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Abstract: African swine fever virus (ASFV), the cause of a devastating disease affecting domestic and
wild pigs, has been present in Sardinia since 1978. In the framework of the regional ASF eradication
plan, 4484 illegal pigs were culled between December 2017 and February 2020. The highest disease
prevalence was observed in the municipality with the highest free-ranging pig density, and culling
actions drastically reduced ASFV circulation among these animals. ASFV-antibody were detected in
36.7% of tested animals, which were apparently healthy, thus, the circulation of low-virulence ASFV
isolates was hypothesized. ASFV genome was detected in 53 out of 2726 tested animals, and virus
isolation was achieved in two distinct culling actions. Two ASFV haemadsorbing strains were isolated
from antibody-positive apparently healthy pigs: 55234/18 and 103917/18. Typing analysis revealed
that both isolates belong to p72 genotype I, B602L subgroup X; phylogenetic analysis based on whole
genome sequencing data showed that they were closely related to Sardinian ASFV strains collected
since 2010, especially 22653/Ca/2014. Our data suggested the absence of immune-escaped ASFV
variants circulating among free-ranging pigs, indicating that other elements contributed to virus
circulation among these animals. Understanding factors behind disease persistence in endemic
settings might contribute to developing effective countermeasures against this disease.

Keywords: African swine fever virus; eradication; free-ranging pigs; genotype I; haemadsorbing;
next-generation sequencing; Sardinia

1. Introduction

African swine fever (ASF) is a devastating disease resulting in high mortality in domestic and wild
pigs. It is currently present in Africa, Europe, Asia, and Oceania and causes dramatic losses in the pig
sector due to its transcontinental spread and the lack of a licensed vaccine or treatment available [1–3].
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The etiological agent is the ASF virus (ASFV), a large DNA virus belonging to the Asfaviridae family [4].
The ASFV genome size varies between 170 and 190 kbp length; differences are mainly due to copy
numbers of five diverse multigene families (MGF), which seem to play a central role in the evasion of
host defences [5]. ASFV field strains are segregated into 24 genotypes based on analysis of the variable
region of the B646L gene, which encodes the major protein p72 [4,6].

ASFV was first introduced in Sardinia in 1978 and, despite several eradication programs, outbreaks
in domestic pigs were detected until 2018, while the last PCR-positive sample in wild boar dates back
to early 2019 [7,8]. All Sardinian isolates collected from 1978 to 2018 belong to genotype I ([9,10],
ASF Virus Archive, Virology, Istituto Zooprofilattico Sperimentale (IZS) of Sardinia), whereas, in other
areas of Europe, Asia, and Oceania, all the circulating ASFV isolates belong to genotype II [3,4], and all
p72 genotypes are circulating in Africa [4]. Before this study, Sardinian ASFV strains were isolated only
from domestic pigs presenting per-acute or acute clinical signs of the disease or from hunted/dead
wild boar with unknown health status (ASF Virus Archive, Virology, Animal Health, IZS of Sardinia,
Sassari, Italy).

Natural reservoirs of the virus, such as naturally resilient wild Suidae (warthogs) or ticks of
the genus Ornithodorus, are absent in Sardinia [11,12]. A central role played by wild boar in disease
maintenance in Sardinia was never demonstrated [13,14], whereas several studies suggested a key
role for free-ranging pigs in ASFV persistence in Sardinia [13–15], probably acting as a reservoir of
the virus [8,16]. Thus, in the framework of the last ASF regional eradication plan (PE-ASF15-18;
Regional Decree Number 5/6, 6 February 2015, and subsequent additions), several actions were
conducted to eliminate illegal free-ranging pigs, coordinated by a special unit issued by the Sardinian
government (“Unità di progetto”, “Project Unit”), as previously described [16]. High disease prevalence
was detected during the first six months of these culling actions (December 2017–June 2018) [16],
and veterinarians from the Animal Health Service (AHS) or specialized task force “GIV’ (“Gruppo
di intervento veterinario”, “Veterinary special unit”) observed that these animals were apparently
healthy and in good nutritional status at the time of culling. These pigs had probably recovered
completely from infection and might have acted as carriers of ASFV, contributing to virus transmission
and environmental contamination.

Similar scenarios have been described in Africa [17–19] and eastern Europe [20–22], and researchers
suggested that low-virulence virus variants were circulating in those territories. In Latvia, an attenuated
non-haemadsorbing (non-HAD) genotype II ASFV strain was isolated from a wild boar in 2017 [22].
A recent study described that an ASFV variant with reduced virulence, presenting a deletion of 14,560
base pairs at the 5′ end, was circulating among wild boar in North Estonia [23].

With this study, we aim to provide new information on the role of illegal free-ranging pigs in ASF
persistence in Sardinia, with the hope of generating information useful to develop effective disease
countermeasures. In the initial part of the work, a description of the geographic distribution and the
ASFV prevalence in free-ranging pigs between 2017 and 2020 was provided. In the second part of
the study, ASFV strains circulating among these illegal, apparently healthy, free-ranging pigs were
characterized. We observed no evidence of non-HAD ASFV isolates in Sardinia, whereas two HAD
strains were collected in two distinct culling actions: 103917/18 and 55234/18. These strains circulating
among apparently healthy antibody-positive pigs were analysed through in vitro experiments on
monocyte-derived macrophages (moMφ). Phylogenetic analyses and whole genome sequencing
of 103917/18 and 55234/18 in a wider geographic context were also performed to evaluate their
relationships with the other ASFV strains.

2. Materials and Methods

2.1. Ethics Statement

Healthy cross-bred pigs (Sus scrofa domesticus), 6–24 months old, were used for virus isolation from
field samples, production/titration of virus stocks, and for in vitro experiments. Animals were housed
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at the Experimental Station of IZS of Sardinia (“Surigheddu”, Sassari, Italy). Animal husbandry and
handling procedures were performed in accordance with the local ethics committee, in agreement with
the Guidelines for the Use of Laboratory Animals issued by the Italian Ministry of Health.

