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1. General introduction
Emerging viral diseases pose significant threats to public health, with a substantial number of recent

pandemics attributed to viral zoonotic agents originating primarily from wildlife. Since the 1980s,
experts in public health and infectious diseases have raised alarms about the rise of new pathogens
and the rapid evolution of existing ones, in terms of re-assortment and recombination. Notably, every
viral pandemic since 1900, including those caused by HIV, Influenza, and Severe Acute Respiratory
Syndrome Coronavirus-2 (SARS-CoV-2), has been associated with the spillover of viruses from

animals to humans (Bernstein et al., 2022; Miranda et al., 2022).

The process of pathogen spillover from animals to humans is complex and not governed by a singular
pathway. Several factors influence the likelihood of spillover events, including the prevalence of
pathogens among host animal species and the frequency and intensity of human-animal interactions
(Plowright et al., 2017). Several studies have demonstrated that specific anthropogenic activities
significantly increase the risk of zoonotic spillover. Particularly salient among these are land-use
changes—most notably deforestation—the commercialization and expansion of wet markets and
wildlife trade, as well as inadequate infection-control practices in livestock management. As
highlighted by Gibb et al. (2020) (Gibb et al., 2020)., such factors create ecological and
epidemiological conditions conducive to the emergence and cross-species transmission of pathogens.
These transmission events can occur through two primary mechanisms: direct contact with reservoir
species (Jacob et al., 2020) and indirect pathways, including consumption of contaminated animal
products (Tei et al., 2003) or vector-mediated transmission (Gutiérrez-Bugallo et al., 2019). The
complexity of these spillover events continues to challenge our scientific understanding, necessitating

ongoing research into their underlying patterns (Escudero-Pérez et al., 2023).

It is important to recognize that the transmission of a microbe from an animal to a human does not
inherently lead to an epidemic or, on a broader scale, a pandemic. Certain viruses that spill over may
result in no illness despite infection and may not propagate easily among humans, as exemplified by
the simian foamy virus (Jones-Engel et al., 2008). Conversely, some viruses can cause significant
human disease but do not transmit efficiently outside specific circumstances, such as the rabies virus.
Other pathogens, however, can lead to severe illness and can be transmitted between humans through
various routes, which include direct contact with infectious materials (e.g., Marburg virus), exposure

to respiratory secretions (e.g., Middle East Respiratory Syndrome (MERS) coronavirus), or bites from
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non-vertebrate vectors like mosquitoes (e.g., Dengue viruses) (Rahman et al., 2020). Even when a
pathogen possesses the capacity for human-to-human transmission, additional factors such as
population density and travel patterns play critical roles in determining whether an initial outbreak

escalates into an epidemic or pandemic.

The Ebola epidemic in West Africa from 2014 to 2016 exemplifies the convergence of these factors
leading to a public health crisis. Prior to 2014, Ebola outbreaks typically occurred in relatively rural
regions of Africa often initiated by human contact with infected animals and subsequently
exacerbated during funerary practices and within healthcare settings where infections spread among
healthcare workers and patients. In 2014, these amplifying factors, combined with increased travel,
facilitated widespread community transmission in Guinea, Liberia, and Sierra Leone. (Kamorudeen

et al., 2020; Kaner & Schaack, 2016).

The recent pandemic caused by SARS-CoV-2 has highlighted the vulnerabilities in our surveillance
system for preventing and tracking the emergence and spread of new and re-emerging viruses. One
of the lessons gained from this experience is that employing high-throughput technological tools for
the early detection and swift identification and characterization of the causative agent is crucial for
mitigating the most severe impacts of any pandemic (Quer et al., 2022). Next-generation sequencing
(NGS) technologies have significantly changed the landscape of viral discovery (Lauber & Seitz,
2022), allowing for an incomparable depth of analysis in biological samples (Barzon et al., 2011).
The integration of innovative primer initiated protocols, as Sequence-Independent, Single-Primer
Amplification (SISPA) and Rolling Circle Amplification
(RCA), with NGS has allowed the detection of a wide range of viral agents responsible for human
and veterinary diseases (Barzon et al., 2011; Belak et al., 2013; Blomstrom, 2011; Capobianchi et al.,
2013; Stang et al., 2005).

Within this context, CRESS DNA viruses, belonging to the phylum Cressdnaviricota, have emerged
as particularly significant. These viruses, characterized by their circular genomes and conserved
replication-associated protein (Rep) (Krupovic et al., 2020), demonstrate remarkable ubiquity across

ecological niches, infecting organisms from diatoms to vertebrates (Krupovic & Varsani, 2022).



In parallel, the discovery of Bovine Meat and Milk Factors (BMMFs), which represent viral-like
particles characterized by circular DNA genomes, has further expanded the spectrum of circular DNA

elements of potential biomedical relevance.

Similarly, the evolution of molecular methods allowed the identification of new viruses, including
three more human parvoviruses (Bufavirus, Tusavirus, and Cutavirus), belonging to the
Protoparvovirus genus. Parvoviruses are small single-stranded DNA viruses that infect a wide range
of animals, including both vertebrates (subfamily Parvovirinae) and invertebrates (subfamily
Densovirinae). Their stable, non-enveloped capsid structure makes them resistant to inactivation.
Historically, human parvoviruses have been difficult to cultivate in standard cell cultures, which

limited the discovery of new strains (Véisénen et al., 2017).

The ability to quickly identify new viruses also has important implications for public health, virology,

and veterinary medicine, as it allows for better monitoring and control of emerging viral diseases.

This thesis investigates emerging zoonotic viruses with the aim of identifying novel viral threats to
human health. The first section focuses on CRESS DNA viruses found in domestic cats, with
particular attention given to circoviruses due to their potential relevance. The second section
examines the characteristics and implications of Bovine Milk and Meat Factors (BMMFs). Finally,

the third section explores the zoonotic potential of Protoparvoviruses.
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2. CRESS (Circular Rep-Encoding Single-Stranded) DNA viruses

With the advent of next-generation sequencing (NGS) technologies and viral metagenomics studies,
researchers have unveiled numerous viral sequences, over 60% of which exhibit low similarity to
reference sequences. Thus, these have been defined as "viral dark matter," underscoring our still
incomplete understanding of viral diversity. Viral metagenomics and NGS technologies enable the
extraction of many sequences of viral dark matter without the need for isolation, providing a novel

approach to analyzing rare and highly diversified viruses (Dai et al., 2024).(Zhu et al., 2024)

Single-stranded DNA (ssDNA) viruses with circular replication (Rep), known as CRESS-DNA
viruses, members of the phylum Cressdnaviricota, were first described in 2012 (Rosario et al., 2012).
These viruses possess circular ssDNA genomes, with sizes ranging from 1.7 to 3 kb and encode a
conserved replicase (Rep protein) that initiates genome replication, through rolling circle replication
(RCR) (Chandler et al., 2013). CRESS-DNA viruses are highly prevalent and infect species across
the three domains of life: Archaea, Bacteria, and Eukarya. Studies in viral metagenomics have
significantly expanded the number of recently described, often unclassified, viruses within the
phylum Cressdnaviricota (Krupovic et al., 2020). To date, according to the International Committee
on Taxonomy of Viruses (ICTV), this phylum encompasses two classes: 1) Repensiviricetes, which
includes plant and fungal viruses from the families Genomoviridae, Geplanaviridae and
Geminiviridae, and 11) Arfiviricetes, which comprises twenty viral families (Bacilladnaviridae,
Circoviridae, Endolinaviridae, Vilyaviridae, Smacoviridae, Gandrviridae, Ouroboviridae,
Draupnirviridae, Amesuviridae, Anicreviridae, Nanoviridae, Metaxyviridae, Redondoviridae,
Pecoviridae, Naryaviridae, Adamaviridae, Kirkoviridae, ~Nenyaviridae, —Kanorauviridae,
Mahapunaviridae). However, numerous related ssDNA virus groups, informally designated

CRESSV1 to CRESSV6, remain unclassified (Zhu et al., 2024).

The Cressdnaviricota phylum includes numerous pathogenic taxa that infect eukaryotes, significantly
impacting agricultural production and livelihoods. For instance Nanoviridae, Metaxyviridae and
Geminiviridae, the most populous groups within the phylum, are known pathogens of economically
significant crops. These viral agents are responsible for global agricultural yield reductions, resulting

in substantial economic losses for farmers and agricultural industries (Fiallo-Olivé et al., 2021;
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Thomas et al., 2021; Zhao et al., 2019). Redondoviridae, a recently identified group of CRESS DNA
viruses, has been detected in the human respiratory tract and is associated with pathological

conditions such as periodontitis (Abbas et al., 2021).

The family Circoviridae includes viruses that have a diameter of 15-25 nm and possess a covalently
closed, circular, single-stranded DNA (ssDNA) genome ranging from 1.7 to 2.1 kb in length. This
family is divided into two genera: Circovirus (CrV) and Cyclovirus (CyV), which contain 49 and 52
recognized species, respectively (www.ictv.global/report/circoviridae). The genome of circoviruses
features an ambisense organization and includes at least two major open reading frames (ORFs) that
encode for the replication-associated protein (Rep) and the capsid protein (Cap)(Rosario et al., 2017).
Circoviruses of the genus Circovirus (CrVs) have been found in birds (Haddadmarandi et al., 2020),
mammals (Bexton et al., 2015; Opriessnig et al., 2020), and fish (Lérincz et al., 2012), while
Cycloviruses (CyVs) have been identified in both vertebrates (Prades et al., 2021) and invertebrates
(Dayaram et al., 2013; Padilla-Rodriguez et al., 2013). Notably, CRESS DNA viruses have frequently
been found as components of the human virome. The detection of CyVs in humans was first reported
in 2010 from stool samples of children with and without acute flaccid paralysis (AFP) in developing
nations (Li et al., 2010). Since then, human-associated CyVs (HuACyVs) have also been found in
cerebrospinal fluid (CSF) (Smits et al., 2013; Tan et al., 2013), serum (Macera et al., 2016; Sauvage
et al., 2018)), and respiratory secretions (Phan et al., 2014) of both symptomatic and healthy
individuals, leading to the classification of 12 distinct HUACyV species within the Cyclovirus genus
(Prades et al., 2021). HuACyVs have been linked to neurological diseases, gastrointestinal issues,
immunodeficiencies, and respiratory symptoms, although their pathogenicity remains uncertain.
More recently, in 2022, the first human-associated CrV (HCirV-1) was identified in an
immunosuppressed patient with acute hepatitis in France (Padilla-Rodriguez et al., 2013). The
origins, transmission routes, and effects of these viruses on human health remain unclear,
emphasizing the importance of increased awareness and further investigation into the potential of
circoviruses as emerging human pathogens (Pérot et al., 2024). Circoviruses were first detected in
domestic carnivores in 2012, with canine circovirus (CanineCV) identified in the serum of
asymptomatic dogs in the USA (Kapoor et al., 2012). CanineCV has been linked to acute
gastroenteritis, hemorrhagic diarrhea, signs of wvasculitis, lymphadenitis, thrombocytopenia,

neutropenia, and lymphopenia (T. R. Anderson & Slotkin, 1975; Decaro et al., 2014; Li et al., 2010).
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However, the pathogenesis of CanineCV is not completely understood. Additionally, in 2021, two
novel cycloviruses were detected in fecal samples from three domestic dogs with hemorrhagic
gastroenteritis that tested positive for canine parvovirus (CPV-2) (Gainor et al., 2021). However, it
remains unclear whether these viruses originated from dietary sources or if they actually infect dogs.
Circoviruses have been frequently reported in domestic dogs, but there is limited information on their
presence in domestic cats. In 2014, a feline circovirus (CrV) was identified in healthy shelter cats in
Davis, California, showing 39-47% sequence identity with known circoviruses and the highest
similarity to a mongoose circovirus strain (W. Zhang et al., 2014). In 2018, a new CRESS DNA virus,
FeSCV, was isolated from cats with enteritis during an outbreak in Japan, and was classified into the
Vilyaviridae family, unrelated to the earlier circovirus (Takano et al., 2018). In 2021, FeSCV was
detected in diarrheic cats in China, where it co-infected with other enteric viruses, and a Giardia

intestinalis sequence was identified within its genome (Hao et al., 2021).

