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Abstract

In this study, we report the molecular diagnosis and retrospective study of porcine circovirus 3 (PCV3) in frozen and formalin-
fixed paraffin-embedded swine tissues (FFPE) collected from 1967 to 2018 in southeastern Brazil (Espirito Santo and Rio de
Janeiro states). Frozen tissues from 35 pigs and FFPE tissues from 143 pigs were tested by nested PCR, targeting the PCV3
partial capsid gene. Bidirectional sequencing of 16 positive samples was performed, followed by sequence analysis and haplo-
type networks. A total of 26/178 samples (14.6%) tested positive for PCV3: 14/35 (40%) frozen tissue and 12/143 (8.4%) FFPE
tissue. PCV3 was detected in the 1960s, 1970s, 2000s, and 2010s with the characterization of types PCV3a and PCV3b. A star-
like distribution was observed in the grid of haplotypes, with a low haplotype diversity and more recent dispersal of the virus. A
total of 40% of asymptomatic animals considered fit for slaughter tested positive for PCV3. In conclusion, PCV3 DNA was
detected over 51 years of study, prior to initial reports and, so far, the sample detected in 1967 is the oldest partial capsid sequence
described. The circulation of two different genotypes was reported, suggesting more than one introduction event of this virus into
Brazil. Moreover, taken together, our studies indicated an ancient origin of PCV3 and its circulation in asymptomatic animals in
Brazilian herds.
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Introduction

In 2015, in the USA, there was an increase in the mortality rate
of sows and the presence of mummified fetuses on farms in
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North Carolina. After metagenomic sequencing, the presence
of'a new virus, subsequently classified as porcine circovirus 3
(PCV3), was revealed [1]. In 2016, another study detected
PCV3 DNA in tissue samples from cases of acute myocarditis
and multisystem inflammation where no PCV2 genome was
detected [2].

PCV3 is a single stranded DNA non-enveloped virus and
since 2017 was formally accepted into the Circoviridae fam-
ily, with PCV1 and PCV?2 [3, 4]. The novel sequences showed
less than 70% of identity in the predicted whole genome and
capsid protein amino acid (aa) sequence compared with other
virus in family [3]. In the last 4 years, PCV3 has been de-
scribed worldwide in animals affected by different clinical
conditions including porcine dermatitis and nephropathy syn-
drome (PDNS), reproductive, respiratory, gastrointestinal and
neurological disorders, multisystemic inflammation, myocar-
ditis, and in subclinical infections [1, 3, 5, 6]. PCV-3 genome
has been detected by PCR in oral fluids and nasal swabs as
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well as in feces, semen, and colostrums and horizontal trans-
mission through direct contact is probably the main route of
transmission [3]. Its high occurrence may pose a potential
threat to the swine industry worldwide [7].

In Brazil, few studies about the circulation of PCV3 were
performed using serum and tissues (lung, pool of lymph
nodes, spleen, and mummified fetuses [6, 8, 9]) and data about
the introduction of PCV3 in this country, as well as the impact
of this new type of circovirus in Brazilian herds, are still un-
known. In this study, we report the molecular diagnosis and
characterization of PCV3 in frozen and formalin-fixed paraf-
fin-embedded (FFPE) swine tissues collected from 1967 to
2018 (51 years) in the southeast region of Brazil (Espirito
Santo and Rio de Janeiro states).

Material and methods

Swine tissues were obtained from two different origins: frozen
tissue from 35 slaughtered pigs and FFPE tissue samples from
143 pigs.

The frozen tissue samples (lymph node tissue, lungs, liver,
and kidneys) were obtained from asymptomatic animals con-
sidered fit for slaughter, during the evisceration process per-
formed in the daily routine of the pig slaughterhouse located
in the state of Espirito Santo, Brazil, from June 2017 to
May 2018 [10]. The samples were stored in sterile flasks
and kept under — 20 °C until processing.

After thawing, fragments of organs from the same animal
were cut into smaller fragments using sterile scalpel blades
and pooled in a 2.0 mL microtubes prior to tissue digestion
processing. The digestion process was performed with lysis
buffer (ATL buffer, Qiagen®) and proteinase K, and the DNA
extraction process was performed using guanidinium thiocy-
anate and silica [11].

