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Astroviruses infect human and animals and cause diarrhea, fever, and vomiting. In severe cases, these infections may be fatal in infants and juvenile animals. Previous evidence showed that humans in contact with infected animals can develop serological responses to astroviruses. Mamastrovirus 11 is a species of Mamastrovirus and was first reported in 2018. It was detected in the fecal samples of a California sea lion. The genome sequence of its capsid protein (CP) was submitted to GenBank. However, the genome sequence of its non-structural protein region was not elucidated. In the present study, we characterized the genome sequences of the novel astroviruses AstroV-HMU-1 and AstroV-like-HMU-2. These were obtained from California sea lions (Zalophus californianus) and walruses (Odobenus rosmarus) presenting with loose stools. A phylogenetic analysis revealed that the CP of AstroV-HMU-1 closely clustered with Mamastrovirus 11 while its RNA-dependent RNA polymerase (RdRp) and serine protease (SP) were closely related to the mink astrovirus in the genus Mamastrovirus. The genome of AstroV-HMU-1 provided basic information regarding the NS protein regions of Mamastrovirus 11. Recombination analyses showed that the genomes of Z. californianus AstroV-HMU-1, VA2/human and the mink astrovirus may have recombined long ago. The NS of AstroV-like-HMU-2 segregated from the Astroviridae in the deep root of the phylogenetic tree and exhibited 36% amino acid identity with other mamastroviruses. Thus, AstroV-like-HMU-2 was proposed as a member of a new genus in the unclassified Astroviridae. The present study suggested that that the loose stools of pinnipeds may be the result of occasional infection by this novel astrovirus. This discovery provides a scientific basis for future investigations into other animal-borne infectious diseases.
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INTRODUCTION

Astroviruses are leading causes of infectious diarrhea in children, the elderly, immunocompromised individuals, and a wide range of animals. The major clinical symptom is watery diarrhea. The diseases may be fatal in infants and juvenile animals (Boros et al., 2017; Vu et al., 2017). HAstV-1 was first detected in humans in 1975 (Appleton and Higgins, 1975). Since then, the reported incidence of astrovirus infection in humans and animals has increased. Astrovirus infections are ubiquitous and ∼90% of the human population aged >9 years presents with anti-HAstV-1 antibodies (Mitchell et al., 1999). High-throughput next-generation sequencing (NGS) methods have recently disclosed that astroviruses may be associated with aseptic encephalitis, meningitis, and meningoencephalomyelitis in humans and animals (Calistri and Palu, 2015; Cortez et al., 2019; Roach and Langlois, 2021).

Astroviruses are non-enveloped, single-stranded, positive-sense RNA viruses of the Astroviridae. Mamastrovirus includes 19 species while Avastrovirus includes three species. Four Mamastrovirus species are known to infect humans while the other 15 only infect mammals. The prototype strain is Mamastrovirus 1 (MAstV1) which corresponds to human astrovirus genotypes 1–8 (HAstV 1–8). Mamastrovirus 6 contains the human astrovirus clades Melbourne 1–3 (MLB1–3) (Finkbeiner et al., 2008). Mamastrovirus 8 (MAstV8) and Mamastrovirus 9 (MastV9) include the human astrovirus clades Virginia 2 and 4 (VA2, 4) and Virginia 1 and 3 (VA1, 3) (Finkbeiner et al., 2009), respectively. Astrovirus genomes are 6.8–7 kb long and contain three overlapping open reading frames (ORF1a, ORF1b, and ORF2). ORF1a and ORF1b encode a viral protease and a polymerase, respectively. ORF2 is expressed by a subgenomic RNA and encodes a VP90 capsid precursor protein. The 5′-terminus is linked to a viral protein genome-linked (VPg) protein while the 3′-terminus contains a poly (A) tract.