Considering the ever-changing landscape of viral infections and the possibility of new strains
emerging, it is crucial to conduct additional research on circoviruses to enhance early detection and
monitoring in domestic carnivores. Furthermore, epidemiological studies could clarify any potential
connections between the presence of circoviruses and the occurrence of diseases, as well as their
distribution within canine and feline populations, which may help avert potential spillover into human
communities. In section 2.1, we examined several feline sample collections from cats in Italy,

uncovering significant genetic diversity of CRESS DNA viruses among these samples.

The existence of small circular DNA molecules in eukaryotic and prokaryotic organisms has been
documented for decades. However, it remains unclear how these molecules originated and what roles
they may play in specific contexts. Recently, following the discovery of small circular DNA
molecules in tissues and cells associated with neurodegenerative diseases and cancer, research in this
field has gained renewed momentum, leading to significant findings. Even prior to the discovery of
the small circular molecules in question, it was hypothesized that a factor in the meat of domestic
cattle (Bos taurus) could promote cancer development (Santarelli et al., 2008). The argument
underpinning this assertion was that excessive consumption of red meat is associated with an
increased risk of colon cancer, particularly as domestic cattle meat is often consumed undercooked.

Consequently, the existence of an unknown bovine factor was proposed. This hypothesis was
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supported by a subsequent publication that sought to demonstrate a correlation between the rising
incidence of colon carcinoma in various countries and the increasing consumption of beef (Kuhnle &
Bingham, 2007). A term was thus coined to designate this mysterious factor, initially referred to as
the beef factor, and later renamed the bovine meat and milk factor (BMMF). In the following years,
the purported BMMFs were identified in samples from domestic cattle (serum and milk) and in
samples from patients with Multiple Sclerosis, showing a significant correlation with the previously
discovered and published SPHINX (Slow Progressive Hidden INfections of variable X latency)
molecules isolated from cells and tissues infected with transmissible spongiform encephalopathy
(TSE) (Zur Hausen, 2009, 2012). In 2019, a press conference by the German Cancer Research Center
(DKFZ) garnered attention, presenting BMMFs as "factors" or "new pathogens" derived from
European domestic cattle (Bos taurus) and suggesting their involvement in cancer development, after
an oral intake with food. SPHINX/BMMF molecules are categorized into four groups based on
nucleotide sequences in zur Hausen et al 2017 (Zur Hausen et al., 2017). Groups 1 and 2 include
SPHINX1.76 and SPHINX2.34, respectively, while the third group consists of gemycircularvirus-
related isolates from cattle serum and milk. The fourth group includes the MSSI1.162 DNA sequence

from an MS patient, showing homology to a Psychrobacter spp. plasmid.

Consuming milk or beef products from taurine cattle, especially during infancy or early childhood,
may lead to the absorption of BMMF/SPHINX, which could trigger chronic inflammatory responses
in tissues such as the breast and gut. Over time, these chronic infections might result in cancers in
neighbouring tissues, including colon cancer and potentially breast and prostate cancer, as suggested
by various studies(Bund et al., 2021; Zur Hausen et al., 2019). This hypothesis is supported by several
lines of evidence: epidemiological data connecting the incidence of specific cancers, particularly
breast and colon cancer, to the consumption of taurine-derived meat or milk products (zur Hausen,
2012); the presence of SPHINX/BMMFs in taurine (De Villiers et al., 2019; Falida et al., 2017; Gunst
et al., 2014; Whitley et al., 2014a); and the discovery of the SPHINX/BMMFs replication protein
(Rep) in the lamina propria of colon cancer patients (De Villiers et al., 2019; Zur Hausen et al., 2019).
Epidemiological data examining the connection between meat and dairy consumption from domestic
cattle and cancer development, specifically colorectal and breast cancer, reveal that earlier studies
suggested a link between the intake of red and processed meats and a higher risk of colorectal cancer.

It's important to note that red meat encompasses meat from various warm-blooded animals, not solely
12



cattle(Chan et al., 2011; Corpet, 2011; Huxley et al., 2009; Veettil et al., 2021). In contrast, higher
consumption of milk and dairy products seems to correlate with a lower risk of colorectal cancer, and
there is no evidence indicating that red meat or cow's milk increases the risk of breast cancer. A
thorough review of 30,818 cases found no relationship between cheese consumption and elevated
cancer mortality or incidence, including colorectal and breast cancers (X. Zhang et al., 2023). A UK
study of over 500,000 subjects showed that protein intake from dairy products and milk is inversely
associated with colorectal cancer, while cheese intake alone does not influence its incidence. No
association was found between protein intake from milk or dairy products and breast cancer incidence
(Watling et al., 2023).In summary, there is no increased risk of colon or breast cancer linked to milk
or dairy products, and the association between red meat consumption and colon cancer is not specific
to beef.

Studies have investigated whether SPHINX/BMMFs are present only in Bos taurus-derived food
products by examining various food products and animal samples. Using specific primers, these DNA
molecules were detected in milk from water buffalo, sheep, and goats. Further studies found
SPHINX/BMMF DNA in a wide range of food samples, including seafood, fruits, vegetables, and
baby food, as well as in animal samples from pork and chicken. SPHINX/BMMF molecules were
also found in blood and feces of African and Asian cattle (Habermann et al., 2023; Konig et al., 2021a,
2021b, 2023a; Pohl et al., 2022).

In section 2.2, we present a study that analyzes various food matrices, both of bovine and non-bovine
origin, as well as bovine feces, in order to investigate the presence of BMMF molecules within Italian
territory. The objective is to document the spread of BMMEF in Italy and contribute to a risk
assessment associated with the consumption of animal products, in relation to the development of

cancers potentially linked to the presence of such molecules.
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Abstract

Circular replication-associated protein (Rep)-encoding single stranded (CRESS) DNA viruses
include Circoviruses which have been found in several animal species and in human specimens.
Circoviruses are associated with severe disease in pigs and birds and with respiratory and
gastrointestinal disorders and systemic disease in dogs. In cats there are only a few anecdotical
studies reporting CRESS DNA viruses. In this study, a total of 530 samples (361 sera, 131 stools,
and 38 respiratory swabs) from cats, were screened for the presence of CRESS DNA viruses.
Overall, 48 (9.0%) of 530 samples tested positive using a pan-Rep PCR. A total of 30 Rep
sequences were obtained. Ten sequences of fecal origin were tightly related to each other (82.4—
100% nt identity) and more distantly related to mongoose circoviruses (68.3 to 77.2% nt identity).
At genome level these circoviruses dis-played the highest nt identity (74.3—78.7%) to mongoose

circoviruses thus representing a novel circovirus species.

Circoviruses from different animal hosts (n = 12) and from humans (n = 8) were also identified.
However, siX Rep sequences were obtained from serum samples, including canine circoviruses, a
human cyclovirus and human and fish-associated CRESS DNA viruses. The presence of these
viruses in the sera would imply, to various extent, virus replication in the animal host, able to

sustain viremia.

Overall, these findings indicate a wide genetic diversity of CRESS DNA viruses in cats and

warrant further investigations.

Keywords: Circovirus, CRESS DNA virus, Cats, Enteric samples, Sera
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1. Introduction

Circular replication-associated protein (Rep)-encoding single- stranded (CRESS) DNA viruses
include a group of viruses that possess circular ssDNA genomes and encode an enzyme responsible
for initiating genome replication (Krupovic et al., 2020). The replication mechanism of these
viruses, named rolling circle replication, is based on the conserved replicate initiation protein Rep.
CRESS DNA viruses form the large phylum of Cressdnaviricota, are further divided into two
classes, Repensiviricetes and Arfiviricetes, comprising eight virus families. Classification of
CRESS DNA viruses is being continuously challenged by the discovery of a large number of
diverse genome sequences in the biosphere (Kazlauskas et al., 2018, 2019). Recently, three novel
viral families Naryaviridae, Nenyaviridae, and Vilyaviridae, associated with protozoan parasites

have been established (Krupovic and Varsani, 2022).

Members of the family Circoviridae (circoviruses), class Arfiviricetes, includes nonenveloped,
spherical viruses with a circular, covalently closed DNA genome ranging from 1.7 to 2.1 kb in
size. The ambisense genomic organization includes two major open reading frames (ORFs) that
encode the Rep and the capsid (Cap) proteins. The family Circoviridae includes the genera
Circovirus and Cyclovirus which encompass 49 and 52 recognized species
(www.ictv.global/report/circoviridae), respectively. Members of the genus Circovirus (CV) have
been identified in various mammals, birds, and fishes. Members of the genus Cyclovirus (CyV)

have been detected in samples from both vertebrates and invertebrates (Rosario et al., 2017).

CVs have been associated with important diseases, including post- weaning multisystemic wasting
syndrome (PMWS) of pigs (Baekbo et al., 2012) and the Beak and Feather Disease (PBFD) of
psittacine birds (Fogell et al., 2016).

CRESS DNA viruses have been found to be common component of human fecal virome. CyV
were first discovered in a 2010 metagenomics study, in fecal samples of children from different
countries, in the stools of chimpanzees and in the meat of farm animals (Li et al., 2010). Since
then, human-associated CyVs have been detected in cerebrospinal fluid (CSF) (Tan et al., 2013),
blood serum (Smits et al., 2013) and respiratory secretions (Phan et al., 2014) of patients with
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neurological disease, lower respiratory tract infections, gastrointestinal disorders but also from
healthy individuals. In 2023 a novel CV has been identified on metaviromic analysis of a liver
biopsy of a woman with chronic hepatitis in France. The virus established a chronic infection

replicating in hepatocytes and the viral titer increased over time (Perot et al., 2023).

Information on the epidemiology of CRESS DNA viruses in cats and other felids is still limited.
In 2014, a feline CyV was identified in a metagenomic study on pooled fecal samples collected
from 25 clinically normal cats housed in a shelter in Davis, California, USA (Zhang et al., 2014).
The complete genome of the feline CyV strain FD, shared 39-47% Rep sequence identity with
previous reported CyVs. In 2018, a novel feline stool-associated CRESS DNA virus (FeSCV), was
retrieved from 4 cats with enteritis during a multi-pathogen outbreak in Japan. Fourteen out of 20
cats housed together developed diarrhea and coronavirus and bocaparvovirus were also detected
in the outbreak (Takano et al., 2018). Upon genome sequencing and phylogenetic analysis, FeSCV
appeared as a novel CRESS DNA virus unrelated to CyV FD and subsequently classified into the
family Vilyaviridae (Krupovic and Varsani, 2022).