FFPE tissue (intestine, heart, lymph node, lung, liver, kid-
neys, brain, spleen, and others) was obtained from the collec-
tion of the Geraldo Manhdes Carneiro Animal Health
Research Center, Pesagro-Rio. The samples from 143 pigs
were part of the Pesagro-Rio collection, which was originally
used for routine diagnostic purposes over a period of 50 years
(1967 to 2017), and come from different regions of the state of
Rio de Janeiro and Espirito Santo. Ten-micrometer sections of
each sample block were cut from paraffin using sterile scalpel
blades, pooled by animal in a 2.0 mL microtubes,
homogenated, and dewaxed with deparaffinization solution
(QIAGEN, Germany). Samples were digested with lysis buft-
er (ATL buffer, Qiagen®) and proteinase K. For DNA extrac-
tion, a QIAamp® DNA FFPE Tissue Kit (QIAGEN,
Germany) was used according to the manufacturer’s
instructions.

For PCV3 molecular detection, a 649 bp fragment (1339—
1987) of capsid protein gene was amplified [12]. In order to
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improve the detection, a novel nested PCR primer pair was
designed (5’-CCATTGAACGGTGGGGTCAT-3" and 5°-
TGGACCACAAACACTTGGCT-3') in Prime 3 0.4.0 soft-
ware [13], targeting a 203 bp internal fragment (1442—
1645). The reaction was performed with 11 pl of a commer-
cial master mix, 10 pmol of each PCV3-NF and PCV3-NR
primers, and 5 pl of template DNA with a final reaction vol-
ume of 20 pl. The thermal cycling conditions were as follows:
94 °C for 5 min, followed by 35 cycles at 94 °C for 30 s, 52 °C
for 30s, 72 °C for 30 s, and 72 °C for 10 min [14]. PCR assay
was also performed to identify the swine 3-actin gene as an
extraction control in frozen and FFPE tissues, with a set of
primers that amplified an 850 bp fragment, as described by
Hui et al. [15].

Single bidirectional sequencing was performed by Myleus
Biotechnology (Belo Horizonte, Brazil) using an ABI3130
automated sequencer (Applied Biosystems, Foster City, CA)
with BigDye v3.1. Raw sequences were analyzed by Codon
Code aligner (http://www.codoncode.com/aligner/) using the
Phred quality score tool and a cutoff of 20 was established.
Sequences generated in this study were deposited in the
GenBank (accession numbers MN651451-MN65157 and
MN65159-MN651467). Multiple alignments of nucleotide
sequences (and amino acids deduced from them) and phylo-
genetic analysis were performed with MEGA 10.0.5 [16] and
BEAST v1.7.4—Bayesian Evolutionary Analysis Sampling
Trees package [17].

For haplotype networks, the datasets containing partial se-
quences of the gene encoding the 203 bp for PCV3 capsid
protein were used (84 reference sequences and 16 sequences
obtained in this study). The information about each sequence
(GenBank accession number, year and country of origin) is
described in Supplementary File 1. Sequences were converted
into the DnsSP5.10.1 program [18] and used for the analysis
of median-joining (MJ) using parsimony criterion with the
NETWORK 4.5.1.6 program [19].

This study was approved by the Ethics Committee on
Animal Use of the Fluminense Federal University (Protocol
No. 1013/2018).

Results

A total of 26/178 samples (14.6%) tested positive for PCV3:
14/35 (40%) frozen tissue and 12/143 (8.4%) FFPE tissues.
PCV3 was detected in the 1960s, 1970s, 2000s, and 2010s,
with the 1967 sample being the oldest in the world to date. The
distribution of samples tested for PCV3 over 51 years is
shown in Fig. 1.

Comparing the results of swine 3-actin and PCV3 capsid
gene PCR from frozen and FFPE samples, a 100% concor-
dance was observed in frozen tissue samples from 2017 to
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Fig. 1 Distribution of positive and tested samples for PCV3 over 51 years
(from 1967 to 2018) using the nested PCR technique. In light gray, FFPE
samples tested from 1967 to 2016; in dark gray, positive samples tested

2018. A total of 18 of the 26 (69%) FFPE PCV3 positive
samples also tested positive in swine 3-actin PCR detection.

Conventional and nested PCR products were sequenced,
and 16 sequences were of sufficient quality for phylogenetic
analysis: 4 PCR products (648 bp) and 12 nested PCR prod-
ucts (203 bp). For 4 samples, ES6P/2017, ES8L/2017,
ES8P/2017, and ES33L/2018 (648 bp products), based on
group-specific marker codons 24, 27, 77, and 150, it was
possible to determinate PCV3 types, and PCV3a and PCV3b
types were detected [20]. The remaining 12 sequences
(203 bp) were not large enough to allow characterization by
types of PCV3. Other non-synonymous substitutions (aa 104,
114,131, 132, 134, 137, 161, 168, 183, and 214) were detect-
ed in the PCV3 sequences of this study compared with the
reference sequences available on GenBank (Table 1 and
Supplementary File 1).

