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Abstract

:

Simple Summary


PRRSV is one of the important pathogens that seriously affects the pig industry. Sichuan is a major pig breeding province in China and lacks long-term continuous surveillance of PRRSV infection in pigs. In this study, the prevalence of PRRSV in Sichuan was investigated based on a total of 539 samples of tissues, blood and aborted fetuses from 13 pig breeding areas in Sichuan. The genetic diversity of the virus currently circulating in Sichuan during 2012–2020 was studied by analyzing the genetic variation of Nsp2 and ORF5 genes. The detection results indicated that PRRSV was ubiquitous in the swine production in Sichuan, with 52.32% positive rate. Phylogenetic analysis of ORF5s showed that the PRRSV strains sequenced in this study belonged to PRRSV-1 and PRRSV-2 (lineage 1.5, 1.8, 3.5, 5.1 and 8.7). The data available in this study suggested that the genomes of prevalent PRRSV strains were complex and diverse.




Abstract


Porcine reproductive and respiratory syndrome virus (PRRSV) is an important pathogen that poses a serious threat to the global pig industry. Sichuan Province is one of the largest pig breeding provinces in China. There is a lack of reports on the continuous surveillance and systematic analysis of prevalent strains of PRRSV in Sichuan Province in recent years. To fill this gap, a total of 539 samples were collected from 13 breeding regions in Sichuan during 2012–2020. The detection result showed that the positive rate of PRRSV was 52.32% (282/539). The ORF5s and Nsp2 were obtained and further analyzed, with Chinese reference strains downloaded from the GenBank. Phylogenetic analysis showed that the PRRSV strains sequenced in this study belonged to PRRSV-1 and PRRSV-2 (lineage 1, 3, 5 and 8). In total, 168 PRRSV-2 strains were selected for ORF5 analyses, and these strains were classified into sub-lineage 8.7 (HP-PRRSV), sub-lineage 5.1 (classical PRRSV), sub-lineage 1.8 (NADC30-like), sub-lineage 1.5 (NADC34-like) and sub-lineage 3.5 (QYYZ-like), accounting for 60.71% (102/168), 11.31% (19/168), 18.45% (31/168), 2.97% (5/168) and 6.55% (11/168) of the total analyzed strains, respectively. The Nsp2 of identified PRRSV strains exhibited a nucleotide identity of 44.5–100%, and an amino acid identity of 46.82–100%. The ORF5 of the identified PRRSV strains exhibited a nucleotide identity of 81.3–100%, and an amino acid identity of 78.5–100%. A sequence analysis of ORF5 revealed that the mutation sites of GP5 were mainly concentrated in HVR1 and HVR2 and the virulence sites. In summary, the HP-PRRSV, NADC30-like PRRSV, Classic-PRRSV, QYYZ-like PRRSV, NADC34-like PRRSV and PRRSV-1 strains exist simultaneously in pigs in Sichuan. NADC30-like PRRSV was gradually becoming the most prevalent genotype currently in Sichuan province. This study suggested that PRRSV strains in Sichuan were undergoing genomic divergence.
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1. Introduction


Porcine reproductive and respiratory syndrome virus (PRRSV) is the causative agent of porcine reproductive and respiratory syndrome (PRRS). It is an economically devastating pandemic disease of swine that mainly infects the respiratory system and reproductive system [1]. In 2006, there was a large-scale outbreak and epidemic of “unexplained fever” caused by highly pathogenic PRRSV (HP- PRRSV) with high morbidity and mortality in infected pigs, causing huge economic losses to the pig farming industry. [2]. PRRSV is a small enveloped, single-stranded, positive-sense RNA virus [3]. The viral genome is approximately 15 kb in length. PRRSV encodes at least 10 open reading frames (ORFs), comprising ORF1a, ORF1b, ORF2a, ORF2b and ORFs3–7 [4,5]. ORF1a and ORF1b encode viral replicase polyproteins that are then hydrolyzed into 16 mature non-structural proteins by the viral protease [6]. ORFs2–7 encode viral GP2–5, M, E and the nucleocapsid protein N [6]. The GP5 protein is one of the most variable proteins in PRRSV and is often used as one of the main bases for assessing the mutation of PRRSV viruses. Therefore, ORF5 is usually used for sequence analysis because of its high variability [7].



