynamic analysis, using species as discrete trait, turkeys have been 

identified as the source that mostly contributed to the viral spread among the 

different species (Figure 4). 
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Figure 4. Maximum Clade Credibility Tree obtained from the Bayesian discrete analysis 

of the second wave (October 2021-March 2022), showing the species contribution to the 

viral spread. 

 

 

Figure 5. Genetic network of the complete genome of H5N1 viruses belonging to genotype 

C and collected during the second epidemic wave. Each circle represents one viral variant; 

the size of the circles is proportional to the number of viruses sharing the same genic 

composition; the length of the branches is proportional to the number of nucleotide 

differences between two variants.  
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During the third epidemic wave, the most prevalent was BB genotype, which caused 

nine out of the ten poultry outbreaks detected between March and April 2023. From 

the network analysis performed on the viruses belonging on this genotype (Figure 

6), we observed a single introduction from wild birds to domenstic birds. 

 

 

Figure 6. Genetic network of the complete genome of Italian H5N1 viruses belonging to 

genotype BB and collected during the third epidemic wave. It is generated using the Median 

Joining method implemented in Network 10 for the eight concatenated gene segments of 

non-reassortant H5N1 viruses; each circle represents one viral variant; the size of the circles 

is proportional to the number of viruses sharing the same genic composition; the length of 

the branches is proportional to the number of nucleotide differences between two variants.  

 

Discussion 

In conclusion, the genetic investigation of the HPAI A(H5N1) viruses responsible 

of the 2020-2023 epidemic in Italy revealed the incursions of multiple viral 

genotypes with different biological characteristics and behaviors in domestic and 

wild birds. C genotype accounted for most of the outbreaks in poultry (2021-2022). 

Mutations associated with mammalian adaptation were only sporadically identified 

in the analysed viruses from avian hosts. However, the continuous circulation and 

emergence of new reassortant viruses in Italy and Europe raises concern for animal 

and public health. 
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3.4.2 Outbreak of highly pathogenic avian influenza A(H5N1) clade 

2.3.4.4b virus in cats, Poland, June to July 2023 

The work described in this chapter is taken from: Domańska-Blicharz K,Świętoń E, 

Świątalska A, Monne I, Fusaro A, Tarasiuk K, Wyrostek K, Styś-Fijoł N, Giza A, 

Pietruk M, Zechchin B, Pastori A, Adaszek Ł,Pomorska-Mól M, Tomczyk G, 

Terregino C, Winiarczyk S. Outbreak of highly pathogenic avian influenza 

A(H5N1) clade 2.3.4.4b virus in cats, Poland, June to July 2023. Euro Surveill. 

2023 Aug;28(31):2300366. doi: 10.2807/1560-7917.ES.2023.28.31.2300366. 

PMID: 37535474; PMCID:PMC10401911. 

 

Background: Over a 3-week period in late June/early July 2023, Poland 

experienced an outbreak caused by highly pathogenic avian influenza (HPAI) 

A(H5N1) virus in cats. Aim: This study aimed to characterise the identified virus 

and investigate possible sources of infection. Methods: We performed next 

generation sequencing and phylogenetic analysis of detected viruses in cats. 

Results: We sampled 46 cats, and 25 tested positive for avian influenza virus. The 

identified viruses belong to clade 2.3.4.4b, genotype CH (H5N1 A/ Eurasian 

wigeon/Netherlands/3/2022-like). In Poland, this genotype was responsible for 

several poultry outbreaks between December 2022 and January 2023 and has been 

identified only sporadically since February 2023. Viruses from cats were very 

similar to each other, indicating one common source of infection. In addition, the 

most closely related virus was detected in a dead white stork in early June. Influenza 

A(H5N1) viruses from cats possessed two amino acid substitutions in the PB2 

protein (526R and 627K) which are two molecular markers of virus adaptation in 

mammals. The virus detected in the white stork presented one of those mutations 

(627K), which suggests that the virus that had spilled over to cats was already 

partially adapted to mammalian species. Conclusion: The scale of HPAI H5N1 

virus infection in cats in Poland is worrying. One of the possible sources seems to 

be poultry meat, but to date no such meat has been identified with certainty. 

Surveillance should be stepped up on poultry, but also on certain species of farmed 

mammals kept close to infected poultry farms. 
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Introduction 

Europe, and more recently the Americas, have been experiencing highly pathogenic 

avian influenza (HPAI) virus infections of an unprecedented scale in wild birds and 

poultry [1,2]. The most important variations in the course of the 2021/22 epidemic 

season were the lack of quiescence of the infections during the summer and their 

continuation into the 2022/23 season. Moreover, the currently circulating Eurasian 

