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Abstract

In this study, a novel single-stranded RNA virus was isolated from the plant pathogenic fungus,
Colletotrichum higginsianum strain HTC-5, named “Colletotrichum higginsianum ssRNA virus 1" (ChRV1).
The complete genome of ChRV1 is 3850 bp in length with a GC content of 52 % and encodes two in-
frame open reading frames (ORFs): ORF1 (smaller) and ORF2 (larger). ORF1 encodes a protein with
highest similarity to proteins encoded by Phoma matteucciicola RNA virus 1 (PmRV1, 47.99% identity)
and Periconia macrospinosa ambiguivirus 1 (PmAV1, 50.73% identity). ORF2 encodes a protein with a
conserved RNA-dependent RNA polymerase (RdRp) domain with similarity to RdRps of PmRV1 (61.41%
identity) and PmAV1 (60.61% identity), which are unclassified (+)ssRNA mycoviruses reported recently.
Phylogenetic analysis of the RdRp domain suggested that ChRV1 grouped together with PmRV1, PmAV1
and other unclassified (+)ssRNA mycoviruses, and had a distant relationship to invertebrate viruses and
plant viruses of the family Tombusviridae. This is the first report of a novel (+)ssRNA virus infecting the
phytopathogenic fungus C. higginsianum.

Introduction

Mycoviruses (also called fungal virus) have been identified in all major groups of fungal groups [1, 2].
The majority of mycoviruses are mainly include four groups: double-stranded RNA (dsRNA), positive-
sense single-stranded RNA (+ssRNA), negative-sense single-stranded RNA (-ssRNA) and single-stranded
DNA (ssDNA) genomes [3]. Due to the rapidly development of high-throughput sequencing technologies,
a growing number of +ssRNA mycoviruses have been discovered recently, among which have not been
assigned to formal taxa. For example: Trichoderma harzianum ssRNA virus 1 (ThAV1), Setosphaeria
turcica ssRNA virus 1 (StAV1), Verticillium longisporum ssRNA virus 1 (VIAV1) and Periconia
macrospinosa ssRNA virus 1 (PmAV1) [4-6], which were unclassified (+)ssRNA mycoviruses. Gilbert KB et
al. [6] recently proposed the establishment of the family Ambiguiviridae that contains the above viruses
and other discovered related viruses. Most mycoviruses are inconspicuous, causing little phenotypic
effects in their fungal hosts. However, a few mycoviruses can induce phenotypic alterations, causing
hypovirulence of their fungal host, which have potential as biological control agents of fungal diseases.
The best exemplified example was the successful use of Cryphonectria hypovirus 1 (CHV1) to control
chestnut blight disease in Europe [7].

Colletotrichum higginsianum is a hemibiotrophic pathogen and responsible for anthracnose disease on
cruciferous plants, such as species of Brassica and Raphanus [8], also including Arabidopsis. The
Arabidopsis/ C. higginsianum pathosystem has emerged as an attractive model to study plant—-pathogen
interactions [9]. The discovery and identification of mycoviruses in C. higginsianum is an effective way to
search potential biological control agents against anthracnose disease. To date, only two mycoviruses
have been characterized from this fungus. Colletotrichum higginsianum non-segmented dsRNA virus 1
(ChNRV1), identified in a C. higginsianum strain IMI349063A in United States of America [10], and
Colletotrichum higginsianum mitovirus 1 (ChMV1), which we recently reported from a C. higginsianum
strain HTC-5.
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In this study, we reported the characterization of a first novel (+) ssRNA mycovirus from C. higginsianum
strain HTC-5, which we have provisionally named Colletotrichum higginsianum ssRNA virus 1 (ChRV1).

Provenance Of The Virus Material

The C. higginsianum strain HTC-5 was isolated from a cabbage leaf with anthracnose disease in
Changsha, Hunan Province, China, and identified as C. higginsianum according to our previous study.
This fungus was cultured on potato dextrose broth at 28°C in the dark for extraction of dsRNA. The
dsRNA was extracted as described by Morris and Dodds using the CF-11 cellulose chromatography
method [11]. Then the extracted dsRNA was digested with DNase | and S1 nuclease (Takara, Dalian,
China) to eliminate DNA and ssRNA prior to gel electrophoresis and visualization. A dsRNA segment of
approximately 3.9 kbp in size was observed and purified (Fig. 1a) using a FastPure® Gel DNA Extraction
Mini Kit (Vazyme Biotech Co.,Ltd, Nanjing, China). A cDNA library was constructed using reverse
transcriptase and random hexanucleotide primers (5-CGA TCG ATC ATG ATG CAA TGCNNNNNN-3").
Sequence gaps were filled by RT-PCR according to sequence-primers based on the cDNA sequences
obtained. The 5- and 3"-terminal sequences were obtained by adapter ligation and PCR amplification as
described previously [12]. All PCR amplicons were cloned into the pMD19-T vector (Takara, Dalian, China),
transformed into Escherichia coliDH5a cells. Positive clones were selected and sequenced, and each
clone was sequenced independently at least three times. The full cDNA sequence was assembled and
subjected to GenBank database with accession number of MW218984.

