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ARTICLE INFO ABSTRACT

Keywords: Classical swine fever virus (CSFV), porcine reproductive and respiratory syndrome virus (PRRSV) and porcine
Co-infection circoviruses (PCV2 and PCV3) are economically important swine viruses that cause reproductive failure and/or
Evolution

respiratory symptoms in pigs. However, the co-infection status of these viruses in Chinese swine herds is not well
clarified. In this study, we evaluated the co-infection of these four viruses in 159 pigs collected from 63 herds in
eight regions of China from 2016 to 2018. CSFV, PRRSV, PCV2 and PCV3 were detected in 14, 56, 43 and 4 of
the pigs, respectively. The percentage of singular infections was 32.71%, while the percentages of dual infections
and multiple infections were 15.72% and 3.15%, respectively. The E2 of CSFV, ORF5 of PRRSV, ORF2s of PCV2
and PCV3 from all positive samples were determined and used for phylogenetic analyses. E2-based phylogenetic
tree showed that all 14 CSFVs identified in this study belong to 2.1b subtype. ORF5-based phylogenetic tree
showed that PRRSV2 is predominant in China while PRRSV1 can also be detected. In addition, 35, 16, 4 and 1 of
our PRRSVs are clustered with highly pathogenic PRRSV2, NADC30-like PRRSV2, classical PRRSV2 and
PRRSV1, respectively. ORF2-based phylogenetic trees showed that our PCVs are grouped with 2 PCV2 subtypes
(PCvV2d and PCV2b) and 3 PCV3 subtypes (PCV3a, PCV3b and PCV3c), respectively. Our results provide the
latest co-infection status and the diversity of four important swine viruses in Chinese swine herds, which is
beneficial for understanding the epidemiology of these viruses.

Classical swine fever virus

Porcine reproductive and respiratory syndrome
virus

Porcine circoviruses

1. Introduction can be divided into three genotypes (1.1-1.4, 2.1-2.3 and 3.1-3.4).
Subgenotype 2.1 has been further classified into sub-subgenotypes 2.1a-
2.1j. Within which, sub-subgenotype 2.1b is predominant in mainland

China (Luo et al., 2014). PRRSV is an enveloped, single-stranded po-

China has a large number of pig farms with different management
and biosecurity levels. Under the field conditions, it's common for pigs

to be concurrently infected with swine pathogens such as classical
swine fever virus (CSFV), porcine reproductive and respiratory syn-
drome virus (PRRSV) and porcine circoviruses (PCVs) (Liu et al., 2013).
All these four viruses may cause some clinical signs in common such as
reproductive failure and/or respiratory diseases (Gong et al., 2016;
Lunney et al., 2016; Palinski et al., 2017; Phan et al., 2016).

CSFV is an enveloped, single-stranded positive-sense RNA virus
belonging to the genus Pestivirus within the family Flaviviridae (Gong
et al., 2016). CSFV genome is about 12.3 kb in size and contains a large
open reading frame (ORF) encoding a polyprotein of 3898 amino acids
and the untranslated regions (5’UTR and 3’UTR). Chinese CSF viruses

