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Abstract

:

Via virome sequencing, six viruses were detected from Magnaporthe oryzae strains YC81-2, including one virus in the family Tombusviridae, one virus in the family Narnaviridae and four viruses in the family Botourmiaviridae. Since the RNA-dependent RNA polymerase (RdRp) of one botourmiavirus show the highest identity (79%) with Magnaporthe oryzae ourmia-like virus 1 (MOLV1), the virus that was grouped into the genus Magoulivirus was designated as Magnaporthe oryzae botourmiavirus 2 (MOBV2). The three other novel botourmiaviruses were selected for further study. The complete nucleotide sequences of the three botourmiaviruses were determined. Sequence analysis showed that virus 1, virus 2, and virus 3 were 2598, 2385, and 2326 nts in length, respectively. The variable 3′ untranslated region (3′-UTR) and 5′-UTR of each virus could be folded into a stable stem-loop secondary structure. Each virus consisted of a unique ORF encoding a putative RdRp. The putative proteins with a conserved GDD motif of RdRp showed the highest sequence similarity to RdRps of viruses in the family Botourmiaviridae. Phylogenetic analysis demonstrated that these viruses were three distinct novel botourmiaviruses, clustered into the Botourmiaviridae family but not belonging to any known genera of this family. Thus, virus 1, virus 2, and virus 3 were designated as Magnaporthe oryzae botourmiavirus 5, 6, and 7 (MOBV5, MOBV6, and MOBV7), respectively. Our results suggest that four distinct botourmiaviruses, MOBV2, MOBV5, MOBV6, and MOBV7, co-infect a single strain of Magnaporthe oryzae, and MOBV5, MOBV6, and MOBV7 are members of three unclassified genera in the family Botourmiaviridae.
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1. Introduction


Mycoviruses, viruses of fungi, are ubiquitous and diverse in all major phyla of fungi [1]. They can cause a variety of different consequences after infecting their hosts. Most mycoviruses usually remain latent in their host without causing any symptoms [1], while a few mycoviruses cause a series of debilitating symptoms, including irregular growth, abnormal pigmentation, altered sexual reproduction, attenuation of virulence (hypovirulence), and so on [1]. A few mycoviruses even confer increased virulence (hypervirulence) to their hosts [2,3].



The genomes of most mycoviruses are double-stranded RNA (dsRNA) or linear positive-sense single-stranded RNA (+) ssRNA [4]. Only a few mycovirus genomes have been reported to consist of linear negative-sense single-stranded RNA (–) ssRNA [5,6], or circular single-stranded DNA (ssDNA) [7,8,9,10]. As novel unclassified mycoviruses are constantly being discovered, the taxonomy of mycoviruses is frequently being updated. So far, known linear (+) ssRNA mycoviruses have been classified into six families: Alphaflexiviridae, Barnaviridae, Gammaflexiviridae, Deltaflexiviridae, Narnaviridae, and Botourmiaviridae [5,11]. Among them, Botourmiaviridae, a new family established by the International Committee on the Taxonomy of Viruses (ICTV) [11], is divided into four genera: one plant virus genus, Ourmiavirus, including plant ourmiaviruses, and three mycovirus genera, Scleroulivirus, Botoulivirus, and Magoulivirus, that include botourmiaviruses (previously named ourmia-like mycoviruses). However, several botourmiaviruses do not belong to the above three mycovirus genera, and have been clustered into an undefined clade.



The first mycovirus in Magnaporthe oryzae, the pathogen of rice blast, was discovered in 1971 [12]. Since then, mycoviruses in six families have been found to be associated with M. oryzae. Of these mycoviruses, dsRNA viruses are clustered into three families: Magnaporthe oryzae virus 1, 2, and 3 (MoV1, MoV2, and MoV3) are classified into the family Totiviridae [13,14,15]. Magnaporthe oryzae chrysovirus 1A, B, C, and D (MoCV1-A, MoCV1-B, MoCV1-C, MoCV1-D) are grouped into the family Chrysoviridae [14,16,17,18]. Magnaporthe oryzae partitivirus 1 [19], 2 [20], and 3 belong to the family Partitiviridae. In addition, several (+) ssRNA mycoviruses have also been found to be associated with M. oryzae. Among them, Magnaporthe oryzae virus A is closely related to plant viruses of the family Tombusviridae. Magnaporthe oryzae ourmia-like virus 1 (MOLV1) and Magnaporthe oryzae ourmia-like virus 4 (MOLV4) are in the family Botourmiaviridae [21,22,23]. Another three botourmiaviruses, Pyricularia oryzae ourmia-like viruses 1 to 3, have been identified from the P. oryzae isolate infecting wheat [24]. Recently, the first narnavirus infecting M. oryzae, in the family Narnaviridae, Magnaporthe oryzae narnavirus virus 1 (MoNV1), was identified [25].