PRRSV can be divided into two genotypes, named PRRSV 2 (represented by VR-2332 strain) and PRRSV 1 (represented by Lelystad virus strain) [8]. PRRSV type 2 can be further divided into five genetic subtypes in China, including lineages 1, 3, 5, 8 and 9. Representative strains of lineage 1 contain NADC30, JL580, NADC34 and RFLP 1-4-4. Lineage 3 PRRSV is mainly prevalent in South China and has a low pathogenicity, and its representative strains include QYYZ and GM2. Lineage 5 mainly contains the classical PRRSV strain represented by VR-2332. Lineage 8 contains highly virulent strains represented by TJ, JXA1, TA-12 and classical strains represented by CH-1a. Lineage 9 was discovered in Xinjiang in 2011 [9,10]. Recently, PRRSV type 1 was reported in Fujian, Inner Mongolia, Beijing and Hong Kong [11,12,13]. With the emergence of HP-PRRSV, a series of biosafety control measures were adopted. Except for traditional vaccines based on strains such as CH-1R, new commercial vaccines based on strains, such as JXA1 and TJM, were developed and widely used. PRR was then effectively controlled. However, available data in recent years indicate that PRRSV remains one of the most common pathogens plaguing the Chinese pig industry, with a complex infection profile, high prevalence and highly genetically heterogeneous genetic and recombination characteristics, emphasizing the need for the continuous surveillance of PRRSV to develop effective control measures. [14,15,16,17,18].



Sichuan Province is the main pig producing area in China. Because of geographical factors, the incidence of pig epidemics in Sichuan Province always lags behind other regions in China. In Sichuan, NADC30-like PRRSV strains were first reported in 2016. In this study, we conducted a long-term investigation of PRRSV in Sichuan. The full-length ORF5 sequences and Nsp2 from 2012 to 2020 were analyzed. The focus of our analysis is the genetic relationship and variation characteristics between the detected strains in Sichuan and other PRRSV strains in China. This study can provide valuable insights into the PRRSV epidemic situation and the molecular characteristics of PRRSV strains in Sichuan, and can have important implications for the development of effective strategies for the prevention and control of PRRSV outbreaks.




2. Results


2.1. Prevalence of PRRSV in Clinical Samples in Sichuan during 2016–2020


A total of 539 clinical samples, including serum, hilar lymph node and lung, were collected from 13 breeding areas in Sichuan Province, from 2016 to 2020. The source information and detection results of the samples are summarized in Table 1. Among 539 clinical samples, 282 samples were identified in 52.32% (282/539) of the samples, including 156 JXA1-like PRRSV positive samples, 13 classic PRRSV positive samples, 13 NADC34-like PRRSV positive samples, 86 NADC30-like PRRSV positive samples, 10 QYYZ-like PRRSV and 4 PRRSV-1 positive samples. The positive detection rates of samples in 2016, 2017, 2018, 2019 and 2020 were 44.92%, 58.77%, 52.71%, 53.16% and 54.43%, respectively.




2.2. Sequence Alignment and Phylogenetic Analysis of ORF5 and Nsp2 HV


Phylogenetic analysis based on ORF5 demonstrated that the 169 PRRSV strains obtained in Sichuan Province during 2012–2020 were clustered into six different subtypes (Figure 1). Among 169 PRRSV strains, 102 PRRSV strains belonged to the sub-lineage 8.7 branch with highly pathogenic PRRSV represented by the JXA1 strain, 19 PRRSV strains belonged to the sub-lineage branch 5.1 with classic PRRSV represented by VR2332 strain, 31 PRRSV strains belonged to the sub-lineage branch 1.8 with NADC30-like PRRSV represented NADC30 strain, 11 PRRSV strains belonged to the sub-lineage 5.3 branch with QYYZ-like PRRSV strains represented by QYYZ strain, 5 PRRSV strains belonged to the sub-lineage 1.5 branch with NADC34-like PRRSV strains represented by NADC34 strain and 1 PRRSV strain belonged to type 1 (Figure 2).




2.3. Sequence Alignment and Phylogenetic Analysis of Nsp2 HV


Phylogenetic analysis based on Nsp2 demonstrated that the 106 PRRSV strains obtained in Sichuan Province during 2012–2020 belonged to six different subtypes (Figure 3). Among these 106 PRRSV strains, there was 1 type 1 PRRSV strain, 2 QYYZ-like strains, 11 VR2332-like strains, 4 NADC34-like strains, 22 NADC30-like strains and 66 JXA1-like strains. The results of the deduced amino acid identity analysis of the Nsp2 of PRRSV type 2 were shown in Table 2. The nucleotide identity of the PRRSV strains in Sichuan with the representative strains VR2332, QYYZ, NADC34, NADC30, JXA1 and RFLP 1-4-4 ranged from 50.4% to 99.8%, 50.7% to 99.5%, 47.7% to 98.2%, 39.5% to 98%, 44.5% to 100% and 46.1% to 92%., and the amino acid identity ranged from 27.1% to 99.7%, 30.1% to 99.7%, 26.4% to 96.6%, 36.6% to 95.9%, 39.7% to 100% and 26.7% to 89%, respectively. The results of the identity analysis showed significant variability in Nsp2 nucleotides and amino acids among different PRRSV strains in Sichuan.