sitive-sense RNA virus clustering within the genus Porartevirus of the
family Arteriviridae (Chen et al., 2018b). PRRSV genome is about 15 kb
in length containing a 5’ cap structure, 10 ORFs flanked by 5- and 3’-
UTRs, and a 3’ poly (A) tail (Lunney et al., 2016). PRRSV isolates are
divided into PRRSV1 and PRRSV2 genotypes, PRRSV1 can be further
grouped into three subtypes, while PRRSV2 are clustered with 9
lineages (Shi et al., 2010a). PRRSV2 isolates are predominant in
mainland China. Chinese PRRSV2 isolates can be further classified into
four lineages (lineages 1, 3, 5 and 8) (Guo et al., 2018; Shi et al.,
2010b). PCVs are circular, non-enveloped, single-stranded DNA viruses
vesting in the genus Circovirus in the family Circoviridae (Segales, 2012).
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Table 1
Infection status of 159 pigs collected from April 2016 to June 2018.
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Infection status Virus Infection status in 63 herds Infection status in 159 pigs
Positive number Percentage Total percentage Positive number Percentage Total percentage
Singular infections CSFV 2 3.17% 47.61% 4 2.52% 32.71%
PRRSV 17 26.98% 28 17.61%
PCV2 10 15.87% 19 11.95%
PCV3 1 1.59% 1 0.63%
Dual infections CSFV +PRRSV 3 4.76% 15.87% 6 3.77% 15.72%
PRRSV +PCV2 5 7.94% 17 10.69%
PCV2 + PCV3 2 3.17% 2 1.26%
Multiple infections CSFV +PRRSV +PCV2 5 7.94% 9.53% 4 2.52% 3.15%
PRRSV +PCV2 + PCV3 1 1.59% 1 0.63%
Totally CSFV 10 15.87% 73.01%" 14 8.81% 51.57%"
PRRSV 31 49.21% 56 35.22%
PCV2 23 36.51% 43 27.04%
PCV3 4 6.35% 4 2.52%

2 The numbers indicate that 46 out of 63 herds (73.01%) and 82 out of 159 pigs (51.57%) were infected with at least one virus.

Table 2
Primers used in this study.

Primer Sequence (5’-3") Location” Amplicon Target gene (Location) Target size
CSFV-E2-F GCATTCCTCATCTGCTTGATAAAA 2354-2377 1530 bp E2 (2441-3559) 1119bp
CSFV-E2-R AGTAGTCGGATCTCTCTTTGCCA 3861-3883

PRRSV-ORF5-F CAACCGTTTTAGCCTGTCTT 13734-13753 709 bp ORF5 (13788-14390) 603 bp
PRRSV-ORF5-R GAAAACGCCAAAAGCACC 14425-14442

PCV2-ORF2-F CCATGCCCTGAATTTCCATATGAAAT 960-985 850 bp ORF2 (1030-1734) 705 bp
PCV2-ORF2-R TGAGGTGCTGCCGAGGTGCT 23-42

PCV3-ORF2-F AGGGGACACGGCTTGTCGC 1284-1302 762bp ORF2 (1336-1980) 645 bp
PCV3-ORF2-R TTCTCCCTACAGACCTCCGTGGAT 22-45

? The locations are determined according to the Shimen strain of CSFV (AF092448), VR-2332 strain of PRRSV (PRU87392), SD17-36 isolate of PCV2 (MH191378)

PCVs have the simple ambisense genomes of ~1.76 kb (PCV1 and
PCV2) and ~2.0kb (PCV3), respectively, which both contain three
ORFs. Previous studies have shown that E2 gene of CSFV, ORF5 gene of
PRRSV and ORF2 genes of PCV2 and PCV3 are validated targets for
analyzing the evolution and diversity of these viruses (Chen et al.,
2016; Gong et al., 2016; Palinski et al., 2017; Segales, 2012).

CSFV, PRRSV and PCVs are economically important swine patho-
gens in China. No region in China can be declared as free of CSF (Luo
et al., 2014). At least 80% Chinese pig farms are PRRSV positive (Guo
et al., 2018). The seropositive rate of PCV2 in China ranges from 10% to
90% (Ge et al., 2012). The newly emerging PCV3 has also been detected
in more than twenty provinces in China (Zhai et al., 2017). Co-infection
of these viruses complicates the infection status and makes it more
difficult to prevent and control the diseases. However, the co-infection
status of CSFV, PRRSV and PCVs in Chinese swine herds is rarely stu-
died. In this study, we would like to evaluate the co-infection and di-
versity of CSFV, PRRSV, PCV2 and PCV3 in Chinese swine herds from
2016 to 2018.

