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ABSTRACT

The aim of this study is to investigate the genetic aspects of PCV2 and deepen our understanding
of the molecular epidemiology and evolution of the virus in pigs. All available PCV2 ORF2
sequences were collected from PubMed, considering the country of sampling, the date, and the
host, to analyze viral population dynamics, dissemination, and evolutionary patterns. Specifically,
selective pressures acting on circulating variants in domestic pigs and wild boars were compared.
The results provide insights into viral dispersion patterns and how different hosts, based on their
biological characteristics and immunity (largely influenced by vaccination), may contribute to viral
evolution.

The analysis of the PCV2 capsid gene revealed several highly conserved regions, indicative of
essential functions related to viral stability and replication, while less conserved regions exhibited
variations likely driven by host-specific selective pressures. Comparative analyses highlighted
significant differences in selection patterns: in domestic pigs, a prevalence of mutations under
positive selection was observed, reflecting selective pressures potentially linked to intensive
farming practices and vaccination. In contrast, wild boars exhibited a predominance of purifying
selection signals, emphasizing the need to preserve protein functionality in a natural ecological
context.

Phylogenetic reconstruction demonstrated the global distribution of PCV2 genotypes (PCV2a,
PCV2b, and PCV2d) in both populations, with limited geographical clustering and evidence of free
viral circulation facilitated by the international trade of pigs. Local clades, such as those observed
in Italy, suggested possible independent evolution and specific adaptations to local contexts. The
bidirectional viral flow between domestic pigs and wild boars underscored the role of the latter
not only as secondary reservoirs but also as contributors to transmission, with significant
epidemiological implications. Overall, the study provides crucial insights into the evolutionary
dynamics of PCV2 and its interaction with different hosts. The observed differences between
domestic pigs and wild boars reflect distinct selective pressures and the complexity of
evolutionary processes shaping the virus's genetic diversity. These findings highlight the need for
monitoring and containment strategies to limit interactions between domestic and wild
populations, thereby preventing the spread and evolution of pathogens with significant health and

economic impacts.



Riassunto

L'obiettivo di questo studio e investigare gli aspetti genetici del PCV2 e approfondire la
comprensione dell'epidemiologia molecolare e dell'evoluzione del virus nei suini. Sono state
raccolte tutte le sequenze di ORF2 di PCV2 disponibili su PubMed, considerando il paese di raccolta,
la data e l'ospite, per analizzare le dinamiche della popolazione virale, la diffusione e i pattern
evolutivi. In particolare, sono state confrontate le pressioni selettive che agiscono sulle varianti
circolanti nei suini domestici e nei cinghiali selvatici. | risultati forniscono informazioni sui modelli di
dispersione virale e su come i diversi ospiti, in base alle loro caratteristiche biologiche e all'immunita
(in gran parte influenzata dalla vaccinazione), possano contribuire all'evoluzione virale.

L'analisi del gene del capside di PCV2 ha rivelato numerose regioni altamente conservate, indicative
di funzioni essenziali legate alla stabilita e alla replicazione virale, mentre le regioni meno conservate
hanno mostrato variazioni probabilmente guidate da pressioni selettive specifiche dell'ospite. Le
analisi comparative hanno evidenziato differenze significative nei pattern di selezione: nei suini
domestici e stata osservata una prevalenza di mutazioni sottoposte a selezione positiva, riflettendo
pressioni selettive potenzialmente legate alle pratiche di allevamento intensivo e alla vaccinazione.
Al contrario, nei cinghiali selvatici € emersa una predominanza di segnali di selezione purificante,
sottolineando la necessita di preservare la funzionalita delle proteine in un contesto ecologico
naturale.

La ricostruzione filogenetica ha dimostrato la distribuzione globale dei genotipi di PCV2 (PCV2a,
PCV2b e PCV2d) in entrambe le popolazioni, con un clustering geografico limitato e evidenze di una
libera circolazione virale favorita dal commercio internazionale di suini. Cladi locali, come quelli
osservati in Italia, hanno indicato una possibile evoluzione indipendente e adattamenti specifici ai
contesti locali. Il flusso virale bidirezionale tra suini domestici e cinghiali ha sottolineato il ruolo di
guesti ultimi non solo come reservoir secondari, ma anche come contributori alla trasmissione, con
significative implicazioni epidemiologiche. Nel complesso, lo studio fornisce informazioni cruciali
sulle dinamiche evolutive del PCV2 e sulla sua interazione con ospiti diversi. Le differenze osservate
tra suini domestici e cinghiali riflettono pressioni selettive distinte e la complessita dei processi
evolutivi che modellano la diversita genetica del virus. Questi risultati evidenziano la necessita di
strategie di monitoraggio e contenimento per limitare le interazioni tra popolazioni domestiche e
selvatiche, prevenendo cosi la diffusione ed evoluzione di patogeni con rilevanti impatti sanitari ed

economici.
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1. INTRODUCTION

1.1. Pork consumption and the impact of circovirus on pigs: a global picture

The global pig industry has increased by 140% since the 1960s (1). The rise is related to improved
socioeconomic conditions of a low-middle income countries. The increased consumption of meat
regards especially pork. The top three pork producers globally are China, United States (US) and the
European Union (EU). China is the most important pork meat producer with nearly 50% of the
world's total production (1). Intensive farms have spread around for several years, also structured

on several floors and hosting hundreds of thousands of pigs.

T skyscraper of the Zhong Xin Kai Wei Modern Breeding Company (shown in Figure 1) have reached
26 floors with 600 thousand pigs (The New York Times, no date).In Figure 2 is shown an example of

high-density, multi-floor pig production system.

Figure 2. Example of high-density, multy floor pig productions

Figure 1. Zhong Xin Kai Wei Modern Breeding Company
system

With the increase in pig production, there has been a simultaneous increase of pathogenic virus
detections. The international trade of livestock plays an important role in the dissemination of
diseases. This situation takes place within a global context in which regions and countries with quite
different levels of production and sanitary standards have commercial contact, making it very

difficult to provide full product traceability and prevent disease transmission risks substantially (3).

The transportation of livestock is crucial because is related to the outbreak of many pathogenic

viruses. Among the viral diseases that can affect pigs there are Swine Influenza, Porcine



Reproductive and Respiratory Syndrome (PRRS), Porcine Epidemic Diarrhea (PED), Classical Swine
Fever (CSF), African Swine Fever (ASF), Foot-and-Mouth Disease (FMD), Pseudorabies (Aujeszky's
Disease) and Porcine Circovirus diseases (PCVDs). While apparently less clinically impacting, porcine
circoviruses are important pig pathogens being responsible for several syndromes that cause
significant economic losses for the meat industry (4). PCV was already known as a not-pathogenic
persistent contaminant of PK-15 cell line cultures when, in 1991, a new clinical condition appeared
in Canada (5). This condition was marked by chronic wasting, rapid and difficult breathing, pale
appearance, swollen lymph nodes, and jaundice. Based on these symptoms and the age of affected
animals, it was named Post Weaning Multisystemic Wasting Syndrome (6) Initially linked to PCV,
later serological and genomic analyses identified a distinct circovirus. Sequencing analysis showed
differences in the DNA sequences, showing about 70% and 76% similarity to the original strain
described by Tischer. (7) Therefore, the newly identified pathogenic strain was named PCV2, while
the non-pathogenic strain was renamed PCV1. In the following years, report of PMWS became more
frequent especially in Europe, United States, Asia, and South America. Although initially debated,
the pathogenic role of this virus and the relevance became clear over time, establishing PCV2 as an

emerging global pathogen (8).