HPAI A subtype H5N1 virus has been identified in a wide range of wild mammals 

as foxes, lynxes, skunks, raccoons, bears, otters, polecats, badgers, ferrets, pumas, 

panthers, oposums, seals, porpoises and sea lions, as well as dolphins. In the vast 

majority of these cases, mammals, including marine mammals such as seals and 

porpoises, were carnivorous predators [1]. During the 2022/23 epidemic season in 

Poland (from 21 September 2022 until 10 July 2023), HPAI H5N1 virus was 

detected in 93 outbreaks in poultry and 147 outbreaks in wild birds. The first 

outbreak in Poland occurred on 21 September 2022 in Łódź voivodeship. This 

single outbreak was followed by a 2.5-month break, as the next HPAI virus 

infection was detected in early December, followed by 36 further outbreaks in 

poultry. The infections continued in 2023, with a total of 39 outbreaks in January, 

17 in February, then only two outbreaks in March, followed by one outbreak in May 

and the most recent one in a backyard flock on 1 July. The vast majority of 

outbreaks were caused by HPAI H5N1 virus CH genotype. The CH (H5N1 A/ 

EurasianWigeon/Netherlands/3/2022-like) genotype in Poland was identified for 

the first time in mid-December 2022 and has since then been responsible for 58% 

of cases in domestic birds and 30% of cases in wild birds (mainly waterfowl) [1]. 

Between December 2022 and January 2023, it was responsible for several outbreaks 

in poultry mainly in the Wielkopolskie region, while since February 2023, this 

genotype has only been identified sporadically in the country (n = 5) when it was 

replaced with the gull-adapted BB (H5N1-A/gull/ France/22PO15977/2022-like) 

genotype [3]. The BB genotype was identified in the two most recent poultry 

outbreaks: in May in a turkey flock and in June in a backyard flock. In wild birds, 

a total of 147 outbreaks were recorded, 12 in autumn 2022 and 135 in 2023. 

Outbreaks up to February 2023 were mainly recorded in wild birds of the order 

Anseriformes (n = 37) such as mute swans, graylag and bean goose, while later 
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outbreaks included only black-headed gulls and other birds of the Laridae family (n 

= 96) and were caused by infection with the HPAI H5N1 virus BB genotype. On 4 

June 2023, a dead white stork was found, infected with HPAI virus of CH 

(H5N1_A/Eurasian_Wigeon/ Netherlands/3/2022-like) genotype, and on 20 June 

2023 a mute swan where the amount of retrieved virus material was too small to 

perform whole genome sequencing. In addition to the CH and BB genotypes, the 

AB genotype (A/duck/Saratov/29–02/2021-like) was also detected in poultry and 

wild birds between December 2022 and March 2023, but to a lesser extent. Here, 

we describe an outbreak caused by HPAI H5N1 virus detected in 25 cats from 

different regions of Poland over a period of 3 weeks between the end of June and 

the beginning of July 2023. 

Methods 

Setting 

A national programme aimed at detection of HPAI virus infections in poultry and 

wild birds has been conducted in Poland for 20 years, since 2003. The obligation to 

conduct these surveys, as well as the detailed manner and mode of control of this 

disease, derives from the provisions of Commission Delegated Regulation (EU) 

2020/689 of 17 December 2019 suplementing Regulation (EU) 2016/429 of the 

European Parliament and of the Council [4]. It includes both passive surveillance 

of HPAI virus in poultry and wild birds (testing of dead and sick birds) and active 

surveillance testing of live poultry from species that do not show typical symptoms 

following HPAI virus infection, as well as active surveillance of low pathogenic 

avian influenza virus (serology). It is mandatory that all detected infections are 

notified, sequencing is performed on representative samples, and the sequences are 

then forwarded to the European Union Reference Laboratory (EURL) for Avian 

Influenza in Italy (Istituto Zooprofilattico Sperimentale delle Venezie) [5]. Apart 

from the aforementioned monitoring and veterinary surveillance in slaughterhouses 

for the clinical health status of animals, there are no other measures in place to 

prevent avian influenza entering the food chain. There is no monitoring of avian 

influenza infections in mammals in Poland. 
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Epidemiological investigation 

Information about a highly fatal disease in cats with respiratory and nervous system 

signs began to circulate in social media and among cat lovers in mid-June 2023. At 

the time, all of the information came from the media; there was no complete 

knowledge, let alone certainty, of what had actually happened. In order to 

systematise the research and to obtain detailed data on cats, we developed a 

questionnaire for practitioners at veterinary clinics, in which we asked about various 

aspects of cat health, behaviour, nutrition, clinical manifestations or gross lesions. 

Information was also given on which samples to take from dead (whole cats/organ 

fragments, especially brain and respiratory tissues) or live (throat and rectal swabs) 

cats. Instructions on how to send samples for testing were also given (refrigerated 

if anticipated transport was 2–3 days, frozen if longer). A few veterinary clinics sent 

samples to the laboratory together with questionnaires; such samples were in 

addition sent directly by cat owners. The information received in the questionnaires 

as well as interviews with cat owners were thoroughly analysed. 