The results of type 2 PRRSV ORF5 nucleotide and deduced amino acid identity analysis were summarized in Table 2. The nucleotide identity between PRRSV strain in Sichuan and the representative strains VR2332, QYYZ, NADC34, NADC30, JXA1 and RFLP 1-4-4 were 81.4% to 99.5%, 80.8–97%, 82.1–94.2%, 82.6–96.4%, 81.3–100% and 82.9–96%, respectively, and the amino acid identity was 78.5–99.5% 80.1–97.3%, 81–95%, 82–97%, 78.5–100% and 82–95.5%, respectively. The nucleotide and amino acid identity between the NADC34 strain and five NADC34-like strains in Sichuan were 94.2% and 96%, respectively, and the nucleotide and amino acid identity with RFLP 1-4-4 strain were 95% and 95.5%, respectively. The five NADC34-like strains in Sichuan were all derived from aborted fetuses from pig farms with large-scale abortions.




2.4. Amino Acid Mutation Analysis of GP5 and Nsp2 HV


There are 1 signal peptide, 2 hypervariable regions (HVR1 and HVR2), 3 transmembrane regions (TM1, TM2 and TM3) and 5 epitopes in type 2 PRRSV GP5 protein (Figure 4). The five epitopes include a decoy epitope, a neutral epitope (PNE) and three T-cell epitopes, as well as two virulence-related sites located at amino acids 13 and 151, respectively [19,20]. Representative strains of different lineages were selected for analysis of amino acid variation encoded by ORF5 with PRRSV strains in Sichuan from 2012 to 2020. As depicted in Figure 4, the variation of GP5 protein was mainly concentrated in HVR1 and HVR2. Compared to other NADC34-like strains, one amino acid site mutation (N32D) of NADC34-like PRRSV in Sichuan was located in the putative HVR1. Meanwhile, three substitution sites (A57N, N58K and K59S) were observed in NADC34-like PRRSV, and the virulence substitution sites (Q13R and K151R) were observed in JXA1 HP-PRRSV compared with most PRRSV strains of the other four lineages (Figure 4).



Figure 5 shows the amino acid sequences deduced from the hypervariable region (HV) of the Nsp2 of 6 reference strains (VR2332, JXA1, NADC30, NADC34, QYYZ and RFLP 1-4-4 strains) and 34 representative strains in Sichuan from 2012 to 2020. Compared with VR2332, NADC30-like PRRSV strains had 131 amino acid (aa) deletions in the Nsp2 hypervariable region, located at 323-433 aa, 483 aa and 503-521 aa, respectively, NADC34-like PRRSV strains had 100 aa deletions at 329-428 aa and HP-PRRSV strains had 30 aa deletions at 481 aa and 532-560 aa, respectively. Compared with VR2332, a classical PRRSV (CHSCSL-12017 strain), obtained in this study, has 21 aa deletions at 488-489 aa and 503-521 aa, which has the same deletion region as NADC30 strain, but it belongs to the VR2332 strain branch in the phylogenetic tree constructed based on Nsp2.





3. Discussion


PRRSV has been affecting the Chinese pig industry for more than 20 years since it was first reported in China in 1996 [21]. Vaccination is adopted in China to prevent and control the outbreak of PRRSV. Although vaccination has controlled PRRSV outbreaks to some extent, the uncontrolled use of highly pathogenic live attenuated vaccines has also contributed to the widespread spread of live attenuated vaccine virus in swine herds [22,23]. In recent years, the emergence of new mutants has made China’s PRRSV popularity more complicated. PRRSV strains in China were reported to show different patterns of recombination between members of lineages/sub-lineages with the emergence of new lineage 3 (QYYZ-like) viruses in 2010, sub-lineage 1.8 (NADC30-like) viruses in 2013 and sub-lineage 1.5 (NADC34-like) viruses [22,24,25]. Previous studies showed that PRRSV strains in Sichuan were undergoing significant genome changes, and different sub-lineage strains co-circulated in Sichuan [26,27]. In this study, a major shift in the predominant genotype was observed in Sichuan. Among the 282 positive samples, 170, 22, 86 and 4 samples were positive for HP-PRRSV, classic PRRSV, NADC30-like PRRSV and European PRRSV, respectively. The detection rate of the HP-PRRSV strain was the highest. The classical PRRSV and HP-PRRSV strains were the predominant circulating PRRSV strains in Sichuan from 2012 to 2017. The QYYZ-like and NADC30-like PRRSV strains were first reported in 2015 in Sichuan [28]. The NADC34-like strain (CHSCMY-22019) was first discovered in Sichuan in 2019, and four strains were detected in 2020. The above results indicated that multiple sub-lineages of PRRSV strains transmitted among pigs in Sichuan. The NADC30-like and NADC34-like PRRSV strains in lineage 1 were detected in the Sichuan pigs, which coincided with the evolution and epidemic time of PRRSV epidemic strains in China. Since 2012, HP-PRRSV detection rates are decreasing, while NADC30-like PRRSV detection rates are increasing.