Originally linked to postweaning the multisystemic wasting syndrome (PMWS, now referred to as
PCV2 systemic disease or PCV2-SD) in the early 1990s, PCV2 was later implicated in other clinical
conditions, including PCV2 reproductive disease (PCV2-RD) and porcine dermatitis and nephropathy
syndrome (PDNS). Together, these conditions (PCV2-SD, PCV2-RD, and PDNS) are classified as
porcine circovirus diseases (PCVDs)(4). While PCVDs have complex causes, most PCV2 infections
remain subclinical (PCV2 subclinical infection, PCV2-Sl). Interestingly, PCV2-SI exerts a greater
economic burden than clinical infections by reducing average daily weight gain and increasing
vulnerability to co-infections, ultimately impacting farm profitability (9). In addition to the sings and
lesions directly associated to PCV2, the immunosuppressive nature of the infection can predispose

to several other infections (10,11).

In fact, pigs with PCV have a significant immune system modification, as seen by the disease's
histological features and the prevalence of secondary and opportunistic infections in afflicted
animals (12) For many years, the main goals of PCV control have been to enhance management
techniques and reduce risk factors that affect the disease's clinical manifestation. However, the

development and commercialization of specific vaccines was a cornerstone in PCV2 control. Their
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application in the field allowed to control the occurrence of clinical forms and has significantly
decreased the prevalence of PCV2(13,14), although sporadic outbreaks still occur, likely due to
improper vaccination. However, a reduced protection due to viral variability and decrease in cross-

protection has sometimes been claimed (15).

1.2. Taxonomy of PCV

Porcine Circovirus 2 belongs to the Circoviridae family and has a circular single-stranded DNA
genome enclosed in a small (20-25 nm) icosahedral capsid. It is part of the Circovirus genus, which
distinguishes it from the Cyclovirus genus of the same family. The organization and orientation of
protein-coding genes are the main basis for this categorical distinction. Taxonomic classification
divides members of the Circoviridae family into species using a demarcation threshold. Viruses with
less than 80% identity in the genomic sequence are assigned to a different species (16). In Figure 3
is represented the genomic organization of PCV-1. The genomic structure of Circoviridae viruses is
composed of two main open reading frames (ORFs) encoding for two main functional and structural
proteins: Rep and Cap. Rep is composed of two domains, helicase domain and endonuclease
domain. The capsid protein (Cap) has a jelly roll structure with a positively charged N-terminal arm

and aggregates in 60 copies to form the capsid (Figure 4).

Origin of replication

cap Porcine circovirus-1, rep
PCV-1 (1,759 nts)
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Figure 4. Icosahedral cryo-EM determined structure of the

Figure 3. Genomic Organization of PCV-1 purified PCV2d VLP colored according to the local resolution

The viral genome is ambisense and the two ORFs are located on complementary strands of the

replicative DNA. Rolling circle replication (RCR) originates from the stem-loop structure with a highly
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conserved sequence in the intergenic region between the two ORFs. Circoviruses of the genus
Circovirus (including PCV2) primarily infect vertebrates, such as pigs and birds. Cycloviruses, on the
other hand, can infect both vertebrates and invertebrates. According to ICTV guidelines, the most
recent taxonomy has added binomial nomenclature for species in the family Circoviridae. For
example, the species PCV2 is now known as Circovirus porcine2, but the virus is still called Porcine
circovirus 2. This change was made to improve taxonomic clarity and facilitate the classification of
new species as they emerge (16) Circoviruses of the genus Circovirus (including PCV2) primarily

infect vertebrates, such as pigs and birds. Cycloviruses, on the other hand, can infect both

vertebrates and invertebrates (Figure 5).
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Figure 5. Phylogenetic trees of the main species included in the Circovirus and Cyclovirus genus



1.3.  Structure of pcv2: molecular mechanisms and genetic characteristics

PVC2 is the smallest autonomously replicating viruses in mammalian cells, with a diameter of about
17 nm. as other members of this genus have icosahedral symmetry, lack an envelope, and contain
a single-stranded, circular DNA genome. It has a genome of about 1.7 kilobases. The DNA genome

of the PCV1 and PCV2 was found to be 1759 and 1766-1768 nucleotides, respectively (17,18)

Their genome has circular genomic structure with a characteristic stem-loop feature at the ORI that
is responsible for DNA replication termination. During replication, a rolling-circle replication, the
loop stem consists of an 11-base paired palindromic sequence, and the loop consists of a stretch of
10-12 nucleotides, tending to 12 in PCV1 and 10 in PCV2, including an 8-nucleotide conserved
sequence. This sequence forms a cleavage site where the Rep complex binds to initiate replication
(17). The genome of PCV2 comprises eleven potential open reading frames (ORF), altohugh only for
six the expression has been proven and a in deep characterization has been achieved only for three.
ORF1 encodes two replication proteins, Rep and Rep'; ORF2 encodes the capsid protein Cap, while
ORF3 is believed to encode proteins responsible for virus pathogenicity and apoptosis. Transcription
of each of these ORFs specifically depends on viral replication; it is dependent on enzymes in the

host cell, although viral Rep complex is necessary initiate the replication process (19).

The ORF1 is the most conserved region of the genome, with an identity of 79.5-85% between PCV1
and PCV2. This gene encodes two proteins, Rep, consisting of 312 amino acids, and Rep', comprising
178 amino acids, produced through differential splicing of ORF1. Rep' contains the first 122 amino
acids of Rep but has a different C-terminal sequence. The characteristic amino acid domains include
RC-I, RC-Il to coordinate the divalent ions, RC-lll with the tyrosine residue for cleavage at Ori, and a
P-loop for helicase and ATPase activity. Compared with Rep, Rep' lacks the P-loop, which is
dispensable for the in vitro cleavage at the replication origin but is required for replication in cell

cultures (20)

Since PCV2 replication depend on host polymerases, replication takes place in the host cell S phase
wherein the ssDNA assumes a dsDNA intermediate perhaps initiated by a minus genome initiation
primer-like complex, although similar complexes have been described in other viruses, confirmation

of this structure in PCVs is awaited (21)



The Rep complex unwinds the dsDNA at the replication origin, nicks the c-DNA at the loop to bind
covalently to the 5' end, and exposes the 3'OH end that act as a primer for DNA polymerase
synthesizing a complementary strand, completing replication when reaching the stem-loop
structure. This gives rise to a positive single-stranded DNA and a double-stranded circular DNA
comprising the original negative strand and the new complementary strand. The single-stranded

DNA further can continue replication or be encapsidated in the viral particles (22).

