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Abstract

:

A novel mycovirus named Fusarium oxysporum alternavirus 1(FoAV1) was identified as infecting Fusarium oxysporum strain BH19, which was isolated from a fusarium wilt diseased stem of Lilium brownii. The genome of FoAV1 contains four double-stranded RNA (dsRNA) segments (dsRNA1, dsRNA 2, dsRNA 3 and dsRNA 4, with lengths of 3.3, 2.6, 2.3 and 1.8 kbp, respectively). Additionally, dsRNA1 encodes RNA-dependent RNA polymerase (RdRp), and dsRNA2- dsRNA3- and dsRNA4-encoded hypothetical proteins (ORF2, ORF3 and ORF4), respectively. A homology BLAST search, along with multiple alignments based on RdRp, ORF2 and ORF3 sequences, identified FoAV1 as a novel member of the proposed family “Alternaviridae”. Evolutionary relation analyses indicated that FoAV1 may be related to alternaviruses, thus dividing the family “Alternaviridae” members into four clades. In addition, we determined that dsRNA4 was dispensable for replication and may be a satellite-like RNA of FoAV1—and could perhaps play a role in the evolution of alternaviruses. Our results provided evidence for potential genera establishment within the proposed family “Alternaviridae”. Additionally, FoAV1 exhibited biological control of Fusarium wilt. Our results also laid the foundations for the further study of mycoviruses within the family “Alternaviridae”, and provide a potential agent for the biocontrol of diseases caused by F. oxysporum.
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1. Introduction


Mycoviruses are a group of viruses that infect filamentous fungi, yeasts and oomycetes. Until recently, the National Center of Biotechnology Information (NCBI) database contained more than 300 mycoviral sequences, divided into at least 19 families by the International Committee for Taxonomy of Viruses (ICTV) [1]. Mycoviruses contain double-stranded RNA (dsRNA), positive single-stranded RNA (+ssRNA), negative single-stranded RNA (-ssRNA) and single-stranded DNA (ssDNA) as their genome [2,3,4]. Double-stranded RNA (dsRNA) mycoviruses are classified into seven families: Totiviridae, Endornaviridae, Partitiviridae, Chrysoviridae, Megabirnaviridae, Quadriviridae and Reoviridae, and one genus, Botybirnavirus [5,6].



Many mycoviruses affect fungal virulence and some can cause alterations in host phenotypes, reducing or enhancing virulence [2,7,8,9,10,11,12]. This property of mycoviruses, which reduces the ability of their fungal hosts to cause disease, is termed hypovirulence [2,4]. Hypovirulent mycoviruses have the potential to elicit biological control of plant pathogenic fungal diseases [2,4,12]. Typical examples of hypovirulent mycovirus application include Cryphonectria hypovirus 1 (CHV1), which is used to control chestnut blight caused by Cryphonectria parasitica in Europe, and the Sclerotinia sclerotiorum hypovirulence-associated DNA virus 1 (SsHADV-1), which is used to control stalk break caused by Sclerotiorum sclerotiorum [13,14,15,16]. In recent years, many hypovirulence-associated mycoviruses have been found in other plant pathogenic fungi, such as Botryosphaeria cinerea debilitation-related virus (BcDRV), Botryosphaeria dothidea Chrysovirus 1 (BdCV1), Rhizoctonia solani partitivirus 2 (RSPV2), Rhizoctonia solani endornavirus 1 (RsEV1) and Colletotrichum liriopes partitivirus 1 (ClPV1) [17,18,19,20].



Further studies have revealed many novel viruses that differ obviously from already-known viruses. For example, Hammond et al. (2008) reported a novel mycovirus, Aspergillus mycovirus 341 (AsV341), from Aspergillus niger [21]. The closest known relative of the AsV341 was a totivirus, Sphaeropsis sapinea RNA virus 2 (SsRV2), from Sphaeropsis sapinea [21]. SsRV2 contains only one genomic RNA segment (5202 bp) and is a typical totivirus, based on the sequence characteristics identified and phylogenetic analysis with other known totiviruses [22]. Moreover, AsV341 contains four segments (between 1.5 and 3.6 kbp), and the amino acid identity and similarity levels between AsV341 and SsRV2 are only 15.2% and 27.8%, respectively [21]. Thus, AsV341 is obviously different from the known totivirus, even though its closest relative is SsRV2 [21]. Aoki et al. (2009) reported a novel mycovirus, Alternaria alternata virus 1 (AaV1), from Alternaria alternata, which is similar to AsV341, following an analysis of its sequence characteristics and multiple alignment. However, phylogenetic analysis showed that AaV1 and AsV341 did not cluster with any mycovirus family [23]. In 2013, Kozlakidis et al. [24] reported a novel mycovirus (Aspergillus foetidus virus (AfV)), which was similar to both AaV1 and AsV341, and proposed a new genus, Alternavirus, and a new family, “Alternaviridae”, to accommodate the three viruses. Subsequently, several mycoviruses were sequenced and identified as potential members of the proposed “Alternaviridae” family, including Fusarium poae alternavirus 1 (FpAV 1), Fusariumm graminerarum alternairus 1 (FgAV 1), Aspergillus heteromorphus alternavirus 1 (AheAV1) and Fusarium incarnatum alternavirus 1 (FiAV 1) [25,26,27,28]. Until recently, mycovirus classification into the proposed family “Alternaviridae” was based on phylogenetic analysis of RNA-dependent RNA polymerase (RdRp) sequences. Some genomes of viruses belonging to the proposed family “Alternaviridae” contained three dsRNA segments, while others comprised four dsRNA segments.