 

Figure 1. Locations of cats infected with highly pathogenic avian influenza A(H5N1) virus, 

Poland, June–July 2023 (n = 25) marked as red dots. 
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Laboratory investigation 

Swabs were immersed in phosphate buffered saline (PBS) and organs were 

homogenised in PBS to 20% weight/volume suspensions. The RNA was extracted 

using IndiMag Pathogen Kit in IndiMag 48s (Indical Bioscience). Samples were 

tested with real-time RT-PCR targeting the M gene of influenza A virus [6], and 

subtyping was performed with primers and probes specific for H5 and N1 genes 

[7,8]. From each cat, the samples with the highest viral load (n = 23) were subjected 

to whole genome sequencing as previously described [9]. Libraries were sequenced 

in NextSeq 550 or iSeq 100 (Illumina). Consensus sequences were generated and 

compared with previously obtained HPAI H5N1 virus genomes from Poland, as 

well as sequences from other European countries available in GISAID. Maximum 

likelihood phylogenetic trees were generated for each genome segment using IQ-

TREE [10,11] with 1,000 ultra-fast bootstrap replications and visualised with 

FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree). The phylogenetic 

network was generated using the median joining method implemented in 

NETWORK 10.2.0.0 [12] for the eight concatenated gene segments of all non-

reassortant HPAI H5N1 viruses collected in Europe that belonged to the same 

genotype of the viruses from cats (genotype CH). This allowed us to visualise how 

the viral genomes are connected on the basis of their genetic similarity. 

Results 

Epidemiological investigation 

The disease was reported from different locations across the vast area of Poland, 

mainly in big cities (Figure 1). The samples from cats were collected over a time 

period of a few days, the earliest on 14 June and the latest on 23 June 2023 (Table 

1). Analysis of the epidemic curve over time suggests that the peak of infections 

was around 18–20 June (Figure 2). Of the 46 cats tested during 14–23 June, 25 were 

infected. The infected cats were of a wide range of ages between 6 weeks and 12 

years, different sex and breeds. They were fed a variety of foods, 12 of 25 had fresh, 

raw poultry meat in their diet, two were fed a biologically appropriate raw food 

(BARF) diet, and for 11 cats no such data were obtained. Regarding contact with 
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the environment, six cats were kept only indoors or had limited access to the outside 

environment, four cats went outside, two were backyard cats and for 13 there was 

no such information. The questionnaires received showed that for cats fed raw, fresh 

poultry meat, the first clinical signs (apathy, fever) usually appeared a few days (2–

3 days) after meat consumption. The course of the infection ended with the death 

of the cat (either a natural death or euthanasia). The course of the disease was 

similar in all cases: loss of appetite, apathy, hypersalivation, fever, dyspnoea 

(shallow and accelerated breathing), hard and painful abdomen, sometimes 

incontinence of urine, reddened mucous membranes, trismus, followed by nervous 

symptoms such as epileptic seizures, increased muscle tension and sometimes 

stiffness of the limbs. On clinical examination, an exacerbated vesicular murmur 

and constricted pupils unresponsive to light were noted. Attempts to treat 

pneumonia with various antibiotics were not successful and the conditions of the 

animals worsened after 1 or 2 days. In most cases, the animals were euthanised. 

Post-mortem examination in 11 cats revealed the presence of lesions in every organ, 

which were congested, sometimes swollen with the presence of bloody fluid. 

Laboratory investigation 

Due to emerging nervous signs, the cats were initially examined for rabies, and then 

the samples were screened for the presence of avian influenza virus. Influenza A 

(H5N1) virus was identified and was present in some organs and tissues with a very 

high viral load (based on quantification cycle values) (Table 1). 

 

Figure 2. Epidemic curve of cats infected with highly pathogenic avian influenza A(H5N1) 

virus, Poland, June 2023 (n = 25). 
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Since the HPAI H5N1 virus outbreak detected in cats cannot be discussed without 

outlining the influenza situation in poultry and wild birds in Poland, we also present 

a map with the locations where these infections occurred in Figure 3, in addition to 

the data in the Introduction section. The viral sequences obtained from 

representative bird samples were also submitted to GISAID. At the time of writing 

this article, we had performed whole genome sequencing on 19 of the HPAI H5N1 

virus-positive samples collected from 25 cats (Table 1); sequencing of the 

remaining positive samples is planned/underway. Their topology indicates that the 

HPAI H5N1 viruses collected from the cats belonged to the CH (H5N1_A/ 

Eurasian_Wigeon/Netherlands/3/2022-like) genotype. The sequences of the viruses 

from cats are highly related to each other and clustered with a virus of the same 

genotype detected in a white stork in Poland on 4 June 2023 

(A/white_stork/Poland/MB244/2023). No clustering by geographical region was 

observed for the HPAI H5N1 viruses collected from the 25 cats (Figure 4). The 

HPAI H5N1 viruses collected from these cats differed by 1–12 nucleotides and by 

0–8 amino acids (Table 2). Compared with the most closely related viruses 

collected from birds (A/white_ stork/Poland/MB244/2023), the viruses from cats 

showed at least four nucleotide and three amino acid mutations (PB2-N82T, PB2-

K526R and PB1-P64S). 

