
Molecular Detection of Porcine Circovirus Type 3 in Shanxi Province, China

 Weidong Yue1, Yihui Liu1, Dongyang Zhu1, Chen Wang1, Haili Ma1# and Junping He1# 
1.College of Veterinary Medicine, Shanxi Agricultural University, Taigu, Shanxi, 030801, PR China

#Corresponding author: Haili Ma and Junping He

Email: junpinghe@aliyun.com and mahaili1718@126.com
First Author: Weidong Yue 

Email: ywd1114@126.com

Abstract: Porcine circovirus type 3 (PCV-3) had posed a potential threat to the swine industry since its discovery in the United States in 2015. The Shanxi province had a wide range of large-scale pig farms in China, but the transmission of PCV-3 was unclear. To further investigate the epidemic profile and genetic diversity of the virus, the lung samples (491) from 19 different pig slaughterhouse in 11 cities covering the whole of the Shanxi province of China were evaluated by PCR. The results indicated that the PCV-3 positive rate at the slaughterhouse level and at the individual level was 100% (19/19) and 86.76% (426/491), respectively. The PCR-positive samples were further sequenced, and eight new PCV3 isolates were identified. The complete genomes of the eight virus isolates showed 97.45%–99.90% nucleotide identity with other PCV-3 isolates available in NCBI. Phylogenetic analysis based on complete genome and capsid gene divided the PCV-3 strains into two main groups and several subclusters. The eight identified PCV-3 strains could be divided into the same clades, according to amino acid mutations A24/V and R27/K of Cap proteins. The results could provide new insight into the prevalence and genetic variation of PCV-3 in the Shanxi province of China, as well as the possibility of transmission from this center. It also reminded me that the molecular epidemiology of this new circovirus was urgent.
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1 INTRODUCTION
Circoviruses were small non-enveloped viruses with a circular icosahedral that were unique among animal viruses in having circular, single-stranded DNA genomes of 2,000 nucleotides (nt) in length (Todd et al.,2001;Rosario et al.,2017), which belonged to the family circoviridae and could infect animals including pigs, dogs, ducks, chickens, foxes, and fishes (Segales et al.,2015;Li et al.,2013;Todd et al.,2000;Bexton et al.,2015;Tarján et al.,2014). There were only two circoviruses previously reported in pigs, namely the closely related porcine circovirus types 1 (PCV-1) and porcine circovirus types 2 (PCV-2) (Hamel et al.,2000; Allan et al.,2012). PCV-1 was considered to be nonpathogenic for swine (Chen et al., 2014), and PCV-2 infection could cause porcine dermatitis and nephropathy syndrome (PDNS), reproductive failure, and respiratory and enteric manifestations manifested by reproductive, respiratory, renal, enteric, lymphatic, cardiovascular, nervous, and/or skin symptoms (Gillespie et al.,2009; Opriessnig et al.,2013; Anna et al.,2009). Recently, a new circovirus species was infected in swine affected by porcine dermatitis and nephropathy syndrome (PDNS), reproductive failure, respiratory disease, and multisystemic inflammation has been firstly reported in the United States of America in 2015 and named porcine circovirus 3 (PCV-3) (Phan et al., 2016; Palinski et al.,2017; Klaumannet al.,2018). The first case of PCV-3 in China was reported in Guangdong Province in March 2017 (Shen et al.,2017). After that, PCV-3 cases were successively reported in major hog producing provinces in China such as Guangxi, Jiangxi, Fujian, Shandong, Hunan, and Liaoning provinces (Fu et al.,2018; Zheng et al.,2017; Qi et al.,2019; Liu et al.,2019). So far, the novel pathogen had been detected in major hog producing countries, including China, America, Poland, Italy, Brazil, Korean, Thailand, Denmark, Spain, Sweden, and Russia (Ku et al., 2017; Phan et al., 2016; Stadejek et al., 2017; Faccini et al., 2017; Kwon et al., 2017; Ye et al., 2018; Yuzhakov et al., 2017; Geng et al., 2017). This novel circovirus contains a circular genome with 2000 nucleotides, and three open reading frames (ORFs) were identified in PCV-3, including ORF1 encoded the replication-associated protein (Rep), ORF2 encoded the capsid (Cap) protein of the virus, and a protein of unknown function (ORF3) (Wen et al., 2016;Fu et al., 2018). The Cap protein was the major structural protein and determined the antigenic characteristics for circoviruses, contained 214 amino acid residues (aa) (Nawagitgul et al., 2000), the Rep encoding the virus replication-associated enzyme (Rep) and determined the Virus replication (Palinski et al.,2017). The nationwide prevalence of PCV-3 was 44.2% in the USA (Palinski et al., 2016). In Europe, the highest positive rates for PCV-3 were 75% and 65% in German and Poland, respectively (Fux et al., 2018; Stadejek et al., 2017). In Asia, the nationwide prevalence of PCV3 was 44.2% in Korean (Kwon et al., 2017). The PCV-3 had spread extensively within swine from Thailand, which the positive rate was 36.7% (Sukmak et al.,2018). The individual positive rate of slaughterhouses was similar to that of pig breeding farms, which was high from Anhui Province (20.0%), Jiangsu Province (26.7%), Zhejiang Province (23.3%), Chongqing City (16.7%), and Hunan Province (45.9% ) in China, respectively (Liu et al.,2019; Yawen et al.,2018). 