2. Materials and methods
2.1. Clinical samples

Tissue samples (Kidney, lung and lymph node) were collected from
159 diseased or death pigs submitted from eight provinces/cities
(Jiangsu, Shandong, Anhui, Fujian, Hebei, Xinjiang, Shanghai and
Beijing,) to the Animal Hospital at Yangzhou University from April
2016 to June 2018 (Table S1, Fig. S1). According to the available
clinical information obtained in this study, clinical signs including
fever, anorexia, diarrhea, respiratory syndromes were generally ob-
served in the diseased pigs. Different levels of mortality were also
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reported in the corresponding farms. All samples were stored at —80 °C
until used.

2.2. Nucleic acid extraction and real-time PCR detection

The RNA and DNA were extracted from each tissue sample ac-
cording to the operating instructions of RNeasy Mini Kit and DNeasy
Blood & Tissue Kit (Qiagen, Germany), respectively. CSFV, PRRSV,
PCV2 and PCV3 were detected by real-time (RT)-PCR assays routinely
performed in our laboratory, which were modified from previous stu-
dies (Chen et al., 2009; Kim et al., 2017; Wen et al., 2011). Primers and
MGB probes for each virus were shown in Table S2. The One Step
PrimeScript RT-PCR Kit (for CSFV and PRRSV) and Probe qPCR Mix (for
PCV2 and PCV3) (TaKaRa Bio Inc.) were used following the manufac-
turer's instructions. The real-time (RT)-PCRs were carried out on the
Applied Biosystems StepOne Real-Time PCR System as we previously
reported (Chen et al., 2009).

2.3. Gene sequencing

To confirm the positive results determined by real-time PCR am-
plification, four pairs of primers were designed to amplify the E2 of
CSFV, ORF5 of PRRSV, ORF2s of PCV2 and PCV3, respectively
(Table 2). The amplicons were then submitted to Sanger sequencing as
previously described (Chen et al., 2017b; Chen et al., 2018b).