CRESS DNA viruses have also been reported in metagenomics studies in large felids, bobcats
(Lynx rufus) and pumas (Puma concolor). In total, three novel CV candidate species within the
genus Circovirus and two different novel candidate CyV species within the genus Cyclovirus, were

identified from scat samples (Payne et al., 2020; Cerna et al., 2023).

In this study, in order to expand the knowledge on CRESS-DNA in cats and fill in the existing
information gaps, we screened collections of samples obtained from cats, including oronasal
swabs, rectal swabs and serum samples, using a consensus PCR assay able to identify members of

the Circoviridae tamily (Li et al., 2010).

2. Materials and methods

2.1 Origin of samples
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A total of 530 archival sera, enteric (stool and rectal swabs), and respiratory (nasal and
oropharyngeal swabs) samples obtained from cats, collected during 2011-2021 in accordance with
the animal ethics standards of the University of Bari, Italy, were screened for circoviruses. More
in detail, the collection included 38 respiratory samples (collection A), 361 sera samples
(collection B) and 131 enteric samples (collection C). Collection A included nasal and
oropharyngeal swab samples only from cats with respiratory signs, collected in Apulia region,
Southern Italy, by veterinary practitioners of different clinics. Collections B included sera from
cats collected from two different veterinary clinic laboratories located in Apulia region and tested
upon request of the veterinarian practitioners after anamnesis, medical history and clinical
examination. About 40% of the sera had been collected for diagnosis of infectious diseases (feline
immunodeficiency virus and feline leukemia virus, feline coronavirus, toxoplasmosis,
hemoplasmosis, bacterial and fungal infections) whilst the rest had been submitted to the
laboratory for pre-surgical evaluation, for suspected metabolic or neoplastic dis- eases. Collection
C included feces or rectal swabs collected from cats of various age with enteric signs by veterinary
practitioners from different clinics in Apulia region. Additional sample collection (collection D)

included 65 fecal samples from cats with enteritis in Abruzzi region, Central Italy in 2020-2021.

2.2 DNA extraction and screening for CRESS DNA virus

All samples from collections A, C, D were homogenized using 10% w/ v Dulbecco's modified
Eagle's medium (DMEM) and then centrifuged at 10,000 Xg for 3 min to collect the supernatant,
whilst the serum samples (collection B) were not diluted. Nucleic acids were extracted from 200uL.
of each sample using the IndiSpin Pathogen Kit (Indical Bioscience GmbH, Leipzig, Germany)

according to the manufacturer's protocol and stored in 80 °C until use.

All samples were screened for circoviruses with a pan-Rep PCR protocol based on a broadly
reactive set of primers designed to recognize members of the Circoviridae family (Table 1) (Li et
al., 2010). Both first- and second-round PCR protocols were performed using Platinum II Hot-
Start Green PCR Master Mix (2 ) (Invitrogen, ThermoFisher Scientific) and the cycling conditions
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consisted of activation of the Hot-Start polymerase at 94 °C for 2 min, followed by 35 cycles of
denaturation at 94 C for 15 s, annealing at 52 °C for 15 s and extension at 68 °C for 15 s. One
microliter of the PCR products of the first-round PCR diluted 1:100 in DEPC water was used as a
template in the second-round PCR. PCR amplicons were purified and sent for direct sequencing
to Eurofins Ge- nomics laboratories (Germany). Sequences of approximately 400 nucleotides (nt)
were obtained and analyzed using the web-based tool FASTA
(https://www.ebi.ac.uk/Tools/sss/fasta/, accessed on 8th February 2022) (Madeira et al., 2022),

using the default values to find homologous hits.

2.3 Quantitative PCR for feline CV

A quantitative real time PCR (qPCR) was designed based on the Rep sequence data obtained with
the consensus pan-Rep PCR. Aligned Rep sequences generated from 10 cats were used to design
primers and probe (Table 1). A total of 10 uL of sample DNA were added to the 15-pL reaction
master miX (IQ SupermiX; Bio-Rad Laboratories SRL, Segrate, Italy) containing 0.6 pmol/L of
each primer and 0.2 pmol/L of probe. Thermal cycling consisted of activation of iTaqg DNA
polymerase at 95 °C for 3 min, 44 cycles of denaturation at 95 °C for 10 s, and annealing extension
at 60 -C for 1 min. The specificity of the assay was assessed with a panel of DNA viruses including
feline panleukopenia virus (FPV), feline bufavirus, feline herpesvirus, feline-origin poxvirus.
Also, a panel of circovirus-positive samples identified and characterized upon sequence analysis
in this study (Table 2) was tested to rule out cross- reactivity of the primers/probe with other

CRESS-DNA viruses.

2.4 Genome amplification

All the PCR products that were considered positive after gel electrophoresis were subjected to
direct sequencing. The circular DNA in selected samples was enriched by multiply primed rolling

cycle amplification (RCA), using the bacteriophage phi29 DNA polymerase (TempliPhi 100
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amplification kit, Cytiva) and pan-Rep reverse primer CV-RI(5'-
AWCCAICCRTARAARTCRTC-3") (Table 1), according to the manufacturer's instructions
(Johne et al., 2009; Wu et al., 2006). Several sets of primers were designed to recover the circular
genome from different hosts using an inverse (back-to-back) PCR strategy, amplifying a fragment
of approximately 1.5-2 kb. The primers were designed within the Rep gene sequence obtained with
the pan-Rep PCR. The inverse PCR assays were performed with TaKaRa La Taq polymerase
(TaKaRa Bio Europe S.A.S. Saint-Germain-en-Laye, France). The thermal protocol of the first-
round PCR included a first step at 94 -«C X 2 min, followed by 35 cycles 0f 94 -«C X 30's, 60 °C X

30 s, and 68 C X 3 min, with a final extension of 68 C X 10 min. One microliter of a 1:100
dilution of the first-round PCR product was used in the second-round amplification, using outer
primers. All PCR-positive products were sequenced directly (Sanger sequencing) at an external
facility (Eurofins Genomics GmbH, Ebersberg, Germany) using a primer walking strategy. The
list of primers used in this study is provided in Table 1.

2.5 Sequence and phylogenetic analyses

The purified PCR products with sufficient DNA concentration (> 10 ng/uL) were directly
sequenced in both directions by Eurofins Genomics (Ebersberg, Germany). The obtained
sequences were aligned with cognate CRESS DNA virus strains retrieved from the GenBank
database by MAFFT algorithm (Katoh, 2002). The appropriate substitution model settings for the
phylogenetic analysis and estimation of selection pressure on coding sequences were derived using
“Find the best protein DNA/Protein Models” implemented in MEGA X version 10.0.5 software
(Kumar et al., 2018). The evolutionary history was inferred by using the maximum-likelihood
method, General-time reversible 6-parameter model, a discrete gamma distribution and invariant
sites to model evolutionary rate differences among sites (6 categories) and supplying statistical
support with 1000 replicates. Bayesian inference and neighbor joining phylogenetic approaches
were also explored and the comparison of the phylogenetic outputs revealed similar topologies
with slight differences in bootstrap values at the nodes of the tree. Accordingly, the maximum-

likelihood tree was retained. Sequence editing, alignments and phylogenetic analyses were
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performed by Geneious Prime version 2021.2 (Biomatters, Auckland, New Zealand).

3. Results
3.1 Screening for DNA virus

Overall, a total of 48 (9.0%) out of 530 feline samples tested positive in the two-round pan-Rep
PCR. In detail, circovirus DNA was detected in 10/361 (2.8%) sera of collection B, 32/131 (24.4%)
enteric samples of collection C and 6/38 (15.8%) respiratory samples of collection A. Positive
samples with a DNA concentration exceeding 10 ng/ul. were subjected to direct sequencing,

yielding 30 (63.8%) sequences of good quality. Sequence characterization by FASTA nucleotide

online tool (https://www.ebi.ac.uk/Tools/sss/fasta/nucleotide.html) (Madeira et al., 2022) revealed
a high heterogeneity of Rep sequences, related to circoviruses found in different host species
(Supplementary Table 1). A large group of sequences (n = 10) were tightly related to each other
(82.4-100% nt identity) and resembled viruses detected in mongoose (68.3 to 77.2% nucleotide
identity). This group of viruses was herein referred to as cat-associated mongoose-like (CAML)
CVs. A spare sequence (n = 1) was similar to a bat CV. Sequences similar to CRESS DNA viruses
detected in bird (n = 3), in fish (n = 2), in pig (Porcine CV 3, PCV3) (n = 2), in dog (n =3) and in
a snail (n = 1) were also identified. Interestingly, we also identified eight sequences similar to
human- associated CV NGI1 (n 1) and human-associated CyVs TN10 (n 2), TN12 (n 2), and
PK2111 (n 3). CRESS DNA viruses other than circoviruses were not detected in the screening but
in three samples, PK2111-like (Supplementary Table 1). A summary of the sequencing results is
provided in Fig. 1 and Supplementary Table 1.

3.2 Screening for CAML-CVs by gPCR

The qPCR for CAML-CV was specific, since it did not recognize other feline/canine DNA viruses

and also, none of the other samples positive in the pan-Rep PCR that were sequenced and

36


https://www.ebi.ac.uk/Tools/sss/fasta/nucleotide.html

characterized in our collection (Table 2). Only CAML-CVs were successfully recognized by the
gPCR, with the cycle threshold (CT) ranging from 29.4 to 40.3. Using the qPCR, fecal samples
from Central Italy (collection D) were also screened to assess the presence of these viruses in other
geographical areas. CAML-CV was detected in 3/65 samples (4.6%) with the CT ranging from
33.4t039.5.

3.3 Genome amplification and sequence analysis

The circular DNA of selected samples was enriched by rolling cycle amplification (RCA)
protocols. Subsequently, an inverse two-round PCR strategy with primers designed to amplify the
rest of the circular genome was performed on the RCA products. The complete genome was

generated successfully for 3 CAML-CVs (ITA/2019/cat/471.3, ITA/ 2019/cat/471.4 and

ITA/2019/cat/471.12), for a Pigeon-like CV (ITA/ 2019/cat/518.1a) and for 3 Canine-like CVs
(strains ITA/2021/cat/ 99.95, ITA/2021/cat/230.1 and ITA/2021/cat/230.3).

The genome size of the six Italian CV strains identified in this study were 1746, 2043 and 2063—
2066 nt, in CAML-CVs, Pigeon-like CV and Canine-like CVs, respectively (Table 2). The genome
features of the identified CVs included two major open reading frames (ORFs), located on
complementary strands in opposite orientation. In the CAML-CV strains, the ORF1 (849 nt),
located on the virion strand, and the ORF2 (624 nt), located on the complementary strand of the
replicative form, encoded for the Rep (282 aa) and Cap (207 aa) proteins, respectively. In the
Pigeon-like CV strain, the ORF1 (948 nt), located on the virion strand, and the ORF2 (834 nt),
located on the complementary strand of the replicative form, encoded for the Rep (315 aa) and
Cap (277 aa) proteins, respectively. In the Canine-like CV strains, the ORF1 (912 nt), located on
the virion strand, and the ORF2 (813-816 nt), located on the complementary strand of the
replicative form, encoded for the Rep (303 aa) and Cap (270271 aa) proteins, respectively (Fig.
2, Table 2).