The second largest reading frame is ORF2, encoding the cap gene for the capsid protein Cap. Cap is
a 233-234 amino acid protein with a molecular weight of about 30kDa. The protein provides the
icosahedral capsid packaging the viral genome, mediates virus attachment, and effects the
transmission of viral DNA to the host cell nucleus via an N-terminal NLS or nuclear localization signal.
The major epitopes have been identified in the PCV2 capsid, which is the main target of the host

immune response (6,10).

Although ORF3 is not crucial for infection or replication of the virus, it has been suggested that the
protein can interact with an E3 ubiquitin ligase and thus potentially be involved in the stability of
tumor protein p53, linked to apoptosis. Its interaction can lead to programmed cell death, allowing
this virus to spread to other cells and consequently to lymph nodes. This hypothesis was further

justified by the studies of PCV2 strains infections in mice (20)

Another protein encoded by ORF4 could prevent apoptosis—a potential antagonist to the protein
expressed by ORF3. During replication, the detection of ORF4 as a transcript has been detected and
may play a role in the inhibition of caspase-mediated apoptosis, thus allowing for a more persistent

viral replication (22)

The ORF5 and 6 have been shown to be transcribed and translated, interfering with host signaling

pathways at different levels

1.4. PCV2 capsid variability: implications for virulence and virus evolution

The capsid protein of PCV2 is essential for the virus's structure and interaction with the host immune
system. It plays a central role in immune recognition, as it induces responses that help in the
neutralization and elimination of the virus. PCV2 has a high mutation rate, comparable to that of
RNA viruses, and these characteristic favors rapid evolution and the emergence of genetic variants

(23). Phylogenetic studies have identified several major genotypes (PCV2a, PCV2b, and PCV2d) that
10



have succeeded one another over time as dominant genotypes. For example, the PCV2a genotype,
dominant until the early 2000s, was subsequently replaced by the PCV2b genotype, which was

associated with outbreaks of more severe disease (24).

PCV2d has emerged as the dominant genotype in several countries, supplanting PCV2b ((25). This
switch between genotypes, known as “genotype shift,” reflects the virus’s constant adaptation to
changes in the host’s environment, which can be influenced by natural factors and artificial selective

pressures such as vaccination (26-28).

Recent sequencing has shown that the genetic variability of the capsid is concentrated mainly in
epitopic regions, which are targeted by antibody and cellular responses. Specific mutations in the
Cap protein appear to enhance the virus’s ability to evade the immune system (29). This ability is
particularly relevant in settings where vaccination is widespread, as the virus must adapt to a
partially immunized host (19). The co-circulation of various genotypes in different geographical
areas suggests that PCV2 may benefit from frequency-dependent selection, in which the fitness of
a genotype decreases as it becomes more common, thus favoring periodic shifts in the dominant

genotype (30).

Clinically, PCV2 capsid variability has been associated with possible differences in virulence between
genotypes. Although further studies are needed to confirm this hypothesis, some research suggests
that PCV2d may be associated with more severe clinical forms, such PCV2-SD and other systemic
manifestations (5). The link between capsid variability and virulence is still an active area of

research, as specific virulence markers for PCV2 have not yet been definitively identified.

1.5. Role of vaccination and immunity in the prevention of PCV2 infections: challenges
and perspectives

One of the major steps in controlling the circovirus diseases in pigs has been the introduction of
vaccines against the PCV2, which has eventually brought a sharp decline in clinical signs and
economic losses for the pig industry. The vaccines used so far, based on the genotype PCV2a, which
was initially the most frequent, have been highly effective against various viral strains and clearly
diminished signs, both clinical and subclinical (31). However, the wide use of these vaccines has
imposed evolutionary pressures that might have affected the temporal distribution of viral

genotypes. In fact, of the use of PCV2a-based vaccine have been speculated as a factor driving viral
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evolution and contributin to the success of other genotypes such as PCV2b and particularly PCV2d,
which mat show a greater ability to evade the vaccine-induced immune response (15,28). Immune
escape is the ability of a virus to evade the host's immune system and, in fact, represents a direct
response to vaccine pressures (32,33). The major target of immune response is the Cap protein
encoded by the ORF2 gene. However, while this protein is highly mutable, the virus's ability to
'escape’ antibody recognition is more limited compared to the mechanisms of antimicrobial
resistance. Indeed, some of the important antigenic regions have acquired mutations in the PCV2d
genotype that reduced antibody neutralization efficiency. The most recent studies indicate that the
model of frequency-dependent selection is being followed during evolution of PCV2. In other words,
if a genotype is relatively rare, it usually is in an advantageous position, whereas once it gets too
abundant, it loses this advantageous position because of increasing population immunity and loss
of fitness. This has leasd to oscillation of PCV2a, PCV2b, and PCV2d detection frequency, each
prevailing at different times, influenced by the immune pressures, both natural and vaccine induced.
Such dynamics allow this virus to maintain genetic variability, making it difficult to completely
eradicate the pathogen. This virus is notorious for its high propensity for recombination, an event
that offers the virus a chance to generate new variants through the recombination of DNA regions
from different genotypes (34). It happens quite often both in vaccinated domestic pigs and in
unvaccinated wild boars, further enhancing the virus's potential to produce resistant variants that
might lead to an immune- circumventing event against the vaccines currently in use. It is this genetic
diversity that improves chances for resistance (12). Thr co-circulation of several genotypes, in
addition to a high mutation rate, underlines the requirement for permanent surveillance, even
among wild populations like those of the wild boars, since these reservoirs of genetic variability are
in contact with, and may re-infect, domestic populations, thus contributing to the emergence and
introduction of new viral variants. While it is of utmost importance to ensure that advances in
biosecurity practices in pig farms prevent transmission between wild and domestic animals, real life
scenario testify that often their efficacy is limited (35,36). Thefore, a pivotal role must be played by
vaccination. In this scenario, vaccines in current use will need periodic evaluation and updating to
counter the continuously arising genotypes. Mass vaccinations that are based on monovalent
formulation, though affording protection against the clinical symptoms, encourage the selection of
variants with evasion capability. Probably soon, polyvalent vaccines covering epitopes from

different genotypes will provide broader and longer protection against various variants of PCV2 (37).
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2. OBJECTIVES AND HYPOTHESIS

The present study purpose is to examine whether selective pressures act differently on wild and
domesti populations to assess and quantify the impact of vaccination over time. This will allow us
to evaluate the potential evolutionary divergence influenced by vaccination practices and the

pattern and sites where it occurs.