Molecular markers of virus adaptation in mammals 

Amino acid differences identified in the viral proteins of the analysed viruses are 

detailed in Table 2. In particular, all the viruses possess mutation PB2-E627K, 

which is an important molecular marker of virus adaptation to mammals [13-23]. 

The same mutation was present in the H5N1 virus detected in the white stork at the 

beginning of June (A/white_stork/Poland/MB244/2023). This mutation has rarely 

been observed in H5N1 viruses collected from birds during the ongoing epidemic 

wave (0.16% of the viruses from birds) but has frequently been acquired by the 

virus after transmission to mammals (17% of viruses from mammals) [1]. 

Moreover, all the viruses from cats possessed mutation PB2-K526R, which is 

another marker of mammalian adaptation. Of note, the Polish H5N1 viruses from 

cats gained dual 526R/627K substitutions in the PB2 protein and are the only ones 
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characterised during the 2.3.4.4b world-wide current epidemic wave showing both 

mutations. 

Discussion 

We have recently witnessed changes in the course of the HPAI epidemic, i.e. the 

spread to the Americas, the persistence of the virus all year round, a greater range 

of avian hosts, as well as the number of mammals infected. The above facts 

demonstrate worrying changes in the biological properties of circulating HPAI 

H5N1 viruses, which confer to the viruses the ability to infect a greater number of 

wild bird species that are not normally susceptible, expanding the reservoir of 

infection for poultry [24]. Longer and more efficient seeding of the virus has also 

been observed in some birds, potentially affecting the virus’ greater ability to 

survive during the summer. Consequently, the amount and pressure of the virus in 

the environment increases, which in turn increases the risk of its introduction into 

the poultry population, but also the spread to other animal species – mammals in 

particular. We describe the detection of HPAI A(H5N1) virus infections in 25 cats 

during the second half of June in six voivodeships in Poland. Complete genome 

sequences of 19 HPAI H5N1 virus-positive cats indicate that the viruses belonged 

to clade 2.3.4.4b, genotype CH (H5N1-A/Eurasian_Wigeon/Netherlands/3/2022-

like). The cat viruses were highly related to each other and clustered with a virus of 

the same genotype detected at the beginning of June in a white stork in Poland. 

When infections appeared in the cats, it was the BB genotype that was initially 

suspected as the cause of infection, considering that the EURL had issued a warning 

stating that the infection in poultry with this genotype could go undetected [1]. In 

April 2023, it was reported that the infection with the BB genotype could give 

anomalous disease signs in some poultry species such as turkeys or commercial 

layers, characterised by low mortality, very low prevalence of infection and almost 

the total absence of the typical HPAI signs, i.e. egg drop or reduced feed 

consumption. When there was a definite dominance of this genotype over others 

detected in wild birds, the veterinary inspectorate and poultry veterinarians in 

Poland received this information requesting to monitor the health status of poultry 

flocks very closely. One of the possible sources of infection in cats seems to have 



141 

 

been the consumption of poultry meat. However, from the interviews with cat 

owners, this is not so clear, as some cats received only specific food and had no 

contact with the outside environment. On the other hand, we also detected the 

infection in a stray cat (although it cannot be ruled out that someone had fed it with 

leftover raw chicken meat). Furthermore, the detection of the CH genotype virus in 

cats, which had been present in poultry almost 5 months earlier, further obscures 

the situation. Of course, there are known situations of silent virus infections in 

commercial poultry, as recently described in broilers in Italy [25], but the BB 

genotype is now circulating among wild birds and it is this genotype that has been 

the most suspected in terms of feline infections. However, the occurrence of the CH 

genotype in poultry would not necessarily need to coincide with its occurrence in 

cats because freezing of poultry meat is common in the preparation or storage of 

cat and other pet food. And, as discussed earlier, the surveillance system for 

influenza infections in poultry may not have detected single outbreaks caused by 

the CH genotype. It should also be remembered that Poland also imports poultry 

meat from other countries where the supervision system may be imperfect. Cats 

found to be infected with the HPAI H5N1 virus suffered from severe outcome of 

the disease and showed respiratory and nervous symptoms including death, and 

large amounts of virus genome were detected especially in the brain, but also in the 

lungs and bronchi. This is similar to recent reports on pathogenicity of A(H5N1) 

2.3.4.4b virus lineage in ferrets which targeted the central nervous system causing 

dramatic neurologic involvement [26]. All the viruses from cats possess two 

mutations in the PB2 protein, E627K and K526R, which are molecular markers of 

virus adaptation to mammals [13]. The PB2-E627K mutation has been 

demonstrated to enhance polymerase activity, virus replication, transmission and, 

in certain cases, pathogenicity and mortality in mammals [14-23]. The PB2-K526R 

mutation has in some avian influenza viruses been responsible for human cases 

(H5N1 and H7N9) and in the majority of the seasonal influenza A(H3N2) viruses 

[27]. A previous study showed that influenza A(H7N9) viruses possessing both 

526R and 627K replicate more efficiently in mammalian (but not avian) cells and 

in mouse lung tissues, and cause greater mortality in infected mice [28]. 