Similar to other CVs, the genome of the Italian CVs comprised two intergenic non-coding regions
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which were located between the start and stop codons of the replicase and capsid protein genes,
respectively. The 5’ and 3’ intergenic regions were 190 and 83 nt in length in CAML-CYV strains,
89 and 172 nt in length in Pigeon-like CV strain and 135 and 203 nt in length in Canine-like CV
strains. The 5'-intergenic regions of CVs identified in the study contained a thermodynamically
stable stem-loop, which regulates the initiation of rolling-circle replication, and the conserved
mononucleotide motifs CAGTATTAC in CAML-CV strains and TAGTATTAC in Pigeon-like
CV and Canine-like CV strains (Fig. 2, Table 2).

CAML-CVs displayed consistently the highest % nt identities (74.3—78.7%) to mongoose CV
strain Mon-1 (MZ382570). Pigeon-like CV shared the highest % nt identity (92.9%) to Pigeon CV
isolate Hebei/TS/2021 (OL901206). Canine-like CV strains I1TA/2021/cat/ 230.1 and
ITA/2021/cat/230.3 displayed the highest % nt identities (97.8-99%) to CanineCV strain
Bari/411-13 (KJ530972) whilst strain ITA/2021/cat/99.95 displayed the highest % nt identity
(97.3%) to CanineCV strain Hal3 (KF887949) (Table 2).

3.4 Phylogenetic analyses

A phylogenetic tree was constructed based on the full-length genome of CVs identified in this
study along with CRESS DNA virus sequences retrieved from Genbank (Fig. 3).

The Italian CV strains were distinguishable in three different clades. CAML-CV strains
ITA/2019/cat/471.3, ITA/2019/cat/471.4 and ITA/ 2019/cat/471.12 tightly clustered with CV
strains Mon-1 and Mon-29 identified in 2017 from mongoose in Saint Kitts and Nevis (Gainor et
al., 2021). CAML-CV strains clustered in the same clade with Calfel virus LSF45 CV 359
(ON596197), retrieved from a bobcat in California in 2011 (Cerna et al., 2023) although sharing a
low % nt identity (47.6-48.4%). Pigeon CV strain ITA/2019/cat/518.1a clustered with other
Pigeon CVs identified in China in 2018 and 2021 (Wang et al., 2022) with which the Italian strain
shared 90.8-91% nt identity. CanineCV strains ITA/2021/cat/99.95, ITA/2021/cat/230.1 and
ITA/2021/ cat/230.3 clustered in a same clade with two Italian CV strains Bari/ 411-13 (Decaro
etal., 2014) and AZ663/1-13 (Zaccaria et al., 2016) and strain UCD1-1698 retrieved in USA (Li
etal., 2013).
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Also, a phylogenetic tree was generated on the full-length genome of Canine-like CV strains
identified in this study together with cognate strains retrieved from GenBank (Fig. 4). The unrooted
phylogenetic tree showed a well-distinguishable clustering of the CanineCV strains into six groups.
The CanineCV strains identified in this study fell into clade 1 along with other European, Asian,

and American CanineCV strains (Fig. 4) although segregating within two distinct sub-lineages.

4. Discussion

In this study, several genetically heterogeneous CRESS DNA viruses were found in cats after
screening different collections of samples, i.e., stools, sera and oro-nasal swabs. Good-quality
sequences were obtained from fecal samples (n=24) and from the sera (n=6) but not from the
respiratory samples. Sequences resembling human-associated CV NG1 (n=1), CyV TN10 (n=2),
TN12 (n=2), and an unclassified circular DNA human virus PK2111 (n=2) were identified in fecal

samples. Despite several attempts, we could not generate the genome sequence of TN10-, TN12-,

PK2111-like and NG1-like viruses identified in the feline samples. Interestingly, similar viruses
(TN-9- and TN12-like) have been identified in the intestinal content of lizards and geckos sampled
in an Italian study (Capozza et al., 2022). Accordingly, we hypothesized a dietary origin for those
viruses and a possible relation with the predatory behavior of cats, since CyVs seem common in
insects (Nebbak et al., 2021; Rosario et al., 2011) that are preyed by bats and by small reptiles,
that, in turn, are common preys of cats. Yet, it is interesting to observe that similar viruses are
present in human, feline and reptile hosts, hinting to a possible zoonotic exposure of humans to

synanthropic animals.

Two sequences, retrieved from cat stools, clustered together with PCV3 CVs, indicating the
possible association with the dietary consumption of PCV-infected pork or pork-containing cat
food. In addition, sequences similar to CVs detected in birds (n=3) and in fish (n=2) may also

reflect dietary habits of cats.

Surprisingly, CanineCV-like sequences (n=3) were also identified from feline serum samples. In
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several studies, it has been shown that the virome of dogs and cats may overlap, to some extent
(Di Martino et al., 2016; Martella et al., 2002; Matthijnssens et al., 2011). For instance, canine
parvovirus type 2 (CPV-2) originally could not replicate in cats but its variants CPV-2a, 2b and -
2c are able to infect cats and cause disease (Truyen and Parrish, 1992). Also, feline panleukopenia
virus can infect occasionally dogs (Diakoudi et al., 2022). In our study the CanineCV-like
sequences were identified only in serum samples, a fact that might imply the ability of the virus to
infect and replicate actively, thus sustaining viremia in cats. For all the 3 cat-associated CanineCV-
like strains, the complete genome could be generated (Table 2), showing the highest nt identity
(93.8 to 98.0% nt) to CanineCVs of clade 1, although clustering in two different sub-lineages (Fig.
4). Since the sampled cats were epidemiologically unrelated, we hypothesize that dog-to-cat
transmission of CanineCV-like strains may occur sporadically but repeatedly in different settings
due to the strict interactions between the two animal species, rather than the existence of a feline-

adapted strain of CanineCV.

Furthermore, we identified in the sera of cats an additional 3 CRESS DNA viruses, i.e., a human-
associated CyV TN12, and unclassified circular viruses identified in fish (Gudgeon strain Z374-
like) (unpublished, accession number MN837846), and in human stools of patients with non-polio
acute flaccid paralysis (PK2111-like) (Li et al., 2010). Interestingly, both TN12 and PK2111
viruses were also detected in the fecal samples of other cats in this study. We also identified, in
our study, Rep sequences related to fish-associated CRESS DNA viruses (Fig. 1 and
Supplementary Table 1). This would indicate that several CRESS DNA viruses have the ability to
replicate in cats and spread systemically, although the implications of these findings for cat health

remain obscure.

A large group of Rep sequences (n=10), obtained exclusively from fecal samples, segregated
together and resembled, in the partial Rep sequence, CVs detected in mongoose (68.3—77.2% nt
identity) and were therefore defined as CAML-CVs. In this group of CAML viruses 9 sequences
shared 95.4-100% nt identity to each other, whilst a spare sequence (ITA/2019/cat/185.2.3)
appeared less conserved (82.4-85.9% nt). These findings are of difficult interpretation, since the

fecal samples were collected from epidemiologically unrelated cases and different geographical
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areas. The high sequence conservation among the various strains could imply the spread of a feline-
adapted virus between cats, rather than continual/repeated exposure to viruses from other
unidentified hosts. We were able to generate the complete genome sequence of 3 CAML strains.
Genome-wide identity among the 3 strains was 97.6-98.3% nt, whilst the highest nt identity (74.3—
78.7%) in the GenBank database was to the mongoose CV strain Mon-1 (Accession MZ382570)
(Gainor et al., 2021) (Table 2), therefore with a sequence identity lower than the threshold
established for designation of a novel species in the Circoviridae family. Thus far, based on the
current ICTV classification criteria a cut-off identity of 80% nt at the genome level is used to
distinguish a new species (Breitbart et al., 2017). Accordingly, we propose the CAML-CV as cat-
associated circovirus-1 or, more appropriately, as feline circovirus-1 and we suggest that the virus

is a novel candidate species in the Circovirus genus.

Interestingly, in our investigation we did not identify Rep sequences related to other CRESS DNA
viruses, CyV strain FD and FeSCV, reported from the stools of cats in USA (Zhang et al., 2014)
and Japan (Takano et al., 2018), respectively. Whilst CanineCV has been reported repeatedly in
dogs and from several countries (Beikpour et al., 2022), viruses similar to CyV strain FD have not
been confirmed/reported again after their initial discovery. However, FeSCV-like viruses have
been identified in the stools of 2/10 domestic cats with diarrhea in China using a specific PCR
(Hao et al., 2021). All in all, it is unclear if these were just anecdotal findings due to dietary
contaminations, to occasional exposure from other animal sources, or if the viruses were able to
replicate actively in the feline host. In the attempt to understand better the relevance of CAML-
CVs, we therefore screened convenience collections of stool samples of cats from a distinct
geographical location (collection D) using a specific gPCR. CAML-CVs were detected in 3/65
cats from Abruzzi (Italy), thus confirming that CAML-CVs are common components of feline

virome and paving the way for larger structured epidemiological studies.

A major limit of our investigation was the missing history and metadata for several of the tested
samples, as we mostly tested archival samples available in our laboratories. Also, this investigation
was not conceived as a case/control study, so we could not infer any association with clinical signs

and the viruses detected. Another limit relies on the broadly reactive primers of the pan-Rep PCR
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assay. The degenerated/ consensus primers were designed in 2010 on the consensus sequence from
an alignment of Rep proteins from 13 representative members of the Circoviridae family on the
basis of the sequence data available in the databases (Li et al., 2010). Therefore, the pan-Rep PCR
assay could fail to detect other members of the Circoviridae family or could mis-detect CRESS
DNA viruses of sister taxa. Metagenomic investigations using multiple strain displacement (MDA)
protocol with phi29 DNA polymerase have been successfully applied for circular DNA viruses
and could be used to investigate CRESS DNA viruses in different samples with an unbiased
approach (Roux et al., 2016). However, consensus PCRs are more suitable for application in large-
scale epidemiological investigations in terms of costs and samples processivity. The size of our
study, for instance, was on average 28-fold larger, in terms of number of screened samples, than
previous studies carried out in cats and large felids (Cerna et al., 2023; Payne et al., 2020; Takano

etal., 2018; Zhang et al., 2014).

In conclusion, by screening nearly six hundred samples from cats, we identified a variety of
CRESS DNA viruses either closely or distantly related to circular DNA viruses detected from
different animal hosts, including humans. A group of CVs, termed CAML after their resemblance
with mongoose CVs, was repeatedly identified in the fecal samples of cats from different
geographical areas suggesting that cats could be a primary host rather than occasionally infected
or exposed to this viral species and the CAML viruses were proposed as a novel species, feline
CV-1 on the basis of the full-length genome sequence. Virus surveillance in domestic animals
should be reinforced, in order to monitor and promptly characterize emerging and re-emerging
zoonotic viruses, and to provide a baseline of virus diversity, useful for tackling future infectious
emergencies. Also, the identification of animal CRESS DNA viruses, closely related to human
viruses, provides useful information about their origin and ecology.

Yet, the existing knowledge regarding other circoviruses and CRESS DNA viruses that infect

carnivores remains still limited.