Fusarium oxysporum is an important plant pathogenic fungus that causes vascular wilt in a wide variety of agricultural crop species [29]. Biocontrol agents, such as plant growth- promoting rhizobacteria (PGPR) strains and nonpathogenic F. oxysporum strains, have proven to be effective tools for controlling plant diseases caused by F. oxysporum [30,31]. As more hypovirulence-associated mycoviruses have been investigated in attempts to control crop diseases, new insights and explorations regarding biological control using hypovirulence-associated mycoviruses to control plant diseases caused by F. oxysporum [4,32,33] have become available. To our knowledge, six mycoviruses have been reported in F. oxysporum. These include Fusarium oxysporum chrysovirus 1 (FoCV1), Fusarium oxysporum f.sp. dianthi mycovirus 1 (FodV1), classified as family Chrysoviridae; Fusarium oxysporum f. sp. dianthi mitovirus 1 (FodMV1), classified as family Narnaviridae; Fusarium oxysporum f. sp. dianthi hypovirus 2 (FodHV2), classified as family Hypoviridae; Hadaka Virus 1 (HadV1), classified as family Polymycoviridae; and Fusarium oxysporum ourmia-like virus 1 (FoOuLV1), classified as family Botourmiaviridae [34,35,36,37,38,39]. Only FodV1 and FoOuLV1 are known to cause hypovirulence [39,40].



A collection of F. oxysporum isolates (BH19) were obtained from fusarium wilt-diseased stems of Lilium brownii in the Liaoning province of China. Our preliminary study showed that a similar banding pattern of dsRNA may exist in this isolate. Sequencing and analysis of this dsRNA showed that it corresponded with a novel alternavirus—the first to be described that infects a F. oxysporum strain—which was provisionally named Fusarium oxysporium alternavirus 1 (FoAV1). Accordingly, we conducted genome characterization to elucidate the molecular features of FoAV1, investigate its impact on virulence and understand its biological properties in F. oxysporum.




2. Materials and Methods


2.1. Strains and Culture Conditions


Seven isolates of F. oxysporium (BH19, BH3, BH19-4V, BH19-3V, MC-1, MC-1-4V and MC-1-3V) were used in the study. Strains BH19 and BH3 were isolated from a fusarium wilt-diseased stem of Lilium brownii in Liaoning province of China in 2019. Strains BH19-4V and BH19-3V were single-ascospore isolates of strain BH19. MC-1 was a F. oxysporum f. sp. momordicae strain incorporating a hygromycin-resistance gene (hygromycin B phosphotransferase), which has a normal colony morphology and high virulence in its hosts. Strains MC-1-4V and MC-1-3V were derivative strains isolated from MC-1 following confrontation training with BH19-4V and BH19-3V. All strains were stored at −80 °C in glycerol and cultured on potato dextrose agar (PDA) medium at 28 °C. For dsRNA extraction, mycelium was cultured on a PDA plate covered with cellophane membranes at 28 °C for 4–5 days.




2.2. DsRNA Extraction and Purification


The extraction of dsRNA was performed as described previously [39]. Strains were grown for 4–5 days on cellophane membranes on PDA medium. Fresh mycelia (1–2 g) were harvested to isolate dsRNA by selective absorption using cellulose powder CF-11 (Sigma–Aldrich, St. Louis, MO, USA), with nucleic acid co-precipitator added to improve the yield of dsRNA. The dsRNA was treated with RNase-free DNase I and S1 nuclease (Takara, Dalian, China). The dsRNAs were electrophoresed on a 1% agarose gel, stained with ethidium bromide, and visualized with a gel documentation and image analysis system (InGenius LhR, Syngene, UK).




2.3. cDNA Synthesis, Cloning, and Sequencing


The purified dsRNA samples were used as a template for cDNA synthesis. cDNA synthesis and cloning were conducted according to the methods described previously [41]. A cDNA library was constructed using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (®TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. To obtain initial sequence clones, a random primer (RACE3RT) was used for RT-PCR amplification. Partial gap sequences between the initial sequences were filled by RT-PCR with sequence-specific primers designed from the obtained sequences. For the 5′ and 3′ terminal sequences cloning, an anchor primer PC3-T7 loop was ligated to the dsRNA using T4 RNA ligase and used for the RT reaction. Then, a PC2 primer (designed based on the corresponding sequence of the PC3-T7 loop) and sequence-specific primers (designed based on the proximal regions sequences) were used for the amplification of terminal sequences. All PCR products were cloned into a pMD18-T vector (Takara, Dalian, China), which was then transformed into E. coli DH5α cells (Takara, Dalian, China) for sequencing. To achieve high-quality consensus sequences, each nucleotide of full-length cDNA was sequenced at least three times. All the primers used for cDNA cloning and sequencing are listed in Supplementary Table S1.




2.4. Sequence and Phylogenetic Analysis


Open reading frames (ORFs) and conserved domains were predicted using an ORF finder and CD-search on the NCBI website (http://www.ncbi.nlm.nih.gov) and motifs scan website (http://www.genome.jp/tools/motif/). Multiple sequence alignments were performed using sequences of known alternavirus and the CLUSTALX (2.0) program [42]. Phylogenetic trees were constructed using MEGA7 software and generated by the maximum-likelihood (ML) method with 1000 bootstrap replicates [43].




2.5. Horizontal Transmission of Hypovirulence Traits


To assess the potential horizontal transmission of hypovirulence traits of strain BH19, dual culturing technology was used as described previously [44]. Isolate BH19 and virus-free isolate MC-1, which is hygromycin resistant, were grown separately for 4–5 days on PDA medium, and then co-cultured for a further 4–5 days on PDA fresh plates using mycelium blocks of each isolate kept in close proximity (10–15 mm) to one another. Mixed mycelium blocks were then transferred to fresh PDA plates containing hygromycin, and mycelial growth resulting from co-cultivation were termed the derivative strains. Viral transmission in these strains was evaluated based on dsRNA extraction or RT-PCR detection.