Interestingly, the PB2-E627K mutation was present in the influenza A(H5N1) virus 
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detected in the white stork at the beginning of June. The white stork is a carnivorous 

bird that feeds on a great variety of food: insects, earthworms, reptiles, amphibians 

and small mammals. Studies carried out on the population of white storks in Poland 

have shown that the diet of birds coming to breed was dominated by carp (Cyprinus 

carpio), European moles (Talpa europaea), voles (Microtus arvalis and agrestis) and 

earthworms (Lumbricidae), together accounting for 49.9% of the biomass eaten by 

them. Amphibians accounted for only 4.9% of the biomass they ate [29]. On one 

hand, it cannot be ruled out that the white stork became infected with the HPAI 

H5N1 virus containing a mammalian adaptation mutation through the ingestion of 

an infected mammal. It is known that small mammals such as rodents can serve as 

mechanical vectors or active shedders of avian influenza viruses [30]. On the other 

hand, infection of bank voles with the H5 and H7 subtypes of HPAI virus did not 

cause any symptoms of disease, but reversely resulted in shedding of high amounts 

of the virus [31,32]. The second mammal-adapted PB2-K526R mutation may have 

arisen as a result of infection in the cat’s body. Nevertheless, it cannot be ruled out 

that the viruses with both mutations have been silently circulating in the bird 

population in Poland. To date, the Polish influenza A(H5N1) viruses from cats are 

the only ones characterised during the current epidemic wave showing both 

mutations. Additionally, the viruses from the Polish cats have shown 0–12 

nucleotide and 0–8 amino acid differences distributed along the entire genome. The 

number of observed mutations suggests that the cats may have been exposed to 

multiple sources of infection of highly related viruses. However, we cannot 

completely exclude that mutations may have been acquired during the intra-host 

evolution of the virus in each animal. 
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Figure 3. Location of outbreaks of highly pathogenic avian influenza A(H5N1) virus in 

poultry and wild birds, Poland, during the 2022/23 season. 

 

 

Figure 4. Genetic network of complete genome sequences of highly pathogenic avian 

influenza A(H5N1) virusesa of the CH genotype collected from birds in Europe and from 

cats (n = 19) in Poland, June–July 2023. 
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The urgent question at the moment is to identify the direct source of virus infection 

in cats. The simultaneous detection of highly similar viruses over a vast 

geographical area undermines the hypothesis of direct transmission from wild birds 

to cats and points in the direction of an unidentified intermediate food source, e.g. 

poultry meat contaminated with the virus, that had accidentally entered the cats’ 

food chain. This pathway of transmission requires careful investigation that is 

currently underway. In view of the high number of infections in cats in Poland and 

also in view of recent announcements by international institutions (World Health 

Organization (WHO), World Organisation for Animal Health (WOAH) and Food 

and Agriculture Organization (FOA)) as well as European authorities (European 

Centre for Disease Prevention and Control (ECDC), European Food Safety 

Authority (EFSA) and EURL) that outbreaks of avian influenza in animals pose a 

threat to humans [33,34], the veterinary inspection in Poland has issued 

recommendations for cat owners to restrict the outdoor access for animals, stop 

feeding them with raw poultry meat, and to disinfect surfaces potentially in contact 

with the bird environment (e.g. shoe soles, terrace surfaces). The occurrence of such 

outbreaks in cats in other European countries cannot be ruled out either. If the 

source of infection was meat from a Polish poultry farm, it could potentially be 

exported to other countries, but there have been no reports on similar events outside 

of Poland to date. 

Conclusions 

Recently, there have been a number of worrying changes in the ongoing HPAI 

outbreak. Another such unusual situation has occurred in Poland – the 

unprecedented scale of HPAI H5N1 virus infections of cats. Although the most 

likely source appears to be poultry meat, no such meat has been identified to date. 

Surveillance of poultry should certainly be enhanced, but also for certain, 

susceptible species of farmed mammals kept close to infected poultry farms. In 

addition, it seems reasonable to carry out scientific research into the susceptibility 

to influenza of other animals, in particular small mammals such as moles or voles. 

Furthermore, this study highlights the need in Europe to include Mammalia in the 

group of species posing a considerable risk for the spread of HPAI, in order to 
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provide health authorities with tools and guidelines for the proper management of 

such cases. 