Virus surveillance in both wild and domestic carnivores, particularly dogs and cats that live in
proximity to humans should be enhanced to establish an effective monitoring framework for virus

characterization and diversity that could be crucial in addressing future infectious emergencies.
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Additionally, identifying animal CRESS DNA viruses and exploring their genetic similarities to

human viruses offers valuable insight into their origins and ecological dynamics.
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Data availability

Nucleotide sequences of cat associated CV-1 strains ITA/2019/cat/ 471.3, ITA/2019/cat/471.4 and
ITA/2019/cat/471.12, cat-associated Pigeon CV strain ITA/2019/cat/518.1a and cat-associated
CanineCV strains ITA/2021/cat/99.95, ITA/2021/cat/230.1 and ITA/2021/cat/ 230.3 retrieved in
this study used for phylogeny were deposited in GenBank under accession nos OQ357577-
0Q357583, respectively. The small Rep sequence fragments (about 350—450 nt in length) are

available upon request.

Appendix A. Supplementary data

Supplementary data to this article can be found online https://doi.org/10.1016/j.rvsc.2023.06.011.
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Tables

Table 1: List of oligonucleotides used in this study.

Pathogen Assay Primers Sequence (5’ - 3°) Amplificatio Reference
n size (bp)
Pan-Rep CV-FI GGIAYICCICAYYTICA RGG
500
PCR CV-R1 AWCCAICCRTARAARTCRIC
Cv Lietal., 2010
CV-F2 GGIAYICCICAYYTICARGGITT
nPCR 400
CV-R2 TGYTGYTCRTAICCRTCCCACCA
CaCV 273R HCCCCIAGCAGGCTCAAAITGKCC
Inverse PCR  CaCV 446F WCTCGCGAGGSTTGCGAGASCT
Canine-like CV CaCV 165R YTCCCCIACCTCCCGRCCACARAT >1500 Beikpour et al., 2022
nPCR
CaCV 548F GCAAGAGCCGGTAYTGCATGGA
PiCV 178R TCATTGCTCTTCCGGCTTTCAC
Inverse PCR
PiCV 205F ATCTACGTCAAGTATGGGCGTGGC
Pigeon-like CV nPCR PiCV 131R CTCCGGTTTCCCTTCGCAGGAATG >1500 This study
PiCV 248F YGATTGGTCAGMAGCCYCGTGACT
MoCV 192R ACGCATAAAGCCGGGTAATTTCT
Inverse PCR
MoCV 627F ATTGAGAGTTTGTGATAGGTATCCCC
>1500 This study
PCR MoCV 137R TCAATGAATCCTTGCAAGTGGGT
n
Mongoose-like MoCV 666F TAAGGGCGCTTTTGTGGAATTTG
(% MoCV 81F TCAGAAGGAGAATCAGTACCTGGA
qRT-PCR MoCV 267R CAAGCCAGCAACACAAACATAGTC 187 This study
MoCV 135Pb FAM-CTCAGATTTGAGTGATGCGGTGG-BHQ1

Circovirus, member of the family Circoviridae; CV, member of the genus Circovirus; Rep, replicase protein; nPCR, nested PCR; qPCR, quantitative real time PCR.
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(KJ530972)

Table 2: Genomic features of complete genomes of circoviruses sequenced in this study.
5' 3
Loop
Putative Putative intergeni intergeni Identity to
motif
Accessio  Size Rep Cap cregion cregion reference sequences
Species Sample ID (5'-3")
n (nt) (nt) (nt)
CV strain* nt identity
nt aa nt aa
(accession nr.) %
ITA/2019/cat/4 0Q3575 CAGTAT mongoose circovirus
Feline Circovirus 1 sp. [isolate 1] cat/4? Q357 1746 849 282 624 207 190 83 strain Mon-1 743
1.3 77 TAC
(MZ382570)
ITA/2019/cat/47  OQ3575 CAGTAT mongoose circovirus
Feline Circovirus 1 sp. [isolate 2] cat Q 1746 849 282 624 207 190 83 strain Mon-1 78.7
14 78 TAC
(MZ382570)
ITA/2019/cat/47  OQ3575 CAGTAT mongeose circovirus
Feline Circovirus 1 sp. [isolate 3] ca Q 1746 849 282 624 207 190 83 strain Mon-1 78.0
1.12 79 TAC
(MZ382570)
Pigeon circovirus
Pigeon Circovirus [cat-associated ~ ITA/2019/cat/51  OQ3575 2043 948 315 834 277 29 7 TAGTATT isolate 9.9
isolate 1] 8.la 80 AC Hebei/TS/2021
(OL901206)
Canine Ci i iated ITA/2021/cat/99  OQ3575 TAGTATT Canine circovirus
anine Circovirus [cat-associate o Q 2066 912 303 816 271 135 203 strain Hal3 97.3
isolate 1] 95 81 AC
(KF887949)
Canine Ci i iated ITA/2021/cat/23  OQ3575 TAGTATT Canine circovirus
anine Circovirus [cat-associate . Q 2063 912 303 813 270 135 203 strain Bari/411-13 9.0
isolate 2] 0.1 82 AC
(KJ530972)
Canine Ci i iated ITA/2021/cat/23  OQ3575 TAGTATT Canine circovirus
anine Circovirus [cat-associate cat Q 2063 912 303 813 270 135 203 strain Bari/411-13 97.8
isolate 3] 0.3 83 AC

nt, nucleotides; aa, amminoacids; CV, member of the genus Circovirus; * genome sequence with the highest identity on interrogation of European BioinformaticsInstitute

database with FASTA (Madeira et al., 2022).
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Figures

Fig 1: Results of genetic characterization of the CRESS-DNA viruses identified from cats

based on partial Rep sequences.
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Fig 2: Genome schematic organization of the feline circoviruses sequenced in this study. The
feline Circovirus-1 is shown in panel A, the cat-associated pigeon circovirus is shown in panel B

and the cat-associated canine circovirus strain is shown in panel C.
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Fig 4: Full-genome-based  unrooted
phylogenetic tree of Canine circoviruses
identified in this study and cognate strains of
different genetic lineages recovered in the
GenBank database. Numbers 1 to 6 indicate
the phylogenetic clade (Beikpour et al., 2022;
2021). The

Likelihood method

Urbani et al., Maximum
and  General-time
reversible model (six parameters) with a
gamma distribution and invariable sites were
used for the phylogeny. A total of 1000
bootstrap replicates were used to estimate the
robustness of the individual nodes on the
phylogenetic tree. Bootstrap values greater
than 75% were indicated. Black arrows
indicate Canine circovirus strains detected in
nucleotide

this study. Numbers of

substitutions are indicated by the scale bar.
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Section 2.2 (draft)

Exploring the presence of Bovine Meat and Milk Factor (BMMFs)/SPHINX DNA sequences
in italian bovine and non-bovine samples

Introduction

Dietary habits, especially the consumption of red meat, have been identified as a potential risk factor
for the development of cancer and neurodegenerative diseases. It had been suggested earlier that a
component found in the meat of domesticated cattle (bos faurus) might contribute to tumor
development (Santarelli et al., 2008). This idea stemmed from findings indicating that high intake of
red meat correlates with a greater likelihood of colon cancer, especially considering that beef from
domestic cattle is frequently eaten undercooked. Additional evidence supporting this hypothesis came
from a prior study which observed a link between the rising incidence of colon cancer in multiple

nations and increased beef consumption (Kuhnle & Bingham, 2007).

Epidemiological studies examining meat and dairy consumption reveal nuanced associations with
cancer risk. While red and processed meat intake has been linked to increased colorectal cancer risk
(Chan et al., 2011; Corpet, 2011; Huxley et al., 2009; Veettil et al., 2021), higher consumption of
milk and dairy products appears to be associated with a reduced risk of colorectal cancer, with no
clear evidence linking dairy intake to breast cancer risk (Watling et al., 2023; X. Zhang et al., 2023).
These findings suggest that the relationship between meat and dairy consumption and cancer is

complex and not solely dependent on beef.

In recent years, it has been suggested that a new class of foodborne infectious agents, called Bovine
Meat and Milk Factors (BMMFs), could play a role as co-factors in the onset of malignant and
degenerative diseases. BMMFs resembling Circular Replication-associated protein Encoding ssDNA
(CRESS) viruses, were identified in 2014 from commercial milk samples, healthy bovine meat,
bovine sera and brain tissues of humans affected by multiple sclerosis (Zur Hausen, 2009, 2012). In
2019, the German Cancer Research Center (DKFZ) highlighted BMMFs as potential "factors" or
"new pathogens" originating from European cattle, implicating them in food-related carcinogenic

processes.

These infectious agents seem to have a clear zoonotic nature and, according to Dr. Zur Hausen's
research group, BMMFs infect humans through the diet, starting from weaning. The infection occurs
in the cells of the colon lamina propria, with local spread, expression of the Rep protein, and

subsequent prolonged recruitment of the macrophage population, leading to chronic inflammation.
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Chronic inflammation, in turn, leads to an increase in oxidative stress and, therefore, in reactive
nitrogen and oxygen species (RNS and ROS) that would induce an increase in mutations in local cells
(Zur Hausen et al., 2017). This scenario could play an important role in the pathogenesis of breast
and colon cancers, as well as neurodegenerative diseases such as Alzheimer's and multiple sclerosis.
Furthermore, this hypothesis is corroborated by the presence of BMMF-derived proteins in various
tissues such as the colon, breast, prostate gland, and brain, as well as the detection of BMMF DNA
in the human colon. Conversely, the absence of BMMF sequences in tumour cells suggests their

indirect involvement in carcinogenesis (De Villiers et al., 2019; Zur Hausen et al., 2017, 2019).

BMMFs are characterized by a conserved Open Reading Frame (ORF) encoding a Rep replication
protein, a region rich in A-T, and a highly conserved Iteron-like region upstream of the Rep protein
coding site. BMMFs are classified into 4 groups: group 1 shows high homology with the episomes
Sphinx 1.76 and Sphinx 2.36, isolated from brain tissue and neuronal cell lines of patients with
Creutzfeldt-Jakob (CKD) disease; group 2 shows homology with Acinetobacter baumanii plasmids;
group 3 includes isolates with a high degree of similarity to Gemycircularviruses, and the last group
includes those similar to plasmids of the Psychrobacter species (De Villiers et al., 2019; Eilebrecht
et al., 2018; Zur Hausen, 2012).

The detection of SPHINX/BMMF DNA in dairy products, animal tissues, and human samples further
underscores their widespread distribution (De Villiers et al., 2019; Falida et al., 2017; Gunst et al.,
2014; Whitley et al., 2014b). Notably, the replication protein (Rep) of these molecules has been

identified in the lamina propria of colon cancer tissues, suggesting a possible role in carcinogenesis.

Further investigations have expanded the scope of detection for SPHINX/BMMF molecules beyond
Bos taurus-derived products. Using specific molecular techniques, these DNA molecules have been
identified in milk from water buffalo, sheep, and goats, as well as in diverse foodstuffs including
seafood, fruits, vegetables, and baby foods. Additionally, SPHINX/BMMF DNA has been found in
blood and fecal samples from cattle in Africa and Asia (Habermann et al., 2023; Konig et al., 2021a,
2021c, 2023b; Pohl et al., 2022). These findings point toward a broad distribution of these molecules
across various species and food sources, raising important questions about their potential impact on

human health and disease.