Humans in contact with turkeys may present with serological responses to turkey astrovirus (Meliopoulos et al., 2014). Furthermore, astrovirus strains previously limited to humans have also been detected in non-human primates (Karlsson et al., 2015). Hence, astroviruses may be able to cross species barriers (Johnson et al., 2017). Recent research has focused on invertebrates and vertebrates in ocean ecosystems to study the origins, evolution, and emergence of terrestrial viruses. Astroviruses in marine mammal hosts including California sea lions (Zalophus californianus), Stellar sea lions (Eumetopias jubatus), and common bottlenose dolphins (Tursiops truncatus) were first reported in 2009 (Rivera et al., 2010). Bayesian and maximum likelihood (ML) phylogenetic methods were recently used to demonstrate that the novel flaviviruses detected in crustaceans are more closely related to terrestrial vector-borne than classical insect-specific flaviviruses (Parry and Asgari, 2019). Therefore, the astroviruses in marine mammals may be closely related to those in terrestrial animals according to phylogenetic analysis. The discovery of new marine mammal viruses is significant for viral phylogenetic analysis and taxonomic research. Here, we used NGS and discovered two novel astroviruses in oral and anal swab samples of walruses and California sea lions. It was established that AstroV-like-HMU-2 is phylogenetically distinct from all other known astroviruses, and the nearly complete genome sequence of AstroV-HMU-1 was determined and characterized.



MATERIALS AND METHODS


Pinniped Swab Samples

Between January and December 2018, 32 oral, nasal, and anal swabs were collected from six walruses (Odobenus rosmarus) and six California sea lions (Z. californianus) presenting with loose stools and housed at the aquaria of Qingdao Polar Haichang Ocean Park and Dalian Sunasia Tourism Holding Co., Ltd., China. The samples were immersed in maintenance medium in virus-sampling tubes (Yocon, Beijing, China), transported on ice to the laboratory within 24 h, and stored at −80°C.



Ethical Animal Treatment Statement

All animals were treated according to the guidelines of the Regulations for the Administration of Laboratory Animals (Decree No. 2 of the State Science and Technology Commission of the People’s Republic of China, 1988). The sampling procedures were approved by the Ethics Committee of Hainan Medical University (Approval No. HMUEC20180059).



Viral Nucleic Acid Library Construction and Next-Generation Sequencing

All 32 samples were combined by species into pool 30 for O. rosmarus and pool 35 for Z. californianus. The samples were passed through 0.45-μm filters. The filtrates were digested with DNase (Applied Biosystems, Santa Clara, CA, United States) and RNase One (Promega, Madison, WI, United States) to remove any unprotected nucleic acids. Total RNA was extracted with a QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany, United States) according to the manufacturer’s instructions. The cDNA was generated with Superscript III Reverse Transcriptase (Invitrogen, Carlsbad, CA, United States) as previously described (Wu et al., 2018). The amplified viral nucleic acid libraries were analyzed with an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, United States). The sequence data were deposited to the National Center for Biotechnology Information (NCBI; Bethesda, MD, United States) sequence reads archive under accession No. PRJNA650224. The raw sequence reads were filtered and valid sequences were obtained using previously described criteria (Yang et al., 2011).



Taxonomic Assignment

Sequence similarity-based taxonomic assignments were conducted as previously described (Yang et al., 2011). Briefly, the viral origin of each read was determined via alignments with the NCBI non-redundant nucleotide (NT) and protein (NR) databases using BLASTn and BLASTx (−E: expected value < 10–5; −F: filter query sequence; default = T). The taxonomies of the aligned reads from all lanes with the highest BLAST scores (E-value < 10––5) were parsed and exported with a MEGAN6 MetaGenome Analyzer1 (Tamura et al., 2013).