Samples from free-ranging pigs (Sus scrofa) were collected by veterinarians of the Italian AHS
or the specialized task force GIV during the planned actions of the PE-ASF15-18 (and subsequent
additions). Animals were culled after stunning, in agreement with the EU legislation on animal welfare
(Council Regulation N◦1099/2009). No free-ranging pigs were harmed or killed for this study; thus,
approval of the ethics committee was not required.

2.2. Free-Ranging Pig Data

In the framework of the ASF eradication plan of Sardinia, 4484 free-ranging pigs were culled
from December 2017 to February 2020, and almost 60% of them (older than three months of age) were
randomly sampled. A total of 2491 sera were tested for ASFV antibody presence, whereas organs
(mainly spleens) from 2726 free-ranging pigs were tested for virus presence.

The presence of ASFV antibodies was assessed using a commercial ELISA test (Ingezim PPA
Compac®, Ingenasa, Madrid, Spain) as a screening test, confirmed by an immunoblotting test (IB),
in accordance with the Manual of Diagnostic Test and Vaccines for Terrestrial Animals. IB+ samples were
considered ASFV antibody-positive [24]. The presence of viral genome in organs was assessed by real
time PCR, as previously described [25,26].

2.3. Malmquist Test

The presence of infectious ASFV was assessed in all PCR+ samples, using the Malmquist test,
in accordance with the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals [24]. In case of
haemadsorption, presence of live ASFV was confirmed, and culture supernatant was collected and
stored at −80 ◦C until propagation. In the absence of haemadsorption, the test was repeated by adding
culture supernatants into fresh, two-day-old monocytes/macrophage monolayers. Only after three
negative results, absence of live ASFV virus was confirmed [24].

2.4. Immunofluorescence Staining Test

All PCR+ Malmquist− samples were screened for the presence of non-HAD ASFV isolates. Culture
supernatants of Malmquist− samples were inoculated into fresh, two-day-old monocytes/macrophage
monolayers, using 48-well plates. After five days, immunofluorescence staining was performed,
in accordance with the Manual of Diagnostic Tests and Vaccines for Terrestrial Animals [24], using an
FITC-conjugated anti-ASFV polyclonal antibody (National Swine Fever Laboratory, Perugia, Italy),
diluted 1:200 in PBS, as previously described [26].

2.5. Viruses

Two strains were characterized in these studies: 103917/18 and 55234/18, isolated in 2018 from
free-ranging pigs in two distinct culling actions. Details are provided in Table S1. These strains
were compared in vitro to the virulent Sardinian field strains 26544/OG10 (isolated from naturally
infected pigs during ASF outbreaks in Sardinia in 2010) (ASF Virus Archive, Virology, Animal Health,
IZS of Sardinia, Sassari, Italy) and the attenuated NH/P68 (kindly provided by the EU ASF Reference
Laboratory CISA-INIA, Madrid, Spain). ASFV strains were propagated in vitro by inoculation of
sub-confluent monolayers of two-day-old monocytes/macrophage cultures, prepared as described
before, using a 25 cm2 flask (Corning, Corning, NY, USA) [24,26]. After two or three days of incubation
at 37 ◦C in 5% CO2, supernatants were collected and pooled with a freeze-thawed cell lysates.
The resultant pool was clarified by centrifugation at 3000× g for 15 minutes (min), divided into aliquots,
and stored at −80 ◦C. Mock-virus supernatants were prepared in an identical manner from uninfected
cultures. Titres of HAD ASFV isolates (103917/18, 55234/18, 26544/OG10) were obtained by serial
dilution of virus suspensions on two-days-old monocyte/macrophage cultures (using 96-well plates),
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followed by haemadsorption. Viral titres of NH/P68 were obtained by serial dilution of the virus
suspension on monocytes/macrophages (using 96-well plates), followed by immunofluorescence
staining, as described before. Viral titres were determined using the Spearman–Kärber formula [24,26].

2.6. Generation of Porcine Monocyte-Derived Macrophages

Macrophage cultures were obtained from blood leukocytes using Petri dishes and media
supplemented with 50 ng/mL of recombinant human M-CSF (hM-CSF) (Thermo Fisher Scientific,
Waltham, MA, USA), as previously described [27]. MoMφ were re-suspended in RPMI-1640
supplemented with 10% foetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin
(complete RPMI, cRPMI) and seeded in 12-well plates (Greiner CELLSTAR, Sigma-Aldrich, Saint Louis,
MO, USA) (7–8 × 105 live cells per well) or 96-well plates (1 × 105 live cells per well). After seeding,
cells were incubated at 37 ◦C 5% CO2 for a further 24 h before infection.

2.7. Growth Kinetics of ASFV in MoMφ

MoMφ were cultured in 12-well plates. Cells were infected with 26544/OG10 or 103917/18 or
55234/18 ASFV at a multiplicity of infection (MOI) of 0.01. After 90 min incubation at 37 ◦C 5% CO2,
virus inoculum was removed, the cells were washed with un-supplemented RPMI-1640 medium,
and fresh cRPMI was added to the wells. Cells were cultured at 37 ◦C 5% CO2, and supernatants were
collected at 0, 24, 48, and 72 h post-infection (hpi). Supernatants were clarified from cellular debris
by centrifugation at 2000 × g for 3 min and then stored at −80 ◦C until assessment of infectious virus
levels by titration, as described above.