The aim of this study was to investigate the presence of SPHINX/BMMFs in Italian bovine and non-

bovine samples in order to assess their occurrence in Italy.

Methods

56



Sample collection

A total of 42 bovine faecal samples and 71 non bovine food samples, including 17 samples of raw
goat milk, 4 samples of aged cheese made from raw goat milk, 21 samples of pork-based meat
products, 10 samples of wild boar liver, and 20 samples of bivalve shellfish, were analized to detect
the presence of SHINX/BMMF fragments. As part of an exploratory study, sampling was conducted
using samples received in the National Reference Laboratory for Foodborne Viruses, Italian Institute
of Health, from other research projects. Specifically, the faeces come from Emilia Romagna, the goat
milk samples come from Trentino, the pork products from Abruzzo, the cheese from Trento, the wild

boar liver from Umbria, and the bivalve mollusks from Veneto.
Extraction

The samples were extracted using the DNeasy Power Soil Pro Kit (Qiagen, Hilden, Germany),

following manifacture’s instructions.
Rolling Circle Amplification

The extracts were treated with the TempliPhi Amplification Kits (Cytiva), which allows the
amplification of circular DNA, either single or double-stranded, by utilizing the properties of Phi29
DNA polymerase. Briefly, the RCA protocol involved treating 1 pl of the nucleic acids extracted
from the sample with 5 pl of sample buffer for 3 minutes at 95°C. Subsequently, the samples were
cooled on ice, and 0.2 pl of enzyme was added to each reaction, followed by incubation at 30°C for
20 hours. At the end of the incubation, the DNA polymerase was inactivated by raising the

temperature to 65°C for 10 minutes. The treated samples were then stored at -80°C.
Gel Based PCR and Sanger sequencing

Specific Gel based PCR protocols were developed using a combination of primers described in
literature. The PCRs were conducted using Phusion High-Fidelity DNA Polymerase (Thermo
Scientific). The samples that tested positive in the PCR analysis were purified using the GRS PCR &
Gel Band Purification Kit (Grisp, Porto, Portugal), according to the manufacturer's instructions. They
were then sequenced using the Sanger method and finally analyzed with MEGA software version 11

(Tamura K, Stecher G, and Kumar S 2021).
Results and discussion

In this study, we analyzed 42 fecal samples using specific primers for BMMF1 and BMMF2. The
results, presented in Table 1, indicate that 25 samples (60%) tested positive for BMMFs. Among the
positive samples, 2 (5%) were exclusively positive for BMMF1, 7 (17%) exclusively for BMMF?2,
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while 16 samples (38%) were positive for both targets. Given the high homology of the BMMF1

group with the Sphinx 1.76 and Sphinx 2.36 episomes, additional analyses were performed on

selected positive samples using gel-based PCR methods with primers from the S1C, S3B, and S5A

groups, targeting the rep protein gene associated with the Sphinx episomes. The results, summarized

in Table 2, demonstrate that samples testing positive for BMMF1 also exhibited positivity for the rep

protein gene. Furthermore, samples 65, 66, 80, and 81, belonged to bovine matrix samples, which

tested negative for both BMMF groups, were also negative for the Sphinx-associated rep protein,

thereby ruling out the possibility of PCR assay inhibition and excluding the likelihood of false

negatives.
Matrix Number of BMMFI1 BMMF2 BMMF1 & BMMF?2 Total
samples positives
Bovine faeces 42 7 16 25
Raw Goat Milk 17 0 0 1
Hard Goat Cheese 4 0 0 0
Pork Meat Products 20 0 6 12
Wild Boar Liver 10 0 0 0
Bivalve Shellfish 20 0 0 0
Table 1 Summary of results
ID SET PRIMER SET PRIMER SET PRIMER | SET PRIMER | SET PRIMER
SAMPLE BMMF1 SG1 BMMEF2 S1C S3B S5A
BF1 v v v v v
BF2 v v v v X
BF3 v v v v v
BF4 X X X X X
BF5 X X X X X
BF6 v v v v v
BF7 v v v v v
BF8 v X v X v
BF9 X v v X v
BF10 X X X X X
BF11 X X X X X
BF12 v v v v v
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Table 2: comparison of specific sets of primers to discriminate the presence of the rep protein gene

Regarding the food matrices, only one milk sample tested positive for BMMF1, while no BMMFs
were detected in the goat cheese samples. In contrast, pig samples showed a high prevalence, with 12
positive samples, 6 for BMMF1 and 6 for both targets. No positivity was observed in the wild boar
samples, likely attributable to the use of liver samples instead of muscle tissue. Additionally, shellfish

samples did not demonstrate the presence of BMMFs.

The phylogenetic tree depicted in Figure 1 reveals significant variability among BMMF sequences.
Analyses conducted in this study identified two distinct clusters. The first cluster, designated BMMF
type 1, shows affinities with sequences isolated from cow milk samples. The second cluster, defined
as BMMF type 2, exhibits a close correlation with circular DNA sequences isolated from TSE Sphinx
2.36, as well as with sequences derived from commercial cow milk and the plasmid of the bacterium
Acinetobacter baumannii. Notably, no significant differences were observed among sequences
derived from different matrices in this analysis, suggesting a certain stability of the sequences across

various environments.
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Figure .1 Phylogenetic analysis

Discussions and conclusions

In 2011, Sphinx-type episomes were described for the first time, associated with neurodegenerative
diseases such as Creutzfeldt-Jakob disease and Scrapie (Manuelidis, 2011, 2019). Over time, single-
stranded circular DNA molecules with homology to Sphinx episomes ranging between 66% and 98%
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were isolated from bovine serum and patients with multiple sclerosis and were attributed the name
Bovine Meat and Milk factors (BMMFs). In 2015, a study by Dr. zur Hausen's group (zur Hausen H,
2015) suggested that BMMFs could also be considered etiological agents of breast cancer (BC) and
colorectal cancer (CRC). These hypotheses arose from the fact that in countries with higher
consumption of beef and dairy products, the incidence of these cancers was high and continuously
increasing. Additionally, recent studies detected the presence of the rep protein associated with
BMMFs in the mucosa adjacent to tumor tissues of CRC patients, suggesting a correlation between
the presence of these circular DNA molecules and the onset of CRC. However, this theory cannot be
confirmed in the absence of long-term study on cancer patients in association with their diet,
considering the still unclear distribution of SPHINX/BMMEF in foods other than those derived from

bovine.

To explore whether SPHINX/BMMF DNA is found exclusively in food products derived from Bos
taurus, researchers expanded their analysis to include a broader range of food items and animal
samples (Habermann et al., 2023; Konig et al., 2021c, 2021b, 2023b; Pohl et al., 2022). These
investigations employed the established methods for isolating and detecting SPHINX/BMMF DNA,
originally developed by the German Cancer Research Center, which involve using primers specific
to SPHINX/BMMF sequences to amplify these molecules from food DNA samples enriched through
Rolling Circle Amplification (RCA). Specifically, primers targeting the rep gene of the
SPHINX1.76/BMMF group 1, SPHINX2.36/BMMF group 2, or related sequences were used. Konig
etal. 2021 demonstrated that these DNA molecules were highly prevalent in milk from water buffalo,
with detection rates of 83% in one herd and 100% in another. Using similar or identical primers,
circular DNA resembling SPHINX1.76/BMMF group 1 was also identified in sheep and goat milk.
In subsequent research, Pohl et al. 2022 found that DNA fragments with very high similarity to
SPHINX1.76/BMMEF group 1 or SPHINX2.23/BMMEF group 2 were detected in 65% of food samples
obtained from local markets, including various meats (white and red), seafood, fruits, vegetables,
grains, and baby foods. Additionally, samples from individual animals—such as feces and saliva from
pigs and feces from chickens—also contained these DNA fragments. Habermann et al. 2023, revealed
that complete circular DNA molecules closely related to SPHINX/BMMEF could be detected in foods
derived from animals and plants, including pork, wild boar, chicken meat, Alaska pollock, pangasius,
black tiger shrimp, apples, carrots, and sprouts from alfalfa, radish, and broccoli. Moreover,
additional SPHINX/BMMF molecules had been isolated from the blood and feces of cattle from
Africa and Asia.

Our study shows for the first time the presence of BMMFs group 1 and group 2 in animal-derived
food products in Italy. Compared to German research groups, this pilot study conducted on Italian
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samples confirmed the presence of SPHINX/BMMF molecules in bovine fecal material. Compared
to analogous studies, the prevalence of BMMF-positive samples in goat milk and its derivatives was
significantly lower, with only one out of twenty-one samples testing positive among those analyzed.
Similarly, no presence of these molecules was detected in bivalve mollusks. This finding may be
attributable to both the limited number of samples examined and the absence of stratified sampling
strategy, which would have ensured representation across all Italian regions. Remarkably, a high
prevalence of SPHINX/BMMF molecules from groups 1 and 2 was observed in pork meat with
twelve out of twenty testing positive. Although other studies have already documented the presence
of these molecules, positivity rates have not been reported; in our investigation, even considering the

small sample size, the percentage of positive samples remains notably high.

Considering the significant variability observed, further studies are necessary to characterize the
positive samples, for example, using the NGS platform. It is also essential to expand the sampling,
including samples of horsemeat and poultry, which were not included in this study, as well as samples
of cow's milk and additional samples of goat milk, in order to obtain a more accurate assessment of
the occurrence and risks related to milk consumption. Finally, it is necessary to collect additional
samples of pork products (meat and meat derivatives) to further investigate the potential risks

associated with consumption.
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3. Human protoparvoviruses

The earliest identified parvovirus, derived from the Latin term "parvus" meaning "small," was the
Kilham rat virus (KRV), isolated in 1959 from a rat tumor (Kilham & Olivier, 1959). KRV has been
extensively characterized, revealing its widespread prevalence among rodent populations and its
capacity to induce fetal mortality or autoimmune diabetes in rats (Chung et al., 2000; Ellerman et al.,
1996). In 1965, Atchinson et al.(Atchison et al., 1965) isolated small virus-like particles from rhesus
monkey kidney cell cultures infected with simian adenovirus type 15 (SV15), and called adenovirus-
associated virus (AAV). Subsequent research identified AAV as a parvovirus; further studies
demonstrated that AAV could infect humans without causing disease, highlighting its potential utility
in gene therapy (Qiu et al., 2017; Rangarajan et al., 2017).

Human parvovirus B19 (B19V) was first identified in human sera in 1975 (Cossart et al., 1975).
B19V infections are highly prevalent, particularly among pediatric populations, characterized by
erythema infectiosum, commonly referred to as fifth disease (M. J. Anderson et al., 1985). The
International Committee on Taxonomy of Viruses (ICTV) officially recognized the family

Parvoviridae in 1975.

In 2005, human bocavirus 1 (HBoV1) and PARV4 were discovered via viral metagenomics. HBoV'1
was first isolated from respiratory samples of a child with respiratory illness and is strongly linked to
respiratory infections, especially in children (Allander et al., 2005; Jones et al., 2005; Maggi et al.,
2007; Zheng et al., 2010). Additional bocaviruses (HBoV2-4) were identified in stool samples, with
tentative associations to gastrointestinal disease; however, their clinical significance remains less
clear. PARV4 was initially found in plasma from an intravenous drug user with acute viral symptoms;
its infections often co-occur with other viruses like HIV, HBV and HCV, but its pathogenic role and

symptomatology are not fully understood (Jones et al., 2005; Matthews et al., 2014).