To the best of our knowledge, only four dsRNA mycoviruses in two families, Chrysoviridae and Partitiviridae, have been reported to impact the the biological characteristics of their fungal host, M. oryzae. Among them, three chrysoviruses, MoCV1-A, MoCV1-B, and MoCV1-D, confer hypovirulence to M. oryzae. The infection of these hypovirulent viruses diminishes the pathogenicity of their fungal hosts by changing the biological characteristics of M. oryzae, such as by impairing hyphal growth, causing abnormal colony morphology, and reducing pigmentation [16]. In addition, Magnaporthe oryzae partitivirus 2 (MOPV2) has also been identified to be associated with the conidiation and pathogenicity of M. oryzae [20]. After infection with MOPV2, M. oryzae sporulation and virulence to barley substantially decreased. However, the effects of the (+) ssRNA mycovirses from three families, Tombusviridae, Narnaviridae, and Botourmiaviridae, on M. oryzae have not been previously mentioned.



A single fungal strain can generally be infected by multiple mycoviruses. This kind of co-infection can be facilitated by chemical compound- or virus-mediated suppression of heterogenic recognition and RNA silencing [26,27,28,29]. In addition to being used to study the diversity of mycoviruses and the virus–fungus interaction, fungi that are co-infected by multiple mycoviruses are also ideal materials for studying the interaction between viruses [30]. So far, several virus–virus interactions have been recognized, such as synergistic interactions [31,32], mutualistic interactions [33,34,35,36], antagonistic interactions [27], and induced genome rearrangement [37,38,39]. There is also some evidence that the co-infections of mycoviruses with distantly related partners are more stable than that of related viruses [40,41].



In this study, to expand the knowledge of mycoviral diversity in M. oryzae, we isolated and characterized four novel (+) ssRNA botourmiaviruses, designated as Magnaporthe oryzae botourmiavirus 2 (MOBV2), MOBV5, MOBV6, and MOBV7, from a single M. oryzae strain, YC81-2, that was isolated from a field in China. Sequence evaluations and phylogenetic analysis of their RdRps showed that MOBV2 belongs to the genus Magoulivirus, while MOBV5, MOBV6, and MOBV7 are clustered into three undefined clades.




2. Materials and Methods


2.1. Fungal Isolates and Growth Conditions


Diseased rice leaf samples with the typical symptoms of rice blast were collected from a rice field in Yichang, Hubei province, P. R. China. Single-spore (asexual spore) isolation was performed from lesions of the diseased rice leaf samples. Then, a single-spore isolate, YC81-2, was selected for further study. A virus-free M. oryzae strain, P131, was used as a control [42]. The colony morphology of the strains YC81-2 and P131 on Potato Dextrose Agar (PDA) was observed at 7 and 9 days after inoculation (dai). Both strains were also incubated at 28 °C on PDA covered with cellophane for 5 days, and hyphal morphology was observed by a light microscope. The colony diameters of the two strains were recorded at 3, 5, 7, and 9 dai to calculate the growth rate of each strain. To harvest mycelia for nucleic acid extraction, strain YC81-2 was incubated on PDA covered with cellophane membrane at 28 °C for 7 days. All strains were stored on PDA slants at 4 °C.