2.6. RNA Extraction and RT-PCR Detection


To extract total RNA, strains were grown for 4–5 days on cellophane membrane overlying PDA, and fresh mycelia were harvested and ground to a powder in liquid nitrogen. Total RNA was prepared using an RNA reagent (Newbio Industry, Wuhan, China), according to the manufacturer’s instructions.



For RT-PCR detection of virus-transmitted strains, first-strand cDNAs were synthesized using TransScript One-Step gDNA Removal and cDNA Synthesis SuperMix (®TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. Then, PCR amplification was performed using specific oligonucleotide primers (list in Supplementary Table S1), which were designed based on the sequences of FoAV1 dsRNA. All the amplicons were identified following electrophoresis in 1.5% agarose gels.




2.7. Virulence Assay


The virulence of virus-transmitted strains was assessed by pot experiments on bitter gourd plants, as described previously [39]. For these experiments, bitter gourd seedlings were grown in boxes containing sterile soil, and 10 mL spores (107 mL−1) from the various F. oxysporum strains were inoculated into melon roots when the plants had grown to the second or third leaf stage. Control plants were inoculated with water. All inoculated plants were monitored for the development of typical wilt symptoms, and disease symptoms were photographed. All experiments were repeated twice.





3. Results


3.1. DsRNA Segments in F. oxysporum Strain BH19


The F. oxysporum strains BH19 and BH3 were both isolated from a fusarium wilt-diseased stem of L. brownii in Liaoning Province, China. Compared to BH3, the colony morphology of BH19 was clearly defined with a small aerial mycelium (Figure 1A). Strain BH19 contained four dsRNA segments (named dsRNA1, dsRNA2, dsRNA3 and dsRNA4) while no dsRNAs were found in strain BH3 (Figure 1B). The four dsRNA bands had estimated sizes of 3.5 kbp (dsRNA1), 2.5 kbp (dsRNA2), 2.3 kbp (dsRNA3) and 1.8 kbp (dsRNA4), respectively. The segments were confirmed to be dsRNA in nature based on resistance to digestion with DNase I and S1 nuclease.




3.2. Molecular Characterization of FoAV1 in Strain BH19


Following cDNA cloning and sequencing, the complete sequences of the four dsRNA segments found in strain BH19 were obtained, comprising a virus nominated as Fusarium oxysporum alternavirus 1 (FoAV1). The complete sequence of FoAV1 dsRNA1 (GenBank Accession No. MT659125) was 3447 nucleotides (nt) long with a GC content of 56.6%, and it contained one ORF (ORF1) that initiated at position nt 629 and terminated at position nt 3385. Based on the universal genetic code, this sequence potentially encoded 917 amino acid (aa) residues with a calculated molecular mass (Mr) of 103.4 kDa. FoAV1 dsRNA2 (GenBank Accession No. MT659126) was 2677 nt in length with a GC content of 56.8%. It contained one ORF (ORF2) that initiated at position nt 66 and terminated at nt 2588, encoding 839 aa residues with an Mr of 92.8 kDa. FoAV1 dsRNA3 (GenBank Accession No. MT659127) was 2382 nt in length with a GC content of 53.9%. It contained one ORF (ORF3) that initiated at position nt 71 and terminated at nt 2260, encoding 728 aa residues with an Mr of 78.5 kDa. FoAV1 dsRNA4 (GenBank Accession No. MT659128) was 1873 nt in length with a GC content of 55.7%. It contained one ORF (ORF4) that initiated at position nt 152 and terminated at nt 1318, encoding 387 aa residues with an Mr of 42.6 kDa. Additionally, all the four dsRNA segments contained poly (A) tails (Figure 2).



Using the homology search on BLASTP, FoAV1 ORF1 encoded a protein which was closely related to RdRps of alternaviruses, including Aspergillus foetidus dsRNA mycovirus (67.72%), Fusarium poae alternavirus 1 (67.61%) and Alternaria alternata virus 1 (66.63%) (Table 1); FoAV1 ORF2- and ORF3-encoded proteins were also only closely related to their equivalents. Alternavirus ORF2 and ORF3 proteins showed similar identities to those predicted for ORF1 (Table 2 and Table 3). FoAV1 ORF4 encoded a protein that had no significant similarities with any other protein in the NCBI database. These results indicated that FoAV1, which was isolated from F. oxysporum strain BH19, contained four dsRNAs segments and was thus a new member of the proposed “Alternaviridae” family.



Further similarities between FoAV1 and other members of the proposed family “Alternaviridae” were investigated using conserved domain database searches together with the multiple protein alignment of related proteins. The obtained results suggested that FoAV1 ORF1, which putatively encode an RdRp, and equivalent proteins encoded by other members of the proposed family “Alternaviridae”, contained several conserved amino acid motifs (Figure 3). Similar conservation of several amino acid motifs was obtained when the proteins predicted from the sequences of FoAV1 ORF2 and ORF3 and related alternaviruses were compared (Supplementary Figure S1A,B). There were no significant similarities between the aa sequence of the protein predicted from FoAV1 ORF4 and the protein sequences predicted from other alternaviruses that contained four dsRNAs (Supplementary Figure S1C).




3.3. Phylogenetic Analysis of FoAV1


To examine the phylogenetic relationship between FoAV1 with other mycoviruses, a phylogenetic tree was constructed using a maximum likelihood method based on the RdRp (ORF1) sequences of FoAV1, proposed “Alternaviridae” family members and other related viruses from the families Ourmiaviridae, Partitiviridae, Megabirnaviridae, Totiviridae and Chrysoviridae. The results indicated that FoAV1 clustered with members of the proposed “Alternaviridae” family but that it was not a strain or isolate of a previously described alternavirus. The proposed “Alternaviridae” family is itself clustered into four clades (clades Ⅰ, Ⅱ, Ⅲ and Ⅳ) (Figure 4A). Phylogenetic trees based on all the alternavirus ORF2 and ORF3 sequences, including those from FoAV1, showed similar clustering into four clades, as illustrated in Figure 4B,C, respectively.