As secondary objectives, we aim to investigate the genetic variability within each host, assess
differences between them, and determine if any unique genetic or phenotypic traits exist.
Additionally, studying viral flow between these two populations will not only clarify the role of
wild populations in shaping viral evolution but also reveal their potential contribution to the

introduction of the virus into domestic populations.

Conversely, we will evaluate the role of domesticated farming as a potential threat to wild

populations, examining if and how it could impact the health and viability of wildlife.
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3. MATERIALS AND METHODS

3.1. Sequence selection

Complete ORF2 sequences of PCV2 were retrieved from the NCBI virus. However, there is no specific
requirement for those depositing sequences to include adequate metadata about the sequenced
strains, including the DNA collection date, country, and host species, which can complicate the
sequence selection and analysis process. We used PubMed as the main source for gathering and
verifying the information needed for analysis, searching published articles reporting PCV2

sequences (i.e., relative accession number) and clearly annotated metadata.

This step provided a comprehensive overview of all available data, creating a solid basis for our

study.

One of the main challenges encountered was host identification, the comparison of which was one
of the main objectives of the present study. Sequences of Sus scrofa are often deposited without
specifying whether they belong to Sus scrofa domesticus or wild Sus scrofa (wild boars). This lack of
detailed information can make data interpretation difficult, especially because these two groups of
animals can have different distributions and epidemiological characteristics. To address this issue,
we carefully reviewed all available literature to find missing information, allowing us to ensure a
highly curated sequence annotation. Only sequences for which such data were available were

considered for further analysis.

We collected a total of 2015 sequences from wild boar and domestic pig samples after reviewing

the literature and selecting the necessary data.

This sample enabled us to identify two populations for comparison. Since the number of sequences
obtained from domestic pigs outnumbered the wild ones, we selected a set of domestic pig
sequences with a temporal distribution comparable to that of the wild boar sequences and

maintained a ratio of approximately 1.5 domestic pig sequences for every wild boar sequence.

This approach alloed us to adequately represent the geographical spread of PCV2 across the various

environments inhabited by wild boars and domestic pigs.
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3.2. Sequence analysis

Once the two populations have been carefully and attentively selected, ensuring that they are
representative for both domestic pigs and wild boars, the alignment of the sequences was
performed. For this purpose, Jalview (38) and MEGA (39)were used. A final alignmen of 702 base-
pair, incliuding 331 and 223 sequences of domestic and wild boar, was obtained. To prelimanry
evaluate the within and between populations genetic and amino acid variability of the selected
sequences, different graphical tools were implemented. In particular, the sequence alignment
quality and variability, were assessed at nucleotide and amino acid position by visual inspection, by

evaluation of summary statistics generated by Jalview and by graphical tools like WebLogo (40).

3.3. Phylogentic tree

The MEGA XI program was used to create the phylogenetic tree after loading a FASTA sequence file
annotated with information on wild boar and Sus scrofa domesticus. The tree was constructed using
the Maximum Likelihood (ML) approach, which is especially well-suited for estimating evolutionary
relationships based on probabilistic models of sequence change. The substitution model was

selected based on the Bayesian information criterion (BIC), calculated through the same software.

3.4. Viral migration among populations

To jointly reconstruct the population-specific viral effective population size (Ne), strain migration
between categories (i.e., wild boars and domestic pigs), and other population parameters, as well
as phylogenetic trees representing viral genealogy, a Bayesian structured coalescent analysis (41)
was performed using the MultitypeTree package in BEAST 2.7 (42). The structured coalescent is a
statistical framework that models the genealogy of individuals sampled from a structured
population evolving under a migration matrix model. In this context, each category represents an
'island' (deme) with a specific population size, interconnected by migration events occurring at a

constant rate over time.

A Markov chain Monte Carlo (MCMC) run of 100 million generations was conducted, with model
parameters and phylogenetic trees sampled every 10,000 generations. The nucleotide substitution
model was chosen based on the Bayesian Information Criterion (BIC), and a relaxed lognormal

molecular clock was selected (43). Results were evaluated in Tracer v1.7 (44) and considered
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reliable only if mixing and convergence were adequate, with an Estimated Sample Size (ESS)
exceeding 200 for all parameters. Parameter estimates were summarized as the mean and 95%
Highest Posterior Density (HPD) after discarding the first 20% of the run as burn-in. Maximum clade
credibility (MCC) trees were generated and annotated using TreeAnnotator from the BEAST

package.

3.5. Selective pressure analysis

Selective pressures were identified using the Datamonkey website (45), implementing the SLAC
(Single-Likelihood Ancestor Counting) (46) and MEME (Mixed Effects Model of Evolution) (47)
methods.

SLAC is a maximum likelihood model-based method that calculates pervasive positive or negative
selection at specific sites. It compares the number of expected and observed synonymous and non-
synonymous substitutions at each position of the gene, determining whether there is evidence of
purifying or diversifying selection quickly and efficiently. MEME, on the other hand, is a more
sensitive approach that identifies episodic positive selection signals at specific sites. It uses a mixed
model that allows the detection of positive selection events that occur only in some branches of the
phylogenetic tree, improving the ability to detect complex evolutionary signals compared to more
conservative methods. Finally, to formally assess differences in selective pressure strength among
host populations, contrast-FEL was employed (48). The identified features of interest were mapped
onto the capsid tertiary structure, downloading the 6lm3 PDB file from Protein Data Bank (49) and

editing it using the pymol library in Python (50).
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4, RESULTS and DISCUSSION.
4.1. Discussion on sequences aligments

Alignment plays a key role in investigating similarities and differences between the sequences of the
two populations, facilitating in-depth understanding and providing insight into genetic relationships.
The quality of the alighnment was evaluated by visual inspection and by assessing the absence of

poorly aligned regions, frameshift mutations and premature stop codons.
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Figure 6: Value of consensus for each alignment position in the combined dataset including domestic pigs and wild boards.

The variability of the aligned sequences was assessed using different statistics. Among those, the

consensus and conservation statistics calculated for each position provided concordant results.

The first one (figure 6) emphasize the relative frequency of the consensus base (e.g., showing the
percentage of sequences that possess the dominant base compared to the total). While (figure 7)

represent a global measure such as the level of conservation or variation of each position.

18



A comprehensive analysis of the entire capsid protein was performed to ensure a complete
representation. This approach allows for detailed interpretation of the data, highlighting both
conserved and variable regions, which are critical to understanding stability, function, and
evolutionary dynamics. The first aspect analyzed by the sequence alignment is nucleotide
conservation, showing an overall homogeneity of the alignment, with a higher variability in specific

positions.
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Figure 7. Graphical depiction of the Conservation of the diffent positions of the ORF2 DNA alignment. The results of the
whole dataset, and for Wild boar and domestic pig independently are reported.

