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Introduction
Since its discovery in the early 90s, Porcine Reproductive 
and Respiratory Syndrome (PRRS) represents a major 
issue in pig farming and pork meat production, being 
responsible for consistent economic losses due to repro-
ductive failure in sows and respiratory signs especially in 
piglets [1, 2], although signs can be observed in infected 
pigs of all ages [3]. Different studies have described losses 
in the breeding or growing-pig herds ranging from 12 to 
45% of the total economic cost of PRRSV [4, 5]. The dis-
ease is caused by two viral species, showing a consistent 
geographical clustering: Betaarterivirus suid 1 (formerly 
known as PRRSV type 1), typical of the European conti-
nent, and Betaarterivirus suid 2 (formerly PRRSV type 
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Abstract
Porcine Reproductive and Respiratory Syndrome (PRRS) causes huge economic losses to pig farms worldwide. 
Currently available vaccines do not always offer complete protection, due to the extreme variability of the virus. 
Therefore, good farming practices must be improved to prevent the disease from spreading across the pig 
production system. In this study, we inferred the dynamics of PRRSV population in Italy by applying bayesian 
methods on our ORF7 sequence dataset collected during a 15-years period. Random subsets from the overall 
dataset were built to reduce analysis runtime. Calculated evolutionary rate was consistent between subsets 
and with other findings on PRRSV and other RNA viruses (4–7 × 10− 3 substitution/site/year) while Time to the 
Most Recent Common Ancestor was less consistent (from 1980 to 1990). Despite this, in all population dynamic 
reconstructions, a massive increase in size calculated in early 2000s lasting until around 2010 was inferred. This 
spike is followed by very heterogeneous dynamics with some differences between subsets, probably due to 
the random sampling. Geographical origin was inferred in Emilia-Romagna region despite Lombardy being the 
region with the highest number of farmed animals and farm size. These findings reflect the choices regarding 
farm management and biosecurity taken in the last two decades, and not strictly related to PRRS. Phylogeny 
and phylogeography are powerful tools to better understand microorganisms population dynamics and make 
appropriate choices for disease control.
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2), spread in North America and Asia but they share only 
50–70% nucleotide similarity of their genome [6]. This 
genetic distance is likely due to their ancestor evolving 
in different ecological or geographical contexts over an 
extended period of time, and maybe originating from ani-
mal species other than swine [7, 8]. PRRSV-1 is classified 
into three subtypes, from 1 to 3 [9], while type 2 can be 
divided into nine lineages, from 1 to 9 [10].

Compared to other production systems in Europe, 
where pigs are slaughtered at around 110 kg, Italian pig 
farming is quite peculiar, as it is aimed at raising heavy 
pigs (∼ 160 Kg) for cured meat production and is char-
acterized by almost no export of animals and import of 
breeders and finishers. This long production cycle has 
been suggested to increase PRRSV circulation, explaining 
the high heterogeneity and the delayed effect of counter-
measures on viral population unlike other countries [11]. 
Meanwhile, limited circulation of animals across national 
boards could have favoured a noticeable geographical 
isolation of Italian strains, where typically only PRRSV-1 
subtype 1 circulate [8, 11].

PRRSV genome is approximately 15  kb long, with at 
least 9 Open Reading Frames (ORFs) coding for both 
non-structural (ORF1a and 1b) and structural proteins 
(ORF 2–7). In particular, ORF5 and ORF7, which encode 
for glycoprotein 5 (GP5) and nucleocapsid (N) protein, 
respectively, have been commonly used for genotyping 
and phylogenetic analysis due to their genetic variability, 
especially ORF5 [9, 10, 12, 13]. Being a positive single-
stranded RNA virus, PRRSV is characterized by high 
genetic variability, due to high mutation rate and fre-
quent recombination events [14, 15]. This variability has 
made disease control challenging, as preventive measures 
are often ineffective in field conditions. Modified Live 
Vaccines (MLVs), which currently are the most widely 
used strategy for PRRS control, are poorly cross-protec-
tive against heterologous strains. Moreover, reversion to 
virulence of MLVs, leading to disease outbreaks, has been 
reported for PRRSV [16]. In addition, groups of animals 
within the same farm can be found positive to different 
PRRSV strains [17, 18]. Exploiting sequence data and 
metadata, phylodynamic models can provide a picture 
of viral evolution and transmission by reconstructing 
the geographic spread patterns and mapping the dyna-
mycs of virus population [19]. The aim of this study was 
to (i) evaluate the variability of PRRSV-1 in Italy over a 
15-years period and (ii) estimate its diffusion across the 
peninsula.