3.4. Untranslated Regions Sequences Analysis of FoAV1


The coding sequences of all four FoAV1 dsRNA segments were flanked by two untranslated regions (UTRs) at the 5′- end and 3′- termini, excluding poly (A) tails. The FoAV1 5′- and 3′-UTR sequences of all four genomic dsRNAs were strictly conserved but shared little conservation with equivalent sequences of other alternaviruses which, within the clades, shared limited conservation with each other (Figure 5A,B).




3.5. Elimination of FoAV1 dsRNA from F. oxysporum Strain BH19 during Subculture


During passage of the F. oxysporum strain BH19, it was discovered that some isolates (nominated BH19-3V), though not all (nominated BH19-4V), spontaneously lost the FoAV1 dsRNA4 genomic segment. The absence of FoAV1 dsRNA4 in BH19-3V compared to BH19-4V was confirmed following dsRNA extraction and agarose gel electrophoresis (Figure 6C), as well as by RT-PCR amplification of a fragment of FoAV1 dsRNA4 in BH19-4V (Figure 6D). The colony morphology and growth rate of F. oxysporum strains BH19-3V and BH19-4V were not significantly different (Figure 6A,B).




3.6. Effects of FoAV1 on the Virulence of F. oxysporum f. sp. momordicae


Virulence testing of F. oxysporum on L. brownii plants proved difficult, so FoAV1 was transmitted from the BH19-3V and BH19-4V strains to F. oxysporum f.sp. momordicae MC-1 to determine any effects on virulence. Using dual culture, two derivative strains, MC-1-3V and MC-1-4V, were generated, and virus infection with, respectively, three and four genomic segments, was verified (Figure 7B). Additionally, RT-PCR amplification was conducted (Figure 7C). The colony morphology of strains MC-1-3V and MC-1-4V did not significantly differ from the wild-type strain MC-1 (Figure 7A).



Fusarium wilt, caused by F. oxysporum, results in systemic infection and is characterized by a typical symptom: complete plant wilt. In order to determine whether the presence of FoAV1 reduced the virulence in F. oxysporum f. sp. momordicae strains, the strains MC-1, MC-1-3V and MC-1-4V were inoculated into bitter gourd seedlings at the stage of two- or three-leaf growth. Virulence was assessed before, during, and after the presentation of typical wilt symptoms (Figure 8). The results showed that bitter gourd plants inoculated with the virus-free MC-1 strain exhibited obvious dryness and wilting, while the plants inoculated with the MC-1-3V or MC-1-4V strains remained generally healthy with few or no symptoms (Figure 8).





4. Discussion


In this study, we identified and characterized a novel mycovirus, FoAV1, from F. oxysporium strain BH19, which is a causal agent of fusarium wilt disease in Lilium brownii. The genome of FoAV1 contains four dsRNA segments (dsRNA1, dsRNA2, dsRNA3 and dsRNA4) and a single open reading frame (ORF) in each dsRNA segment, namely: ORF1, ORF2, ORF3 and ORF4. BLAST searches revealed that ORF1, ORF2 and ORF3 were all similar in sequence to the ORFs predicted for several alternaviruses. We proposed that FoAV1 be considered a novel member of the proposed family “Alternaviridae”.



With the advent of low cost, next-generation sequencing, there has been a dramatic increase in the generation of complete mycovirome sequences [27,45]. Numerous mycoviruses have been described from different families, infecting many phytopathogenic fungi and entomopathogenic fungi [2,8,46]. However, among the hundreds of mycoviruses described so far, only six mycoviruses have been identified in F. oxysporum, an important phytopathogenic species [34,35,36,37,38,39], with no reports of any viruses belonging to the proposed family “Alternaviridae”. FoAV1 is the first alternavirus described to infect F. oxysporum.



The members of the proposed family “Alternaviridae” were all isolated from fungi, and clustered mainly according to homology BLAST, multiple alignment and phylogenetic analysis [24,27,28]. Until now, only eight mycoviruses have been proposed as alternaviruses of the family “Alternaviridae”—and these were clustered into one branch, with no classification at the genus level [21,23,24,25,26,27,28]. The RdRp sequence of FoAV1 was closely related to the known proposed alternavirus, and FoAV1 contained similar conservation of several amino acid motifs, clustered into one branch by phylogenetic analysis with other alternaviruses. Additionally, with the appearance of FoAV1, the proposed family “Alternaviridae” was itself clustered into four clades through phylogenetic analysis based on all alternavirus RdRps, ORF2 and ORF3 sequences and the 5′and 3′-UTR alignment. Clade Ⅰ contained Alternaria alternata virus 1 (AaV1) and Stemphylium lycopersici mycovirus (SlV); clade Ⅱ contained Aspergillus foetidus dsRNA mycovirus (AfV), Aspergillus hetero-morphus alternavirus 1 (AheAV1) and Aspergillus mycovirus 341 mycovirus (AsV341); clade Ⅲ contained only FoAV1; clade Ⅳ contained Fusarium incarnatum alter-navirus 1 (FiAV 1), Fusarium poae alternavirus 1 (FpAV 1) and Fusarium graminearum alternavirus 1 (FgAV 1). Therefore, we suggested that FoAV1 should be considered a new member of the proposed family “Alternaviridae” and should also be used in further studies.