China played an important role in global pig production. It was the world’s highest pork consumption. Shanxi was a major agricultural province in China with a wide range of large-scale pig farms. Pigs were slaughtered in slaughterhouses from farms around the area, which could more broadly represent the situation of swinery infection in the area. Therefore, we focused on pig slaughterhouse. This study was to conduct the extensive molecular epidemiological investigation and phylogenetic analysis of PCV-3 from pigs in the whole of the Shanxi province of China. Further confirmation the presence of this all-important viral pathogen in pigs of the region; which could result in a serious outbreak of PCV-3 and huge economic loss at the instances of triggering factors if no appropriate measures are taken to effectively curb its spread.  

2MATERIALS AND METHODS 

2.1. Statement of ethics

The present study was conducted in accordance with ethical guidelines of Shanxi Agricultural University (SAU; Taigu, China). Prior to the start of the study, ethical approval was granted by the Departmental Committee of the College of Veterinary Medicine, SAU.
2.2Sample information and DNA isolation
The lung tissue samples (n=491) were collected from 19 different pig slaughterhouse in 11 cities (Datong city, Xizhou city, Shuozhou city, Taiyuan city, Yangquan city, Lvliang city, Jinzhong city, Linfen city, Changzhi city, Yuncheng city, Jinchen city) covering the whole of Shanxi province of China (Fig 1). All lung tissue samples were homogenized, diluted 10-fold with phosphate-buffered saline (PBS; 0.1 M, pH 7.4) and subsequently stored at -80°C until further DNA extraction. After freezethawing three times to release the virus, all samples were centrifuged at 10,000 x g for 10 min at 4°C and the supernatants were collected (Xu et al.,2018). The viral DNA was extracted from these tissue samples using a TIANamp Genomic DNA Kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. All study procedures and animal care activities were conducted in accordance with the Animal Experimental Ethics Committee of Shanxi Agricultural University. 
2.3 PCV3 determination and sequencing of the full‐length genome
The genome DNA was used in specific PCR assay to amplify the complete viral genome of PCV-3. A total of three primer were used to amplify the complete genome of PCV3 strains identified in this study, and a pair of primers was used to detect PCV3(Table 1). The PCR products were analyzed by gel electrophoresis on a 2% agarose gel in Tris-acetic-acid-EDTA (TAE)-buffer and stained with GelRed™ (Biosharp, Hefei, China) with visualization under UV illumination. The recombinant clones from three independent amplifications of every strain were Sanger sequenced on both direction using the ABI 3730XL sequencer at Sangon (Nanjing, China) and designed as PCV-3/CN/SX01/2019, PCV-3/CN/SX02/2019, PCV-3/CN/SX03/2019, PCV-3/CN/SX04/2019, PCV-3/CN/SX05/2019, PCV-3/CN/SX06/2019, PCV-3/CN/SX07/2019, PCV-3/CN/SX08/2019.

