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Porcine astrovirus (PAstV) is broadly distributed globally and exists as at least five distinct genotypes. PAstV, which was recently identified as an important pathogen of diarrhea in piglets, is widely distributed in China. However, few studies have investigated the coinfection and genetic characterization of PAstV in diarrheic piglets in China. In this study, 89 PAstV-positive samples were identified in 543 diarrhea samples in China from 2015 to 2018, of which 75.28% (67/89) were coinfected with three to five different porcine pathogens, while none were positive for PAstV only. Among the 543 diarrhea samples, statistical analysis showed that PAstV-induced diarrhea was potentially associated with coinfection of PEV (p < 0.01) and GARV (p < 0.01). Phylogenetic analysis showed that the 27 identified PAstV strains belong to three different genotypes and that PAstV-2 (81.48%, 22/27) was predominant in diarrheic piglets in China, followed by PAstV-4 (11.11%, 3/27) and PAasV-5 (7.41%, 2/27). Sequence analysis revealed that the 27 RdRp genes identified in this study had nucleotide homologies of 53.8–99.5%. In addition, the RdRp gene of PAstV-4 strain JL/MHK/2018/0115 harbored a unique insert of three nucleotides (GAA) as compared with other known PAstV-4 strains. Furthermore, the genotypes of PAstV varied among different geographical locations, although PAstV-2 was the most widely distributed in China. These data demonstrate that PAstV coinfection with other porcine pathogens was common and there was genetic diversity of PAstV in diarrheic piglets in China.

Keywords: PAstV, coinfection, genetic characterization, diarrhea, piglet


INTRODUCTION

Porcine astrovirus (PAstV), belonging to the family Astroviridae, genus Mamastrovirus, is a non-enveloped, single-strand, positive-sense RNA virus (1). The PAstV genome consists of three open reading frames (ORFs): ORF1a, ORF1b, and ORF2. ORF1a and ORF1b encode non-structural proteins and the RNA-dependent RNA polymerase (RdRp), and ORF2 encodes the capsid protein (2). PAstV was first identified in diarrheic piglets in 1980 (1). Since then, PAstV has been isolated worldwide, including Europe, Asia, and the Americas (1, 3–6).

Diarrhea of piglets has long been a problem afflicting the global pig industry. Coinfections with more than one porcine pathogen are common and often more clinically severe (7, 8). A previous surveillance study conducted by our group found a high percentage of coinfection among diarrheic piglets (9). PAstV, which has been identified as an important agent of diarrhea (10), and frequently presents as a coinfection with other porcine pathogens (3, 5, 6, 9, 11). However, data regarding coinfections with PAstV in diarrheic piglets in China are limited. Therefore, coinfections with PAstV and other porcine pathogens should be monitored in China.

To date, five genotypes of PAstV (PAstV-1 to PAstV-5) with different prevalences have been identified worldwide. Although all five PAstV genotypes have been reported in Europe, the most common is reportedly PAstV-4 (4), while PAstV-2 and PAstV-4 are the most common throughout Asia (5, 6, 12). However, information available on the genetic characterization of PAstV in China is fairly limited (2, 11). Therefore, it is necessary to investigate the genetic diversity and evolution of PAstV currently in China.

In this study, 89 PAstV-positive diarrhea samples were collected to investigate the prevalence of PAstV coinfection with 12 other porcine pathogens. The obtained RdRp genes were genetically characterized in order to provide insights into the epidemiology of PAstV circulating among diarrheic piglets in China.



MATERIALS AND METHODS


Sample Collection

In our previous study (9), 89 (16.4%) of 543 diarrhea samples collected from 17 provinces or municipalities in China (Anhui, Fujian, Guangdong, Hebei, Heilongjiang, Hubei, Hunan, Jiangxi, Jilin, Liaoning, Shandong, Shaanxi, Shanxi, Sichuan, Shanghai, and the Inner Mongolia Autonomous Region; Table S1) from 2015 to 2018 were confirmed as PAstV-positive by reverse-transcription polymerase chain reaction (RT-PCR) and stored at −80°C.



Sequencing and Analysis of the RdRp Gene of PAstV

RNA extraction and cDNA synthesis were performed as previously described by Wang et al. (13). The PAstV RdRp gene was amplified using the nested RT-PCR method described by Chu et al. (14) and then cloned into the vector pMD18-T (TaKaRa Biotechnology Co., Ltd, Dalian, China) in accordance with the manufacturer's protocol. Three positive clones of each amplicon were subjected to Sanger sequencing. Sequence analysis was conducted using the EditSeq tool included with the Lasergene DNASTAR™ 5.06 software package (DNASTAR Inc., Madison, WI, USA). Multiple-sequence alignments were performed using the multiple-sequence alignment tool included with the DNAMAN 6.0 software package (Lynnon BioSoft, Pointe-Claire, QB, Canada).