In past studies, an interesting phenomenon was discovered; namely, that several segments of viruses are dispensable for replication, and these dispensable segments are considered satellite-like RNAs [47]. Satellite RNAs may have no effect at all, while some satellite RNAs are able to play important roles in biological functions [48]. Interestingly, according to the above classification of proposed alternavirus members, all members (AaV1 and SlV) in clade Ⅰ have four segments [23], two members (AfV and AsV341) in clade Ⅱ have four segments [21,24] and all members (FiAV 1, FpAV 1 and FgAV 1) in clade Ⅳ have three segments [25,26,28]. As a member of clade Ⅲ, FoAV1 has four segments, but dsRNA4 can eliminate these during subculture, with no significant difference in the effect (colony morphology, growth rate and virulence) on the host regarding the presence or absence of dsRNA4. Therefore, the dsRNA4 may be a satellite-like RNA with no known biological function, but it may also be related to the evolution of alternaviruses and used as evidence for the proposed family “Alternaviridae”.



Fusarium wilt caused by F. oxysporum is an important disease in a wide variety of agricultural crop species [29]. Biological control is an effective method for combatting this disease [30,31]. In recent years, a large number of hypovirulent mycoviruses, such as CHV1 [13] and SsHADV1 [49], have been identified and explored as potential biocontrol agents against fungal diseases [4,32,33]. However, until now, only two mycoviruses, FodV1 and FoOuLV1, isolated from F. oxysporum, exerted hypovirulent effects [34,35,36,37,38,39]. FoAV1 exhibited a good biological control effect for Fusarium wilt, suggesting that it may be a good resource for controlling Fusarium wilt.



In conclusion, we reported herein that FoAV1 is a new alternavirus in F. oxysporum, and that FoAV1 infection can cause hypovirulence in a host. Our results not only lay a foundation for the further study of mycoviruses within the proposed family “Alternaviridae”, but also provide a potential agent for the biocontrol of diseases caused by F. oxysporum.
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Figure 1. (A) Colony morphology of F. oxysporum strains BH3 and BH19. (B) Agarose gel electrophoresis of the dsRNA-enriched extract obtained by cellulose column chromatography from strains BH3 and BH19. 
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Figure 2. Schematic representation of the FoAV1 genome. The open reading frames (ORFs) and coding loci are indicated by a green box and single dotted lines, respectively. 
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Figure 3. Multiple alignment of the conserved RdRp amino acid motifs encoded by FoAV1 and other “Alternaviridae” family members. 
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Figure 4. (A) Maximum likelihood phylogenetic trees based on the FoAV1 RdRp (ORF1) sequence, “Alternaviridae” family members and other related viruses. (B) Maximum likelihood phylogenetic tree based on the FoAV1 ORF2 sequence and other “Alternaviridae” family members. (C) Maximum likelihood phylogenetic tree based on the FoAV1 ORF3 sequence and other “Alternaviridae” family members. All phylogenetic analyses generated using MEGA7 with 1000 bootstrap replicates. Ⅰ to Ⅳ represent clades of the proposed “Alternaviridae” family. Different colors represent clustering in different families or clades.Ⅰ, Ⅱ, Ⅲ and Ⅳ represent different clades of “Alternaviridae” family, respectively. 
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Figure 5. Multiple alignment of the 5′ (A) and 3′ (B)-UTRs of each FoAV1 dsRNA segment compared to equivalent alternavirus UTRs. 
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Figure 6. (A) Colony morphology of F oxysporum strains BH3, BH19-3V and BH19-4V. (B) The growth rate of strains BH3, BH19-3V and BH19-4V. “**” represents significant difference (p < 0.05), “ns” represents no significant difference. (C) Agarose gel electrophoresis of the dsRNA-enriched extract obtained by cellulose column chromatography from strains BH3, BH19-3V and BH19-4V. (D) The detection of each segment of FoAV1 in strains BH3, BH19-3V and BH19-4V by RT-PCR amplification. 
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Figure 7. (A) Colony morphology of F oxysporum f.sp momordicae strains MC-1, MC-1-3V and MC-1-4V. (B) Agarose gel electrophoresis of the dsRNA-enriched extract obtained by cellulose column chromatography from strains MC-1, MC-1-3V and MC-1-4V. (C) The detection of each FoAV1 dsRNA segment in strains MC-1, MC-1-3V and MC-1-4V by RT-PCR amplification. 
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Figure 8. Virulence of F. oxysporum MC-1, MC-1-3V and MC-1-4V strains on bitter gourd plants: (A) Wilt symptoms on bitter gourd 15 days after inoculation with 10 mL spores (107 /mL) of F. oxysporum MC-1, MC-1-3V and MC-1-4V strains, Control plants (CK) were inoculated with water. (B) Enlarged images of (Figure 8A). 
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Table 1. Identity between FoAV1 ORF1-encoded protein (RdRp) and equivalent proteins of other proposed alternaviruses.
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	Virus Name
	Accession
	Query Cover
	Identity
	E-Value





	Aspergillus foetidus dsRNA mycovirus
	YP_007353985.1
	100%
	67.72%
	0



	Aspergillus mycovirus 341
	ABX79997.1
	100%
	67.61%
	0



	Aspergillus heteromorphus alternavirus 1
	AZT88575.1
	100%
	66.63%
	0



	Fusarium poae alternavirus 1
	YP_009272952.1
	99%
	48.65%
	0



	Fusarium graminearum alternavirus 1
	YP_009449439.1
	99%
	48.54%
	0



	Fusarium incarnatum alternavirus 1
	AYJ09265.1
	99%
	48.22%
	0



	Alternaria alternata virus 1
	YP_001976142.1
	98%
	39.38%
	0



	Stemphylium lycopersici mycovirus
	YP_009551660.1
	98%
	39.05%
	0
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Table 2. Identity between FoAV1 ORF2-encoded protein and equivalent proteins of other proposed alternaviruses.
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	Virus Name
	Accession
	Query Cover
	Identity
	E-Value