Analysis of partial ORF2 nucleotide sequences showed
that sequences from this study share from 96.5 to 100% of
identity with reference sequences obtained from GenBank
(Table 1 and Supplementary File 1). Phylogenetic analysis
of the partial capsid sequences were performed with different
molecular clock models (strict and relaxed uncorrelated log-
normal), as well as different population dynamics models
(constant population size; exponential, expansional and logis-
tic population growth; and the Bayesian Skyline coalescent
model) were tested but phylogenetic tree showed low

868322 LLLLY
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from 1967 to 2016; in hatch, frozen samples tested from 2017 to 2018;
and in solid black, positive samples tested from 2017 to 2018

posterior probabilities values in all adopted models. The mod-
el with the highest values of posterior probabilities was chosen
and the best fitted phylogenetic tree is shown in
Supplementary File 2.

The 101 sequences (16 sequences from this study and 84
reference sequences) generated 17 haplotypes (Fig. 2 and
Supplementary File 1). The network revealed a main haplo-
type occupying a central position in the network, with two
medium vectors separating the neighboring haplotypes, rang-
ing from 1 to 3 the number of substitutions (Fig. 2). A star-
shaped configuration with the most central haplotype (H1)
was observed, represented by samples from the USA, China,
Korea, Colombia, Spain, Japan, England, Thailand, Denmark,
and those sequences from this study (from Espirito Santo
2017/ 2018 Rio de Janeiro 1969, 2008, and 2001).
Sequences from the same year and locality were grouped into
different haplotypes, such as samples from Rio de Janeiro
1976 (H15 and H16), Rio de Janeiro 2011 (H1 and H17),
and those from Espirito Santo de 2017 (H1 and H7), demon-
strating the absence of structure related to geographic origin
(Fig. 2).

The greatest distances were observed in haplotypes 15 and
16, separated from the Central Haplotype by 3 transitions,
both of which were composed of samples from 1976. Most
other haplotypes were unique and distributed around the cen-
tral, demonstrating the existence of a small genetic distance
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Table 1  Representation of amino acid substitutions found from the
alignment of the partial sequences of the region encoding the PCV3
capsid protein. The classification of types of PCV3 in circulation in the

states of Espirito Santo and Rio de Janeiro, Brazil, was carried out
according to Fux et al. [20]. Other amino acid changes described in this
study are also shown

Reference sequences  Type 3 24 27 71 104 114 131 132 134 137 150 161 168 183 214
KY354061 PCV3a H V K S F A T R v S 1 Q R G L
MK117056 PCV 3a A . Y

MKO060073 PCV3a - A R G Y . -
MKO060075 PCV3a - - - L -
MK117052 PCV 3b

This study

ES6P/2017 PCV3a . .
ES8L/2017 PCV3a P F
ES8P/2017 PCV3a — . .

ES33L/2018 PCV3b - A R Y -
RJ15/1969 NA - - - - - - — —
RJ16/1969 NA - - - - - - . . . - -
RJ60/1976 NA - - - - - - I C G . . - -
RJ63/1976 NA - - - - - - C F K - -
RJ31/2008 NA - - - - - - . . - -
RJ22/2011 NA - - - - - - F K - -
RJ30/2011 NA - - - - - - - -
RJ32/2013 NA - - - - - - - -
ES7L/2017 NA - - - - - - R -
ES7P/2017 NA - - - - - F - -
ES12L/2017 NA - - - - - - - -
ES19L/2017 NA - - - - - - - -

TR

NA¥* not applicable; not sequenced; ““.”” same amino acid

among them, which was reinforced by the low haplotypic
diversity (0.48).

The network did not recover the topology of the Bayesian
analysis, which presented two clades supported with a high
posterior probability value (1.0), one formed by the samples
sequenced in this study from Rio de Janeiro 1970, 1976, 2011,
and 2017 and the Espirito Santo 2017, and the other cluster
formed by the other samples sequenced in this study together
with all samples from other countries (Supplementary File 2).