Table 1 Information on cats positive for highly pathogenic avian influenza 

A(H5N1) virus, Poland, June–July 2023 (n = 25): 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10401911/table/t1/?report=object

only 

Table 2 Amino acid differences among the proteins of influenza A(H5N1) viruses collected 

from cats, Poland, June–July 2023 (n = 19) 

Amino acid differences 
PB2 PB1 PA HA NA M1 M2 NS1 

443 472 649 47 111 112 211 382 105 277 475 704 11 67 143 450 33 207 55 36 

A/domestic 

cat/Poland/H246-
M/2023 H5N1 2023–06–

21 Gdynia 

K E V H I D R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H255-
M/2023 H5N1 2023–06–

21 Pruszcz 

K E V H I D R N F S A A V I K S A S L L 

A/domestic 
cat/Poland/H256-G/2023 

H5N1 2023–06–24 

Lublin 

K E V H I E R N F S A A V V K S V S F L 

A/domestic 

cat/Poland/H257-G/2023 

H5N1 2023–06–24 
Lublin 

K E V H I E R N F S T A V I K S A S L L 

A/domestic 

cat/Poland/H263-G/2023 

H5N1 2023–06–26 
Komarow 

K E V H M E R N F S A T V I K G A S L L 

A/domestic 

cat/Poland/H264-G/2023 
H5N1 2023–06–26 

Poznan 

K E V H M E R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H266-
W/2023 H5N1 2023–06–

19 Bydgoszcz 

K E V H I E R N F S A A V I K S A S L L 

A/domestic 
cat/Poland/H267-W/2023 

H5N1 Strzelin 

K E V H M E R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H270-W/2023 
H5N1 lubelskie 

K E V H I D R D F Y A A V I R S A S L L 

A/domestic 

cat/Poland/H271-W/2023 

H5N1 lubelskie 

K E V H M E R N F S A A V I K S A S L L 

A/domestic 
cat/Poland/H277-

W1/2023 H5N1 2023–

06–26 Namyslow 

K E V H M E R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H249/2023 
H5N1 2023–06–22 

Gdansk 

R D V H I D R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H248/2023 
H5N1 2023–06–15 

Pruszcz Gd 

K E V H M/I E R N F S A A V I K S A S L L 
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A/domestic 

cat/Poland/Kot2/2023 
H5N1 2023–06–19 

Poznan 

K E M H M E R N / / / A V I K S A N L L 

A/domestic 

cat/Poland/Kot1/2023 
H5N1 2023–06–19 

Poznan 

K E V Y M E K N F S A A V I K S A S L I 

A/domestic 

cat/Poland/H254/2023 

H5N1 2023–06–22 
Lublin 

K E V H I D R N L S A A V I K S A S L L 

A/domestic 

cat/Poland/H252/2023 

H5N1 2023–06–22 
Lublin 

K E V H M E R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H247/2023 

H5N1 2023–06–20 
Gdansk 

K E V H I D R N F S A A V I K S A S L L 

A/domestic 

cat/Poland/H253/2023 

H5N1 2023–06–22 
Lublin 

K E V H I D R N F S A A A I K S A S L L 
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4 Discussions 

A series of recent emerging infectious disease outbreaks have underlined the need 

to better understand which kinds of pathogens are causing disease in animal and 

human populations. DNA and RNA viruses have enormous diversity [1]. This is the 

consequence of high rates of evolution [2] due to their mutation rates, and the ability 

to undergo recombination, resulting in diverse genotypes and the emergence of 

variants with increased zoonotic impact, virulence, and transmissibility. To follow 

these outstanding evolutionary properties, the role of rapidly identifying and 

characterizing emerging viruses, particularly those with zoonotic potential, in 

safeguarding public health is critical and the development of laboratory protocols 

and bioinformatics pipelines tailored for the genetic characterization of these 

viruses is necessary. This thesis revolves around developing comprehensive 

workflows for next-generation sequencing (NGS) data analysis, ranging from raw 

data processing to generating consensus sequences and to phylogenetic and 

phylodynamic methods. These workflows are used to perform the identification and 

characterization of DNA and RNA viruses for the study of evolutionary dynamics 

and molecular epidemiology, allowing for a better understanding of infectious 

diseases, their spread, and pathogen adaptation, with significant impacts on public 

health, disease control strategies, global health initiatives and advances in scientific 

understanding. The investigation for SARS-Cov-2 identification and 

characterization involves the devolopment of NGS methodology based on in-house 

targeted amplification protocol to sequence SARS-CoV-2 genome from humans 

using second (Illumina) and third (ONT) generation sequencing technologies. The 

development of a bioinformatics pipeline for the data analysed using Illumina 

sequencing platform allowed the correct identification of reads belonging to SARS-