	Aspergillus heteromorphus alternavirus 1
	AZT88576.1
	95%
	40.29%
	0.0



	Aspergillus foetidus dsRNA mycovirus
	YP_007353982.1
	83%
	42.28%
	2 × 10−171



	Fusarium incarnatum alternavirus 1
	AYJ09266.1
	62%
	30.80%
	1 × 10−47



	Fusarium graminearum alternavirus 1
	YP_009449446.1
	66%
	29.55%
	7 × 10−42



	Fusarium poae alternavirus 1
	YP_009272949.1
	55%
	30.42%
	1 × 10−40



	Alternaria alternata virus 1
	YP_001976150.1
	79%
	25.20%
	2 × 10−19



	Stemphylium lycopersici mycovirus
	YP_009551661.1
	68%
	26.57%
	3 × 10−19
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Table 3. Identity between FoAV1 ORF3-encoded protein and equivalent proteins of other proposed alternaviruses.
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	Virus Name
	Accession
	Query Cover
	Identity
	E-Value





	Aspergillus foetidus dsRNA mycovirus
	YP_007353983.1
	99%
	52.26%
	0.0



	Aspergillus heteromorphus alternavirus 1
	AZT88577.1
	99%
	51.78%
	0.0



	Fusarium graminearum alternavirus 1
	AUI80777.1
	97%
	29.97%
	7 × 10−63



	Fusarium incarnatum alternavirus 1
	AYJ09267.1
	97%
	30.57%
	4 × 10−62



	Fusarium poae alternavirus 1
	YP_009272950.1
	97%
	29.97%
	8 × 10−62



	Alternaria alternata virus 1
	YP_001976151.1
	71%
	33.33%
	3 × 10−22



	Stemphylium lycopersici mycovirus
	YP_009551663.1
	63%
	32.36%
	2 × 10−20
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
B
o

3000

2000-

1500

M

MC-1-4V

IC-1-4V MC-1-3V V-1

T

sz
e

N MG MCav vic

axar

E=MW

acrx s

2000
A






media/file4.png
Int 3447nt
asRNAL L G G i M,
629nt 3385nt|
2677nt
dsRNA2
2588ntl
UA(}
2382nt
4sRNA3 L—
|71nt 2260nt|
1873nt
dsrNAS | L ORGT—

l152nt 1318nt'
AUG UAG





nav.xhtml


  viruses-13-02026


  
    		
      viruses-13-02026
    


  




  





media/file16.png
MC-1-4V

B

MC-1-3V






media/file2.png





media/file5.jpg
e .

- WEB RN |

R R R
R TR R
m.tﬂ}mﬁl JRAL HEAIE
R R






media/file3.jpg
f629mt
AlG





media/file1.jpg





media/file7.jpg
=

Magnaporthe oyzee curmi ke vitus (YP 0096670331
Pyrculaia oryzas ourmia-ike vius 3 (BBF 90575.1)
—Penicillum stolonferum wius § (VP 052056.2)

Partiviidae Ophiostoms partitirus 1 (CAJ31886.1)

Penicilom aurantiogriseum pariirys 1 (AZT 88600.1)

_ sceratini scerotorum megabitnavius 1 (P 009143529.1)
Rosellnia necairx megabiavius 3 688 85809.1)
Botryotinia fuckelana toumirs 5 (v 001109580.1)

Totiviridas Tolypocadium cylndrosporum vius 1 (YP 004089830.1)

Sphaeropss sapinea RUA vius 1 (NP 047555.1)
Fusarium oraminearum dsRNA mycovitus2 (ADW 08802.1)

Chrysoviidae Fusarium osysporum chysovius 1 (A8Q $3134.1)

Amasya cherry disease associated chrysovirs (CAH 03664 1)

» —— Fusarium incarnatum alternavirus 1 (AYD9266.1)
1% Fusarium graminearum alternavirus 1 (YP009449446.1)
Fusarium poae alternavirus 1 (YP 009272949.1)
FoAV1 i
12— Aspergillus foetidus dSRNA mycovirus (CCD33021.1)
L Aspergilus heteromorphus alternavirus 1 (AZT88576.1) !

| Atemaria altrnata vieus T (eAG4S049:1)
Stemphylium lycopersi

Megabimavidse

mycovirus (YP 009551661.1) !

Fusarium incamatum alteravirus 1 (AYD9267.1)

[ Fusarium poae alternavirus 1 (Y@ 009272950.1) N
Fusarium graminearum alternavirus 1 (AUIBO777.1)
FoAVL m
Aspergillus foetidus dsRNA mycovirus (CCD33022.1)
Aspergillus heteromorphus alternavirus 1(AZT88577.1)

L D D )
Stemphylium lycopersici mycovirus (YP 009551663.1)






media/file10.png
A

dsRNA1

dsRNA2

dsRNA3

oHEw

[ m&ﬁ%‘“ﬂiﬁmﬂﬂ “W Séﬁl“m mm:l mﬂﬂ%
I Stemphylium-lycopersici AAA | -G AA
spergillus-mycovirus I 12' GA GAAA GAA BGGGG
il [ Aspergillus- ~foetidus GGAAA AGGGG
_________ AGA AGGGG

Aspergillus-heteromorphus

R R x

Fusarium-incamatum A, AGGGA
IV| Fusarium-graminearum AG o -
Fusarium-poae AG A——— AGG
ATG AA

TGCT SATGAT

HI—FO:’\\'[ T'TGCAGGTTATICI

R R KRR KRR K

Fusarium-incamatum AGAA AAGGAG
IV| Fusarium-graminearum AGAGG tg
Fusarium-poa AGAGGA AA A AA AG

R E R AR E KR E R ARRER KRR KRR KRR TR KK N =

e
I [ -\spemllus heteromorphus
g SR T AT immma*mm TS
I Stemph\hum I\copersml GGEBGGGG AAAGCA AG AGGAGGG AG

G CG! TTTGTTGCAGT TGTGAGGTTCGGGGAAAAGGGTGCTGCTGTTGCACCACTGTTTCGTGTTGAGCAG

L_][[— FoAV1 5CTAACACTCCGTTTCGGTACTTGCT!