2.2. RNA Extraction and Purification


For RNA extraction, a fresh mycelial sample of strain YC81-2 was ground into fine powder in liquid nitrogen. To detect RNA viruses in strain YC81-2, dsRNA extraction was performed as previously described [43]. The dsRNA was analyzed by electrophoresis using 1.5% agarose gel. All dsRNA samples were treated with both DNase I and S1 nuclease before electrophoresis. Total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s protocol. RNase-free DNase was used to remove DNA contaminations. Total RNA was dissolved in sterilized diethylpyrocarbonate (DEPC) water and was stored at −80 °C. The concentration of the purified RNA was measured using a Thermo Scientific™ NanoDrop 2000 Spectrophotometer (Wilmington, DE, USA). The quality of total RNA was detected by agarose gel electrophoresis.




2.3. cDNAs Cloning and Sequencing


Virome sequencing was carried out on the Illumina HiSeq2000/2500 platform by GENEWIZ Technology Services (Suzhou, China). In brief, one microgram of total RNA was used to obtain ribosomal-depleted RNA and construct a cDNA library using a VAHTSTM Total RNA-seq (H/M/R) Library Prep Kit for Illumina (Vazyme Biotech Co., Nanjing, China). After sequencing, adapter-polluted, contaminated, paired-end reads shorter than 100 bp, low quality, high content of unknown base (N) reads, and the RNA and DNA sequences of M. oryzae were filtered out from the raw data. Then, de novo assembly was performed with CLC Genomics Workbench (version: 6.0.4). Primary UniGenes were spliced to generate final UniGenes using CAP3 EST. The final UniGenes were then subjected to BLAST, using BLASTx to search for homology with viral sequences against non-redundant (NR). The contigs corresponding to the same viruses were assembled to generate viral fragments by DNAMAN.



The ligase-mediated terminal amplification was performed to determine the terminal sequences of the viruses [44]. The adapter pC3-T7 loop (5′-p-GGATCCCGGGAATTCGGTAATACGACTCACTATATTTTTATAGTGAGTCGTATTA-OH-3′) was ligated to the 3′ and 5′ ends by T4 RNA ligase (Axygen, Wuhan, China). The PC3-T7 loop-ligated ssRNA was purified, denatured in dimethyl sulfoxide (Sigma-Aldrich, Shanghai, China), and then reversely transcribed into cDNA. The terminal sequences of the viral cDNA were amplified with the primer PC2 (5′-p-CCGAATTCCCGGGATCC-3′), a complementary primer to the PC3-T7 loop, and sequence-specific primer F1 or R1, corresponding to the 5′- or 3′-terminal sequences of all viral fragments. Then, using the first round PCR products as templates, primer pairs PC2/F2 and PC2/R2 were applied to conduct Nested PCR amplification of the 5′- and 3′-ends of the viruses, respectively. After purification with a gel extraction kit (Axygen, Wuhan, China), the purified PCR amplicons were cloned into the pMD18-T vector (TaKaRa, Dalian, China) and sequenced. The experiment was repeated three times independently. Primers used in this study are listed in Table S1.




2.4. Sequence Analysis


The ORFs of the viruses were predicted based on standard genetic code, and their homologous amino acid sequences were searched in the NCBI database, using ORF finder and the BLASTp programs, respectively. Sequence alignment was performed using the CLUSTALX 1.8 program [45]. Annotation of the conserved sequences was carried out using GeneDoc [46]. The percent identities matrix among the RdRp proteins of the botourmiaviruses was generated as Gilbert et al. described [47]. Percent identities were evaluated via multiple sequence alignment using Clustal Omega [48]. Then, the matrix was converted to heat map plots using a custom R script. A phylogenetic tree was constructed using MEGA software version 6.0 by the maximum likelihood (ML) method, with 1000 bootstrap replicates [49]. The secondary structures of the viral genome termini at the 5′ and 3′ ends were predicted via the RNAfold Webserver [50].





3. Results


3.1. Characteristics of Strain YC81-2


The morphological characteristics of the strains YC81-2 and P131 on PDA were observed. The colony of strain YC81-2 was black and flat, with little mycelia. The colony of strain P131 was grayish white and flat, with dense mycelia (Figure 1A). There was no significant difference in the mycelial growth rate and hyphal tip morphology (Figure 1B,C). Using agarose gel electrophoresis analysis, multiple bands were observed in the dsRNA sample of strain YC81-2, while no band was detected in the dsRNA sample of virus-free strain P131 (Figure 1D). This result indicates that strain YC81-2 might be infected with several RNA viruses.