Cov-2 using this protocol. The accurate sequencing of SARS-CoV-2 complete 

genome from clinical samples from different matrices, also with a low viral load 

and high and uniform depth of coverage, permitted to study the intra-host variability 

of viral population. A specific pipeline for the data analysed using the MinION 

technology was developed and the comparison of the two methologies showed that 

the medium MinION coverage is lower but the differences between the two 

methodologies were in the homopolymeric regions, that is the weak point of the 
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portable and rapid MinION instrument. This analysis allowed to understand the role 

of different sequencing approaches in supporting such studies. The bioinformatics 

pipeline for the analysis of targeted amplified and sequenced data was applied to 

study the natural human-to-cat SARS-CoV-2 transmission happened in Italy in 

2020 for Identification of Variants and downstream analysis were performed. The 

diagnosis of SARS-CoV-2 infection in pets, such as cats, is extremely important to 

provide appropriate veterinary care for the infected animals; to guarantee adequate 

protection of veterinary staff and pet owners; and to apply quarantine measures to 

prevent transmission between pets, people and potentially susceptible animals. 

Even though the viral shedding from pets did not appear sufficient to infect other 

family members or other animals, the usual precautionary measures should urgently 

be considered as part of the global control efforts and One Health approach. There 

were no evidence that cats played a significant role in human infection and in the 

spread of the virus to humans. Thus, reverse zoonosis is possible if infected owners 

expose their pets to the virus, particularly during the acute phase of the infection. It 

is important that pet owners are educated to adopt the precautionary measures to 

avoid human-to-cat SARS-CoV-2 transmission [3]. Preventing interspecies transfer 

of an emergent pathogen is essential to decrease the risk of emerging mutations that 

could affect the transmissibility or effectiveness of the countermeasures, and is also 

needed to safeguard pet welfare and discourage animal abandonment.  

Fatal episodes affecting birds in 2021 in the north central regions of Italy presented 

the opportunity to test new methodologies in order to discover the causative agents, 

solving the discrepancies of standard diagnostic methodologies by developing a 

metagenomic approach. The identification of viruses through metagenomic 

approaches underscored the limitations of conventional PCR testing, emphasizing 

the necessity of complementary methodologies in unveiling elusive pathogens 

within avian populations. The discrepancy between electron microscopy findings 

of Circoviridae-like particles and the failure of specific PCR tests to detect Canary 

circovirus (CaCV), Psittacine Circovirus (PBFD), and avian Polyomavirus (APV) 

warrants attention. The elucidation of mismatches in the avian Polyomavirus primer 

sequences offered a crucial insight, indicating the need for meticulous primer design 

and constant adaptation to evolving viral genomes. This finding showed the 
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importance of periodic reassessment and refinement of molecular diagnostic tools 

to ensure their efficacy in viral identification. The genetic variability observed in 

Beak and Feather Disease Virus (Circovirus) highlighted the dynamic nature of 

viral evolution and its implications for diagnostic accuracy. The phylogenetic 

analysis delineating genetic differences among these strains emphasized the 

necessity of precise molecular tools tailored to detect such variations. The 

development of a specific protocol that uses primers based on the identified 

consensus sequences presented a promising approach for enhancing the rapidity, 

sensitivity and accuracy of PCR-based diagnostics in identifying novel strains of 

Circovirus. Furthermore, the discovery of novel viral sequences underscored the 

importance of comprehensive metagenomic approaches in uncovering previously 

unknown viral species or strains. The application of these advanced techniques not 

only broadened our understanding of viral diversity but also highlighted the 

potential existence of novel viruses. In conclusion, the amalgamation of electron 

microscopy, metagenomic analyses, and refined primer design proved instrumental 

in unraveling the diverse viral landscape in the investigated bird populations. This 

study served as a testament to the necessity of integrating multiple diagnostic 

modalities and refining molecular tools for accurate and comprehensive viral 

identification in avian veterinary pathology.  

Hantaviruses, particularly Dobrava-Belgrade orthohantavirus (DOBV), were 

investigated in rodents in north-eastern Italy. Yellow-necked mice, including A. 

flavicollis and A. agrarius, were identified as DOBV reservoirs in the region. In 

2021, DOBV presence in yellow-necked mice was confirmed through direct 

sequencing and phylogenetic analyses. While serological evidence hinted at 

hantavirus circulation in Italy since 2000, this study marked the first virological 

confirmation. The increased rodent diagnostic activity in 2021 correlated with 

elevated mortality in the area. The findings suggested that negative results in certain 

regions may be due to inadequate surveillance rather than the absence of the 

pathogen. The study underscored the challenges in detecting pathogens in wildlife 

and emphasized the need for ongoing active and passive surveillance. Furthermore, 

the research revealed an upsurge in mortality not only in mice but also in voles, 

although the reservoir species for Puumala orthohantavirus (PUVV), M. glareolus, 
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tested negative. The increased mortality might be linked to ecological changes or 

population density rather than viral infection. The study advocated for continued 

surveillance to comprehend hantavirus dynamics in the region. Despite reports of 

PUVV cases in Slovenia in 2021, no evidence was found in Italian bank voles, 

suggesting the need for further research and enhanced awareness among healthcare 

professionals and local populations. In conclusion, this study confirmed DOBV 

circulation in wild mice in north-eastern Italy and underscored the importance of 

surveillance, research, and awareness to mitigate the risk of hantavirus infection in 

humans.  