Discussion

In this study, two sample sources were tested: FFPE samples
were obtained from diseased animals that underwent necropsy
and histopathological examination, and frozen tissue samples
were obtained from clinically healthy slaughtered animals.
The largest number of positive samples was found in frozen
tissues obtained in 2017-2018 and similar results were also
observed in the swine 3-actin PCR detection. This can be
explained by the degradation of the genetic material present
in the FFPE blocks. One of the main challenges of this study
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was the use of swine FFPE tissue samples since DNA extrac-
tion from ancient FFPE blocks has some critical points that
may culminate in PCR amplification failure [21]. In this case,
the design of a nested PCR approach based on a small
(203 bp) DNA fragment increased PCV3 detection in samples
of up to 50 years of stocking time.PCV3 DNA has been de-
tected over the 51 years of study in both sources, and the FFPE
sample detected in 1967 (RJ10/1967) is so far the oldest
PCV3 positive sample.

PCV3 was first reported in Brazil by Tochetto et al. [6] in
swine serum pools collected in 2017. The first retrospective
study was performed by Saraiva et al. [8] in Brazil with DNA
extracted from swine tissue collected between 2006 and 2007.
The detection of PCV3 in Brazil in 1967 (present study),
Sweden in 1993 [22], and China and Spain in 1996 [3, 23]
indicates that the virus circulated in swine populations de-
cades before initial reports, whether or not it was associated
with clinical manifestation.

Identification of PCV3 genotypes combined with amino
acid analysis has been reported by Fu et al. [24] and Fux
et al. [19]. Fux et al. [20] defined the classification of PCV3
in 2 groups (a and b). To support the definition of these two
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Fig. 2 Median-joining haplotype network for PCV3. Circles correspond
to haplotypes and the size of the circles is proportional to the frequency of
the haplotypes in the network. Triangles correspond to the median
vectors. The number of substitutions is represented in the connections
between the haplotypes. Numbers close to the lines correspond to the
numbers of transitions and crossings between the haplotypes. The three

main groups, they aligned the PCV3 ORFs and identified the
group-specific marker codons. Based on this, the strains found
here belong to the PCV3a and PCV3b genotypes. The pres-
ence of at least two different PCV3 genotypes corroborates the
results obtained by Saraiva et al. [8], which indicated more
than one event introducing PCV3 to Brazil. These introduc-
tions may have occurred through animal trade or through the
movement of pigs in reservoirs [25]. The virus was detected in
wild boars with high prevalence, suggesting a potential role as
a reservoir for domestic pigs [26].

Franzo et al. [27] provided an up-to-date representation of
the origin and evolution of PCV3 and showed limited genetic
variability and high similarity between recent sequences and
those obtained in the early 1990s. Our sequences corroborate
their studies, since a high homology was found between the
sequences obtained in 1967 and those obtained up to 2018.

Phylogenetic analysis is a powerful tool and is now widely
used to investigate the evolution of PCV3, but there is a large
number of different inference methods and a lack of unifor-
mity in the use of these methods in different studies. The
posterior probability of root and ancestral node localization,
described by Franzo et al. [27], was often low, revealing a
widely expected uncertainty considering the long period of
time between the estimated tMRCA and the oldest available
sequences. The same kind of result was found in our studies

\ _ H1s

O Hi13

major haplotypes were haplotype H1 includes sequences from USA,
China, Brazil, South Korea, Colombia, Denmark, Spain, Japan, UK,
and Thailand; haplotype H3 includes sequences from China, Brazil,
Korea, USA, and UK; haplotype H7 includes sequences from China
and Brazil. The information about each sequence (GenBank accession
number, year and country of origin) is described in Supplementary File 1

where the posterior probabilities obtained were also low.
Therefore, according to the authors Li et al. [7], accurate phy-
logenetic trees for the identification of PCV3 genotypes
should be constructed using a complete genome, but this were
not possible due to DNA fragmentation in ancient FFPE
samples.

Haplotype one was the most common and central, suggest-
ing that ancestral sequences are represented in it. This central-
ized star-shaped structure, with several haplotypes of more
recent origin connected by few substitutions, with low genetic
diversity and number of medium vectors can also indicate the
probable occurrence of a virus expansion event [28].

Our studies have not allowed the association of PCV3 viral
DNA detection with the clinical presentation of the disease,
but 40% of animals considered fit for slaughter tested positive
for PCV3. Our results agree with STADEJEK et al. [29], YE
et al. [22], and ZHENG et al. [30], who found a high preva-
lence of PCV3 in asymptomatic animals. Other authors such
as WEN et al. [31] and ARRUDA et al. [32] described an
association between the prevalence of PCV3 and various clin-
ical signs of the disease. There is a possibility that PCV3
associated diseases have the same evolution and impact on
pig breeding as PCV-2 [32]. The question arises as to whether
PCV3 would behave like PCV-2 in the absence of other
factors.

@ Springer
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