2.8. Impact of ASFV Infection on MHC I Expression and Viability of MoMφ

MoMφ were cultured in 12-well plates (to assess ASFV impact on MHC I expression) or 96-well
plates (to assess ASFV impact on moMφ viability). Culture medium was removed, and cells were
infected with 26544/OG10, 103917/18, 55234/18, or NH/P68 ASFV at a multiplicity of infection (MOI) of
1. Mock-infected controls were included in every experiment. After 90 min incubation at 37 ◦C 5%
CO2, virus inoculum was removed, cells were washed with un-supplemented RPMI-1640 medium,
and fresh cRPMI was added to the wells [27].

The 21 hpi, ASFV impact on MHC I surface expression was assessed by flow cytometry,
as previously described, with slight modifications [27].

MHC class I antibody (JM1ER; Bio-Rad Antibodies, Kidlington, UK) and RPE-conjugated goat
anti-mouse IgG-Fc polyclonal antibody (Thermo Scientific Pierce) were used to assess MHC I surface
expression, whereas anti-p72-FITC antibody (18BG3, Ingenasa) was used to evaluate intracellular
levels of ASFV protein p72. Cells were analysed with a FACS Celesta (BD Biosciences, Franklin Lakes,
NJ, USA), and 5000 live moMφ were acquired. Analysis of data was performed using BD FACS Diva
Software (BD Biosciences) by gating on viable moMφ and then assessing the staining for MHC class I
and ASFV late p72 proteins. Gates for p72 protein were set using the mock-infected controls, and then
the mean fluorescence intensities (MFI) of PE (MHC class I) of un-infected (mock), bystander (p72−),
and infected (p72+) moMφ were determined, as previously described [27].

ASFV effect on cell viability was assessed at 21 hpi, using a non-radioactive cytotoxicity assay.
LDH (lactate dehydrogenase) levels in culture supernatants were quantified using a Cytotox 96®

Non-Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. A lysis solution provided by the manufacturer was used as a positive control, whereas
mock-infected moMφ were used as a negative control. Absorbance was read at 492 nm using an Epoch
microplate reader (BioTek, Winooski, VT, USA).

2.9. DNA Extraction, Quantification, and Amplification

Viral DNA was extracted from cell culture supernatant using a QIAmp UltraSens Virus Kit (Qiagen,
Hilden, Germany), following the manufacturer’s instructions. DNA quantification was performed
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using an Epoch microplate spectrophotometer (BioTek) and a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific), according to the manufacturer’s instructions.

2.10. Genome Sequencing

Viral libraries were generated according to manufacturer’s protocols, using Nextera DNA Flex
Library Prep kit (Illumina Inc., San Diego, CA, USA) starting from a minimum DNA input of 50 ng.
Using a Nextera DNA Flex library prep, quantifying and normalizing individual libraries generated in
the same experiment were not necessary. To achieve optimal cluster density, equal library volumes were
pooled, and pools were quantified before sequencing using a Qubit fluorescent dye method. To check
library quality, 1 µL of pooled libraries was run on an Agilent 2100 Bioanalyzer with a High Sensitivity
DNA kit. Library size profiles had an average fragment size of 600 bp. Sequencing was carried out
on Novaseq 6000 (Illumina) diluting libraries to the starting concentration for the system. A median
coverage of 250 was obtained (AMES Group, Centro Polidiagnostico Stumentale S.r.l, Napoli, Italy).

Genome data processing was performed using an in house bioinformatic pipeline. The bcl2fastq
program [28] was used to convert BCL (binary base call) files generated by the sequencing systems
to standard FASTQ file formats. Trim Galore [29] was used to quality trim the data and remove
sequencing adaptors. The reads were then aligned to the pig reference genome (Sus scrofa 10.2 [30])
using the bwa-mem algorithm [31]. Aligned bam files were sorted and indexed with samtools [32] and
deduplicated with Picard-tools [33]. To obtain high-quality variants, freebayes [34] was used to call
variants for each sample, using the KX354450.1 sequence as reference genome (parameters: “–ploidy 1
-X -u -m 20 -q 20 -F 0.2”).

2.11. Phylogenetic and Typing Analyses

Phylogenetic analyses were performed independently on two different datasets of sequences.
The first included 48 ASFV whole genomes from Africa, Asia, and Europe; 46 of them were taken from
GenBank, and two were obtained during the present study. Details are provided in Table S1. The second
dataset was a subset of the first one. All the genomes (16) from Sardinia were included in the second
dataset. In particular, the strains 103917/18 and 55234/18 isolated in the present study were compared
to all Sardinian strains fully sequenced thus far available (see details in Supplementary Table S1).
Genome alignment was carried out using the algorithm L-INS-I implemented in the software Mafft
7.427 [35]. After the alignment, a manual check of the dataset was performed using Unipro UGENE
v.35 [36]. A Bayesian inference for phylogenetic trees was performed using the software MrBayes
3.2.7 [37] setting as model parameters: NST = 6, rates = invgamma, ngammacat = 4. Two independent
runs, each consisting of four Metropolis-coupled Markov chain Monte Carlo (MCMC) chains (one
cold and three heated chains), were performed simultaneously for 5,000,000 generations, sampling
trees every 1000 generations. The first 25% of the 10,000 sampled trees was discarded as burn-in. Runs
were carried out by means of the CIPRES Phylogenetic Portal [38]. In order to verify the convergence
of chains, we checked that the average standard deviation of split frequencies (ASDSF) approached
0 [37], and the potential scale reduction factor (PSRF) was around 1 [39], following Scarpa et al. [40].
Phylogenetic trees were visualized using FigTree 1.4.0 [41]. Typing was performed analysing B646L,
B602L, and EP402R genes.