Nsp2 and ORF5 have a high mutation rate and are also suitable as a phylogenetic and epidemiological marker. In this study, we analyzed the genetic evolution of Nsp2 hypervariable region and ORF5 of PRRSV derived from Sichuan during 2012–2020. HP-PRRSV strains were characterized by a discontinuous 30aa deletion (1aa and 29aa) in the Nsp2 coding region [29]. NADC30-like PRRSV showed three discontinuous deletions (111aa, 1aa, and 19aa) in Nsp2 compared to VR-2332 [22,30]. The NADC34-like PRRSV has continuous 100aa deletions in the Nsp2 coding region [31]. Sequence alignment showed that the five NADC34-like PRRSV strains detected in Sichuan had the same 100aa deletion of Nsp2 protein as the IA/2014/NADC34 strain identified and isolated from the United States in 2014.



The amino acids at positions 13 and 151 of the GP5 protein of highly virulent PRRSV strain generally were showed as R [32]. Previous studies have shown that amino acid 137 of the GP5 protein can also distinguish attenuated vaccine strains (A137) from wild strains (S137) [33]. In this study, we found that the 13th and 151th virulence sites of JXA1 HP-PRRSV are arginine (R), while most PRRSV strains of the other four lineages are glutamine (Q) and lysine (K), respectively, and a few are R. The amino acid at position 137 of the VR2332-like PRRSV strains, identified in this study, were from piglets with clinical signs. Based on the analysis of the GP5 protein in this study, mutations in the key amino acid sites of the currently popular wild strains may be one of the reasons for the poor effectiveness of the vaccine immunity. Interestingly, the phylogenetic tree analysis showed that the CHSCSL-12017 strain belonged to VR2332-like PRRSV strains, but it has continuous 19aa deletions at 502aa–521aa in Nsp2, which is similar to NADC30-like PRRSV. The ORF5 of the CHSCMY-12016 strain is in the same branch as the JXA1-like strains, while its Nsp2 is in the same branch as NADC30-like strains. The ORF5 of CHSCNC-22020 and CHSCMY-32020 strains belongs to the branch of QYYZ-like strains, while the Nsp2 belongs to the branch of NADC30-like strains. The ORF5 of the CHSCCD-42020 strain belongs to the branch of QYYZ-like strains, while the Nsp2 belongs to the branch of NADC34-like strains. These results suggested that the genome of PRRSV might be undergoing recombination.



In summary, we systematically analyzed the epidemic history and genetic evolution of PRRSV in Sichuan from 2012 to 2020 from the perspective of molecular epidemiology. The results of this study will provide valuable information and new horizons for PRRSV epidemic trends and control strategies.




4. Materials and Methods


4.1. Samples


A total of 539 samples from diseased pigs with several clinical manifestations (including respiratory symptoms, fever, abortion, etc.) were collected from swine suspected for PRRS on different pig farms in 13 breeding regions (Chengdu, Mianyang, Meishan, Luzhou, Yaan, Zigong, Leshan, Guangyuan and Suining). The sample type consisted of serum, hilar lymph nodes and lungs from pigs with suspected PRRS onset, which were collected during 2016–2020. Sample information, comprising sample type, geographical distribution and clinical manifestations is shown in Supplementary Table S1.




4.2. RT-PCR Detection and Amplification of Nsp2 and ORF5s


Approximately 5.0 g or 300 μL of each sample was homogenized separately in phosphate-buffered saline (PBS). According to the manufacturer’s instructions, viral RNA was extracted using the Viral RNA Extraction Kit (Takara, Dalian, China) and then the TIANScriptII RT Kit (TIANGEN BIOTECH (BEIJING) CO., LTD., Beijing, China) was used to acquire cDNA through reverse transcription. The primers of Nsp2 and ORF5 were designed based on the alignment of published PRRSV genome sequences obtained from the NCBI GenBank database (Supplementary Table S2). The cDNA was used for the PCR amplification of Nsp2 and ORF5. Then, the amplicons for each virus were submitted to Sangon Biotech Shanghai Co., Ltd., Shanghai, China for sequencing. The nucleotide sequences were determined for at least three independent cDNA clones.