3.2. Four Novel (+) ssRNA Magnaporthe Oryzae Botourmiaviruses


To identify the bands in strain YC81-2, high-throughput sequencing was carried out. Via virome sequencing of YC81-2, a total of six mycoviruses were detected, including an identified virus in the family Tombusviridae, Magnaporthe oryzae virus A (MoVA), one novel virus in the family Narnaviridae, named as Magnaporthe oryzae narnavirus virus 2 (MoNV2), and four novel viruses in the family Botourmiaviridae. Based on the alignment with non-redundant protein sequence collection in the NCBI database using BLASTp, the RdRp of one novel botourmiavirus displayed the highest identity with the RdRp of MOLV1. Thus, this virus was classified in the genus Magoulivirus and designated as Magnaporthe oryzae botourmiavirus 2 (MOBV2). The other three novel botourmiaviruses were selected for further study. Since five botourmiaviruses (previously named ourmia-like mycoviruses), MOLV1, MOLV4, PoOLV1, PoOLV2, and PoOLV3, had been found in M. oryzae, the viruses found in this study were designated as MOBV5, MOBV6, and MOBV7, respectively. The 5′- and 3′-ends of each viral cDNA were determined using ligase-mediated terminal amplification (Figure 2B). The partial sequences of MoNV2 and MOBV2 were submitted to NCBI with the accession numbers provided as MW117114 and MW117115. Molecular characterization of the whole viral genomes is still underway.



3.2.1. Molecular Characterization of the Three Botourmiaviruses


The complete nucleotide sequences of MOBV5, MOBV6, and MOBV7 were assembled by DNAMAN. The schematic representations of their genomic organization are shown in Figure 2B. The full-length cDNA sequences of MOBV5, MOBV6, and MOBV7 were deposited in the Genbank database under accession numbers MN648455, MN971591, and MN971592, respectively. The three mycoviruses were previously designated as Magnaporthe oryzae ourmia-like mycoviruses 5, 6, and 7 (MOLV5, MOLV6, and MOLV7) when we uploaded the information of the three mycoviruses to NCBI. In this study, ICTV MOLV5, MOLV6, and MOLV7 were modified to MOBV5, MOBV6, and MOBV7, respectively, according to ICTV recommendations.




3.2.2. MOBV5


Sequence analysis of the full-length cDNA indicated that the MOBV5 genome (Figure 2B) was a (+) ssRNA molecule with a length of 2598 nts and a C+G content of 53.8%. ORF prediction revealed that MOBV5 consisted of a unique ORF of 2046 nts (nt positions 482–2527), which encoded a 681 amino acid (aa) residue polypeptide with a calculated molecular mass of 76.5 kDa. The 5′- untranslated region (UTR) of MOBV5 was determined to be 481 nts long. The 3′-UTR was relatively short, at only 71 nts long. BLASTp alignment of its RdRp indicated that MOBV5 showed the highest (E-value: 0; query cover: 75%) amino acid identity (51%) with Pyricularia oryzae ourmia-like virus 1 (PoOLV1) (Figure 2A).




3.2.3. MOBV6


MOBV6 was also found to be a (+) ssRNA virus (Figure 2B). It was determined that the full-length nucleotide sequence of its cDNA was 2385 nts in length and the C+G content was 55.3%. Like MOBV5, MOBV6 was also composed of a 1989 nt unique putative ORF from nt positions 28 to 2016, that encoded a deduced protein of 662 aa residues with a calculated molecular mass of 72.73 kDa. Its 5′- UTR and 3′-UTR were 27 and 369 nts, respectively. The RdRp of MOBV6 showed the highest sequence similarity to that of Pyricularia oryzae ourmia-like virus 2 (PoOLV2, identity: 34%, E-value: 9 × 10−16; query cover: 30%), as shown in Figure 2A.




3.2.4. MOBV7


The complete nucleotide sequence of MOBV7′s cDNA was 2326 nts in length (Figure 1E). The C+G content was 52.7%. There was only one ORF of 1983 nt (nt positions 73–2055) in the genome of MOBV7. The ORF encoded a polypeptide of 660 aa residues with a calculated molecular mass of 75.4 kDa. The 5′ and 3′-UTRs of MOBV7 were 72 and 271 nts in length, respectively. The RdRp of MOBV7 was most closely related to Soybean leaf-associated ourmiavirus 2 (SLOV2, identity: 30%, E-value: 4 × 10−42; query cover: 64%) in the genus Scleroulivirus (Figure 2A).