Detection-PCR reaction:The PCR reaction mixture contained 1.5 μL of extracted DNA, 1 μL of primer pairs (10 μM), 10 μL PCR Master Mix (Vazyme, Nanjing, China), and 6.5 μL of RNase-free water. The PCV-2 DNA detection PCR amplification conditions were as follows: pre-denaturation at 94 °C for 4 min; followed by 30 cycles of denaturation at 94 °C for 1 min, annealing at 55 °C for 1 min and extension at 72 °C for 1 min; and then a final extension at 72 °C for 7 min. The PCV-3 DNA detection PCR amplification conditions were as follows: pre-denaturation at 94 °C for 5 min; followed by 34 cycles of denaturation at 94 °C for 30 s, annealing at 55 °C for 30 s and extension at 72 °C for 30 s; and then a final extension at 72 °C for 7 min.
PCV-3 full-length genomes PCR reaction: The PCR reaction mixture contained 1.5 μL of extracted DNA, 1 μL of primer pairs (10μM), 10 μL PCR Master Mix (Vazyme,Nanjing,China), and 6.5 μL of RNase-free water. Three overlapping segments were amplified, and they spanned the entire genome. The reaction conditions were as follows: pre-denaturation at 95 °C for 5 min, 35 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s, extension at 72 °C for 1 min and a final extension at 72 °C for 10 min.

2.4 Phylogenetic analysis of PCV3 strains

Pathogen-specific PCR results were analyzed as qualitative (positive/negative) data. PCV3 complete genomes (n=35) from different geographical locations were retrieved from the NCBI nucleotide database as reference sequences. The multiple sequences alignments among the PCV-3 strains including the three PCV-3 strains identified in this study were performed using the Lasergene Package (DNA-STAR Inc.) with the Clustal W method, and the phylogenetic relationships were assessed by MEGA software (version 6.06) as described (Ku et al., 2017). Neighbour‐joining phylogenetic trees were constructed with the p‐distance model, with 1000 bootstrap replicates and the remaining default parameters in the MEGA 6.06 software as described (Wen et al., 2018).
3 RESULTS AND DISCUSSION 
PCV3 was distributed with high prevalence---The intensive pig farming system may contribute to the rapid transmission of PCV-3. Similarly, the global trade in breeding pigs, semen, and pork also has important impact on the global transmission of PCV-3 (Liu et al., 2019). In Europe, PCV-3 positive was detected in 75% (40/53) of German farms (Fux et al., 2018). A rather wide PCV-3 distribution was also confirmed in Denmark, Italy and Spain (Franzo et al., 2018). In a study from Korea PCV-3 positive rate were 72.6% (53/73) and 44.2% (159/360) at the farm level and the individual level, respectively, the positive rate was 0 at the farm level and 13.79% at the individual in Shanxi province of China (Kwon et al., 2017; Liu et al., 2019). Although PCV-3 epidemics had been reported in Shanxi province, there were currently no detailed epidemic data and complete PCV-3 sequences for the whole province. In this study, all samples were collected from 19 different pig slaughterhouse in 11 cities covering the whole of Shanxi province of China. The PCV-3 positive rate at the slaughterhouses level and the individual level were 100% (19/19) and 86.76% (426/491), respectively in Shanxi province of China, the prevalence is detailed in Table 2. The results showed that PCV-3 could be detected in 19 slaughterhouses, indicating that PCV-3 had been widely spread in Shanxi province, China. It was necessary to understand the genome information of PCV-3 virus and pathogenesis. However, since the isolation and culture of PCV-3 has been difficult, most recent studies have focused on the gene characteristics of this virus. So, the PCR-positive samples were further sequenced, and 8 new PCV-3 isolates were identified in Shanxi province of China. Then, we performed a phylogenetic analysis of the PCV-3 genome.