In 2012, three additional putative human pathogenic parvoviruses, belonging to Protoparvirus genus,
bufavirus (BuV), cutavirus (CuV) and tusavirus (TuV) were identified through genomic studies (Phan
et al., 2012, 2014, 2016). Protoparvoviruses possess non-enveloped icosahedral capsids with
diameters approximately ranging from 18 to 26 nm. Their genomes comprise single-stranded linear
DNA molecules spanning 4 to 6 kilobases, each containing terminal palindromic sequences of 100—
500 base pairs that adopt duplex hairpin conformations. The viral genome encodes two primary open
reading frames (ORFs): one for the structural capsid proteins (VPs) and another for non-structural

proteins (NSs) (Viisédnen et al., 2017).
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The bufavirus (BuV) was first identified in fecal samples from children under 5 years of age
suffering from diarrhea and negative for rotavirus antigens. In this initial investigation, two
distinct genotypes, BuV1 and BuV2, were recognized. In 2014, genotype BuV3 was
subsequently isolated from fecal samples of children with diarrhea in Bhutan (Phan et al.,
2016). Subsequently, the presence of BuV has been documented across various geographic
regions, including Tunisia, Thailand, Turkey, China, Peru, and Finland, in both pediatric and
adult populations; among the pediatric groups, BuV DNA prevalence in fecal samples has
generally been low, ranging from 0.3% to 4.1%. All positive BuV DNA belonged to genotypes
1 and 3, except for a single case from Burkina Faso where genotype BuV2 was identified,
suggesting an extensive geographic distribution of these genotypes. Additionally, in six
studies, BuV DNA detection showed higher concentrations during colder months, with most
positive samples collected between September and April (Altan et al., 2017; Altay et al., 2015;
Ayouni et al., 2016; Chieochansin et al., 2015; Huang et al., 2015; Smits et al., 2014; Viisédnen
et al., 2014; Yahiro et al., 2014). Beyond fecal analysis, BuV DNA has also been investigated
in nasal swabs from children and cerebrospinal fluid (CSF) samples from adults and children.
In Finland, 955 nasal swabs collected from children diagnosed with acute gastroenteritis
(AGE), acute respiratory infections (ARI), or both were analysed, and BuV DNA was detected
at low copy levels in a single sample from a child with both conditions. However, the
corresponding fecal sample from this child tested negative for BuV DNA, indicating a
possible nonspecific presence or limited involvement of the virus in respiratory samples

(Altay et al., 2016; Viisédnen et al., 2016, 2017).

In 2016, cutavirus (CuV) was identified through viral metagenomic techniques in two
diarrheic fecal samples out of 245 from Brazilian children, as well as in a sample from
Botswana. The nearly complete genome sequence of CuV, of 4.4 kb (GenBank accession
#KT868811), revealed the presence of two main open reading frames (ORFs) corresponding
to the NS1 and VP1 genes, with amino acid identities of 76% and 82%, respectively, compared
to the phylogenetically closest parvovirus, BuV2 (Phan et al., 2016; Viisdnen et al., 2017).
These findings suggest that CuV represented a distinct species within the protoparvovirus
genus. Additionally, in silico analysis of existing next-generation sequencing (NGS) libraries
identified CuV DNA retrospectively in two skin biopsies from French patients with cutaneous
T-cell lymphoma (CTCL), thereby naming the virus cutavirus. Subsequently, CuV DNA was
also detected via NGS in malignant skin lesions of a Danish patient with melanoma (Mollerup

etal., 2017; Phan et al., 2016).
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The tusavirus was first identified in 2014 in an 18-month-old Tunisian child suffering from
diarrhea of unknown etiology, through next-generation sequencing (NGS) analysis (Phan et
al., 2014). Infections with tusavirus appeared to be characterized by gastrointestinal
symptoms, as also evidenced in two Finnish adults (Mohanraj et al., 2021). Serological studies
conducted recently in five countries (Finland, the United States, Iran, Iraq, and Kenya)
assessed the prevalence of protoparvoviruses in humans, revealing a low level of
seropositivity in the general population (Viisdnen et al., 2018). Conversely, earlier serological
studies in the United Kingdom detected a high prevalence of ovine parvoviruses in British and
Scottish sheep flocks, although the genetic nature of this parvovirus remained unknown
(Chappuis et al., 1987). In 2022, a study identified the genome of a parvovirus genetically
related to human stool-associated tusavirus, in a high percentage of fecal samples from goats
(17.8%) and sheep (25.5%) in Hungary. This finding led to the hypothesis that animals could
represent a potential zoonotic source of tusavirus infections in humans (Reuter et al., 2022).
Supporting this hypothesis, Mietzsch and colleagues compared the sequence and capsid
structure of tusavirus in human and ovine samples, defining this virus as a “hybrid” with
molecular characteristics intermediate between primate and non-primate viruses.
Additionally, it was observed that tusavirus exhibited a broader glycan-binding affinity
compared to human cutavirus, based on its pattern of interaction with cellular sialic acid
receptors (Mietzsch et al., 2020; Mohanraj et al., 2021). These findings suggested that

tusavirus might have a wider host range than previously thought.

The clinical significance of tusavirus infections in humans and animals remains to be clarified;
therefore, it is essential to deepen the understanding of this novel parvovirus's biology to better

comprehend its epidemiological role and potential impact on public health.

In section 3.1, four abstracts presented at the Congress of the Italian Society of Virology (SIV) in

2022, 2023, 2024, and 2025 are introduced. Briefly, since data on the prevalence and distribution of

protoparvoviruses in Italy were unavailable, we explored the circulation of these viruses in various

matrices, including bivalve mollusks, wastewater, and animal feces.

A preliminary investigation conducted on 43 bivalve mollusk samples collected between January and

April 2022 in Campania detected BuV, TuV, and CuV in 9% of the samples, suggesting

environmental contamination and a potential risk of human exposure through seafood consumption.
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Meanwhile, we carried out a molecular analysis on environmental samples collected from three
wastewater treatment plants (WTPs). Of the 51 samples analyzed, 30 tested positive for the three
targets. Specifically, 22% were positive for BuV, 29% for CuV, and 43% for TuV. The positive
samples were subsequently characterized in 2024 through Sanger sequencing and phylogenetic
analysis. Results indicated that the BuV sequence obtained, when compared to those in GenBank,
could belong to genotypes 1 or 3. The CuV sequence showed high identity with a skin biopsy
sequence from France and clustered with various skin biopsy and fecal samples from France,
Denmark, Brazil, and China. Finally, the TuV sequences divided into two clusters with 92% identity,
mixing sequences from human and ovine feces, supporting the hypothesis of a potential zoonotic

nature of TuV.

To further investigate the zoonotic potential of TuV, a broader study was conducted, including 848
ovine fecal samples (both feces and swabs), 56 food samples, and 300 wastewater samples. The study
found that 7.9% of animal fecal samples and 37.7% of urban wastewater samples tested positive for
TuV, with significant regional variation (e.g., 59% in Abruzzo and only 11% in Sicily). No food
samples tested positive. RT-nested PCR detected the virus in 14 animal samples and 41 wastewater
samples, with some mixed results. Phylogenetic analysis identified two main clusters of sequences:
one of animal and environmental origin and the other of ovine and caprine origin, confirming a
genetic distance between them (up to 81.1% nucleotide identity). Nearly complete sequences were

obtained from some samples, contributing to the understanding of the genetic diversity of the virus.
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Section 3.1

Exploring the circulation of protoparvovirus through environmental surveillance

T Vicenza', Carolina Veneri?, Pamela Mancini?, Giusy Bonanno Ferraro?, Claudia Del Giudice?,
Marcello Iaconelli?, L. Orlandi', A Boni!, S Di Pasquale!, L Cozzi', YTR Proroga’, E. Suffredini’,
G. La Rosa?

! Department of Food Safety, Nutrition and Veterinary Public Health, Istituto Superiore di Sanita,
National Reference Laboratory for Foodborne Viruses, Rome, Italy

2 Department of Environment and Health, Istituto Superiore di Sanita, Rome, Italy

3 Department of Food Microbiology, Istituto Zooprofilattico Sperimentale del Mezzogiorno, Portici
(NA), Italy

Protoparvovirus is a genus of non-enveloped, ssDNA viruses within the Parvoviridae family. Two
species, bufavirus (BuV) and tusavirus (TuV), described in 2012 and 2014 respectively, have been
reported in association with gastroenteritis in children, while a third species, cutavirus (CuV), has
been detected in both faecal specimens and skin biopsies, and has been later associated with the
development of cutaneous T-cell lymphoma. Although BuV has been previously investigated in a
group of children displaying symptoms of gastroenteritis, data on the prevalence and distribution of
protoparvoviruses are currently unavailable in Italy. Aim of this preliminary study was exploring
the circulation of BuV, TuV and CuV in the population through environmental surveillance.

A total of 51 samples (24h composite) were collected monthly between February 2021 and March
2023 from three wastewater treatment plants (WTPs) in Rome. Samples were concentrated by PEG
precipitation and nucleic acids were extracted according to a standardized protocol and analysis was
undertaken by real-time qPCR using previously described primers/probes. For target quantification,
an in vitro synthetized template was used, and the quality of the analysis was ensured using
recovery and inhibition controls.

Thirty samples (59%) tested positive for at least one of the viruses. Specifically, BuV was detected
in 11 samples (22%), TuV in 22 (43%) and CuV in 15 (29%). Viral concentrations in positive
samples were generally low and, considering WTP daily flow rates and contributing population, the
median excretion was estimated to be 2.2x10? (range 5.5%10" - 4.3x10%) genome copies /
inhabitant*die for BuV, 4.5x10? (range 5.2x10! - 2.6x10?) for TuV, and 3.5x10* (range 1.2x10? -
5.6x10%) for CuV. Although no clear seasonal trend was observed in viral occurrence, most of the
positive samples and higher TuV concentrations were obtained in samples collected beween late
winter and early summer (February to July).

The results of this waterwater surveillance study highlights a significant ciruclation of BuV, TuV
and CuV within the population. However, further studies are needed to define the potential impact
of these viruses on human health.
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Occurrence of protoparvoviruses in bivalve mollusks: a preliminary study
A Mancusi?, T Vicenza', O Dimaro?, A Boni'!, E Suffredini!, YTR Proroga?