B Fusarium-incamatum AGA E
IV| Fusarium-poae AGA,
Fusarium-graminearum AGA GAG,

I Aspergillus-foetidus A AGTGGAGTAG A AG AA'SAGGA AAGAEGA AAG AGGGER
Aspergillus-heteromorphus - A A A AG A AAG AATGAGGA AAGA - GAGGA AG A AGGGAA

E Altemaria-alternata ~ _—_______ AG AGAG AA AG A GAG

I Stemphylium-lycopersici AAA AGAG AA AG A GTG

dsRNA4

dsRNA1

dsRNA2

dsRNA3

[: Alternaria alternata
dsRNA4 [ I Stemphylium lycopersici

— FoAV1 GGATAACAACCGTTTTGGGGTATT AACTAAGGA T T
—III
T, ——— N S I R T T P B
Stemph\hum l\copemici 7777777777777777 Gl AGA
III— FoAV1 CCGAAT TGCCG. TTGGTCCTTGGTTC. TTGACCGGAGTATCTTTGACAATTAAGCTTGCCT

— Alternaria-alternata AGEGG A A
I E Stemphylium-lycopersici
Aspergillus-mycovirus
I Aspergillus-foetidus
Aspergillus-heteromorphus - ————————

Fusarium-incamatum AGGGA AAAA A A
[V| Fusarium-graminearum — AGGGH
e AAA

Fusarium-poae

TTACTTCGTTTGCCGTTCAGCTAT CTAGCTTAGGCGCGCCTTCTCTTAACATTCTTATA

L _I1— FoAV1

[ Fusarium-incarnatum - GA A A A & A AGGA
IV| Fusarium-graminearum s A A AA
Fusarium-poae AA AGAA

> >

L mmzmu@%mau 4 m :;gzgmg W‘il“iﬂiméé um'éwmma

Conp.. RSP R R T SR TR
I Stemph\hum-hcopemcn T AA B Al AGAATGAA A A, A A A A

L_II[— FoAV1 AAATGGGTGCCGCAGCTTCGGCTG 2 ACTCCGGAATTTTTTGTTATGGTGAGAGAGGAACAGTTN CA

Fusarium-incamatum =~ e A AK
IV Fusarium-p A G& A AGA, AG
Fusarium-graminearum ~ A A.GAA AACAG

* oo oww T TTTTTTTeEETTETTITTETGTETPEETEYEYDYDTOTE

[t ol Amzuﬂmgﬂcmm . mmﬂ mzlgag e
I ~\spermllus heleromorphus _ B AG, - -GOA A Al

E Alteraria-alternata A, AGAAAGAA

I Stemphylium-lycopersici [ INSGOGRTICGRTTRAGICIGORATIGTICATCCGeTeTT - ——— - G AATAGAATGAA A A

[_[I[— FoAVv1 TCGATTGATGCTT T TCTCCTATGTTATAATGCCGGCAGCGTGCGGCAATAAA
T T T T T

owwoww

PR R T A I T I L IR LT I A

CCGTGCGTTGCCCCTGGGCCACGGGCGC

=—Fo0AV1 GAGGTGTGTGTATTTTGAATATGT





media/file12.png
Growth nute ( cm'd)
e

— . - j 0.2
BH19-4V

BHI19-4V BH3 BH19-3V

bp M BHI19-4V  BH3 BHI9-3V bp M BHI94V BHI9-3Y BH3
S000

dsRNAI1 dsRNAI
3000 dsRNA2

dsRNA3

dsRNA2

2000 dsRNA4
1500 dsRNA3
1000

dsRN A4






media/file9.jpg
B ERE
LEIEEINE D
L B AU TR

HIEFNE EERERTI RN BI AN
113 EEIRIRE
s HIEIER RIS

R B R 1 T T S T TR W BT

=T

e i bt
S b e e
IR SRR SRS

BiEEIEITENTE IO TR R
I PR AIISAS RSN SN TR T I
T T T T S A SR T ITR S

H."I.I.l.ll'..lltl!ﬂlll EEERn JER ST
e T P
mr-mEmEsu T

R TR L R e = R L ST





media/file0.png





media/file14.png
B
bp
5000

3000

2000

1500

M

i s
o L -~
e o

MC-1-4V

MC-1-4V MC-1-3V MC-1

dsRNA1

dsRNA2
dsRNA3

dsRNA4

M

MC I

MC-1-4V MC-1-3V

MC-1

dsRNA4






media/file8.png
Ourmiaviridae
Partitiviridae
Megabirnaviridae

Totiviridae

Chrysoviridae

100
99

L=

100
92

—

,m—qMagnaporthe oryzae ourmia-like virus (YP 009667033.1)

L— Pyricularia oryzae ourmia-like virus 3 (BBF 90578.1)
Penicillium stoloniferum virus S (YP 052856.2)

Ophiostoma partitivirus 1 (CAJ31886.1)

Penicillium aurantiogriseum partitivirus 1 (AZT 88600.1)
Sclerotinia sclerotiorum megabirnavirus 1 (YP 009143529.1)
Rosellinia necatrix megabirnavirus 3 (BBB 86809.1)
Botryotinia fuckeliana totivirus 1 (YP 001109580.1)

— Tolypocladium cylindrosporum virus 1 (YP 004089630.1)
Sphaeropsis sapinea RNA virus 1 (NP 047558.1)