3.3. Predicted Secondary Structures of the 5′ and 3′ Terminal Regions


The potential terminal stable stem-loop secondary structures of the 5′ and 3′-terminal sequences of MOBV5, MOBV6, and MOBV7 were predicted via the RNAfold web server. The 5′-terminal sequence (nt positions 1–30) and the 3′-terminal sequence (nt positions 2576–2598) of MOBV5 could be folded into terminal stable stem-loop structures with ΔG values of −14.00 and −9.40 kcal/mol, respectively (Figure 3A). The MOBV6 5′-terminal sequence (nt positions 5–25) and the 3′-terminal sequence (nt positions 2355–2385) could be folded into terminal stable stem-loop structures with ΔG values of −2.80 and −7.60 kcal/mol, respectively (Figure 3B). Both the 5′-terminus (nt positions 3–30) and the 3′-terminus (nt positions 2297–2326) of MOBV7 could be folded into potential stem-loop structures with a ΔG values of −14.00 and −1.70 kcal/mol, respectively (Figure 3C).




3.4. Alignment and Phylogenetic Analysis of Viral RdRps


Based on multiple alignments and a conserved domain database search with the previously identified Magnaporthe botourmiaviruses, typical conserved motifs of the RdRps of (+) ssRNA mycoviruses [51], including the highly conserved core domain GDD in motif VI, were identified in MOBV5, MOBV6 and MOBV7 (Figure 4).



To define the evolutionary relationship of MOBV2, MOBV5, MOBV6, and MOBV7, a phylogenetic tree was constructed using the maximum likelihood (ML) method with 1000 bootstrap interactions for the complete RdRp amino acid sequences of viruses from the families Botourmiaviridae and Narnaviridae (Figure 5). The ML phylogenetic tree displayed three major clades, of which the first two clades grouped viruses in the family Naranaviridae (mitovirus and narnavirus), while the third clade embraced viruses of the new proposed and accepted family Botourmiaviridae. Botourmiaviruses were clustered into four classified genera and two unclassified groups in the phylogenetic tree. The phylogenetic tree showed that MOBV5, MOBV6, and MOBV7 indeed belonged to the family Botourmiaviridae, but were not clustered into any classified genera. They were relatively distant from MOLV1, which belongs to the genus Magoulivirus. MOBV2 was grouped into the genus Magoulivirus. The results suggest that new genera should be supposed in the family Botourmiaviridae to embrace the new members.





4. Discussion


In this study, four novel (+) ssRNA mycoviruses (MOBV2, MOBV5, MOBV6, and MOBV7) that co-infect an isolate of the plant pathogenic fungus M. oryzae were identified via virome sequencing. Of them, the RdRp of MOBV2 displayed 79% identity with that of MOLV1 and belongs to the genus Magoulivirus. Using ligase-mediated terminal amplification, the full-length nucleotide sequences of MOBV5, MOBV6, and MOBV7 cDNAs were determined as 2598, 2385, and 2326 nts, respectively. The genome of each virus consists of a single unique ORF. The proteins encoded by MOBV5, MOBV6, and MOBV7 show 52%, 34%, and 34% amino acid sequence identity with RdRps of three botourmiaviruses in the family Botourmiaviridae; PoOLV1, PoOLV2, and SLOV2, respectively. Multiple alignments with the RdRps of certain botourmiaviruses showed that these proteins contain conserved domains of the RdRp in (+) ssRNA viruses (motifs I-VIII) [22,51], including the highly conserved core domain GDD (motif VI). Moreover, phylogenetic analysis demonstrated that MOBV5, MOBV6, and MOBV7 belong to the family Botourmiaviridae, but are significantly distant from known Botourmiaviruses, and are not clustered into any classified genera in this family.