Astrovirus Genome Sequencing

Molecular clues from the metagenomic analyses were used to classify the sequence reads into virus families or genera with MEGA 6.2 Representative reads for the novel astrovirus were selected for genome sequencing and used in read-based PCR. Reads with accurate genomic locations were used to design specific nested PCR primers and identify partial genomes. PCR was performed with 2× Taq PCR Mastermix (Tiangen Biotech Co., Ltd., Beijing, China). Two microliters first-round PCR product was used as the template for the second PCR round. The thermal cycling conditions for PCR were 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 52°C for 30 s, 72°C for 45 s, and a final elongation step at 72°C for 10 min. Pool samples 30 and 35 were selected for sequencing. The remaining genomic sequences were analyzed by genome walking and 5′- and 3′-rapid amplification of cDNA ends (RACE; Invitrogen, Carlsbad, CA, United States; TaKaRa Bio Inc., Kusatsu, Shiga, Japan). All primer sequences were based on the newly obtained reads and amplified sequences. The primers used are listed in Supplementary Tables 1, 2).



Prevalence of Astrovirus Infection Among Pinnipeds

Viral RNA was isolated with a QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) using individual samples. The cDNA was generated using random primers and Superscript III Reverse Transcriptase (Invitrogen). The nearly complete genomic sequences of the viruses obtained by end amplification were used to design specific nested primers targeting the non-structural gene for PCR and screen for astroviruses in the oral, nasal, and anal swabs of walruses and California sea lions (Supplementary Table 3). PCR was performed using 2× Taq PCR Mastermix (Tiangen Biotech Co., Ltd., Beijing, China). Two microliters first-round PCR product was used as the template for the second PCR round. The thermal cycling conditions were 94°C for 5 min followed by 35 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 45 s, and a final elongation step at 72°C for 10 min. The PCR products were analyzed by 1.5% agarose gel electrophoresis and ultraviolet imaging.



Genome Annotation

The nucleotide sequences of the genomes and the amino acid sequences of the open reading frames (ORFs) were deduced by comparing the sequences against those of other astroviruses. The conserved protein families and domains were predicted with Pfam,3 Blastp,4 and InterProScan 5 (see text footnote 3). Routine sequence alignments were performed with Clustal Omega.5



Phylogenetic and Recombination Analysis

MEGA6.0 (see text footnote 2), the MUSCLE package,6 and their default parameters were used to align the nucleotide sequences and deduce the amino acid sequences. A phylogenetic tree was constructed by the ML method. The substitution model rtREV and the Freqs (+F) model were run using the model selection function in MEGA6.0 and 1,000 bootstrap replicates. Pairwise amino acid alignment between the novel pinniped astrovirus and the other Astroviridae was performed using the NCBI Basic Local Alignment Search Tool (BLAST).7 The alignments were analyzed with SimPlot v. 3.5.18 using a sliding window of 1,000 nucleotides (nt) in 100-nt steps. Each strain was a query for each run.




RESULTS


Discovery of a Novel Pinniped Astrovirus Through Next-Generation Sequencing

We obtained 3.6 Gb of nucleotide data (34,870,258 valid reads, 150 bp long) from two pools according to species. Reads from archaea, bacteria, microbial eukaryotes such as fungi, and those with no significant similarities to the amino acid sequences in the non-redundant (NR) proteins database were removed. Pool 30 of O. rosmarus with 124,219 reads and pool 35 of Z. californianus with 5,026 reads most closely matched viral proteins from the NR database (∼0.37% of the total). A comparison of the virome composition between walrus and California sea lions is shown in Figure 1. We focused mainly on the mammalian viruses within these families. After excluding phages and insect, fungal, plant, and unclassified viruses, the proportion of reads corresponding to astroviruses accounted for 40.11 and 43.64% of the total mammalian viruses in pools 30 and 35, respectively.
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FIGURE 1. Comparison of virome compositions of walruses and California sea lions. The proportions of viral reads associated with California sea lions and walruses are highlighted in green and red, respectively.