Although Figure 7 does not properly allow to determine whether the observed variation is due to
intrinsic variations present in both categories and between the two pig populations, some
preliminary conclulsion can be drawn. Generally, the 3 figures show similar conservation patterns.

However, some subtle differnces can also be observd in the same regions of the sequence.

A more informative depiction can be achieved through the nucleotide projection and WeblLogo
analyses (Figures 8, 9, 10, 11), the distribution of variability appears similar between the two
populations. This indicates that certain regions of the protein are inherently more prone to
variation, while others remain highly conserved. Generally speaking, conserved regions correspond
to genome segments encoding functional proteins or domains, such as those involved in DNA
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binding, while more variable regions may reflect areas under immune selective pressure. Therefore,

similar consideration could be extended to PCV2 also.

However, more subtle differences between populations were observed, which may be influenced
by distinct selective pressures. The analysis of amino acid logos for both populations revealed
comparable patterns, further supporting our hypothesis. These findings provide valuable insights
into the genetic diversity and potential evolutionary adaptations distinguishing wild boars from
domestic pigs, which suggested deeper and specific analysis to understand the genetic and

evolutionary relationships among the strains circulatin these host.

Overall, the analysis of nucleotide and amino acid sequences from wild boars and domestic pigs
show numerous highly conserved areas, suggesting the existence of a common genetic basis linked
to essential functions. Variations observed in certain areas (with lower conservation and consensus
values) could indicate specific adaptation features or functional differences. Such differences could
be influenced, for example, by the prevalence of the virus in each population, which in turn
determines the level of population immunity present (30). Furthermore, the epidemiological
context or vaccination could play an important role in shaping these variations, imposing different
selective pressures (51). Based on this evidence, we considered interesting to verify, through formal
hypothesis testing and dedicated methods, whether these variations are associated with distinctive
features of domestic pigs or wild boars, providing insights to better understand the interactions

between host, virus and environment.

20



] 0
- - -_-—n w —y— T mr -_—
e ——— i = m 1 -_— = —— -_— _—
- e —_— - e W - B - el EF L —_ W -
—=xt [ — = —] z Sl CCM . o 56
= = = I W= = ——— %
&l —— B el ] — W —_—— e R =i ]
——— | i - — ] u R —————
-_— - — —— T = i ——— Pt -_— ——
-_ — =] ———— i -_ el S — — —
-_—— e [ (" = — L a .
®l ————— - 0 —————— N ——N Y -
et et o — I e — e
= #l = w = m - " ——— L —
-_— -_— -—" = i - B o -_ ek
e —— e e : o = L =2 u © =X
-_— -_ et - o — — ] [ ) —— — ———
———— - it ——— — - i - et - et
x ] — = n —_ = L - o
—— — =2 -_— ——
-_— et -— = : 08 - o F= " w
Ry —— -_—— el [— - i —— 0 - L ]
——— Kl ! = L] == L - e E i
5§ -_— il o — W - B — W
= it — ! — B —— U ms ———
L1 . = - d - = = L ———
- - " ——F = (or "
[ 5t - — = ma, e —— i)
- L) - L=y T— e mr ——— T
- =7 = — E———— -_— e —— i
————— = il s——— ———r— -_— — € o
———— ! - el g -0 e —— ==l — ()P ———
—— - e ——— ——r— W L_; w - Ly = _
-_— : —— — w -_— e | — — —
. - = - m — W - - St = — - = —
- - m = ;. -———— -_— -_— e
m —r— = — ] P ] - i J— ] — W
———— o J—, i : i -— [ ———
m ——— ¥ C =l = w =1 L — -_—— e
- e S - ———— 3 ¥ -
- & = - = .1 g s — [ w
= - =i - o = w = -_— e e
— ——— L BT {1 B L3 L4 BIE
———— — < Y —— -_ - =
——— ; l [ —— w - B - o =
— [ L] ms = e B — . —— W
——— a y Hl il _— e < [ R e L it
— =l mg_ E {4 = w = m —c3u
-0 — (B -_———— > = B e -
-_—— !l —-— il = =] ] e 1§
— — ] ——y_ = K ] _-——— i [ —— 1]
-_— el ———r |0 -_ e : — i) - e -_ e
- el 1.0 — m J - L] —m—— B ——m
MW —— 0! 1||||rimr,s_ ..E“..hﬁ " — oo m
- -— - . m ———_ W —my— R € W
-_ = = m -_ -_ — (it
- —y— A (@ e L [E=at m -
(O — ST - —m - e -_— ———r— e
| ——r— am'_z i i -_—— =<}
Ll w —— W - & I —
-_—— mg ms —r O : =} m.s -_—— e
- : | ——— ——— | ¥ ——— W me, [ e
-_ ! — -_ U -_ i ar -—
— | ms b da | ———1 Enm —— it
? =Ly Rl -_ T W il = = =
i . W1 = 4 1} —H—t
———m mﬂ ——— ¥ - = il o —m—— W m
——r ——— ————r— - s e ==
e E“ Em“ “m I1|I||.|I|||_z “.IlII..Il- —
—— e — -— " s=x M e
e !’ —ar W —m .Euanna P
— = - W -— " & P
-_— - el - il . ] mﬁ -_—
5 n ———r— M ]
-_— _— -— -_— -——v b ——— _—
— i J = ——y—— I L -_— il -_ e
—=— e = = m _—
= == =1 == : ==
0 - = R ——— | —
I I A I I m_., 5 %
o " o o " o " o " o
siq S Siq Si9







T HHHHHHPHSHtGi | HHHPWL nﬂpnwnwnnma =NIF.SC




- 05 — 00 051 0
L [ — — L= 6v1 - —

: : ol s
. ——— P — 16 e — 0] — T T
THE, ————% - vl =

R == st ———6 - e e Shl _——in
% -id; - —

5 =iy ————ih

—————— T IM__H_ =

B0 ; =

_NOC- 69 ] e

[ e N i :

e - ——

- -9 .|I.I|HI”|| ﬁﬁﬁﬁﬁ

-_ = so ! E—

—— —— o

e gt S e T Lk

TR
rnmm

b
st Vel
o 1
= IlLﬁ. 7!

: I”l:.

M - e T - 0L

59 - =Gl s

] —— | 4

N“E - — il |I|||“ﬂ_||m:

— g :

— 59 _—— —————

_—19 - = =l =

- — - ——u tl! [ 1

5 — zZiE == s

— 19 LLE l"u.".|.|l 00

-—0 o :

— 65 - e S0} o= — o

85 o —— -_a e 87

———— P — L0} — m—

T s —0 :

”l..|l...|“u|||m_m ot - 55

- =S oo :

R e i

—c zoL -

|F_m ”Il.ll.ll.ﬂl| Lok B——0I5!