The C-terminal end of the B646L gene of 103917/18 and 55234/18 isolates was aligned with the
corresponding region of the international strains belonging to all 24 genotypes and retrieved from
GenBank. Phylogeny was estimated in MEGA 7 [42] via the neighbour-joining model of nucleotide
substitution. Statistical support for specific clades was obtained via 1000 bootstrap replicates. The amino
acid sequence of the B602L and the EP402R genes was compared with the corresponding regions of all
Sardinian fully sequenced strains (Table S1). Deletions in these two genomic regions were confirmed
by Sanger sequencing using the primers and the methods described previously [9].
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2.12. Data Analysis

For the purpose of this work, an ad hoc database was built to collect data about location, time (day,
month, year), number of culled animals, animals tested for ASFV antibody and virus presence,
and ASFV-positive free-ranging pigs. Epidemiological statistical analyses were carried out to calculate
antibody-prevalence and virus-prevalence by year (2017–2020) and location (municipalities) of the
culling actions, with associated 95% confidence intervals (CI) for a proportion based on the central limit
theorem for binomial outcomes. The basic reproduction number (R0), formally defined as the average
of secondary cases that would result from the introduction of one infectious in a total susceptible
population [43], was calculated based on the time of the first culling actions in each municipality.
Only those locations where the virus has been detected at least one time were considered in the
R0 estimation.

The R0 parametrization proposed by Becker (1989), based on susceptible population at the start
(S0) and at the end (Sf) of the epidemic, was applied [44]. Considering the total population size N and
the total number of cases C (i.e., individuals that have been infected), R0 was calculated as follows:

R0 �
N− 1

C
∗ ln

S0 +
1
2

S f −
1
2

 (1)

Basically, if we assume that the proportion of individuals that tested negative for the infection
(i.e., PCR-negative and antibody-negative) is equal to the proportion of susceptible population (s),
s can be estimated as follows:

st =
∑

t

St

Nt
(2)

where St is the number of susceptible animals among those tested at time t and Nt is the number of
animals that were tested.

The standard errors of the estimated R0 parameters are as follow:

SE(R0) =
N − 1

C
∗

√√√√√ S0∑
j=S f +1

1
j2
+

CR2
0

(N − 1)2 (3)

In vitro experiments were performed in technical duplicate and repeated with three (growth
curves, MHC I expression) or four (cytotoxic test) different blood donor pigs. Baseline data distribution
was evaluated based on Shapiro–Wilk test. Differences within normally distributed samples were
analysed with the parametric student T-test with analysis of variance (ANOVA) followed by Bonferroni
method for multiple comparisons. All statistical analyses were performed using R-software, version
3.6.2 (R-Foundation for Statistical Computing, Vienna, Austria), and a level of p < 0.05 was considered
as statistically significant. GraphPad Prism 8.01 (GraphPad Software Inc., La Jolla, CA, USA) was used
for graphical analyses and representations.

3. Results

3.1. Distribution of ASFV among Illegal Pigs in Sardinia: Data from Eradication Program

A total of 47 culling actions against free-ranging pigs were performed between 2017 and 2020
in 18 municipalities, all located in the middle of Sardinia (Figure 1). All these actions were carried
out inside the “wild boar infected zone”, a 9000 km2 inner area of the island, where stronger actions
against ASFV in sylvatic populations have been adopted since 2017 [14]. Laboratory analysis revealed
a high prevalence of antibody-positive illegal free-ranging pigs, which decreased over the years: 61.9%
(confidence intervals (CI) 95% = 56.6–66.9) in 2017, 40.4% (CI 95% = 37.9–42.9) in 2018, 14.8% (CI 95%
= 11.7–18.3) in 2019, and 14.4% (CI 95% = 9.5–20.5) during the culling action of 2020, as reported in
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Table 1. ASFV genome was overall detected in fewer than 2% (CI 95% = 1.4–2.5) of the tested pigs
(PCR-positive) with a virus prevalence of 3.8% (CI 95% = 2.1–6.3) during December 2017, 2.2% (CI 95%
= 1.6–3.0) in 2018, 0.2% (CI 95% = 0.0–1.1) in 2019, and 0% in 2020 (CI 95% = 0–0) (Table 1). Despite the
presence of ASFV antibodies, these animals had a good nutritional status and were apparently healthy
at the time of culling, without clinical signs reported by veterinarians. Representative images are
displayed in Figure S1.
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Table 1. Information on number of culled pigs, African swine fever virus (ASFV) antibody and virus
prevalence in free-ranging pigs tested in Sardinia from December 2017 to February 2020.

Year Culled Pigs Animals Tested for
Antibody Presence

Antibody-Positive
Animals (Prevalence,

%, CI 95%)

Animals Tested for
Virus Presence

PCR-Positive
Animals (Prevalence,

%, CI 95%)

2017 616 357 61.9 (56.6–66.9) 368 3.8 (2.1–6.3)
2018 2652 1480 40.4 (37.9–42.9) 1703 2.2 (1.6–3.0)
2019 913 480 14.8 (11.7–18.3) 480 0.2 (0.0–1.1)
2020 303 174 14.4 (9.5–20.5) 175 0 (0–0)
Total 4484 2491 36.7 (34.8–38.7) 2726 1.9 (1.4–2.5)

The main communities of about 1400 and 700 illegal free-ranging pigs were found in Orgosolo
and Urzulei municipalities, respectively. Medium-sized groups of animals (average of 200–350 animals)
were located in seven other municipalities (Arzana, Baunei, Desulo, Irgoli, Nuoro, Talana, Villagrande
Strisaili). All the other culling actions were performed on small groups of animals (<20 pigs). As displayed
in Table 2, the highest antibody-prevalence was detected in those municipalities where the density of
illegal free-ranging pigs (animals/km2) was highest (Arzana, Desulo, Orgosolo, Talana), as estimated
by Bosch et al. [45]. PCR+ pigs were detected in five municipalities: Arzana, Desulo, Orgosolo, Talana,
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and Villagrande Strisaili (see Table 2). The basic reproduction number R0 was calculated only for those
municipalities where the ASF was detected at least one time.