4.3. Genetic Evolution Analysis of Nsp2 and ORF5s


All available GP5 and Nsp2 sequences of PRRSV in Sichuan China during 2012–2020 and other regions of China during 2012–2020 were downloaded from the GenBank database and then analyzed with the GP5 and Nsp2 sequences in this study. The reference sequences detail are shown in Tables S3 and S4. To explore the genetic characteristics of the dominant PRRSV strains in Sichuan from 2012 to 2020, a phylogenetic tree was constructed, based on the nucleotide sequences of Nsp2 HV and ORF5, using the neighbor-joining method in MEGA6.0 software package (http://www.megasoftware.net) with 1000 Bootstrap replicates of the alignment.



To determine the genetic relationship, the Nsp2 HV and GP5 sequences PRRSV in Sichuan from 2012 to 2020 were aligned with VR-2332, LV, JXA1, NADC30 and other reference sequences. Multiple sequence comparisons at the amino acid levels were performed by MEGA 6.0.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ani12233309/s1, All data generated during this study are publicly available. This data can be found at Supplementary Tables S1–S4.





Author Contributions


Conceptualization and study design, Z.X. and L.Z.; data collection, J.L., Y.Z. and J.Z.; Data analysis, F.L. and L.X.; Data interpretation, J.Z. and X.S.; Figures, J.Z.; Literature search, T.X.; Methodology, J.Z. and H.D.; Writing—original draft, J.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Key research and development project of the Sichuan science and technology plan: Research and integration demonstration of key technologies for improving the quality and efficiency of the Sichuan pig industry chain (2020YFN0147) (Ling Zhu), Program Sichuan Veterinary Medicine and Drug Innovation Group of China Agricultural Research System (CARS-SVDIP) (Zhiwen Xu). Open Foundation of Animal Breeding and Genetics Key Laboratory of Sichuan Province (202201) (Huidan Deng).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and the appropriate ethical review committee approval has been received. The animal study was reviewed and approved by “Sichuan provincial laboratory animal management committee (Licence No: SYXK (chuan) 2019-187)”. The “Guidelines for Experimental Animals” of the Ministry of Science and Technology (Beijing, China) were followed.




Informed Consent Statement


Written informed consent has been obtained from the patient(s) to publish this paper. Samples of the compounds are available from the authors.




Data Availability Statement


The sequence data have been deposited in the NCBI GenBank under accession number MZ747395 to MZ747436 and MW915488 to MW915529.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Neumann, E.; Kliebenstein, J.; Johnson, C.; Mabry, J.; Bush, E.; Seitzinger, A.; Green, A.L.; Zimmerman, J.J. Assessment of the economic impact of porcine reproductive and respiratory syndrome on swine production in the United States. J. Am. Vet. Med. Assoc. 2005, 227, 385–392. [Google Scholar] [CrossRef] [PubMed]

	



Tong, G.Z.; Zhou, Y.J.; Hao, X.F.; Tian, Z.J.; An, T.Q.; Qiu, H.J. Highly pathogenic porcine reproductive and respiratory syndrome, China. Emerg. Infect. Dis. 2007, 13, 1434–1436. [Google Scholar] [CrossRef] [PubMed]

	



Snijder, E.J.; Meulenberg, J.J. The molecular biology of arteriviruses. J. Gen. Virol. 1998, 79 Pt 5, 961–979. [Google Scholar] [CrossRef]

	



Nelson, E.A.J. Differentiation of U.S. and European isolates of porcine reproductive and respiratory syndrome virus by monoclonal antibodies. J. Clin. Microbiol. 1993, 31, 3184–3189. [Google Scholar] [CrossRef] [PubMed]

	



Benfield, D.A.; Nelson, E.; Collins, J.E.; Harris, L.; Goyal, S.M.; Robison, D.; Christianson, W.T.; Morrison, R.B.; Gorcyca, D.; Chladek, D. Characterization of swine infertility and respiratory syndrome (SIRS) virus (isolate ATCC VR-2332). J. Vet. Diagn. Investig. 1992, 4, 127–133. [Google Scholar] [CrossRef]

	