) e ey o B

T M N o< T MO N - o< .ﬂ_q,.._an_,.._jm. NNNNNNN

sNq m-_n m-_n




4.2. Phylogenetic tree of pcv2 strains

005

Figure 12. Maximum likelihood phylogentic tree based on the ORF2 of strains included in
the study. The three main genotypes, PCV2a, PCV2b and PVC2d have been highlighted in
red, green and blue, respectively.

The phylogentic analysis allowed to classify the vast majoroty of strains included in the study in the
three main genotypes, PCV2a, PCV2b and PCV2d, mirroring the well-known epidemiological

scenario (52) and thus proving the representativeness of our dataset (Figure 12).

Only few strains, appeared to belong to minor genotypes or are not classifiable within the three
main categories. The evolutionary scale reported in the phylogenetic tree allows estimating the
genetic distances between strains: shorter branches indicate greater genetic similarity, while longer
ones signal more marked evolutionary divergence. The PCV2b and PCV2d genotypes, although
featuring a higher number of strains, showed a lower internal variability, as indicated by the length
of the branches, while the PCV2a genotype appears more heterogeneous and diversified. This can
be explained by the estimated more ancient origin of PCV2a compared to the other genotypes

(8,53). The analysis of the strain collection host shows that both populations are represented within
25



the three main genotypes. This distribution proves the absence of a genotype-host bias.
Consequently, the representativenedss of strains belonging to the PCV2a, PCV2b, and PCV2d
genotypes collected worldwide and in both considered populations allows to draw conclusions valid
at a global level, highlighting the relevance of the study in the context of the evolutionary dynamics

and genetic diversity of the virus.
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Figure 13. Maximum likelihhod phylogenitc tree based on the ORF2 sequences of PCV2. Tips corresponding to wild boars and

domestic pigs were highlighted in green and orange, respectively.
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The structure of the phylogenetic tree shows the close relationships between the strains circualting
in the two populations. More in detail, the structure of the phylogenetic tree shows the close
relationships between the strains circualting in the two populations (Figure 13). At first, strain
collected from domestic and wild populations were mixed, and wild boar sequences form small
clades or even single branches dispersed among the domestic pigs collected strains. This confirms
at international level what observed in previous studies based on single countries (35), the strain
exchange among wild and domestic populations. Moreover, strains collected in different countries
were interspersed in the phylogentic tree, highlighting the absence of a strong geographical
clustering and thus the unconstrained viral circulation at worldwide level. The relationship among
European wild boar collected strains suggests possible gene flow between countries. Two hypotheis
could be involved, at first that geographical borders are permeable, and the virus can spread
between wild populations in connected areas, modifying the genetic structure of the virus in Europe.
Alternatively, trade of domesitc pig among countries may determine the geographical dispersal of
PCV2 strains among intensively raised animals, which could then spill in the wild populaitons (54,55).
Although non definitive conclusions can be raised, and likely a combiantion of both forces is
involved, the latter phenomenon is probably dominant considering the limited homerange of wild
boar population (56) and the more intense viral flow from domestic to wild boar population

estimated through structured coalescent analysis (see following section).

However, smaller, local clades could be identified, as for the Italian sequences. In these Italian
clusters, although with some exception, wild sequences tended to group separately, which could
indicate a possible local evolution of PCV2 in different hosts. A possible hypothesis is that in Italy
the virus follows more limited transmission paths in domestic and wild populations, probably due
to the limited direct interaction between these two groups. The presence of numerous ltalian
samples collected over extended time periods also indicates a persistence of the virus in these
populations, which could contribute to a continuous diversification of local variants (36). Similarly,
it was noted for the Chinese sequences that a temporal trend was outlined, tracing the evolution of
the virus over time. The older sequences from 2008-2010 are distinguished from the more recent
ones from 2017-2020, probably due to selective pressure or epidemiological events that could have
influenced the evolution of the virus, probably favoring the rise of new genotypes (57-59). It is
assumed that natural selection or the application of control measures, such as vaccination, cause

changes in the virus leading to more resistant or adaptable forms (33).
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Overall, this could indicate the occurrence of a complex epidemiological pattern, where the
introduction of strains originating from foreing countries through trade, contact among wild and
domestic populations and circulation of different variants in these population potentially under
heterogeneous evolutionary or selective processes, can contribute to shape the PCV2 scenario (30).
Unfortunately, the avaialbility of a limited and not fully representative number of sequences can
not be underemphasized and could hide links between domestic and wild populations; i.e. identical
or similar strains could have been circulating in both populations, but no diagnosis and sequencing

was done.
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4.2 Analysis of PCV2 viral population size and migration dynamics between wild boars and
domestic pigs

e Commercial

e Wild Boar
i
|
—
1850 1900 1950

Host — Domesticpig — WildBoar

Figure 14. Structured coalescent-based phylogenetic tree of the samples included in the present study. Branch colors, as from
legend, mark the inferred animal category where the ancestral strain was circulating, while node size represents the posterior
confidence of the inference. In the top right insert it is reported the network depicting the migration rate between animal
categories. Arrows and circles size are proportional to the inferred migration rate and population size, respectively.

The above-mentioned findings were further confirmed by the structured coalescent analysis (Figure
14). This analysis highlights that PCV2 circulates mainly in domestic pigs globally, in line with
previous studies conducted in Italy (36). The size of the viral populations, represented by the circles

in the network, confirms that domestic pigs host the largest viral populations, consistent with their
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role as primary reservoir of the virus. Wild boars, on the contrary, host smaller viral populations,

reinforcing the hypothesis that their role is mainly that of secondary hosts.

However, multiple events of introduction of the virus from domestic pigs to wild boars emerge,
indicating a recurrent transmission between these two populations. A significant aspect that
emerged from the migration network is the bidirectionality of viral flows. Although wild boars are
predominantly "importers" of viral strains from domestic pigs, transmissions in the opposite
direction have been observed, confirmed both by the rates reported in the network and by the
presence of phylogenetic branches that directly connect wild boar-associated strains with those of
domestic pigs. This phenomenon suggests that, although domestic pigs represent the main reservoir
of PCV2, wild boars are not an epidemiological dead end but can act as a secondary source of
transmission (60). Moreover, the detection of wild-only caldes, persisitig for extended time periods,
demosntrates the capability of these populations to effetivly maintain PCV2 in field conditions and

allow for its evolution in a differnt “environment”, whose consequences are hardly predictable.

These results provide important insights not only for the management of PCV2, but also for the
understanding of the transmission dynamics of other pathogens with potential health and economic
impact. In particular, the recent introduction of African swine fever (ASF) in Italy, currently confined
mainly to wild boars, represents a significant risk for the pig sector. The bidirectionality of flows
observed for PCV2 suggests that, should a similar epidemiological interaction occur for ASF, the
introduction of the virus into domestic pigs could have disastrous consequences. We can state that
wild boars, although mainly recipients of viral strains from domestic pigs, also represent a potential
source. All this information, combined with the risk of pathogen transmission, underlines the
importance of monitoring strategies and application of containment measures that were proved to
limit interactions between the two populations and prevent the introduction of pathogens into

domestic farming contexts.