The family Botourmiaviridae was established by ICTV in 2018, and includes viruses that infect plants and filamentous fungi containing a (+) ssRNA genome that could be mono- or multi-segmented. It consists of four genera: Ourmiavirus (plant viruses), Botoulivirus, Magoulivirus, and Scleroulivirus (fungal viruses). Members of the genera Botoulivirus, Magoulivirus, and Scleroulivirus that infect fungi have a genome with a single segment of 2000–3200 nts encoding an RdRp. The demarcation criteria for these three mycovirus genera are based on differences in the RdRp amino acid sequence. Members of different genera in the family Botourmiaviridae should be >70% different in their complete RdRp amino acid sequence. However, in the last two years, several ourmia-like viruses that could not be classified into any of these three established genera have also been reported, such as SsOLV4, PoOLV1, and MOLV4. The identities of amino acid sequences of these are all lower than 30% compared with representative mycoviruses (BOLV, MOLV1 and SsOLV1) in three established genera [23,24], which indicates the underestimated viral diversity in the family Botourmiaviridae. Our results also demonstrate that compared with BOLV, MOLV1, or SsOLV1, the identities of the amino acid sequences of MOBV5, MOLV6, and MOLV7 were all close to or lower than 30%. We also compared the identities of amino acid sequences between MOBV5 and MOBV6 (28%), MOBV5 and MOBV7 (27%), and MOBV6 and MOBV7 (31%). Taken together, these results indicate that MOVB5, MOBV6, and MOBV7 cannot be classified into any of the three established genera, and each of them may represent a new genus.



Due to the simple single strand structure, the botourmiaviruses in the family Botourmiaviridae might evolve quickly and have diverse functions. Their terminal sequences exhibit several different structural features. For example, MOLV1 and MOLV4 have 3′- and 5′-UTRs with variable lengths and sequences, which can be folded into a stable stem-loop secondary structure. BOLV contains stretches of 28 and 50 nt sequences at the 5′- and 3′- non coding regions (NCRs) that can form a slightly less stable stem-loop structure [52]. Furthermore, the 5′- and 3′-terminuses of Sclerotinia sclerotiorum ourmia-like virus 4 (SsOLV4) harbor a G-pentamer (GGGGG) and a C-pentamer (CCCCC), respectively, which is similar to the narnaviruses in Saccharomyces [53]. The typical botourmiaviruses are not polyadenylated at their 3′-NCR. However, MOLV1, a representative isolate of the genus Magoulivirus, has a poly (A) tail at its 3′-end. In mycoviruses, this structure was first reported in SsMV2/KL-1, a mitovirus infecting Sclerotinia sclerotiorum [54], and was hypothesized to provide a recognition site for RdRp and/or protect the virus genome from fungal enzymatic degradation [55,56]. Moreover, the predicted secondary structure of PoOLV1 RNA indicated that its 5′-NCR might be folded into two stable stem loop structures, with a region matching with its associated RNA (ARNA), which would facilitate the recognition of other segments. The 3′-NCR of PoOLV3 also shares a stretch of 255 nt with ARNA3 at the 5′ half region [24]. Our present study supported the hypothesis that the 5′- and 3′-ends of botourmiaviruses are varied. Two NCRs of MOBV5, MOBV6, and MOBV7 can be folded into stable stem-loop secondary structures. The length of the 3′-UTRs of MOBV5, MOBV6, and MOBV7 are 71, 369, and 271 nts, respectively, which are longer than that of MOLV4 (29 nts), but shorter than that of MOLV1 (430 nts). Although MOBV5, with a 481 nt 5′-UTR, exhibited a high identity with PoOLV1, no ARNA was detected in our sequencing data. Furthermore, MOBV6 also has a seven nt poly (A) tail at its 3′-terminal. In addition to MOLV1, it is the second botourmiavirus that has been found to be polyadenylated at the 3′-NCR in the family Botourmiaviridae associated with M. oryzae.