Nelson, E.A.; Christopher-Hennings, J.; Benfield, D.A. Serum Immune Responses to the Proteins of Porcine Reproductive and Respiratory Syndrome (PRRS) Virus. J. Vet. Diagn. Investig. 1994, 6, 410–415. [Google Scholar] [CrossRef]

	



Johnson, C.R.; Griggs, T.F.; Gnanandarajah, J.; Murtaugh, M.P. Novel structural protein in porcine reproductive and respiratory syndrome virus encoded by an alternative ORF5 present in all arteriviruses. J. Gen. Virol. 2011, 92, 1107–1116. [Google Scholar] [CrossRef]

	



Nelsen, A.C.; FAaberg, K.S.; Murtaugh, M. Porcine Reproductive and Respiratory Syndrome Virus Comparison: Divergent Evolution on Two Continents. J. Virol. 1999, 73, 270. [Google Scholar] [CrossRef]

	



Han, G.; Lei, K.; Xu, H.; He, F. Genetic characterization of a novel recombinant PRRSV2 from lineage 8, 1 and 3 in China with significant variation in replication efficiency and cytopathic effects. Transbound. Emerg. Dis. 2020, 67, 1574–1584. [Google Scholar] [CrossRef]

	



Chen, N.; Ye, M.; Huang, Y.; Li, S.; Zhu, J. Identification of Two Porcine Reproductive and Respiratory Syndrome Virus Variants Sharing High Genomic Identity but with Distinct Virulence. Viruses 2019, 11, 875. [Google Scholar] [CrossRef]

	



Liu, J.-K.; Wei, C.-H.; Dai, A.-L.; Fan, K.-W.; Yang, B.-H.; Huang, C.-F.; Li, X.-H.; Yang, X.-Y.; Luo, M.-L. Complete genomic characterization of two European-genotype porcine reproductive and respiratory syndrome virus isolates in Fujian province of China. Arch. Virol. 2017, 162, 823–833. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Z.; Liu, Q.; Hu, D.; Zhang, Q.; Han, T.; Ma, Y.; Gu, X.; Zhai, X.; Tian, K. Complete genomic characterization and genetic diversity of four European genotype porcine reproductive and respiratory syndrome virus isolates from China in 2011. Virus Genes 2011, 51, 375–384. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Cao, Z.; Yu, X.; Deng, X.; Zhao, T.; Wang, L.; Liu, Q.; Li, X.; Tian, K. Emergence of novel European genotype porcine reproductive and respiratory syndrome virus in mainland China. J. Gen. Virol. 2011, 92, 880. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Lin, S.; Quan, D.; Wang, H.; Wei, Z. Full Genomic Analysis of New Variants of Porcine Reproductive and Respiratory Syndrome Virus Revealed Multiple Recombination Events Between Different Lineages and Sublineages. J. Gen. Virol. 2020, 7, 603. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Song, S.; Zhao, J.; Leng, C.; Fu, J.; Li, C.; Tang, Y.; Xiang, L.; Peng, J.; Wang, Q.; et al. A potential endemic strain in China: NADC34-like porcine reproductive and respiratory syndrome virus. Transbound. Emerg. Dis. 2020, 67, 1730–1738. [Google Scholar] [CrossRef]

	



Zhang, Z.; Qu, X.; Zhang, H.; Tang, X.; Wu, P. Evolutionary and recombination analysis of porcine reproductive and respiratory syndrome isolates in China. Virus Genes 2020, 56, 354–360. [Google Scholar] [CrossRef]

	



Xie, C.; Zhuo, H.; Nan, F.; Zhang, Y.; Jin, N. Characterization of porcine reproductive and respiratory syndrome virus (ORF5 RFLP 1-7-4 viruses) in northern China. Microb. Pathog. 2019, 140, 103941. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, Y.; Xiao, S.; Yang, X.; Chen, X.; Wu, P.; Song, J.; Ma, Z.; Cai, Z.; Jiang, M.; et al. High-frequency mutation and recombination are responsible for the emergence of novel porcine reproductive and respiratory syndrome virus in northwest China. Arch. Virol. 2019, 164, 2725–2733. [Google Scholar] [CrossRef]

	



Ansari, I.H.; Kwon, B.; Osorio, F.A.; Pattnaik, A.K. Influence of N-Linked Glycosylation of Porcine Reproductive and Respiratory Syndrome Virus GP5 on Virus Infectivity, Antigenicity, and Ability To Induce Neutralizing Antibodies. J. Virol. 2006, 80, 3994–4004. [Google Scholar] [CrossRef]

	