5.4. Strenght of selective pressures

In addition to sequence alignment and analysis, we used the Datamonkey webserver to conduct
several tests aiming at investigating the occurrence of selective pressures acting on the PCV2 capsid.
The selected tests are based on the estimation of non-synonymous (dN) and synonymous (dS)
substitution rates and are widely used in molecular evolution to evaluate evolutionary pressures

acting on a protein-coding gene. These tests provide insights into whether a gene is evolving under
31



purifying selection, positive selection, or neutral evolution at the codon level. Genetic mutations are
non-synonymous substitutions (dN) when changes in the DNA sequence alter the amino acid
encoded by a codon and thus these substitutions may affect the structure and function of the
resulting protein. On the other hand, synonymous substitutions (dS) do not alter the amino acid
encoded by a codon due to the degeneracy of the genetic code. These are generally considered
neutral because they do not impact protein function. dN/dS ratio (w): The ratio of non-synonymous

to synonymous substitution rates can be used to infer evolutionary pressures:

w < 1: Purifying (negative) selection, where most non-synonymous changes are deleterious and are

removed by natural selection.

w = 1: Neutral evolution, where non-synonymous and synonymous substitutions occur at the same

rate, implying no selection.

w > 1: Diversifying (positive) selection, where non-synonymous changes are favored because they

provide a selective advantage.

Statistical tests, mostly based on likelihood ratio tests or Bayesian inference, are used to compare
different models and assess significant differences in the observed non-synonymous and

synonymous substitution rates compared to what would be expected by chance.

5.4.1. Analysis with SLAC

The SLAC (Single-Likelihood Ancestor Counting) method was used to identify the presence of sites
under pervasive diversifying selecion in wild boars and domestic animals, comparing the results to
verify any differences. A ratio between the rate of synonymous and non-synonymous substitutions
that differs from one (or a difference differing from zero), if shown to be significant by statistical
testing, gives evidence of the presence of selective pressures. When the rate of non-synonymous
substitutions is much higher than that of synonyms, it means that the protein "wants" to change;
conversely, if the rate of synonyms is much higher, it indicates that the protein tends to remain

unchanged
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e |f dN-dS>0dN - dS > 0dN-dS>0, the site tends to change.
e |If dN-dS<OdN - dS < 0dN-dS<0, the site tends to remain unchanged.

The analyisis performed independently for the domestic and wild boar PCV2 sequences highlighted
two sites in the domestic pig dataset only as statistically significant, i.e. sites 63 p.value=0.0077 and

191 p.value = 0.0288.

X Non-significant Sites
% Significant Sites

dN-dS

-10__. . 1 . .
0 50 100 150 200

Site

Figure 15. dN-dS Values estimated usingSelective Pressures (SLAC) - Highlighting Significant Sites
While a limited number of sites were found under pervasive positive selection, the evidence that
they were detected only in domestic pig dataset suggests a stronger action of diversifying

selection on this population, likely related to immune adaptation (Figure 15).

However, even if not statistically significant, several other sites showed evidence of positive
selection in both datasets. The comparison of the dN-dS in the two populations shaded further light
in this pattern. In Figure 16 is reported the graph which compares the two groups (domestic vs wild

animals) highlighting that in domestic pigs there is a higher fregency of mutations with positive dN

-dS values. In wild boars, on the other hand, dN-dS values tend to be more negative, indicating a

more intense purifying selection, probably aimed at preserving the functional stability of proteins.
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The limited number of sites where statistical significance was achieved could be due to long history
of PCV2 and to the emergence of different genotypes that underwent different evolutive patterns,
at different time points and for limited periods. This variety could explain the presence of conflicting
signals or the lack of significance in some positions. For example, one strain might show an
evolutionary trend in one position, while another strain might not. Similarly, the same position in
the Cap could have evolved for a limited time in one genotype only, and not in another, or even
opposite selective strength could have acted on the same position depending on the environment
where they were circulating of the features of co-evolving sites. This genetic diversity could "mask"

or make some statistical signals less evident.
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Figure 16. dN-dS Values estimated using SLAC - Results obtained from the domestic pig ans wild boar datasets have been marked with
different colors.
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5.4.2. Analysis with MEME

One of the main limitations of the previous approach was thus that it was developed to model
pervasive diversifying selection, while often evolution occurs through selective burst. To account
for this phenomenon, the MEME (Mixed Effects Model of Evolution) method was used to identify
the presence of sites under episodic diversifying selection. MEME was applied to detect selective
pressures independently on PCV2 straines sampled from wild boars and domestic animals, focusing
on identifying specific sites where positive selection occurred in a subset of branches. The results

were compared to evaluate potential differences in selective pressures between the two groups.

Nine capsid positions were detected under episodic diversifying selection at a p-value < 0.05) (Table
1). The higher number of detected sites compared to SLAC suggests that positive selection likely

occurred in a subset of branches rather than being pervasive along the entire phylogeny.

Domestic Pigs Wild boar

Site | p-value | Site | p-value

59 0 21 0,0
63 0,01 39 0,0
68 0 68 0,0
88 0 88 0,0
130 0,01 90 0,01
134 0 134 0,0
137 0 169 0,0
169 0
191 0,02

Table 1. Sites detected under statistically significant episodi diversifying selection in wild and domestic populations

Accordingly, seven position were detected in the wild boar’s dataset (Table 1). Interestingly, some
sites are shared between the two sets of sequences, suggesting that these positions may be subject
to common evolutionary pressures. One possible explanation is that these sites are the main target

of the natural immune response and that are fundamental for the virus's interaction with the
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immune system, an aspect shared by all hosts, regardless of species or population (29,61-63). This
type of evolution could reflect the adaptation of the virus to evade or modulate overall immune

responses, which are a common challenge during infection.

On the other hand, sites that are unique or specific to each group (e.g., sites present only in strains
from domestic pigs or only from wild boars) could indicate selective pressures related to
peculiarities of the immunity or genetic characteristics of different host populations. These sites
could be the result of localized adaptations, where the virus evolves to address specific challenges
related to the immune or ecological environment of a particular population. For example, wild
boars, may have different evolutionary pressures than domestic pigs, which live in controlled
environments, have high population density a turnover and whose immunity is largely shaperd by

vaccinations based on limited number of strains (15,28,64—66).

This dualism between shared and specific sites could therefore provide important clues on the
evolution of the virus, highlighting how adaptation is influenced by a combination of common and

peculiar factors of the different hosts.