New isolates of PCV-3 with origin and evolution---The genomes of PCV-3 were amplified directly from tissue homogenates and sequencing results showed 2000 nucleotide length of the genomes were similar to most previously isolated strains (Shen et al., 2018). The genome of the PCV-3 strains contains three ORFs encoded by the genome as described earlier, two major inversely arranged ORF1 and ORF2 encoding Rep and Cap proteins, respectively (Palinski et al., 2017; Ku et al., 2017). Similar to other Circovirus genus members, a stem-loop containing a conserved nanomer (TAGTATTAC) was found (Rosario et al., 2012; Wen et al., 2018). In the phylogenetic analysis, the full-length genome and ORF2 genes of the PCV-3 strains from different geographical locations were retrieved from the NCBI nucleotide database as reference sequences. 

A total of eight new isolates were randomly identified as PCV3 based on the full-length sequencing of all positive samples. These isolates were designated PCV-3/CN/SX01/2019, PCV-3/CN/SX02/2019, PCV-3/CN/SX03/2019, PCV-3/CN/SX04/2019, PCV-3/CN/SX05/2019, PCV-3/CN/SX06/2019, PCV-3/CN/SX07/2019, PCV-3/CN/SX08/2019. The complete genomes of the eight PCV-3 isolates showed 97.45%–99.90% nucleotide identity with other PCV3 isolates available in NCBI. The ORF2 genes of the eight PCV-3 isolates showed 95.97% to 100% nucleotide identity with other PCV-3 isolates available in NCBI. The eight Shanxi PCV-3 strains shared 98.65%–99.45% nucleotide identity. The NJ phylogenetic tree analysis based on complete genome revealed a close evolutionary relationship between PCV-3/CN/SX08/2019 isolates and PCV3‐USA‐MO2015 (KX778720) isolates, the PCV-3/CN/SX04/2019 isolates and PCV3/CH/GX/2242/2018 (MH823219) isolates. The PCV-3/CN/SX08/2019 isolates from China with the first  isolates (PCV3‐USA‐MO2015) from USA cluster together, indicating the genetic diversity of PCV3 in Shanxi province China. The 35 full genome sequences received from GenBank together with eight Shanxi PCV-3 strains divided the PCV-3 strains into two main groups and several subclusters (Fig 2,3). The phylogenetic analysis results showed that the eight Shanxi PCV-3 strains had high homology with PCV-3 at home and abroad, and the genetic relationship was close. The eight Shanxi PCV-3 strains together with 35 PCV-3 strains available in GenBank showed that all PCV-3 strains distributed without any geographical linkage. 

Amino acids mutated of Cap proteins---Additionally, PCV-3 Cap protein encoded by the ORF2 gene was the major immunogenic protein, capable of inducing protective immunity (Qi et al., 2016). Therefore, the capsid gen was subjected to phylogenetic analysis. The capside genes of eight Shanxi PCV-3 isolates showed 93.93%–100% amino acid identity with other PCV-3 isolates available in NCBI. The eight Shanxi PCV-3 strains shared 98.13%–100% amino acid identity. Previous studies have suggested that the amino acid mutations A24/V and R27/K of the Cap protein are used as a molecular marker to define the clades of PCV-3 (Qi et al., 2016;Fu et al., 2018). In this study, Cap proteins of the eight identified PCV-3 strains were subjected to analysis of amino acid mutations, especially in the amino acid mutations A24/V and R27/K of the Cap protein. This study shown that the eight identified PCV-3 strains branched into the same branch according to amino acid mutations A24/V and R27/K of Cap proteins(Fig 4), but some mutations were observed in PCV3/CN/SX01/2019 (F104/Y), PCV3/CN/SX04/2019 (N56/D, Q98/R), and PCV3/CN/SX03/2019 (F104/Y), Other new strains did not have any mutation in cap protein. Whether these amino acids mutated affect the antigenicity of Cap proteins remains to be further investigated.