2.4. Multiple sequence alignment and phylogenetic analyses

To evaluate the diversity and evolution of CSFV, PRRSV, PCV2 and
PCV3 in Chinese swine herds from 2016 to 2018, multiple sequence
alignments were performed by ClustalX 2.0 and phylogenetic trees were
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constructed using MEGA 6.06 as we previously reported (Chen et al.,
- 2 2011; Chen et al., 2015; Chen et al., 2016). Briefly, phylogenetic ana-
5 5 lyses were performed based on the aligned sequences using the
= neighbor-joining method and the maximum composite likelihood
model. The robustness of the phylogenetic trees was evaluated by
bootstrapping using 1000 replicates (Chen et al., 2011; Chen et al.,
2018a).
N g g g g 3. Result
2+ +++
3.1. Infection status of these four viruses
At the herd level, 10, 31, 23, 4 herds were CSFV, PRRSV, PCV2 and
2 g g g g g g PCV3 Positive (Table . A.mong the 63 herds, 2, 17, 10 and 1 herds
3 were singularly infected with CSFV, PRRSV, PCV2 and PCV3, respec-
2 tively. Dual infections were detected in 3, 5, 2 herds for CSFV and
§ 2 PRRSV co-infection, PRRSV and PCV2 co-infection, PCV2 and PCV3 co-
5 = é infection, respectively. In addition, 5 and 1 herds were simultaneously
EJ g o :‘; infected with CSFV and PRRSV and PCV2, PRRSV and PCV2 and PCV3,
ERES + § respectively. Totally, 46 out of 63 herds (73.01%) were infected with at
S least one of the four viruses. The percentages of singular infections,
f dual infections and multiple infections were 47.61%, 15.87% and
LT R, R 5 9.53% at herd level, respectively.
o | b h bbb bbb & At the pig level, 14, 56, 43, 4 pigs were detected as CSFV, PRRSV,
'E § § é § § § § § g PCV2 and PCV3 positive, respectively (Table 1). Among the 159 pigs, 4,
3 28, 19 and 1 pigs were solely infected with CSFV, PRRSV, PCV2 or
% PCV3, respectively. For the co-infection status, 6, 17 and 2 pigs were
P simultaneously infected with CSFV and PRRSV, PRRSV and PCV2, PCV2
§ o = B BB = and PCV3, respectively. Furthermore, 4 and 1 pigs were concurrently
f|l88888c¢8¢ E infected with CSFV and PRRSV and PCV2, PRRSV and PCV2 and PCV3,
S| EEEEESSE z respectively. Other patterns of co-infection were not detected in our
N m e § samples. Notably, 82 out of 159 pigs (51.57%) were infected with at
g' g' g' 3' g' E E S'; 3 least one of the four viruses. The percentages of singular infections,
:é oz g g é % dual infections and multiple infections were 32.71%, 15.72% and
Al EEIEIILISSS £ 3.15%, respectively. Our results and previously studies all indicated
% that these four viruses are currently widespread in Chinese swine herds
% and the co-infection is a common phenomenon in the field conditions.
=
[
oy 3.2. Phylogenetic analysis of CSFV
AEEERTEEE 2
4 —_ o o o o o (]
'5% Phylogenetic analysis was performed based on 14 CSFV E2 se-
.5 quences obtained in this study and 46 E2 sequences from representative
% CSFV isolates (Fig. 1, Table 3). The E2-based phylogenetic tree showed
o @ : that 14 E2 genes obtained in this study all belong to the clade of 2.1b
© + » (Table 3), which is consistant with the previous report that sub-sub-
E genotype 2.1b is predominant in mainland China (Luo et al., 2014).
g
>
S Socoss5995 5 o 3.3. Phylogenetic analysis of PRRSV
g8 2888883888 |+ g
s k= g Phylogenetic tree was constructed based on 56 PRRSV ORF5 genes
i < obtained in this study and 5 ORF5 from representative PRRSV strains
% = (Fig. 2, Table 3). Within the 56 ORF5, 35 of them are clustered with
= ﬁ § JXA1-like highly pathogenic PRRSV (HP-PRRSV) isolates (PRRSV2
‘Z g ?g bS] lineage 8, which is abbreviated as 2.8). And 16 ORF5 are clustered with
& + 2 E NADC30-like PRRSV (PRRSV2 lineage 1, 2.1). Only 4 ORF5 are grouped
= § with CH-la-like classical PRRSV (PRRSV2 lineage 5, 2.5). No ORF5
El = = identified in this study is grouped with FJFS-like PRRSV (PRRSV2
g _: é lineage 3, 2.3). In addition, one ORF5 is clustered with PRRSV1
g T2 (PRRSV1 subtype 1, 1.1) (Table 3).
g | B o 2
S| E|8 8¢ ) .
§ g E 3.4. Phylogenetic analysis of PCV2
£ g
§ -é‘f § Phylogenetic analysis was executed using ORF2 sequences of 43
) R PCV2 obtained in this study and 6 ORF2 from representative PCV2
% E EReLRQR R :‘ f isolates (Fig. 3, Table 3). Thirty six ORF2 sequences obtained in this
& study are clustered with PCV2d isolates, while the other 7 ORF2 are
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grouped with PCV2b isolates (Table 3). No other subgenotype PCV2
was determined in this study.

3.5. Phylogenetic analysis of PCV3

Phylogenetic tree was constructed based on 4 PCV3 ORF2 sequences

44 CSF0382-2010-CzechRepublic-HM237795
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Fig. 1. E2-based genotyping on E2 sequences from this study
and representative CSFVs using MEGA6.06. CSFV isolates
are divided into three genotypes (1.1-1.4, 2.1-2.3, 3.1-3.4).
All 14 E2 identified in this study are grouped with 2.1b
isolates. Each representative virus is presented by the virus
name, the year and country of isolation, and GenBank ac-
cession number. Different genotypes and subgenotypes are
shown in distinct colors. The E2 sequences identified in this