Genome Structure

We obtained a nearly complete genome sequence for the novel California sea lion astrovirus AstroV-HMU-1. We also obtained a complete coding sequence for the non-structural protein of the novel walrus virus AstroV-like-HMU-2 (GenBank accession Nos. MW853971–MW853972). The genome organization of AstroV-HMU-1 was characteristic of a mammalian astrovirus and comparable to those of related mammalian astroviruses (Figure 2). The genome sequence of AstroV-HMU-1 was 5,641 bp long and had 49.6% CG content. The BLAST similarity search revealed reading frame shifts in the translation around 1,642 and 3,205 nt. The capsid protein (CP) consisted of 781 amino acids. The non-structural protein consisted of a viral protease (SP) and a polymerase (Rdrp) which are typical of the astrovirus structure. The partial putative SP was 563 amino acids long and the putative RdRp was 517 amino acids long. The genome identity analysis showed that the CP of AstroV-HMU-1 had 96.71% identity to that of Mamastrovirus 11 (FJ890351) and <63.26% identity with other Mamastroviruses. The partial putative SP of AstroV-HMU-1 shared 58.11% identity with the SP of mink astrovirus (ADR65075) and had <54.20% identity with other Mamastroviruses. The putative RdRp of AstroV-HMU-1 shared 77.50% identity with the RdRp of mink astrovirus (ADR65075) and had <65.03% identity with other Mamastroviruses. However, there were relatively few reads corresponding to the astroviruses of Pool 35. The reads may only be related to the non-structural polyprotein region. We obtained the non-structural polyprotein sequence of AstroV-like-HMU-2 by reads-only PCR, designed specific gene primers, and used the 5′-RACE and 3′-RACE methods to amplify the remaining genome sequence. The amplification results were negative. Hence, we hypothesized that this novel astrovirus may lack poly(A)-tails. We used a Poly(A) Polymerase Kit (TaKaRa Bio Inc., Kusatsu, Shiga, Japan) to add poly(A)-tails to the 3′-hydroxyl end of the viral RNA. We then used the 3′-RACE method to re-amplify the 3′ ends. However, the amplification results remained negative. The non-structural polyprotein of AstroV-like-HMU-2 was 1,247 amino acids long and shared only 36.47% identity with those of bat astrovirus and <36% identity with other mamastroviruses.
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FIGURE 2. Genome organization and comparison of related astroviruses. Novel astroviruses discovered in the present study are highlighted in red.


For the putative non-structural protein, the conserved domains of AstroV-HMU-1 detected by Pfam were trypsin-like peptidase domain (148–268), periplasmic serine protease (123–279), and RNA-dependent RNA polymerase (625–979). The conserved domains of AstroV-like-HMU-2 detected by Pfam were viral methyltransferase (24–222) (involved in mRNA capping), viral RNA helicase (476–726), C-terminal helicase domain (674–726), ATP-dependent exoDNAse (473–739), DEAD-like helicases (456–575), and RdRp (942–1,115). The conserved domains of serine protease and RdRp were typical of astroviruses according to the NS structure but were absent in the NS sequence of AstroV-like-HMU-2. The conserved domains of RdRp were present in both AstroV-HMU-1 and AstroV-like-HMU-2 (Figure 2).