Materials and methods
Samples collection and molecular screening
Overall, 7491 PRRSV positive samples collected by the 
Istituto Zooprofilattico Sperimentale della Lombardia e 
dell’Emilia Romagna from 2008 to 2022 were included in 

the study. A variety of biological matrixes (such as organs, 
swabs, serum, blood and semen) was tested to confirm 
PRRSV presence in diseased animals or for monitoring 
purposes. Over the considered period, the diagnostic 
approach changed with the adoption of newer, faster and 
more accurate molecular protocols. Initially, from 2008 
to 2011, manual RNA extraction with guanidine, chloro-
form and phenol was performed, followed by One-Step 
RT-PCR reaction using a mixture of 3 primers, two type-
specific and a one common primer: 5’-​A​T​G​G​C​C​A​G​C​C​
A​G​T​C​A​A​T​C-3’ (PRRSV type 1), 5’-​G​A​T​T​G​C​A​A​G​C​A​
G​A​G​G​G​A​G​C​G​T​T​C-3’(PRRSV type 2), 5’- ​G​G​C​G​C​A​C​
A​G​T​A​T​G​A​T​G​C​G​T​A​G-3’ (common primer). The ther-
mal protocol was as follows: 1 cycle of reverse transcrip-
tion at 50 °C for 30 min, 1 cycle of denaturation at 95 °C 
for 15  min, 40 cycles of denaturation at 95  °C for 30  s, 
annealing at 58 °C for 30 s and extension at 72 °C for 30 s, 
and 1 cycle of final extension at 72 °C for 7 min. Positive 
samples were identified through agarose gel electropho-
resis and the typing was based on the molecular weight of 
the product: 180 bp for PRRSV-1 and 280 bp for PRRSV-
2. After 2011 the molecular screening was updated by 
replacing both the extraction method and the PCR assay. 
Manual extraction was replaced with a semi-automatic 
method based on magnetic beads, using KingFisher Flex 
(Thermofisher Scientific) with the NucleoMag™ 96Virus 
Kit (Macherey-Nagel). A commercial qRT-PCR (i.e. 
XenoRNA (AgPath-ID™ NA and EU PRRSV Multiplex 
Reagent kit, Applied Biosystems™)) took over from end-
point RT-PCR. After 2020 the diagnostic method was 
updated once again by replacing the previous extraction 
kit with the MagMAX™ CORE Nucleic Acid Purification 
Kit (Applied Biosystems™), and the Real Time RT-PCR 
kit with Virotype® PRRSV RT-PCR kit (Qiagen/Indical), 
allowing the European and American PRRSV strain iden-
tification together with a third Highly Pathogenic Ameri-
can PRRSV strain in the same reaction. Furthermore, the 
Virotype® kit includes specific primers and probes for the 
detection of an endogenous gene as internal control.

ORF7 sequencing
A 510 nucleotides (nt) region, including ORF7 (387 ± 6 
nt) was the target for Sanger sequencing. A One step 
RT-PCR Kit (Qiagen) was set up with the specific prim-
ers: 5’CTTCGGAGCCTCGTGYTGGGCGGCAA-
3’(forward) and 5’-TCGCCCTAATTGAATAGGTGA3’ 
(reverse) according to the the following protocol: 1 cycle 
of reverse transcription at 50 °C for 30 min, 1 cycle of ini-
tial denaturation at 95  °C for 15 min, 42 cycles of dena-
turation at 95 °C for 30 s, annealing at 60 °C for 40 s and 
extension at 72  °C for 50  s, 1 cycle of final extension at 
72  °C for 7  min. Purification of PCR product was car-
ried out with Exonuclease I to remove the amplification 
primers and Thermosens Phosphatase alkaline (FastAp) 
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to remove unincorporated dNTPs. Sanger sequencing 
was performed in both directions with the Big Dye® ter-
minator ready reaction v1.1 kit (Applied Biosystems™) 
using the same PCR primers according to the following 
protocol: 1 cycle of initial denaturation at 96 °C for 90 s, 
25 cycles of denaturation at 96 °C for 10 s and annealing 
at 55 °C for 5 s and a final extension at 60 °C for 4 min. 
Sequence purification was performed with BigDye® Xter-
minator Purification kit (Applied Biosystems™) according 
to the manufacturer’s instructions. Electropherograms 
quality analysis was performed on forward and reverse 
sequences by Sequencing analysis v5.4 software (Applied 
Biosystems™). Raw data (.ab1 format file) were analyzed 
by Lasergene software SeqMan module (DNAStar, Madi-
son USA versions from 7 to 17).