Conclusion

In conclusion, this was the first detailed to investigate PCV-3 molecular epidemiology in Shanxi province of China, and to obtain complete genomic sequence. The pathogenicity and antigenicity vary across different clades, the virus needs to be further investigated. So, the record of varied sites may still be significant because it provided information for exhibiting the genetic evolutionary process of PCV-3. These data would provide molecular biological basis for studying the genetic variation and increase our understanding of the genetic evolution of the PCV-3 strains circulating in China and provide valuable information for further studies on PCV-3. 
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Table 1 List of primers used in this study
	Primer name
	Nucleotide sequence
	Product length (bp)
	Purpose
	

	PCV3-1-F
	TGCTACGAGTGTCCTGAAGAT
	442
	Detection
	Fu et al,2017

	PCV3-1-R
	CTTCTCCGCAACTTCAGTCAG
	
	
	

	PCV3-genome-1-F
	ATTATGGATGCTCCTCATCGTG
	553
	Genome sequencing
	Wen et al,2017

	PCV3-genome-1-R
	CATCTTCTCCGCAACTTCAGTC
	
	
	

	PCV3-genome-2-F
	GACTGAAGTTGCGGAGAAGATG 
	789
	Genome sequencing
	Wen et al,2017

	PCV3-genome-2-R
	CGGCACGAAAGAAGTTTGGATT
	
	
	

	PCV3-genome-3-F
	CCCACATGCGAGGGCGTTTACC
	895
	Genome sequencing
	Wen et al,2017

	PCV3-genome-3-r
	CGAGGCCGCTTCATCATCCACT
	
	
	


Table 2 Prevalence of PCV3 in Shanxi Province
	Animal
	Region
	PCV-3 Positive rate(%)

	
	Datong
	(27/27) 100

	Pig
	Shuozhou
	(41/52) 78.85

	
	Xinzhou
	(46/52)15.38

	
	Taiyuan
	(14/22) 63.64

	
	Yangquan
	(20/28) 71.43

	
	Lvliang
	(50/54) 92.59

	
	Jinzhong
	(43/49) 87.76

	
	Linfen
	(45/50) 90.00

	
	Changzhi
	(48/54) 96.30

	
	Yuncheng
	(44/51) 86.27

	
	Jincheng
	(44/52) 84.62

	
	Total
	(426/491) 86.76


 Abbreviations: PCV-3, Porcine circovirus type 3

Fig 1 Geographical distribution of porcine circovirus type 3 (PCV3) in Shanxi province, China. Red stars represent the PCV3-positive cities.
Fig 2 Phylogenetic tree of the complete sequences of PCV3. The black solid circles (●) represent the PCV3 viruses investigated in this study. Phylogenetic tree was constructed using the maximum-likelihood algorithm of MEGA 6.0 with 1,000 bootstrap trials.
Fig 3 Phylogenetic tree of the ORF2 gene of PCV3. The black solid circles (●) represent the PCV3 viruses investigated in this study. Phylogenetic tree was constructed using the maximum-likelihood algorithm of MEGA 6.0 with 1,000 bootstrap trials.

Fig 4 Phylogenetic tree and amino acids alignment based on the cap gene of 35 viruses. All the PCV3 strains clustered three subgroups, 3a, 3b and 3c. The black solid circles (●) represent the PCV3 viruses investigated in this study. The phylogenetic tree was constructed using the neighbour-joining method in MEGA 6.0 software with a bootstrap test of 1000 replicates.
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