Phylogenetic Analysis

Sequences of the PAstV RdRp gene retrieved from the GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) were used for sequence alignments and phylogenetic analyses. Multiple-sequence alignments were generated using the ClustalX alignment program included with the MEGA 6.06 software package (15). A phylogenetic tree was constructed from the aligned nucleotide sequences using the p-distance model and 1000 bootstrap replicates and annotated with Interactive Tree Of Life (iTOL) software (http://itol.embl.de/) (16).



Statistical Analysis

The correlation of PAstV infection with other pathogens was assessed with the use of 2 × 2 contingency tables and the chi-square (χ2) test with confidence limits of 95%. All analyses were performed using IBM SPSS Statistics for Windows, version 22.0 (IBM Corporation, Armonk, NY, USA). Probability (p) values of <0.05 and 0.01 were considered statistically significant and highly significant, respectively. Data regarding the detection of porcine circovirus type 3, porcine group A rotavirus (GARV), mammalian reovirus, porcine bocavirus, porcine deltacoronavirus, porcine enterovirus 9/10 (PEV), porcine kobuvirus (PKV), porcine sapelovirus, porcine torovirus, porcine teschovirus, porcine transmissible gastroenteritis virus (TGEV), and torque teno sus virus 2 in the 543 diarrhea samples (including the 89 PAstV-positive samples) were published in our previous reports (9, 17).




RESULTS AND DISCUSSION


Coinfection of PAstV With Multiple Porcine Pathogens in Diarrheic Piglets

As reported in our previous study, the PAstV-positive rate in diarrheic piglets was 16.39% (89/543), indicating wide distribution in China (9). In the present study, PAstV coinfection with 12 other porcine pathogens in diarrheic piglets was investigated. Of the 89 PAstV-positive diarrhea samples, the rate of PAstV coinfection with 12 other porcine pathogens ranged from 7.87% (7/89) to 85.39% (76/89) (Figure 1A). The average number of viruses detected in each sample was 4.12, while 75.28% (67/89) of samples had three to five different viruses, 3.37% (3/89) had seven to eight different viruses, and none were positive for PAstV only (Figure 1B). Coinfections of PAstV with other porcine pathogens, such as rotavirus, PEDV, TGEV, porcine circovirus-2 (PCV2), and porcine hemagglutinating encephalomyelitis virus (PHEV), have been reported previously (3, 5, 6, 11). In the present study, the rate of PKV coinfection in PAstV-positive samples was relatively high (85.39%, 76/89), and there was evidence that u shed more PKV than did healthy individuals (18), indicating that PKV may have a potential role in PAstV-induced diarrhea in piglets. PEDV is the major cause of viral diarrheal disease in swine in China (9). Although there was a high prevalence of PEDV in piglets infected with PAstV in our previous study, statistical analysis indicated that PEDV-induced diarrhea was not associated with PAstV coinfection (p > 0.05) (9). The pathogenicity of PEV is typically mild in pigs (19), and GARV is among the most common pathogens of diarrhea in piglets (20). In this study, the positivity rates of PEV (69.66%, 62/89) and GARV (35.96%, 32/89) were relatively high in PAstV-positive samples, suggesting a highly significant association of coinfection with PEV (p < 0.01) and GARV (p < 0.01) in PAstV-positive diarrhea samples of piglets (Table 1). However, since evidence of coinfections of PAstV with PEV and GARV causing diarrhea in piglets is somewhat limited, further studies are warranted.
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FIGURE 1. The coinfection of PAstV with multiple porcine pathogens in diarrheic piglets. (A) The positive rate of the 12 porcine pathogens in the 89 PAstV-positive samples. (B) The coinfection patterns of the 12 porcine pathogens in the 89 PAstV-positive samples.



Table 1. The statistical analysis of correlations of PAstV with other porcine pathogens.
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Phylogenetic Analysis of PAstV