Phylogenetic analysis
Sequences were univocally identified using the farm code, 
which is unique for every farm in the Country, and the 
sampling date. Incomplete sequences, with ambiguous 
nucleotide or those with missing metadata were excluded 

from the analysis. Obtained sequences were aligned 
using MAFFT 7 algorithm implemented in Mega Align 
PRO® 17.3.1(DNASTAR, Inc. Madison, WI) and a Maxi-
mum Likelihood (ML) tree was built with iqtree2 [20]. In 
both cases, vaccine and prototype sequences (subtype 
1, 2 and 3) were included. These strains were excluded 
from the dataset for the phylodynamic analysis. The pres-
ence of a temporal signal was initially assessed using 
TempEST v1.5.3 [21]. For phylodynamic analysis, the 
complete dataset was sub-sampled with replacement 10 
times. Each subset contained a random 10% of the whole 
dataset and underwent the same analysis. Subsequently, 
each subset was aligned once more and analyzed with 
BEAST v1.10.4 [22]. Each analysis was run twice, and the 
resulting files were combined through the LogCombiner 
tool included in the BEAST package, while removing the 
first 10% as burn-in. The substitution model (GTR + G + I) 
was selected based on the BIC score, automatically cal-
culated with iqtree2 before the computation of the phy-
logenetic tree. The relaxed lognormal molecular clock 
[23] and Bayesian Skyline [24] were selected, as clock and 

Fig. 1  Maximum Likelihood tree with based on the complete ORF7 dataset. Color coded tips are the vaccine sequences. Some clusters containing only 
sampled sequences are collapsed for graphical purposes. Root was placed through the best fitting root function in TempEst
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tree models, respectively. Lastly, Markov Chain Monte 
Carlo (MCMC) was set at 300  millions, with a sample 
frequency of 30 thousand steps. The resulting log file 
was evaluated with Tracer 1.6 [25] and maximum clade 
credibility (MCC) trees were obtained through the Tree-
Annotator software included in the BEAST package. A 
further 10% burn-in was removed when annotating each 
tree. Phylogeographic analysis was carried out following 
the same parametres with the addition of latitude and 
longitude as continouos traits and the implementation 
of the Brownian random walk migration model. The cal-
culated tree was visualized in R Software [26] using the 
ggtree package [27] while plots of BEAST outputs were 
obtained with the ggplot2 package [28]. Visualization of 

viral population diffusion was performed with SPREAD3 
software [29].

Results
A total of 4609 ORF7 sequences out of 7491 (61.8%) were 
included in the final dataset, originating from 15 Italian 
Regions and 50 Provinces (Additional File 1), between 
2008 and 2022. Among those removed from the dataset, 
594 had at least one ambiguous nucleotide while 114 were 
too short to be included. Out of these, 24 were PRRSV 
Type 2 and 10 had ambiguous nucletides. The remaining 
2174 samples were removed because either identical to 
other samples in terms of nucleotide sequence, farm and 
collection date (e.g. a simultaneous sampling of sera from 

Fig. 2  Density plot of the mean evolutionary rate. Values for the representation were obtained from the log file resulted from the BEAST analysis for each 
PRRSV-1 subset (color-coded)
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the same farm with 100% sequence similarity) or incom-
plete additional information. Overall, 1062 farms were 
sampled at least once throughout the considered period. 
The ML tree showed that all sequences belong to subtype 
1, as none clustered with PRRSV-1 subtype 2 or 3 (data 
not shown). For this reason, ML tree with vaccine strains 
only as reference is shown (Fig.  1). Preliminary analysis 
of the phylogenetic tree in TempEst showed the presence 
of a proper temporal signal consisting of an evolution-
ary rate of 2.69 × 10− 3 substitutions/site/year (data not 
shown).