Phylogenetic Analysis and Recombination

A phylogenetic analysis of AstroV-HMU-1 was conducted using 89, 82, and 65 reference CP, RdRp, and SP sequences, respectively, from the Astroviridae in GenBank (accessed August 1, 2021). Evolutionary trees were constructed for the complete protein sequences of SP, RdRp, and CP (Figures 3, 4). The tree topology showed that the CP of AstroV-HMU-1 clustered with other Z. californianus astroviruses among the Mamastrovirus 11 species in genus Mamastrovirus. The tree topology data showed that the RdRp and SP of AstroV-HMU-1 clustered with mink astroviruses in the same branch and comprised a lineage distinct from other sea lion astroviruses. The recombination analyses (Figure 5) showed that the AstroV-HMU-1, SMS-AstV, and VA2/human viruses underwent substantial recombination events in the NS region.
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FIGURE 3. (A) Phylogenetic analyses of SP regions of AstroV-HMU-1 with reference sequences. (B) Phylogenetic analyses of RdRp regions of AstroV-HMU-1 with reference sequences. Maximum likelihood (ML) mtREV with Freqs (+F) model and γ-distributed with invariant sites (G + I) with 1,000 bootstrap replicates performed in MEGA6. Novel astrovirus is indicated by red circles (•). Bootstrap values are shown on branches.
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FIGURE 4. Phylogenetic analyses of CP regions of AstroV-HMU-1 with reference sequences. Maximum likelihood (ML) mtREV with Freqs (+F) model and γ-distributed with invariant sites (G + I) with 1,000 bootstrap replicates performed in MEGA6. Novel astrovirus is indicated by red circles (•). Bootstrap values are shown on branches.
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FIGURE 5. Bootscan analyses based on nearly full-length genomes of AstroV-HMU-1 and Swedish mink brain (GU985458), human VA2/human (GQ502193), and Californian sea lion (JN420359) strains. (A) VA2/human strain used as query sequence in analyses. (B) Swedish mink brain strain used as query sequence in analyses. (C) AstroV-HMU-1 strain used as query sequence in analyses. (D) Californian sea lion strains used as query sequence in analyses. Sliding window of 1,000 nt moving in 100-nucleotide steps.


Phylogenetic analyses of AstroV-like-HMU-2 and AstroV-HMU-1 were conducted using the 16 NS in the positive-sense ssRNA virus related to bastroviruses (Sadeghi et al., 2018). The NS of AstroV-like-HMU-2 was segregated from the Astroviridae in the deep root of the phylogenetic tree (Figure 6) and formed an independent branch with Brazil/sewage, Bastrovirus-like_virus/VietNam/Bat/17819_21, and CAVL/Fresno. AstroV-HMU-1 was closely related to the mink astrovirus. This finding was consistent with results of the phylogenetic analyses of the SP and Rdrp regions.
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FIGURE 6. Phylogenetic analyses of NS regions of AstroV-like-HMU-2. Maximum likelihood (ML) mtREV with Freqs (+F) model and γ-distributed with invariant sites (G + I) with 1,000 bootstrap replicates performed in MEGA6. Novel astrovirus is indicated by red circles (•).




Prevalence of Astrovirus Infection Among Pinnipeds

Based on the genomic sequences of the novel astroviruses, gene-specific nested primers targeting the non-structural region for PCR were designed to screen for novel astroviruses in the mouths, noses, and anuses of pinnipeds. Two oral and three anal swabs of the California sea lions and one anal swab of the walruses were positive for the novel astrovirus. There was 0% positivity (0/4) for the nasal swabs, 14.3% positivity (2/14) for the oral swabs, and 28.6% (4/14) for the anal swabs (Table 1). The positive samples were identified from 939 bp of amplified products for AstroV-HMU-1 and 845 bp of amplified products for AstroV-like-HMU-2.


TABLE 1. Prevalence of AstroV-HMU-1, AstroV-like-HMU-2 in samples of captive walrus, California sea lions from Qingdao and Dalian Ocean Park.
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DISCUSSION

The virome was composed of double-stranded (ds) DNA, dsRNA, retro-transcribing, single-stranded (ss) DNA, and ssRNA viruses and differed between walruses and California sea lions. The virus-associated reads of the California sea lion samples were either assigned to the families Myoviridae, Podoviridae, Siphoviridae, Microviridae, Dicistroviridae, Picornaviridae, Astroviridae, or Retroviridae or were unclassified. The virus-associated reads of the walrus samples were assigned to the families Myoviridae, Podoviridae, Microviridae, Caliciviridae, Dicistroviridae, Astroviridae or unclassified Riboviria viruses. Caliciviridae, Astroviridae, and Picornaviridae include numerous important mammalian viruses. Astrovirus-associated reads were detected in both the walrus and California sea lion samples. The positive rates of astrovirus infection determined for the individual samples reflected the possibility of a high incidence of astrovirus infection in pinnipeds.