Table 2. Location, number of culled and tested free-ranging pigs, ASFV antibody and virus prevalence,
and estimated basic reproduction number with the associated standard error (SE).

Municipality Culled Pigs
Animals Tested

for Antibody
Presence

Antibody-Positive
Animals

(Prevalence, %,
CI 95%)

Animals Tested
for Virus
Presence

PCR-Positive
Animals

(Prevalence, %,
CI 95%)

R0 SE(R0)

Orgosolo 1381 763 61.5 (57.9–64.9) 888 1.2 (0.6–2.2) 2.232 0.946
Urzulei 715 405 26.7 (22.4–31.2) 530 0 (0–0) 1.224 0.489

Villagrande Strisaili 467 262 22.1 (17.2–27.6) 269 2.2 (0.8–4.8) 1.202 0.543
Talana 388 211 43.6 (36.8–50.6) 212 5.7 (2.9–9.7) 1.339 0.599
Desulo 373 222 49.5 (42.8–56.3) 186 10.8 (6.7–16.1) 2.674 0.979
Baunei 360 206 5.3 (2.7–9.3) 204 0 (0–0) 0.422 0.182
Irgoli 304 134 0 (0–0) 134 0 (0–0) – –

Nuoro 199 173 0 (0–0) 199 0 (0–0) – –
Arzana 155 144 40.3 (32.2–48.8) 144 2.8 (0.7–6.9) 1.315 0.762

The maximum parameter values were estimated in Desulo (R0 = 2.67, SE = 0.98) and Orgosolo
(R0 = 2.23, SE = 0.95), while the lowest R0 was associated with Baunei municipality, where very low
seroprevalence and no PCR+ samples were found. Comparing these estimations with those recently
obtained by Bosch et al. about the number of contacts between animals [45] and thus the animal
interaction index, the maximum values of R0 corresponded to those areas with maximum animal
density and contact rates (Orgosolo and Desulo). The same municipalities have been previously
defined as the main problematic areas for ASF persistence given the evidence of rural socio-economic
conditions and the ASF endemic context [8,14,16].

Only 53 of 2726 illegal pigs had ASFV genome in their organs. As showed in Figure S2 and Table
S2, PCR+ samples presented high Ct values (mean = 35.05, SD = 4.62), indicating the presence of low
levels of ASFV genome. PCR+ samples were subsequently assayed for virus isolation with Malmquist
test. Infectious ASF virions were detected in only 10 samples, collected in two distinct culling activities:
Desulo (11/06/2018) and Talana (17/12/2018), as displayed in Figure 1 and Table S2. In total, 43 out of
53 PCR+ samples were Malmquist−; Ct values were very high (mean = 36.3, SD = 2.32) (Figure S2),
suggesting that no live virus was present in these organs. Nevertheless, all the Malmquist− samples
were assayed with immunofluorescence staining in order to exclude the presence of non-HAD ASFV
strains. All the immunofluorescence staining tests gave negative results, strongly suggesting the
absence of non-HAD ASFV strains among free-ranging pigs in Sardinia.

3.2. Isolation and In Vitro Characterization of Two Isolates Collected from Asymptomatic Free-Ranging Pigs

Virus isolation was achieved in 10 PCR+ organs (nine spleens and one lung), and 70% of these
organs belonged to seropositive pigs, as displayed in Table S2 and Figure S3. One isolate per culling
action was selected, amplified, and used for further analyses: 55234/18(6) (Desulo) and 103917/18(4)
(Talana). The 55234/18 isolated from a fattening pig presented a strong PCR result (Ct 23.58) and low
antibody titre, whereas 103917/18 was collected from an adult pig and presented a weak PCR result
(Ct 34.84) and high antibody titre (Table S2 and Figure S3). Both isolates were HAD, with no visible
differences with the virulent Sardinian isolate 26544/OG10, as shown in Figure S4.

In vitro assays were performed to compare the two isolates in this study with the Sardinian virulent
strain 26544/OG10. The latter presented remarkable virulence in vivo; intramuscular inoculation with
only 10 TCID50 of 26544/OG10 led to death in domestic pigs after 10–14 days (Gian Mario De Mia,
unpublished data). A kinetic analysis of the infection with 103917/18, 55234/18, and 26544/OG10
ASFV strains was performed in moMφ using a MOI of 0.01. Viral titres in culture supernatants were
measured longitudinally, at 0, 24, 48, and 72 hpi. All the tested Sardinian isolates replicated efficiently
and without differences in moMφ (Figure 2), with a growth kinetic similar to what we previously
observed for 22653/Ca/2014 (22653/14) [27].
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Figure 2. Growth kinetic in macrophages of the two ASFV strains collected from illegal free-ranging pigs.
moMΦ were infected with the strains under study (103917/14 or 55234/18) or the virulent 26544/OG10
ASFV strains using a multiplicity of infection (MOI) of 0.01. At 0, 24, 48, and 72 h pi, duplicate
samples were collected, and infectious viral progeny in culture supernatants were assessed by titration
(TCID50/mL). The sensitivity of this assay was 1.8 log10 50% haemadsorbing doses/mL (TCID50/mL).
The mean values and the standard deviation from three independent experiments utilizing different
animals are shown. At each time-point, values of 103917/14 and 55234/18 and 26544/OG10 viral titres
were compared using the analysis of variance (ANOVA) for repeated measures.