In the current study, a total of 27 RdRp genes were successfully sequenced from the 89 PAstV-positive diarrhea samples (Table S2). The RdRp gene is widely used to classify the genotype of PAstV (5, 11, 12, 21–23). Here, a phylogenetic tree was constructed based on the RdRp genes of the 27 identified PAstV strains and 115 reference PAstV strains. In the phylogenic tree, 142 PAstV strains were divided into five groups and three distinct genotypes (PAstV-2, PAstV-4, and PAstV-5) (Figure 2A). In the phylogenetic analysis, 22 identified PAstV strains and 39 reference strains from nine other countries were placed into the PAstV-2 group and divided into two clusters. With the exception of PAstV strain JX/2015/1224, all other identified PAstV strains and 21 reference PAstV strains formed one cluster in the PAstV-2 group, which shared nucleotide homologies of 84.8–99.5%. PAstV strain JX/2015/1224 and 18 reference PAstV strains shared nucleotide identities of 83.1–90.2% and formed the other cluster in the PAstV-2 group. Two identified PAstV strains, SD/YT/2015/1228b and JX/2015/1221d, which are closely related to a PAstV strain isolated in Croatia, were classified into the PAstV-5 group, which had nucleotide identities of 79.8–94.0%. Three identified PAstV strains (JL/MHK/2018/0115, SX/XZ/2017/1215, and JX/2015/1221a) and 35 reference strains, which shared nucleotide homologies of 62.1–93.6%, were classified to the PAstV-4 group. Most of the 27 identified PAstV strains were classified to the PAstV-2 group (81.5%, 22/27), indicating that PAstV-2 was predominant in diarrheic piglets in China. Similarly, the high prevalence of PAstV-2 in China was reported by Cai et al. (11) and Qin et al. (22). In contrast, the prevalence of PAstV-4 is reportedly higher than that of PAstV-2 in Thailand, South Korea, and India (5, 6, 12).
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FIGURE 2. (A) The tree was constructed on the base of 366- to 381-bp (depend on PAstV genotype) nucleotide sequences of RdRp of the PAstV and selected sequences from GenBank. (B) Sequence analysis of the RdRp gene of the PAstV strain JL/MHK/2018/0115.


Sequence analysis of the 27 RdRp genes identified in this study had nucleotide identities of 53.8–99.5%, indicating a wide variation at the nucleotide level. PAstV strain JL/MHK/2018/0115 differed genetically from other PAstV-4 strains and formed a unique clade within the PAstV-4 group. Sequence analysis showed that the RdRp gene of strain JL/MHK/2018/0115 had low sequence similarity to the other PAstV-4 strains, with nucleotide identities of 62.1–67.1% and had a unique insert of three nucleotides (GAA) as compared with other PAstV-4 strains (Figure 2B). Previous studies have reported a high prevalence of PAstV-4 in other Asian countries, including South Korea (88.46%, 23/26), Thailand (92.00%, 23/25), and India (95.65%, 22/23), as well as European countries (70.4%, 295/419) (4–6, 12). PAstV-4, which was first reported in 2013, is a newly identified genotype in China that has since spread to the provinces of Hunan, Tianjin, Shanxi, Jilin, and Jiangxi (9, 21, 22). In addition, Lv et al. (21) and Zhao et al. (24) reported novel recombinant PAstV-4 strains in China. These data suggest that the Chinese PAstV-4 strains have undergone genetic variations and may have become the predominant strains in diarrheic piglets in China.



Genotype Distribution of PAstV in China

The results of the present study showed that PAstV-2 was circulating in ten different provinces, covering five regions of China (Figure 3), suggesting that PAstV-2 is the most widely distributed strain in China, which is supported by recent studies conducted in the provinces of Hebei, Hunan, Sichuan, and Guangxi (11, 21, 22, 25). Previous studies have reported the existence of multiple PAstV genotypes in China. For example, PAstV-1 was identified in Shanghai as well as the provinces of Hunan and Guangxi (22, 25), while PAstV-3 was identified in Guangxi province only (22), PAstV-4 has been reported in the provinces of Tianjin, Hunan, and Guangxi (22, 24, 25), and PAstV-5 has been detected in the provinces of Hebei, Sichuan, Hunan, and Guangxi (11, 22, 24–26). In the present study, three PAstV-4 strains were identified in the provinces of Jilin, Shanxi, and Jiangxi, and two PAstV-5 strains were identified in Shandong and Jiangxi provinces, respectively. These results suggest the presence of various genotypes of PAstV in different regions of China. Moreover, five PAstV strains identified in Jiangxi province exhibited three distinct genotypes (PAstV-2, PAstV-4, and PAstV-5). Previous studies reported the presence of two or more genotypes of PAstV in the same province of China, such as four different genotypes of PAstV circulating in Hunan province (21, 25), while all five genotypes of PAstV were identified in Guangxi province (22), indicating a remarkable diversity of genotypes of PAstV cocirculating among pig farms in China.
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FIGURE 3. Genotype distribution of PAstV strains in China. The 27 identified PAstV strains were shown in blue. The numbers in bracket are the collection date of samples.


In conclusion, results from the present study provide evidence that coinfection of PAstV with multiple porcine pathogens is common in diarrheic piglets in China, and PAstV-induced diarrhea is potentially associated with PEV and GARV coinfection. Phylogenetic analysis revealed that PAstV-2 was predominant in diarrheic piglets in China and multiple genotypes of PAstV were co-circulating in China from 2015 to 2018. In addition, one PAstV-4 strain was shown to harbor a unique insert within the RdRp gene. These results increase our current understanding of the coinfection and genetic characterization of PAstV in diarrheic piglets in China and provide valuable information for further studies of PAstV.
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