2.1b study are marked with red triangles. Bootstrap values from
1000 replications are indicated for each node. Scale bar in-
dicates the nucleotide substitution per site. (For interpreta-
tion of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

2.1d

2.1i

2.1h

2.1a

2.1c

2.3

2.2

1.1-1.4

obtained in this study and 46 ORF2 from representative PCV3 viruses
(Fig. 4, Table 3). PCV3 could be divided into three subgenotypes. Two
ORF2 obtained in this study are clustered with PCV3a viruses, while
one of the other two ORF2 is grouped with PCV3b and PCV3c viruses,
respectively (Table 3).
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China has the biggest pork production in the world, but the pro-

ductivity of the Chinese pig industry

is relatively low (Luo et al., 2014).

Swine infectious disease definitely is one of the key factors that are
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Fig. 2. ORF5-based genotyping on ORF5
sequences from this study and re-
presentative PRRSVs using MEGA6.06.
Chinese PRRSV isolates are divided into
PRRSV1 and PRRSV2. Chinese PRRSV2
isolates are divided into four lineages
(lineages 1, 3, 5, and 8). Both PRRSV1 and
PRRSV2 can be detected in this study, while
PRRSV2 is the predominant genotype. Each
representative virus is presented by the
virus name, the year and country of isola-
tion, and GenBank accession number.
Different genotypes and lineages are shown
in distinct colors. The ORF5 sequences
identified in this study are highlighted with
different colored squares. Bootstrap values
from 1000 replications are indicated for
each node. Scale bar indicates the nucleo-
tide substitution per site.

responsible for the low productivity. CSFV, PRRSV, PCV2 and PCV3 are
currently four of the most important swine pathogens in China. The
diseases caused by any of the four viruses might cause enormous eco-
nomic losses. Furthermore, the co-infection of these viruses becomes a
common phenomenon due to the co-existence of these viruses in
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Fig. 3. ORF2-based genotyping on ORF2 sequences from this study and representative PCV2s using MEGA6.06. Our PCV2 viruses are clustered with PCV2d and
PCV2b subgenotypes. Each representative virus is presented by the virus name, the year and country of isolation, and GenBank accession number. Different
subgenotypes are shown in distinct colors. The ORF2 sequences identified in this study are highlighted with different colored circles. Bootstrap values from 1000
replications are indicated for each node. Scale bar indicates the nucleotide substitution per site.

Chinese swine herds for more than 20 years (Bao et al., 2018; Chen
et al., 2018b; Luo et al., 2014; Sun et al., 2018). The co-infection of
CSFV, PRRSV and PCVs not only could result in more severe diseases
than any singular infection (Opriessnig et al., 2012), but also had the
negative influence on the immunization efficacy (Genzow et al., 2009).
Therefore, real-time monitoring the co-infection status of these viruses
is critical for the prevention and control of the diseases. In this study,
we evaluated the co-infection of these four viruses in Chinese swine
herds from 2016 to 2018. Singular infections and different patterns of
co-infections were observed in 82 out of 159 pigs. In addition, the di-
versity of each virus was also analyzed by phylogenetic trees.
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Co-infection of different swine viruses is a common phenomenon in
the field conditions (Chen et al., 2017a; Ge et al., 2012). Previous
studies showed that PRRSV and PCV2 co-infection rates could be
21.9-52.3% (Ge et al., 2012; Liu et al., 2013). The positive rates of
PCV2 and PCV3 co-infection ranged from 6.8% to 39.4% in positive
samples (Zhang et al., 2018; Zheng et al., 2017). The positive rates of
CSFV and PRRSV co-infection varied from 0% to 7.7% in different re-
gions of China (Liu et al., 2011). PRRSV and PCV3 co-infection was also
detected (Chen et al., 2017a). In this study, three patterns of dual in-
fections were detected with the positive rates ranged from 1.26%
(PCV2 + PCV3) to 10.69% (PRRSV +PCV2) (Table 1). Our results and
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PCV3c
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PCV3a