The phylogenetic analysis of AstroV-HMU-1 was consistent with the genomic amino acid identity and recombination analyses and showed that the CP was assigned to Mamastrovirus 11 (California sea lion astroviruses) while the RdRp and SP clustered with the mink astroviruses. Hence, the genomes of AstroV-HMU-1, California sea lion 9,822, VA2/human, and mink astrovirus might have recombined long ago and later independently evolved into their natural hosts. Furthermore, Mamastrovirus 11 (FJ890351) is not associated with any genomic information for the NS protein regions in GenBank. Thus, Z. californianus AstroV-HMU-1 was proposed as a new member of the Mamastrovirus 11 species and provided genomic information for the NS protein regions.

The incidence of AstroV-like-HMU-2 was sporadic in samples from captive animals. AstroV-like-HMU-2 was detected in a single anal swab from O. rosmarus. However, the oral and nasal swab samples of this animal were negative. The oral and nasal swabs may not have collected sufficient virus-infected exfoliated host cells. Moreover, AstroV-like-HMU-2 only infected intestinal epithelial cells. The incidence of AstroV-like-HMU-1 was also sporadic. It was detected in only two oral and three anal swabs from Z. californianus. On April 18 and July 10, 2018, both anal swabs for Z. californianus No. 41 were positive. Hence, this individual might have been persistently infected with AstroV-HMU-1. Both oral swabs were also positive for AstroV-HMU-1. The route of astrovirus transmission may be fecal-oral. The pathogen could also be food- or water-borne (Walter and Mitchell, 2000). However, both corresponding anal swabs were negative for AstroV-HMU-1. In general, the positive rate for AstroV-HMU-1 was relatively low in Z. californianus even when positive oral or anal swabs were obtained. There was no direct evidence that AstroV-HMU-1 was associated with diarrhea, but it was nonetheless a possibility as California sea lions normally produce strip-like feces rather than loose stools.

According to the ICTV (Monroe et al., 2005), walruses are hosts of AstroV-like-HMU-2. Furthermore, the non-structural polyprotein of AstroV-like-HMU-2 shared <36.47% identity with those of other astroviruses. The NS of AstroV-like-HMU-2 segregated from the Astroviridae in the deep root of the phylogenetic tree. We propose that AstroV-like-HMU-2 is a novel species among the unclassified astroviruses. However, the astroviruses were classified on the basis of ORF2. Complete genome sequence information is required to determine whether AstroV-like-HMU-2 is, in fact, a new species. Future research should continue to elucidate the genomes of these viruses. Current astrovirus classification criteria do not accommodate the categorization of novel astroviruses. The Astroviridae may also include other genera besides Mamastrovirus and Avastrovirus. To confirm this theory, complete genome sequences of novel astroviruses should be uploaded to GenBank.

The novel pinniped astrovirus discovered and characterized here is a source of new genomic information that expands virological classification and provides a scientific basis for further investigations into animal-borne viral diseases.
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FOOTNOTES

1
https://software-ab.informatik.uni-tuebingen.de/download/megan6/welcome.html

2
https://www.megasoftware.net/

3
http://www.ebi.ac.uk/services/proteins

4
https://blast.ncbi.nlm.nih.gov

5
http://www.ebi.ac.uk/Tools/

6
https://rdrr.io/bioc/muscle/man/muscle-package.html

7
https://blast.ncbi.nlm.nih.gov/Blast.cgi

8
https://sray.med.som.jhmi.edu/SCRoftware/SimPlot/
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Samples found to be positive or negative by nested-PCR are indicated by + or — signs, respectively. Null indicates that the sample was not collected.