Fusarium graminearum dsRNA mycovirus-2 (ADW 08802.1)
Fusarium oxysporum chrysovirus 1 (ABQ 53134.1)

Amasya cherry disease associated chrysovirus (CAH 03664.1)

Fusarium incarnatum alternavirus 1 (AYJD9266.1)

Fusarium graminearum alternavirus 1 (YP 009449446.1) v
Fusarium poae alternavirus 1 (YP 009272949.1)
FOAV1 i

= Aspergillus foetidus dsRNA mycovirus (CCD33021.1)
Aspergillus heteromorphus alternavirus 1 (AZT88576.1) Il

Alternaria alternata virus 1 (BAG49049.1)
Stemphylium lycopersici mycovirus (YP 009551661.1)

Fusarium incarnatum alternavirus 1 (AYX9267.1)

Fusarium poae alternavirus 1 (YP 009272950.1) I\Y
Fusarium graminearum alternavirus 1 (AUI80777.1)
FOAV1 I

Aspergillus foetidus dsRNA mycovirus (CCD33022.1)
Aspergillus heteromorphus alternavirus 1(AZT88577.1)
Alternaria alternata virus 1 (BAG49050.1)
Stemphylium lycopersici mycovirus (YP 009551663.1)





media/file11.jpg
M

BHIS-4V

BH3

BHISY

BHI9-3V

awar

awya
aRAAY

awvas






media/file6.png
FaAVI
FgAVl
FuAVl
Fi AVl
AfV.F
ANV
Ahs AVL
AaVl
SLV

cCaonsens ul

FoAVl
Fg AV

consensus

Fo AVl
FzAVL
FnAVl
Fi AV1
A f V F

A:L-_.,\Vl
Aal

ST\*
consensug

FoAVl
FoAV]
FpAvl

Fi AVl
AfV. T

ANV

Ahe AVI
Aavl

SLV
conscnsus

1"01\.\-'1

consensus

FoAavl
FzAV1
F&AVl

SLV
consengus

Fu i‘-\-'l

conscnsus

OS I gE QAK
GSI E (A
L]PI

Vg

gL 11S Oyl TTRI LPG- - - MK
-:prr<HQ\SH\L Ei

TTHI LEG ME
TTPVLEG- - - MR
YRRy ADTFSSPF
YRR ADTFS SPF:
TYRRTDTFS SPF-
CRMP KARD AVA
ONRYAFPRP OV
VOVY

PR —

SAVAKVIBKF G
HRDT SSI ARVIIRY [1\'LN-

s - - i Heam - MuNiga y WL : {E . WEE Vige YS CVIRGNG
bpt€ - - - - - - - - - INY GENBRIE B K- 1o TR T KT 138 TETS KRS DS wat R VERLEF DG TROVG
N WY CEYE I r - ; R e vEE LA DG TROVG

NY' *ETIRL : 98 K 'F TRIAY YDGLTROVG
3 WEE L HENL VRGNS
. RINIFR S RE Y B YA . ] HENL VIRIGIVS

(S NG L ' RERTE 'FICHL YR VA KE D F Q1 BHENL VBGNS
SERRURGL GRQDEET R ARy I3 B - ¥ I RIS SDLI FOP AT
GKEKRGEGAPR DREV SELVMGP AS

Lh B 3o B B n
= b R T D D L L et

dov a8 s Y

HH[ \‘« \‘LI’I N—".I"HI TGF
Hlll 3|‘| \‘tlIN—HHI g/
lJ[ 5

. W N N N g & ]
=l e L e L L L L
=t ot b D N2 D b b R R

e

M Lad
R=t=]
= e

EESESISES = zami- - - - DT SLVEE
K----- (RA |1['IH|'('I|'\" Myt K

DQREuE»S[\ K

NN NRACDWIE
\\1LMR\LD LBy

- DEYQRRF
= »l\%LﬂhfﬂRl‘[

URAFSHuwPueréE
LA S ptdk

702 TR l 5 LHR AEWER WP FES Ql‘ mY- ---- ER- HDl-'l
901 SYT AKDTT RS T EERINT [ AS AKE i3
gC1 I VRV DI": DRS YT AKDTNRV Yu\ TERS l.‘YtJ"l [ERIQT. T AS _\I\EG j%L
aG1 VT IS DR T YL EKDMVYRY (B TEHS v‘YtJ'Yt_)"\I LLSSARA EVE
ac? 5G4 WS P RYH.\ "G ‘|'-[ [ ‘l' ----- \IQ I\UT‘[
307 o
9G7
35 AVDOWSERRRGIRE A NMEREEL LR AKNMVEEL WR Y EINS We RIMEE GDTW5LEGF GHLLS LP VDF IgNT BYARNMVURC OE T U TIT. MGV TSI R EIEAST AR R ] e (VT S- - - - - -
934 AVQOWOKRERGIEAAWMEREELT.RARLVGEL WRYFRIS WeRIBKE GDAWGLEGF GHLLSE LPVDFROLSWRI LINDCCIEES (A% TR T M GV COIEII R FIERET 4 KIBAREET € (DVT 8- - - - - - -
9el
E56 gHanl |y Ay NEGVETLERSKS DﬂiﬂRT&-QL YTIARI 3-

1061 . G ; T AWRNFRFRRAGL -

10el ALH RCAWRNMFEKFRHASL -

Loel ALSKCAWRNIKIAGL

Loe2 I i Y QVIRVTIRS RV

1062 N 'Aﬁl\‘:’(‘_\ VTS RY -

1062 | VIR EYQVIRNVTES RY A

1088 QAT ATGVRYRGH] - ITVLIRC VIO AL

LOET QAFATGVRYHGE HWLIBITVRIQAL

1121 plr 5 wl i






media/file15.jpg
B

M4V MGV