Fig. 4. ORF2-based genotyping on ORF2 sequences from this study and representative PCV3s using MEGA6.06. PCV3 viruses can be divided into three subgenotypes.
Each representative virus is presented by the virus name, the year and country of isolation, and GenBank accession number. Different subgenotypes are shown in
distinct colors. The ORF2 sequences identified in this study are highlighted with different colored diamonds. Bootstrap values from 1000 replications are indicated for
each node. Scale bar indicates the nucleotide substitution per site.

previous studies all indicated that different patterns of double infec-
tions commonly occur in Chinese swine herds. Furthermore, CSFV,
PRRSV and PCV2 co-infection was also observed in previous studies
with the positive rates ranged from 2.56% to 3.66% (Liu et al., 2013; Xu
et al., 2012). Two patterns of triple infections were identified in our
study with the positive rates ranged from 0.63% (PRRSV
+PCV2 + PCV3) to 2.52% (CSFV+PRRSV+PCV2) (Table 1), which
was also highly coincident with previous studies (Liu et al., 2013; Xu
et al., 2012). All these results suggested that the co-infection status of
these viruses is very complicated and requires further concerns during
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the establishment of prevention and control strategies against these
diseases.

Several subgenotypes of CSFV including 2.1, 2.2 and 1.1 have been
detected in mainland China. However, subgenotype 2.1, especially sub-
subgenotype 2.1b, has been predominant in China for more than
10 years (Luo et al., 2014). Phylogenetic analyses showed that all CSFV
identified in this study belong to 2.1b, which is completely consistent
with previous reports. Our previous study showed that PRRSV1 and
PRRSV2 have co-existed in Chinese swine herds for more than 10 years
(Chen et al., 2011). Even though PRRSV1 was also detected in one
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sample in this study, majority of PRRSVs (55 out of 56) identified in this
study are grouped with PRRSV2. Furthermore, 35 out of 55 PRRSV2 are
grouped with JXA1-like HP-PRRSV, indicating HP-PRRSV is still the
predominant virus in Chinese swine herds from 2016 to 2018. In ad-
dition, 16 out of 55 PRRSV2 are clustered with NADC30-like PRRSV,
suggesting NADC30-like PRRSV is also widely spread in China in recent
years. Only 4 out of 55 PRRSV2 are CH-1a-like classical PRRSV, in-
dicating the CH-1a-like classical PRRSV is not prevalent in China
nowadays. Consistent with previous studies (Ge et al., 2012; Huan
et al., 2018), our PCV2 viruses are clustered with PCV2d and PCV2b
isolates. PCV2d is the predominant subtype, while PCV2b isolates are
also prevalent in Chinese swine herds in recent years. All three sub-
genotypes of PCV3 (PCV3a, 3b and 3c) were determined in this study.
In addition, both our results and previous studies suggested that PCV3
is frequently co-infected with PCV2 and other pathogens (Palinski et al.,
2017; Phan et al., 2016; Sun et al., 2018; Zhang et al., 2018). All these
results revealed the diversity of these viruses in eight regions of Chinese
swine herds from 2016 to 2018, which contributes to understand the
evolution of these viruses. In the following studies, we would analyze
whether the co-infection status in other provinces of China is consistent
with the results obtained in this study, and it would also be interesting
to evaluate the influence of co-infection on the co-evolution of these
viruses.

In conclusion, this study evaluated the co-infection status of four
important swine viruses in 159 pigs collected from 2016 to 2018 in
China. Even though singular infections with either of these viruses were
detected, we also identified that different patterns of co-infections are
also commonly existed in Chinese swine herds. In addition, phyloge-
netic analyses showed the diversity of each virus in Chinese swine herds
in recent years. Our findings not only are important for understanding
the epidemiology of these important swine viruses, but will also con-
tribute to propose rational prevention and control strategies against
these diseases.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2018.12.011.
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