To further investigate potential differences between these strains, we investigated the effects
of infection on MHC class I expression and moMφ viability. Our previous study demonstrated
that infection with attenuated genotype I NH/P68, but not the virulent Sardinian strains 22653/14,
induced MHC I down-regulation in infected macrophages [27]. moMφ were infected with 55234/18,
103917/18, the virulent 26544/OG10, or the attenuated non-HAD NH/P68, using an MOI = 1, alongside
mock-infected controls. At 21 h pi, the surface expression of MHC I and the intracellular levels of late
viral protein p72 were assessed by flow cytometry, and, as expected, infection with NH/P68 resulted in
MHC I down-regulation in infected cells [27]. On the contrary, as displayed in Figure 3A, the two strains
isolated from free-ranging pigs (103917/18 and 55234/18) and the virulent 26544/OG10 had a similar
impact on MHC I expression; infected cells (p72+) presented a slightly higher, but not statistically
significant, MHC class I expression (mean fluorescence intensity, MFI) compared to bystander (p72−)
and mock-infected cells (Figure 3A), similar to what we previously observed for 22653/14 [27]. We then
assessed the impact of ASFV infection on moMφ viability. At 21 hpi, cells viability was determined
using a non-radioactive cytotoxic test. Lactate dehydrogenase (LDH) levels in culture supernatants
of 26544/OG10, 103917/18, and 55234/18 –infected moMφ were not statistically significantly different
to those of the mock-infected control. On the contrary, NH/P68-infected moMφ presented higher
levels of LDH in culture supernatants, indicating that NH/P68, but not the two strains under study,
has a stronger impact on moMφ viability (Figure 3B). Overall, these in vitro studies did not reveal
differences between the two “free-ranging pig” isolates and virulent Sardinian strains.
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Figure 3. Effect of 103917/14 and 55234/18 ASFV infection on MHC class I expression and viability of
macrophages. moMΦ were infected with the low-virulence NH/P68, the virulent 26544/OG10, or the
isolates under study 103917/18 and 55234/18 using an MOI of 1, alongside mock-infected controls.
At 21 hpi, surface expression of MHC class I and moMφ viability were assessed. (A) MHC class I
expression (MFI) and intracellular levels of ASFV p72 were assessed by flow cytometry; MFI data are
presented as fold change relative to the mock-infected condition. Values of ASFV-infected or bystander
macrophages were compared to the corresponding mock-infected control. (B) moMφ viability was
assessed using a non-radioactive cytotoxic assay, which quantifies lactate dehydrogenase (LDH) levels
in culture supernatants. For both panels, mean values and standard deviation from three (A) or four (B)
independent experiments utilizing different animals are shown as green and red bars with whiskers
lines, respectively. Analysis of variance and relative Bonferroni method for multiple comparisons were
applied to evaluate difference between samples; *** p < 0.001, * p < 0.05.

3.3. Genetic Characterization of Two Isolates Collected from Asymptomatic Free-Ranging Pigs

The analysis of the C-terminal end of the B646L gene (coding for p72) revealed that both 103917/18
and 55234/18 belonged to genotype I, similar to all other Sardinian ASFV isolates collected since 1978
(ASF Virus Archive, Virology, IZS of Sardinia, Sassari, Italy) (data not shown). Analysis of the B602L
and the EP402R genes showed that both 103917/14 and 55234/18 clustered in subgroup X of the B602L
gene and presented a six amino acid repeat deletion at the C-terminal of the CD2v protein (encoded
by EP402R gene), as with almost all the Sardinian isolates collected since 1990 (“modern” Sardinian
isolates) (Figures S5 and S6).

Phylogenetic analysis of whole-genome sequencing data was also performed. The phylogenetic
tree obtained for 48 ASFV genomes from Africa, Asia, and Europe (see the main tree in Figure 4)
supports the genetic structuring already reported between the ASFV p72 genotypes I and II [6] showing
two well-differentiated genetic clusters (G1 and G2 in Figure 4). The two Sardinian strains isolated in
the present study were placed within the Sardinian group of sequences in the cluster G1 (which were
collapsed and indicated with red font in the main phylogenetic tree of Figure 4). Among the Sardinian
sequences (see the tree in the inset of Figure 4), a highly supported genetic structuring, consistent with
the data of strain isolation, was observed. In particular, the Sardinian cluster splits into two main
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monophyletic sister groups: one (group A in Figure 4) including sequences collected from 1978 to 1995,
and the second (group B in Figure 4) including the two sequences obtained in 2018 for the present
study along with those from 1997 to 2014. In particular, within group B, two internal sub-groups were
identified, representative of the time intervals 1997–2008 and 2010–2018, respectively. The 103917/18
and the 55234/18, from the centre of Sardinia and isolated in the present study, belong to the same
sub-group of isolates 26544/OG10 (KM102979) and 97/Ot/12 (MN270979); they grouped together with
a sequence (22653/Ca/2014, MN270980) from the south of the island (Cagliari) in 2014, which was the
most recent among the Sardinian fully sequenced strains isolated before this study.
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Figure 4. Bayesian phylogenetic tree based on ASFV complete genome sequences. The main nodes
of the tree are fully supported by values of posterior probabilities = 1. The clade, including the 16
Sardinian ASFV genomes, was collapsed in the main tree and indicated with red font. In the inset are
the phylogenetic relationships within the Sardinian group. The sequences isolated in the present study
are indicated in red font.

As seen in Table 3, the two strains isolated in 2018 from illegal free-ranging pigs were almost
identical in size, number of open reading frame (ORF), and % GC, and they presented high similarity
to all Sardinian isolates, without large deletions at either the left or right ends of the genome.
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Table 3. Genomic sequence of the two ASFV strains isolated from free-ranging pigs (red font) and
comparison with 14 fully sequenced Sardinian strains.