In the phylodynamic analysis, the mean estimated 
evolutionary rate was comparable among all runs and 
ranged from 4.12 × 10− 3 (subset 6, 95% HPD Interval 

[3.5739*10− 3, 4.7131*10− 3]) to 5.76 × 10− 3 (subset 5, 95% 
HPD Interval [5.0155*10− 3, 6.5472*10− 3]). Mean Time to 
the Most Recent Common Ancestor was less consistent 
throughout datasets and ranged from 1960.24 in subset 
7 (95% HPD Interval [1938.3982, 1980.286]) to 1990.18 
(95% HPD Interval [1983.249, 1996.0503]) in subset 1 
(Figs. 2 and 3).

Bayesian Skyline reconstruction showed a population 
increase between 2003 and 2010, with slight differences 
in every run but consistent nonetheless (Fig.  4). A con-
traction was observed thereafter until around 2012. This 
was followed by a stabilization period marked by minor 
fluctuations in timing and magnitude, which varied 
depending on the dataset considered.

Fig. 3  Density plot of Time to the Most Recent Common Ancestor (TMRCA). Values for the representation were obtained from the log file resulted from 
the BEAST analysis for each PRRSV-1 subset (color-coded)
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The spatial analysis performed with SPREAD3 placed 
the origin of PRRSV-1 in the province of Parma, Emilia-
Romagna region, with the exception of subset 7, which 
was inferred in South Tuscany, which also showed the 
lowest evolutionary rate. From this area, across all runs, 
the common pattern was the spread northwards and 
southwards from their respective origin. Initially concen-
trating in Lombardy and Emilia Romagna regions for few 
years, as expected given the origin sequences included in 
the dataset, a subsequent radial expansion was observed, 
especially eastwards and westward (Fig. 5).

Discussion
Phylogenetic analysis
In this study, we applied a phylodynamic approach to 
evaluate the evolutionary dynamics of PRRSV-1 in Italy 
from 2008 to 2022. Over 15 years, PRRSV-1 population 
remained composed exclusively by subtype 1 strains as 
previously observed [9, 11]. As expected, farms located in 
norther regions provided the majority of the sequences, 
as Pianura Padana is more suitable for livestock farming 
rather than southern regions. For example, while holding 
less than 10% of the total farms in Italy, Lombardy houses 
almost 50% of pigs farmed [30]. Moreover, the increase 
of farmed animals and the simultaneous decrease of 
sequencing cost resulted in a much higher portion of 

Fig. 4  Mean effective population size of the Italian PRRSV-1 population. The analysis of virus population through time assessed by Bayesian Skyline 
reconstruction. The 10 combined subsets are color-coded
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recent sequences rather than older ones both in our data-
set and our subsamplings which may have caused a bias 
in downstream results. BEAST analysis revealed a sub-
stitution rate consistent to that already found for PRRSV 
[31] and for other positive-sense single-stranded RNA 

viruses as well [32]. As shown in the Skyline reconstruc-
tion (Fig.  3), in some cases the tMRCA was inferred in 
the early 90s, as commonly accepted, while in other 
cases, the root dated in the early 80s, well before the 
spread of PRRSV-1 in Europe. This inconsistency may 

Fig. 5  Spatial analysis of PRRSV-1 in Italy performed with SPREAD3. Analysis of subset 2 is showed as an example. White points represent internal nodes 
and tips of the inferred tree, red polygons represent the uncertainty areas. From 1992 to 2002 a diffusion North-South oriented can be visualized. From 
2012 on, the previous spread continues with the addition of the diffusion eastwards and westwards. Every map represents a 10-year progression from 
the previous one
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reflect the in silico random sampling, suggesting a cer-
tain sampling effect, that might slightly bias the overall 
estimations, being the sample distribution unbalanced 
both geographically (most sequences are from Lombardy, 
Emilia-Romagna and Piedmont Regions) and temporally 
(most sequences are from 2019 to 2022). Considering 
that the oldest sequence obtained through our diagnostic 
activity is from January 2nd, 2008, it is plausible to sug-
gest that the disease remained undetected or misdiag-
nosed for several years until being reported around the 
world. When older sequences (from early 2000 to late 
90s) could be analyzed, the tMRCA could be inferred 
even before 1982, as demonstrated previously out-
side Italy, with slightly different timing but comparable 
dynamics [33]. Therefore, the estimated tMRCA might 
have been underestimated due to limited sample avail-
ability, as sequences sampled through the study period 
are not evenly distributed.