Qu, S.; Wei, J.; Wang, Q.; Li, Y.; Jin, X.; Chaib, L. N-Linked Glycosylation of GP5 of Porcine Reproductive and Respiratory Syndrome Virus Is Critically Important for Virus Replication in Vivo. J. Virol. 2012, 86, 9941. [Google Scholar] [CrossRef]

	



Han, J.; Zhou, L.; Ge, X.; Guo, X.; Yang, H. Pathogenesis and control of the Chinese highly pathogenic porcine reproductive and respiratory syndrome virus. Vet. Microbiol. 2017, 209, 30–47. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, K.; Ye, C.; Chang, X.-B.; Jiang, C.-G.; Wang, S.-J.; Cai, X.-H.; Tong, G.-Z.; Tian, Z.-J.; Shi, M.; An, T.-Q. Importation and Recombination Are Responsible for the Latest Emergence of Highly Pathogenic Porcine Reproductive and Respiratory Syndrome Virus in China. J. Virol. 2015, 89, 10712–10716. [Google Scholar] [CrossRef] [PubMed]

	



Shi, M.; Holmes, E.C.; Brar, M.S.; Leung, C.C. Recombination is associated with an outbreak of novel highly pathogenic porcine reproductive and respiratory syndrome viruses in China. J. Virol. 2013, 87, 10904–10907. [Google Scholar] [CrossRef]

	



Zhang, H.L.; Zhang, W.L.; Xiang, L.R.; Leng, C.L.; Tian, Z.J.; Tang, Y.D.; Cai, X.H. Emergence of novel porcine reproductive and respiratory syndrome viruses (ORF5 RFLP 1-7-4 viruses) in China. Vet. Microbiol. 2018, 222, 105–108. [Google Scholar] [CrossRef]

	



Zhang, Q.; Bai, J.; Hou, H.; Song, Z.; Zhao, Y.; Jiang, P. A novel recombinant porcine reproductive and respiratory syndrome virus with significant variation in cell adaption and pathogenicity. Vet. Microbiol. 2017, 208, 150. [Google Scholar] [CrossRef]

	



Din, A.U.; Zhou, Y. High incidence and characteristic of PRRSV and resistant bacterial Co-Infection in pig farms. Microb. Pathog. 2020, 149, 104536. [Google Scholar] [CrossRef]

	



Zhou, L.; Kang, R.; Ji, G.; Tian, Y.; Ge, M.; Xie, B.; Yang, X.; Wang, H. Molecular characterization and recombination analysis of porcine reproductive and respiratory syndrome virus emerged in southwestern China during 2012–2016. Virus Genes 2018, 54, 98–110. [Google Scholar] [CrossRef]

	



Zhou, L.; Kang, R.; Zhang, Y.; Ding, M.; Xie, B.; Tian, Y.; Wu, X.; Zuo, L.; Yang, X.; Wang, H. Whole Genome Analysis of Two Novel Type 2 Porcine Reproductive and Respiratory Syndrome Viruses with Complex Genome Recombination between Lineage 8, 3, and 1 Strains Identified in Southwestern China. Viruses 2018, 10, 328. [Google Scholar] [CrossRef]

	



Tian, K.; Yu, X.; Zhao, T.; Feng, Y.; Cao, Z.; Wang, C.; Hu, Y.; Chen, X.; Hu, D.; Tian, X.; et al. Emergence of Fatal PRRSV Variants: Unparalleled Outbreaks of Atypical PRRS in China and Molecular Dissection of the Unique Hallmark. PLoS ONE 2007, 2, e526. [Google Scholar] [CrossRef]

	



Brockmeier, S.L.; Loving, C.L.; Vorwald, A.C.; Kehrli, M.E.; Baker, R.B.; Nicholson, T.L.; Lager, K.M.; Miller, L.C.; Faaberg, K.S. Genomic sequence and virulence comparison of four Type 2 porcine reproductive and respiratory syndrome virus strains. Virus Res. 2012, 169, 212–221. [Google Scholar] [CrossRef]

	



Bao, H.; Li, X. Emergence and spread of NADC34-like PRRSV in China. Transbound. Emerg. Dis. 2021, 68, 3005–3008. [Google Scholar] [CrossRef]

	



Allende, R.; Kutish, G.F.; Laegreid, W.; Lu, Z.; Lewis, T.L.; Rock, D.L.; Friesen, J.; Galeota, J.A.; Doster, A.R.; Osorio, F.A. Mutations in the genome of porcine reproductive and respiratory syndrome virus responsible for the attenuation phenotype. Arch. Virol. 2000, 145, 1149. [Google Scholar] [CrossRef]

	