Strain Size Left # Central Right # GC% ORF * Reference GenBank
Accession Number

56/Ca/78 183,636 41,212 130,415 12,009 38.56% 235 [10] MN270969
57/Ca/79 183,639 41,214 130,415 12,010 38.56% 235 [10] MN270970

139/Nu/81 183,645 41,220 130,415 12,010 38.56% 235 [10] MN270971
140/Or/85 183,723 41,256 130,415 12,052 38.55% 235 [10] MN270972
85/Ca/85 181,816 40,310 130,259 11,247 38.58% 231 b [10] MN270973

141/Nu/90 183,720 41,333 130,241 12,146 38.52% 235 [10] MN270974
142/Nu95 183,724 41,336 130,241 12,147 38.52% 235 [10] MN270975
60/Nu/97 181,651 40,295 130,240 11,116 38.58% 231 b [10] MN270976
26/Ss/04 181,869 41,762 130,240 9,867 38.58% 235 [10] MN270977

72407/Ss/05 181,699 40,303 130,241 11,155 38.57% 231 b [10] MN270978
47/Ss/08 184,638 41,791 130,241 12,606 38.49% 235 [46] KX354450

26544/OG10 182,906 40,527 130,242 12,138 38.56% 235 [47] KM102979
97/Ot/12 184,206 41,574 130,241 12,391 38.51% 235 [10] MN270979

22653/Ca/2014 181,869 40,449 130,252 11,168 38.57% 231 b [10] MN270980
103917/18 181,759 40,353 130,241 11,165 38.56% 231 b This study MT932578
55234/18 181,761 40,353 130,241 11,167 38.56% 231 b This study MT932579

# Left and right refer to the left and right variable regions. The left variable region includes nucleotides from 5′-end
to the beginning of A224L gene. The right variable region includes nucleotides from the end of DP238L gene to 3′

–end. Size, left, and central right are expressed in bp. * ORF, open reading frame. b KP86R, KP96L, DP93R and
DP86L, located into the ITRs, are missing.

4. Discussion

The first aim of this study was to determine ASFV prevalence and distribution among free-ranging
pigs in Sardinia. In the framework of the ASFV eradication program (PE-AS15-18 and subsequent
additions), several depopulation actions against illegal pigs were issued in the island since December
2017, and more than 4000 illegal free-ranging pigs were culled. These pigs might have acted as a reservoir
for ASFV in Sardinia, serving as a link between domestic pigs and wild boar [8]. Their interaction
rate with wild boar was demonstrated to be extremely high, and recent studies reported a strong
correlation between free-ranging pig numbers and ASFV outbreaks in domestic pig farms in the same
municipalities [14,45,48]. Antibody prevalence and virus prevalence in these pigs were extremely high
in the first year of the culling actions (2017) (61.9% and 3.2%, respectively), with the disease prevalence
gradually decreasing over the years, until 1.4% and 0% of antibody-prevalence and virus-prevalence,
respectively, registered in 2020. The highest antibody-prevalence was detected in the municipality
with the highest free-ranging pig density (Orgosolo), while the highest virus prevalence was detected
in Desulo. On the other hand, the maximum levels of the basic reproduction number (R0 ≈ 2.2 and 2.6)
associated with Orgosolo and Desulo suggested the presence of a possible endemic disease context.
In general, the peaks of antibody prevalence were detected in the areas where the number of illegal
free-ranging pigs was higher than 300. The only exception was in Arzana, where the animals probably
lived in a small area with a high contact rate, as found by Bosch et al. [45]. These results demonstrate
a likelihood correlation between free-ranging pig number and both antibody and virus prevalence.
This assumption is reinforced by the fact that, during subsequent culling actions, with a consequent
reduction in the free-ranging pig density, the number of contacts between the three suid populations
(free-ranging pigs, wild boar, and domestic pigs) decreased, and ASFV circulation dropped to zero
over the years [49].

These illegal animals were apparently healthy and displayed no clinical sign of ASF at the time of
culling (Dr. Sergio Masala and veterinarians of task force GIV, personal communication), despite the
presence of ASFV antibodies and even ASFV genome. These “survivors” might have acted as ASFV
carriers. Previous studies suggested that pigs surviving infection with moderately virulent ASFV
isolates carried the virus for weeks after infection and were able to transmit the disease to naïve in
contact pigs at 42 days pi [50].
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The second aim of this study was to characterize the ASFV strains circulating among Sardinian
illegal pigs. Due to the high presence of apparently healthy antibody-positive pigs, we hypothesized
the presence of low/moderately virulent ASFV strains in the island. In the past, attenuated genotype I
ASFV strains were described in Portugal (NH/P68 and OURT 88/3) and were able to confer resistance to
challenge with homologous virulent isolates. These non-HAD strains were implicated in the long-term
persistence of ASF in Portugal and in the presence of antibody-positive pigs in Alentejo (Portugal),
without notification of clinical disease [51–53]. In addition, two ASFV genotype II variants with reduced
virulence were recently identified in Latvia and Estonia [22,23]. We assessed the presence of non-HAD
ASFV strains among free-ranging pigs in Sardinia. The immunofluorescence staining performed on all
PCR+ Malmquist− samples produced negative results, strongly suggesting the absence of non-HAD
ASFV isolates in the island. Two HAD ASFV strains were instead isolates in two distinct free-ranging
pigs culling activities: 55234/18 and 103917/18 (both in Nuoro province).

We initially performed in vitro studies to assess their interaction with macrophages. Macrophages are
the main target population of ASFV [54], and virulent isolates developed several mechanisms to escape
host immune defences in order to efficiently replicate in these cells [55]. Both “free-ranging pig” isolates
presented the same growth kinetic and impact on moMφ viability as the virulent Sardinian isolate
26544/OG10, suggesting that they similarly prevent moMφ death early after infection. The 55234/18,
the 103917/18, and the 26544/OG10 also had the same impact on MHC I expression as two other virulent
Sardinian isolates tested in the past (22653/14 and Nu81.2). On the contrary, the attenuated NH/P68 isolate
down-regulated MHC I expression on moMφ [27], which might promote NK activation in vivo [56], as we
previously speculated [57]. Our data suggest that all the tested Sardinian strains, including 55234/18 and
103917/18, elude NK recognition by similar mechanisms, and overall in vitro studies did not provide any
evidence of attenuation of the two isolates under investigation.