! Department of Food Microbiology, Istituto Zooprofilattico Sperimentale del Mezzogiorno, Portici
(NA), Italy

2 Department of Food Safety, Nutrition and Veterinary Public Health, Istituto Superiore di Sanita,
National Reference Laboratory for Foodborne Viruses, Rome, Italy

Protoparviruses are small, non-enveloped, ssDNA viruses within the family Parvoviridae. The
constant progress in metagenomic sequencing has led, in the last decade, to the discovery of three
members of the Protoparvovirus genus infecting humans: 1) bufavirus (BuV), first detected in 2012
in the diarrhoeic faeces of children from Burkina Faso; ii) tusavirus (TuV), discovered in 2014 in
the faeces of a Tunisian child with diarrhea of unknown origin; iii) cutavirus (CuV), reported in
2016 in faecal and cutaneous specimens and since then associated with cutaneous T-cell lymphoma.
Studies on the occurrence of these protoparvoviruses has been undertaken in some EU countries,
but data on their circulation in the Italian population are scarce. Bivalve mollusks are filter feeder
animals which may accumulate to significant levels microorganisms present in their seawater
growing areas. Due to this, they are often used for indirect monitoring of environmental
contaminants and/or of microorganisms originating by the discharge of wastewater into the sea.
Aim of this study was a preliminary investigation of the occurrence of protoparvoviruses in bivalve
mollusks, as a marker of their circulation in the population.

A total of 43 bivalve bivalve shellfish samples (mussels, Mytilus galloprovincialis), collected
between January and April 2022 in 15 production areas of the Region of Campania, were tested.
Samples were prepared by dissection and lysis of the digestive tissue, according to ISO 15216.
Detection of BuV, TuV and CuV was performed by real-time PCR using previously described
primers/probes (Viisdnen et al., 2014; Viisdnen et al., 2019). The three protoparvoviruses were
detected in 4 samples (9%). In detail, BuV and CuV occurred in 2 samples, respectively, while TuV
was detect in one of the samples already positive for BuV. Positive samples were all characterized
by high Cq values (>38) and had been all collected between the end of February and first part of
March. Interestingly, both CuV-positive samples had been taken in concecutive samplings from the
same shellfish growing area, indicating either a steady or a recurring contamination. Further and
more extensive studies are required to assess the circulation of these parvoviruses at national level.

Viisdnen E, Kuisma I, Phan TG, et al. Bufavirus in Feces of Patients with Gastroenteritis, Finland.
Emerg Infect Dis. 2014;20(6):1077-1079.

Viisédnen E, Fu Y, Koskenmies S, et al. Cutavirus DNA in Malignant and Nonmalignant Skin of
Cutaneous T-Cell Lymphoma and Organ Transplant Patients but Not of Healthy Adults. Clin Infect
Dis 2019;68(11):1904-1910.
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Molecular characterization of protoparvovirus from urban wastewater
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National Reference Laboratory for Foodborne Viruses, Rome, Italy
2 National Center for Water Safety (CeNSia), Istituto Superiore di Sanita, Rome, Italy

In the last decade, advancements in metagenomic sequencing have led to the detection of three
human-infecting Protoparvoviruses within the Parvoviridae family: bufavirus (BuV), tusavirus
(TuV), and cutavirus (CuV). BuV was first found in 2012 in the feces of children in Burkina Faso,
TuV in 2014 in a Tunisian child with unexplained diarrhoea, and CuV in 2016 in faecal and skin
samples linked to cutaneous T-cell lymphoma. The presence of these protoparvoviruses has been
studied in some EU countries, but there is limited information on their prevalence in the Italian
population. In a preliminary study, we investigated the precence of these Protoparvoviruses in
samples from wastewater treatment plants (WTPs) in Rome. Samples were concentrated by PEG
precipitation, and nucleic acids were extracted following a standardized protocol. Analysis was
carried out using real-time qPCR with specific primers and probes and showed the presence of at least
one of the viruses in 59% of the samples. Specifically, BuV was present in 11 samples (22%), TuV
in 22 samples (43%), and CuV in 15 samples (29%).

In this study, an attempt was made to characterize the viruses in the positive samples using nested
PCR with specific primers designed to amplify the BuV NS1, CuV VPI, and TuV NS1 regions [1, 2,
3]. Subsequently, these samples were subjected to Sanger sequencing and phylogenetic analysis.
Amplification was obtained for BuV in one sample, for TuV in four samples and for CuV in one
sample. Comparison of the sequence obtained with sequences available in GenBank showed that the
BuV detected belonged to genotype 1 or 3 (100% identity to genotype 1 sequence KM580347 and
99.5% 1dentity to genotype 3 sequence AB982218), but complete discrimination was not possible due
to the high identity of the two genotypes in the sequenced region. The sequence obtained from the
CuV-positive sample showed the highest identity with a skin biopsy from France (98.1%; KT868815)
and clustered with several sequences from skin and stool samples from France, Denmark, Brazil, and
China. Finally, the four TuV sequences clearly differentiated into two clusters with 92% identity. In
BLAST analysis, these sequences intermixed with sequences from human and ovine faecal samples,
supporting the hypothesis that this virus may have a zoonotic potential. Further studies are required
to provide a complete genome characterization of protoparvovirus viral strains occurring in the human
population.

[1] Phan TG, Vo NP, Bonkoungou 1JO, et al. Acute diarrhea in west African children: diverse
enteric viruses and a novel Parvovirus genus. J Virol. doi: 10.1128/JV1.01427-12

[2] Phan TG, Dreno B, da Costa AC, et al. A new protoparvovirus in human fecal samples and
cutaneous T cell lymphomas (mycosis fungoides). Virology. doi:10.1016/j.virol.2016.06.013

[3] Phan TG, Sdiri-Loulizi K, Aouni M, et al. New Parvovirus in child with unexplained diarrhea,
Tunisia. EID. doi:10.3201/eid2011.140428
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Exploring occurrence and genetic diversity of tusavirus in animals, food and environmental
matrices
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Aim: Tusavirus (TuV) are non-enveloped, ssDNA viruses within the Parvoviridae family, first
described in 2014 in a Tunisian child with unexplained diarrhoea. Following their first reporting,
these viruses have been reported in multiple countries and, more recently, in animal hosts (goat and
sheeps). To improve the understanding of TuV circulation and to assess the hypothesis of their
possible zoonotic transmission, a study on TuV occurrence and genetic diversity in animal, food and
environmental matrices was undertaken.

Methods: Animal, food and environmental samples were included in the study to explore occurrence
of Tusavirus in livestock, foods of animal origin and humans. Overall, 848 fecal samples (stools or
rectal swabs) were collected from ovicaprines in farms or at slaughtering in the Regions of Abruzzo,
Molise, Apulia, Basilicata and Calabria, 56 food samples (sheep and goat milk, meat and meat
products of bovine and swine origin) were collected from different Italian regions including Abruzzo,
Latium, and the autonomous province of Bolzano, and 300 urban wastewater samples were taken
from major cities of Latium, Piedmont, Sicily and Bolzano province. Samples were treated with
matrix-specific protocol to extract viral nucleic acids and presence of TuV was assessed by real-time
RT-PCR according to Vaisanen et al., 2019 [ref]. Characterization of positive samples was attempted
by nested RT-PCR [ref] followed by Sanger sequencing (NS1 gene). Full genome sequencing using
an Artic-like strategy and MinlON ONT platform was performed on selected samples.

Results: Sixty-seven (7.9%) animal fecal samples and 113 (37.7%) urban wastewater tested positive
for TuV. Significant regional differences in virus occurrence were detected, e.g. TuV were present in
59%, 53%, 50%, 21% and 11% of wastewater samples from Abruzzo, Piedmont, Bolzano, Latium
and Sicily, respectively, and uneven distribution of positive samples was also evident for animal
samples. No food sample tested positive for TuV. Nested RT-PCR amplification was achieved for 14
animal fecal samples and for 41 wastewater samples (4 of which with mixed electropherograms).
Phylogenetic analysis of the fragment showed clustering of sequences into two major clusters
supported by high bootstrap values, with one cluster encompassing both sequences of animal and
environmental origin, and the other including sequences from ovine and caprine samples. Complete
or almost complete genome sequence was obtained for three animal samples and two wastewater
samples, and phylogenetic analysis confirmed genetic distance between the two major clusters
(nucleotide identity as low as 81.1%).
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Conclusions: This study highlights a significant occurrence of Tusavirus in ovicaprines and in urban
wastewater samples (representing the communities of the collected areas). Furthermore it provides
molecular characterization of the strains circulating in both the animal and human populations,
providing new information on the genetic diversity of this virus.
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4. Conclusion

The comprehensive exploration undertaken in this thesis underscores the critical importance of
advancing our understanding of emerging and re-emerging viral pathogens, particularly those with
zoonotic potential. As demonstrated through the multifaceted analysis of CRESS DNA viruses,
BMMF molecules, and human protoparvoviruses, the landscape of viral diversity is vast and
continually expanding, driven by analytical innovations such as next-generation sequencing and viral

metagenomics.

The study of CRESS DNA viruses, especially circoviruses, highlights their ubiquity across species
and environments, as well as their potential to infect domestic animals like cats and dogs. The
detection of these viruses in feline populations and the genetic diversity uncovered in Italian samples
emphasize the necessity for ongoing epidemiological surveillance. Such efforts are vital to clarify
their pathogenic roles, assess risks of spillover, and develop effective control measures. Moreover,
the identification of circoviruses in human-associated samples and in various environmental matrices
raises critical questions about their zoonotic potential and possible contributions to disease processes,

including neurological and gastrointestinal disorders.

Similarly, the investigation into BMMF molecules presents an intriguing hypothesis linking dietary
exposure to bovine-derived products with chronic inflammatory states and carcinogenesis. The
widespread presence of BMMFs in food, water, and animal samples suggests a complex web of
transmission pathways that merit further exploration. While epidemiological data have yet to
definitively establish causality, the potential association between these molecules and cancers such
as colorectal and breast cancer underscores the importance of comprehensive risk assessments and

the development of molecular detection strategies to monitor their prevalence.

Finally, the analysis of human protoparvoviruses expands our awareness of the diversity and
distribution of these small DNA viruses. The discovery of novel genotypes, along with evidence of
their presence in environmental, animal, and human samples, highlights the dynamic nature of
parvovirus evolution and host interactions. The detection of tusavirus in animal feces and
environmental samples, along with phylogenetic analyses suggesting zoonotic links, reinforces the
necessity for integrated One Health approaches. These approaches should aim to elucidate
transmission pathways, assess pathogenicity, and evaluate potential public health impacts, especially

given the low seroprevalence yet widespread detection of these viruses.
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Viral emergence is a multifactorial process influenced by ecological, anthropogenic, and biological
factors. Human activities such as wildlife trade, deforestation, intensive farming, and environmental
contamination are pivotal in facilitating spillover events. The recent SARS-CoV-2 pandemic
exemplifies how rapidly a zoonotic virus can adapt and disseminate globally, highlighting the urgent
need for robust surveillance systems, early detection capabilities, and international collaboration. The
integration of advanced molecular techniques and bioinformatics has provided unprecedented
insights into viral diversity, evolution, and epidemiology. These tools are essential for identifying
potential zoonotic threats before they escalate into outbreaks. Continued research into the molecular
biology of these viruses, their transmission dynamics, and their ecological niches will be instrumental

in developing predictive models and preventive strategies.

In conclusion, this thesis underscores the imperative for a proactive, multidisciplinary approach to
viral surveillance, encompassing wildlife, domestic animals, humans, and the environment.
Strengthening our understanding of viral ecology and evolution will aid in early detection, risk
assessment, and the development of targeted interventions to mitigate the impact of emerging viral
diseases. As the global community faces ongoing and future pandemics, fostering collaboration
across scientific disciplines, public health, veterinary medicine, and policy-making will be vital to

safeguard health and resilience in an increasingly interconnected world.
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