Wesley, R.D.; Mengeling, W.L.; Lager, K.M.; Clouser, D.F.; Landgraf, J.G.; Frey, M.L. Differentiation of a Porcine Reproductive and Respiratory Syndrome Virus Vaccine Strain from North American Field Strains by Restriction Fragment Length Polymorphism Analysis of ORF5. J. Vet. Diagn. Investig. 1998, 10, 140–144. [Google Scholar] [CrossRef]








[image: Animals 12 03309 g001 550] 





Figure 1. Phylogenetic analysis based on ORF5. The black dot represents PRRSV strains identified in this study, the black star diagram represents PRRSV strains from Sichuan in GeneBank from 2012 to 2020 and the black square represents PRRSV reference strains. Unmarked are current prevalent strains from other regions of China or other countries. 
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Figure 2. Heat map of the number of PRRSV strains in Sichuan from 2012 to 2020. 
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Figure 3. Phylogenetic analysis based on Nsp2. The black dot represents PRRSV strains identified in our study, the black star diagram represents PRRSV strains from Sichuan in Gene bank from 2012 to 2020 and the black square represents PRRSV reference strains. Unmarked are the current prevalent strains from other regions of China or other countries. 






Figure 3. Phylogenetic analysis based on Nsp2. The black dot represents PRRSV strains identified in our study, the black star diagram represents PRRSV strains from Sichuan in Gene bank from 2012 to 2020 and the black square represents PRRSV reference strains. Unmarked are the current prevalent strains from other regions of China or other countries.



[image: Animals 12 03309 g003]







[image: Animals 12 03309 g004 550] 





Figure 4. Amino acid sequence alignment of GP5 protein. 
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Figure 5. Amino acid sequence alignment of Nsp2 protein. 
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Table 1. Statistics data of PRRSV positive samples.
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	Region
	2016
	2017
	2018
	2019
	2020
	Total
	Positive Rate





	Zigong
	4/9
	-
	-
	1/3
	-
	5/12
	41.66%



	Ziyang
	2/10
	4/11
	-
	-
	3/4
	9/25
	36%



	Yibin
	3/20
	12/20
	4/6
	3/7
	4/4
	26/57
	45.61%



	Yaan
	-
	-
	13/23
	6/7
	-
	19/30
	63.33%



	Suining
	-
	6/10
	12/18
	4/10
	-
	22/38
	57.89%



	Neijiang
	13/28
	-
	7/10
	3/8
	3/14
	26/60
	43.33%



	Nanchong
	4/7
	-
	-
	-
	6/11
	10/18
	55.55%



	Mianyang
	10/13
	15/24
	4/17
	2/7
	7/7
	38/68
	55.88%



	Meishan
	6/14
	6/7
	2/7
	3/3
	2/4
	19/35
	54.28%



	Luzhou
	-
	-
	7/9
	6/13
	-
	13/21
	61.90%



	Leshan
	3/4
	-
	-
	4/4
	6/14
	13/22
	59.09%



	Deyang
	-
	5/8
	3/8
	1/2
	-
	9/18
	50.0%



	Chengdu
	17/33
	4/11
	6/15
	9/15
	7/12
	43/86
	50%



	Guangan
	-
	10/13
	-
	-
	-
	10/13
	76.92%



	Dazhou
	-
	-
	3/8
	-
	-
	3/8
	37.5%



	Bazhong
	-
	-
	7/8
	-
	-
	7/8
	87.5%



	Guangyuan
	-
	2/2
	-
	-
	5/9
	7/11
	63.67%



	Total
	62/138
	67/114
	68/129
	42/79
	43/79
	282/539
	52.32%



	Positive rate
	44.92%
	58.77%
	52.71%
	53.16%
	54.43%
	52.32%
	/
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Table 2. Nucleotide and deduced amino acid identity analysis based on ORF5 and Nsp2.
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	Reference Strains
	ORF5
	GP5 Protein
	Nsp2 HVR
	Nsp2 Protein HVR





	VR2332
	81.4–99.5%
	78.5–99.5%
	50.4–99.8%
	27.1–99.7%



	QYYZ
	80.8–97%
	80.1–97.3%
	50.7–99.5%
	30.1–99.7%



	NADC34
	82.1–94.2%
	81–95%
	47.7–98.2%
	26.4–96.6%



	NADC30
	82.6–96.4%
	82–97%
	39.5–98%
	36.6–95.9%



	JXA1
	81.3–100%
	78.5–100%
	44.5–100%
	39.7–100%



	RFLP 1-4-4
	82.9–96%
	82–95.5%
	46.1–92%
	26.7–89%
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