So far, none of the mycoviruses in the family Botourmiaviridae have been found to be associated with fungal hypovirulence. However, mitoviruses that belong to the genus Narnaviridae and are closely related to botourmiavirus have been found to be relevant to the variable virulence of their fungal hosts. For example, Cryphonectria cubensis mitovirus 1b and Cryphonectria cubensis mitovirus 2a have no significant impact on their hosts [57]. On the other hand, Botrytis cinereal mitovirus 1 (BcMV1) can strongly debilitate its host and reduce its pathogenicity [58]. The co-infection of several mitoviruses also confers hypovirulence to their hosts [59]. Whether there are any hypovirulent or hypervirulent mycoviruses in the family Botourmiaviridae is still unknown. It has been reported that certain mycoviruses infecting M. oryzae, such as MoCV1-C, MoV3, and MOPV2, have been successfully removed from their fungal hosts through single-spore isolation. However, in the present study, we failed to generate any virus-free strains of YC81-2 using the same strategy. This result indicates that MOBV2, MOBV5, MOBV6, and MOBV7 might vertically transfect via spores. In follow-up research, we will try to obtain virus-free strains using other methods, such as protoplast regeneration technology, to determine the impact of the four botourmiaviruses investigated here on host pathogenicity and the interactions among themselves.
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Figure 1. Morphological characteristics and dsRNA content of strains YC81-2 and P131. (A) Colony morphology of strain YC81-2 and P131 on PDA was observed at 7 and 9 days after inoculation (dai). (B) The growth rate was calculated by recording the colony diameters of the two strains at 3, 5, 7 and 9 dai, which showed that there was no significant difference between these two strains. Three independent replicates were performed. The values are means ± S.E. NS indicates no significance (p < 0.01, one-way ANOVA). (C) Hyphal morphology of strains YC81-2 and P131. Both strains were incubated at 28 °C on PDA covered with cellophane for 5 days, and the hyphal morphology was observed by a light microscope. Scale bars shown in the pictures are 10 µm. The hyphal tips of the two strains showed no differences from each other. (D) Agarose gel electrophoresis analysis of dsRNA extracted from the strains YC81-2 and P131. dsRNA samples were loaded into a 1.5% agarose gel. Multiple bands were observed in the dsRNA sample of YC81-2. 
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Figure 2. Analyses of three newly identified (+) ssRNA viral genomes and viruses belonging to the family Botourmiaviridae and the viral genome organization. (A) Percent identity matrix of the viral RdRP sequences generated by Clustal-Omega 2.1. Cutoff values were 25%. The viruses identified in this study are represented in red. (B) Schematic representation of the MOBV5, MOBV6, and MOBV7 genome organizations. Each virus contained a single open reading frame (ORF) encoding a putative RNA-dependent RNA polymerase (RdRp), and 5′and 3′ untranslated regions (UTRs). 
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Figure 3. Predicted secondary structures of the MOBV5, MOBV6, and MOBV7 terminal sequences. (A) The predicted secondary structures of the 5′- and 3′- terminal sequences of MOBV5. (B) The predicted secondary structures of the 5′- and 3′- terminal sequences of MOBV6. (C) The predicted secondary structures of the 5′- and 3′- terminal sequences of MOBV7. The RNAfold server was used for predicting the secondary structures of the termini, and for calculating the free energies as well. The 5′ and 3′-terminal sequences of each virus are folded to form potential stable stem-loop structures. 
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Figure 4. Multiple alignment of the amino acid sequences of RdRp encoded by MOBV5, MOBV6, and MOBV7 and previously identified Magnaporthe oryzae ourmia-like viruses (MOLV1 and MOLV4). The conserved motifs in the RdRp of the compared viruses are shown by roman numerals I to Ⅷ. Identical residues are color-highlighted with a black shadow, while conserved and semi-conserved amino acid residues are colored-highlighted with a gray shadow. The red box in domain VI showed the highly conserved GDD motifs in botourmiaviruses. The multiple sequence alignment was performed using the CLUSTALX 1.8 program. 
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Figure 5. A maximum likelihood phylogenetic tree constructed based on an alignment of the respective RdRp amino acid sequences of MOBV2, MOBV5, MOBV6, MOBV7, and MoNV2 against other members of the families Botourmiaviridae and Narnaviridae. There were four established genera in the family Botourmiaviridae. MOBV2 was grouped into the genus Magoulivirus, while MOBV5, MOBV6, and MOBV7 (indicated with red dots) were grouped into three different clusters with certain unclassified Botourmiaviruses. Bootstrap values (%) obtained with 1000 replicates are indicated on branches. The names and GenBank accession numbers of other viruses are shown. 
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