Figure 17. Sites detected under episodi diversifying selection with MEME in the domestic pig (red) and wild boar (blue) dataset. Shared
sites are reportedin in gree. Both sides of the capsid are depicted

Interestingly, most of the shared and domestic pig only sites under diversifying selection were
located on the capsid surface, exposed to the action of the immune response (67—71), while several
of the AA substitutions in wild boards were in inner sites or on other functional domains (Figure 17).
Unfortunately, positions 21 and 39 of the protein sequence, identified as under diversifying

selection in wild boars, were in portions of the protein that were not modeled during the
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determination of the three-dimensional structure. This phenomenon occurs when experimental
data, obtained for example by X-ray crystallography or cryoelectron microscopy, do not provide
sufficient electron density to represent these regions in a definite way. Unmodeled regions, such as
the one mentioned, are often associated with structural flexibility or inherent disorganization,
implying that they may not take on a static and defined conformation. However, these

characteristics do not exclude a significant functional importance.

Interestingly, the N-terminus of the Cap, rich in arginine (positions 1-41), has been described as a
nuclear localization signal (NLS), necessary for its accumulation in the nucleus. This region could,
therefore, play a key role in the functions of the virus, regulating crucial processes such as

subcellular localization and interaction with host mechanismes.

In particular, the NLS affects the migration of the capsid and the DNA in the nucleus, where genome
replication occurs thanks to host DNA-polymerases. Therefore, variations in this region may
contribute to the replication and viral life cycle dynamics of the virus. If the changes and tendency
to diversification observed in the wild populations reflects host specific adaptation, as previously
suggested for other viruses (72), consisting in fine tuning to cope with the different environment,

host density and contact, immune recognition etc, would require further investigations.

5.4.3. Contrast-FEL

Another approach used for the study is contrast-FEL, which allows to formally test whether the
ovolution occurred with different patterns and strengths on branches of the tree leading to different
hosts (i.e. wild and domestic animals). In practice, for this analysis, domestic pigs and wild boars
were directly compared using a single dataset, loading the phylogenetic tree and identifying the
specific branches that lead to the domestic pigs, evaluating them against the background

represented by the wild boars.

Overall, several sites were detected under diversifying selection. Of those 7 sites (13, 21, 30, 68, 89,
106 and 133) were under a stronger diversifying selection in domestic pigs, while five (i.e. 39, 166,
169,190 and 197) in wild boars. In Figure 18 is represented the significant evolutionary pressure
difference between domestic pig and wild boar. Also the sites detected by contrast-FEL

were especially located on the capsid surface (Figure 19).
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Significant Evolutionary Pressure Contrast Between Domestic Pigs and Wild Boars

p<¢ X Domestic Pig (Significant Sites)

¥ Wild Boar (Significant Sites)
No Difference

X X

Difference in Evolutionary Pressure (Domestic - Wild)

X
175

100 125 150

Site

25 50 75 200

Figure 18: Amino acid positions where a significant difference in selective forces was proven between wild and domestic populations.

Although with differences, all the considered methods agree in the thesis that domestic populations

are under greater pressure.

While several hypotheses can be proposed, the extensive use of vaccination, posing a remarkable
and less variable selective pressure is one of the most consistent. The high animal turnover might
also decrease to role of natural immunity, increasing the weight of vaccine-induced one. An
alternative, non conflicting hypothesis, might claim the higher population density and contact
among domestic animals, favoring at the same time and higher infection frequency and thus
population immunity, creating at the same time a high viral population size and high selective
pressures, fundamental conditions for viral evolution to occur. However, while these studies
performed at population level can provide fundamental hints of pattern and forces driving PCV2
evolution, a precise understanding of these phenomena is far from being achieved and further

studies, including experimental ones, should be performed.

Figura 19. Sites detected under differential selection with contrast-FEL
populations are reported in red and blue, respectively.

. Position under stronger selective pressures in the domestic pig and wild boar
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6. CONCLUSION

The study of the PCV2 capsid gene provided insight into the evolutionary dynamics and genetic
relationships between domestic pigs and wild boars, helping to delineate the main characteristics
of genetic variability, selective pressures and virus-host interactions. First, sequence analysis
identified a number of highly conserved regions indicative of essential functions related to viral
stability and replication. The variations found in less conserved regions suggest specific adaptations,

probably influenced by the selective pressures exerted by the host's immune responses.

Comparative analyses between domestic pigs and wild boar revealed significant differences in
selection patterns. In domestic pigs, the higher frequency of mutations subject to positive selection,
and their localization on the viral capsid surface, reflects selective pressure likely related to the
interactions with the immune system, influenced by factors such as vaccination and intensive
farming practices. In contrast, a predominance of purifying selection signals emerged in wild boars,
highlighting the need to preserve the functional stability of proteins in a more natural ecological

context.

From a phylogenetic point of view, the reconstructed tree showed a global distribution of the virus,
with the PCV2a, PCV2b and PCV2d genotypes represented in both populations. The absence of
strong geographical clustering suggested a free viral circulation at the international level, probably
facilitated by the pig trade, while the presence of local clades, such as the Italian ones, indicated a
possible independent evolution and specific adaptations linked to the local context. The complexity
of such scenario makes challeng to disentangle the effect of selective pressures from more
epidemiological patterns. However, the representiveness of the selected dataset should have

limited the noise potentially caused by genotype-geographical distribution bias.

The bidirectionality of viral flows between domestic pigs and wild boars has also underlined the role
of wild boars not only as a secondary reservoir but also as a source of transmission, with significant
implications for epidemiological management. Because of the different evolutive pattern shown in
the two poulations, and the unpredictability of its future directions, such contacts might represent

a threat facilitating the emergence of new variants or genotypes with different biological features.

Overall, the results of this study provide important insights into the evolutionary dynamics of PCV2

and its interactions with different hosts. The differences observed between domestic pigs and wild
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boars reflect not only distinct selective pressures, but also the complexity of the evolutionary
processes that shape the genetic diversity of the virus. These results have relevant epidemiological
implications, suggesting the need for monitoring and containment strategies aimed at limiting
interactions between domestic and wild populations, thus preventing the introduction and spread

of pathogens with potentially devastating health and economic impacts.

7. FUTURE PROSPECTIVE

Future studies should be aimed at deepening the knowledge of the mechanisms of pathogenesis of
PCV2, with a specific focus on the dynamics of interaction between the virus and host immunity, as
well as on the impact of vaccinations in the control and evolution of the virus. It is essential to
further investigate the role of different genotypes, to understand their differences in
transmissibility, ability to evade immune response and pathogenicity. In parallel, improving
epidemiological monitoring strategies is crucial to understand spreading patterns and risk factors
and thus limit the transmission of the virus between domestic pigs and wild boars, helping to
prevent the introduction and spread of viral variants. Finally, the transmission and evolution model
observed for PCV2 represents a useful paradigm for the study of other emerging pathogens,
underlining the importance of an integrated and multidisciplinary approach in health and

epidemiological management.
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