Whole-genome sequencing was then performed in order to further characterize these two ASFV
isolates circulating among apparently healthy antibody-positive pigs. Before this study, 14 Sardinian
isolates were fully sequenced [10,46,47], and remarkable genetic homogeneity was seen among
strains collected between 1978 and 2014 [10]. Thirteen out of the 14 ASFV strains analysed by
Torresi et al. (2020) [10] were collected from pigs with acute clinical signs of ASFV, whereas only one
(72407/SS/05) was isolated from a hunted/found dead wild boar with unknown health status. Typing
analyses of the B646L gene showed that both 103917/18 and 55234/18 belong to genotype I, in addition to
all the other Sardinian ASFV isolates collected since 1978 (ASF Virus Archive, Virology, IZS of Sardinia,
Sassari, Italy). Both 103917/18 and 55234/18 belong to subgroup X of the B602L gene and present a six
amino acid repeat deletion at the C-terminal of the CD2v protein, alongside all the Sardinian isolated
collected since 1990 (“modern Sardinian isolates”) [9,58]. Our phylogenetic outputs evidenced the
occurrence of a high similarity between the two Sardinian strains isolated in the present study (103917/18
and 55234/18) and the other modern Sardinian ASFV whole genomes. Such a finding supports the
hypothesis of a recent origin for strains 103917/18 and 55234/18, with no direct recent connection with
viral strains outside the island. Our analysis revealed that the sample 22653/14, which was isolated in
the southern part of the island in 2014, presented the highest similarity with both “free-ranging pig”
strains. The 22653/14 is the most recent among the Sardinian fully sequenced strains isolated before this
study, thus suggesting that the genomes of 103917/18 and 55234/18 might be the products of a slow and
gradual evolution of Sardinian ASFV strains occurred since 1978, as described in Torresi et al. (2020) [10].
It can be hypothesized that this gradual evolution led to an attenuation of the virulence; nevertheless,
recent in vivo experiments showed that infection of domestic pigs with “modern” Sardinian ASFV
isolates (47/SS/08 and 26544/OG10) caused a rapid onset of ASFV clinical signs and death in domestic
pigs (De Mia et al., unpublished results). Notably, intramuscular inoculation with only 10 TCID50

of 26544/OG10 lead to death of domestic pigs in 10–14 days, demonstrating the high virulence of
the “modern” Sardinian strains (De Mia et al., unpublished results). The 103917/18 and the 55234/18
presented a similar length to all the other Sardinian strains, without deletions in either the central
region or the left/right ends of the genome comparable to what was observed in Estonian ASFV strains.
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In fact, an attenuated ASFV variant circulating in Estonia was characterized by a deletion of 14,560 base
pairs at the 5′ end and genome reorganization by duplication [23] not observed in the “free-ranging
pig” strains. Our results strongly suggest the absence of ASFV immune-escape mutants circulating
among free-ranging pigs in Sardinia.

Although we cannot completely rule out the presence of attenuated ASFV strains in the island,
it is likely that other factors contributed to the higher resistance of free-ranging pigs to ASFV. This virus
can infect feral suids, such as warthogs and bushpigs, without the development of any clinical signs [5],
and it can be speculated that the higher tolerance of these free-ranging pigs has a genetic basis.
A similar situation was described in western Kenya, which is an endemic ASF area. Researchers
observed that a proportion of indigenous pigs were ASFV+ but displayed no clinical signs of infection,
thus, two indigenous Kenyan pig populations were genotyped and compared to bushpigs, warthogs,
European wild boars, and commercial domestic pigs. The Homa Bay pig population, where higher
percentages of ASFV PCR+ pigs were detected, was distinct and presented a “local indigenous
composition” distinct from international breeds [59]. Genetic studies are on-going in Sardinia, and more
investigations are needed to define putative genetic factors behind the resilience to ASFV infection.
Nevertheless, other factors might underlie the higher tolerance of these animals. These “survivor”
pigs probably developed a protective immune response against the disease, and this protection could
have been transmitted to the offspring through colostrum/milk. Protection to ASFV relies on multiple
concomitant immune mechanisms, which are, unfortunately, largely unknown [60], but antibodies
might have contributed to this protection and to the delay of ASFV dissemination in the host [61].
A study suggested that colostrum/milk from sows that survived ASFV infection had a protective effect
on their offspring: seven-week-old litters (which received colostrum and milk from recovered sows)
presented reduced viremia and clinical signs in response to ASFV challenge [62]. More studies are
needed to better understand the role of maternal antibodies or other colostrum elements in protection
to ASFV and whether this contributed to the higher ASFV-tolerance of free-ranging pigs in Sardinia.
A better understanding of the immune/genetic factors underlying this ASFV tolerance might contribute
to the development of effective countermeasures against ASF.

5. Conclusions

More than 4000 illegal free-ranging pigs were culled between 2017 and 2020 in the framework
of the last ASF eradication program in Sardinia and a strong correlation between their density and
antibody and virus prevalence was observed. Culling actions drastically reduce ASFV circulation
among these animals. ASFV genome was identified in 53 apparently healthy antibody-positive pigs,
and two HAD genotype I subtype X ASFV strains were isolated in two distinct culling actions: 55234/18
(strong PCR result, low antibody level) and 103917/18 (low PCR result, high antibody level). The two
isolates were highly similar (with minor changes in the viral genome sequence) to the modern Sardinian
strains, especially 22653/14. Data from this study strongly suggest the absence of non-HAD or other
attenuated ASFV variants circulating among Sardinian free-ranging pigs, thus indicating that other
factors contributed to the ASFV tolerance of these illegal pigs on the island.
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