Another important focus of this thesis was to genetically investigate the different 

epidemic waves of HPAI A(H5N1) viruses in Italy happened during 2020-2023 to 

better undestrand the incursion of multiple viral genotypes with different biological 

characteristics and behaviors in domestic and wild birds. Bioinformatics workflow 

and statistics tools were used to study these epidemics waves. During the first wave 

(November 2020-February 2021) few cases, in wild (mainly waterfowls) and 

domestic birds, were recorded with the A genotype (H5N8-

A/duck/Chelyabinsk/1207-1/2020-like) as the main circulating one. The second 

epidemic wave (October 2021-March 2022) was characterized by a high circulation 

of the virus in poultry farms. During this wave, the most widespread genotype was 

the C genotype (H5N1-A/Eurasian Wigeon/Netherlands/1/2020-like), which 

started to circulate during the first wave and became predominant in the second 

wave. The phylodynamics and pylogeographic analyses performed reveal their 

importance in order to understand the viral spread among the different locations and 

species involved and many distinct introductions into poultry from wild birds were 

recorded and also the occurrence of several secondary outbreaks. These results were 

also confirmed by the network analysis, identifying the province of Verona and 

Mantua as the main source of the virus for the neighboring areas. These analyses 

were necessary also to identify the association of genotypes with different hosts as 

the BB genotypes most present in Laridae during the last epidemic wave (from 

December 2022 to 2023). However, the continuous circulation and emergence of 

new reassortant viruses in Italy and Europe raises concern for animal and public 

health.  
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Recently, there have been a number of worrying changes in the ongoing HPAI 

outbreak. These changes in the course of the HPAI epidemics, the different 

genotypes, the persistence of the virus, the greater range of avian hosts, as well as 

the number of mammals infected demonstrate worrying changes in the biological 

properties of circulating HPAI H5N1 viruses, which confer to the viruses the ability 

to infect a greater number of wild bird species that are not normally susceptible, 

expanding the reservoir of infection for poultry. Longer and more efficient seeding 

of the virus has also been observed in some birds, potentially affecting the virus’ 

greater ability to survive during the summer. Consequently, the amount and 

pressure of the virus in the environment increases, which in turn increases the risk 

of its introduction into the poultry population, but also the spread to other animal 

species – mammals in particular. The detection of HPAI A(H5N1) virus infections 

in 25 cats during the second half of June 2023 in six voivodeships in Poland was 

performed. The cat viruses were highly related to each other and clustered with a 

virus of the same genotype detected at the beginning of June in a white stork in 

Poland. The number of observed mutations suggested that the cats may have been 

exposed to multiple sources of infection of highly related viruses. However, we 

could not completely exclude that mutations may had been acquired during the 

intra-host evolution of the virus in each animal. The urgent question at that moment 

was to identify the direct source of virus infection in cats. The simultaneous 

detection of highly similar viruses over a vast geographical area undermined the 

hypothesis of direct transmission from wild birds to cats and pointed in the direction 

of an unidentified intermediate food source, e.g. poultry meat contaminated with 

the virus, that had accidentally entered the cats’ food chain. In view of the high 

number of infections in cats in Poland and also in view of recent announcements by 

international institutions (World Health Organization (WHO), World Organisation 

for Animal Health (WOAH) and Food and Agriculture Organization (FOA)) as well 

as European authorities (European Centre for Disease Prevention and Control 

(ECDC), European Food Safety Authority (EFSA) and EURL) that outbreaks of 

avian influenza in animals posed a threat to humans, the veterinary inspection in 

Poland had issued recommendations for cat owners to restrict the outdoor access 

for animals, stop feeding them with raw poultry meat, and to disinfect surfaces 



156 

 

potentially in contact with the bird environment. The occurrence of such outbreaks 

in cats in other European countries could not be ruled out either. If the source of 

infection was meat from a Polish poultry farm, it could potentially be exported to 

other countries, but there have been no reports on similar events outside of Poland 

to date. Surveillance of poultry should certainly be enhanced, but also for certain, 

susceptible species of farmed mammals kept close to infected poultry farms. In 

addition, it seems reasonable to carry out scientific research into the susceptibility 

to influenza of other animals, in particular small mammals such as moles or voles. 

Furthermore, this study highlights the need in Europe to include Mammalia in the 

group of species posing a considerable risk for the spread of HPAI, in order to 

provide health authorities with tools and guidelines for the proper management of 

such cases.  

The results produced in this PhD research underscore the strategic significance of 

genetic information and bioinformatic examinations for comprehending the 

dynamics of virus emergence, evolution, and spread. Moreover, they offer crucial 

insights for evaluating the risks linked with viral pathogens. 
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