Pig farms management changes ripercussions
The Bayesian Skyline reconstruction showed a peak 
around 2010, with several fluctuations observed in the 
subsequent years. This result is likely due to the transi-
tion from closed-farm to multi-site production system, 
that took place from late 90s to early 2000s in Italy [34]. 
This transition significantly increased animal movements 
over longer distances, leading to a massive spread of the 
virus among different farms and/or among different pro-
duction sites of the same farms. After 2010s, there was an 
improvement in farming practices and a thorough appli-
cation of biosecurity procedures due to the spread of 
Aujeszky disease and Swine vescicular disease (SVD) out-
breaks in North Italy [35, 36]. These measures, which are 
still in place, could have had a positive and indirect effect 
in limiting PRRSV-1 on the territory as well. From 2015 
to nowadays, the viral population has shown a “roller-
coaster” dynamic probably caused by different compo-
nents, such as prolonged viremia, persistent infection 
in lymphoid tissue [37], and the seasonal introduction 
of new animals in farms to sustain the national pig meat 
demand [38]. In addition, PRRSV can spread through 
various routes in farms, not necessarly via animals. Non-
porous common materials and feed ingredients have also 
been shown to transmit PRRSV, with higher transmis-
sion rates at lower temperatures [39]. It has been also 
demonstrated that certain PRRSV strains can be airborne 
transmitted for several kilometers [40], which is critical 
in high density farm areas like the Pianura Padana in our 
study. This variety of risk factors, through which PRRSV 
can spread between farms, emphasize the difficulties in 
control and/or eradication of the disease, which have dif-
ferent outcomes even when abovementioned biosecurity 
protocols are applied with consistency.

Spatial analysis
A further analysis in SPREAD3 reconstructed PRRSV-1 
movements within the Italian peninsula. The diffusion 
appears to have originated in north-central Italy, in mid-
to-late of the 20th century, specifically in the province of 
Parma in Emilia-Romagna, despite Lombardy being the 
Italian region with the highest number of animals and 
farm density. From this origin, after initially migrating 
northward for a few kilometers, Lombardy became the 
main geographic area from where the virus spread in 
multiple directions, including southern Italy, where pigs 
are less intensively raised. Indeed, it has been demon-
strated that while larger farms, even if in low numbers, 
play a major potential role in the diffusion of infectious 
diseases in pigs, acting as super-spreaders, also small 
facilities can be relevant in PRRSV-1 epidemiology when 
featured by low biosecurity levels, as often occurs in rural 
southern settings [38, 41]. On a side note, Modified Live 
Vaccines could have played a minor but still significant 
role both in the initial spread of PRRSV-1 and in the 
most recent years, since they were constantly introduced 
in Europe starting from early 2000s [16]. However, there 
are risks associated with these vaccines, such as reversion 
to virulence and recombination between vaccine strains, 
potentially leading to severe outcomes [42].

Final considerations
Phylodynamic and phylogeographic analysis play an 
important role in studying the epidemiology of diseases 
that are challenging to eradicate and/or manage once 
introduced into farm or groups of farms. These infor-
mation can support animal health decisions to contain 
virus spread. Moreover, by combining genetic and geo-
graphic data, these approaches provide a dynamic view 
of viral movements, which is even more critical for zoo-
notic viruses. Despite being an extremely useful tool, the 
application of phylodynamics with the use of only frag-
ments of the entire genome does not allow to be applied 
correctly on recombinant strains or may require different 
parametres if different portion are considered. Although, 
applying these approaches on a whole genome scale, 
combined with comprehensive metadata, complex sta-
tistical methods and computing capabilities, can increase 
exponentially their potential to provide accurate viral 
population dynamics estimations.
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