Sequence analysis, such as ORF finding, homology search, and conserved domains search were
performed using the website of the National Center for Biotechnology Information (NCBI) database.
Multiple alignments were conducted using Clustal X 2.0 program [13] and annotated using the GeneDoc
program [14] Phylogenetic tree was constructed using the neighbor-joining method in MEGA 7 Programs
[15]. The transmembrane domains were predicted using TMHMM Server v. 2.0.

Sequence Properties

The full genome sequence of ChRV1 is 3850 nt in length, which encodes two noncontiguous ORFs. The
5'- and 3- untranslated regions (UTRs) of ChRV1 are 633 nt and 559 nt in length, respectively (Fig. 1b).

ORF1 encoded a 347-aa protein with a predicted molecular mass of 38.3 kDa. A BLASTP search showed
that the aa sequence of ChRV1 has a maximum identity of 50.73% (E-value: 7e-69; query cover: 78 %) and
47.99% (E-value: 6e-83; query cover: 86 %) to the protein encoded by Periconia macrospinosa
ambiguivirus 1 (PmAV1) and Phoma matteucciicola RNA virus 1 (PmRV1), followed by other unclassified
(+)ssRNA mycoviruses (Table S1), whose function were unknown. In addition, ORF1 and ORF2 were
found in the same frame, the amber stop codon ‘UAG’ was found at the end of the ORF1, suggesting that
the two ORFs are likely to produce a fusion protein with the downstream RdRp via a readthrough strategy,
as described previously[6, 16]. Moreover, four possible transmembrane helixs were predicted at the N-
terminus of the ORF1 protein (Fig. S1), suggesting that the transmembrane domains are important for (+)
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ssRNA viruses and play a role in anchoring viral protein to host membrane, as proposed for MoVA and
VdRV [16, 17].

ORF2 was predicted to encode a 495-aa protein with a predicted molecular mass of 56.2 kDa. ABLASTP
search showed that the aa sequence of ORF2 is most closely related to the RdRps of PmRV1
(Identity:61.41%, Coverage:98%; E value:0.0) and PmAV1 (Identity:60.61%, Coverage:92%; E value:0.0),
followed by other unclassified (+)ssRNA mycoviruses, including Soybean leaf-associated ssRNA virus 2
(SlaRV2) (Identity:58.04%, Coverage:91%; E value:1e-78), Soybean leaf-associated ssRNA virus 3
(SlaRV3) (Identity:58.73%, Coverage:88%; E value:9e-173), MoVA (Identity:54.73%, Coverage:91%; E
value:4e-161) and Setosphaeria turcica ambiguivirus 1 (StAV1) (Identity:51.14%, Coverage:95%; E
value:1e-156) (Table S1). The RdRp sequence of ChRV1 also shared sequence similarity with RdRps of
Hubei tombus-like virus 12, Changjiang tombus-like virus 8, Changjiang tombus-like virus 15 and Wenling
tombus-like virus 1, which were invertebrate viruses sequenced recently [18]. Additionally, it was also
found to be similar to the RdRps of members of the plant virus in family Tombusviridae (Table S1). A
conserved domain database (CDD) search and multiple protein alignment indicated that the 56.2-kDa
protein encoded by ORF2 contained a conserved viral RARp domain in the subfamily RARP_3
(pfam00998) with five conserved motifs (Fig. 1c).

To determine further the relationship between ChRV1 and other mycoviruses, a phylogenetic analysis was
constructed using the RdRp aa sequences of ChRV1 and other related RNA viruses. The results indicated
that ChRV1 cluster together with PmRV1, PmAV1 and other other unclassified (+)ssRNA mycoviruses, but
distinct from the invertebrate viruses and plant viruses (Fig. 2). All these selected unclassified (+)ssRNA
mycoviruses and ChRV1 contain two non-overlapping ORFs and the RdRp domain is encoded by ORF2.
Moreover, these unclassified (+)ssRNA mycoviruses have more similar genome organization with
invertebrate viruses, presenting two in-frame ORFs [17], and differ from members of the family
Tombusviridae, suggesting that these unclassified (+)ssRNA mycoviruses are more related to invertebrate
viruses than plant viruses of the family Tombusviridae. Additionally, the ChRV1 RdRp contains the amino
acid triplet GDN in motif [, which differ from the GDD motif in + ssRNA viruses (Fig. 1c). The same triplet
was found in previous studies [16, 19, 20]. Taken together, we concluded that ChRV1 is a novel
unclassified (+)ssRNA virus, with closer relationship to members of the recently proposed family
"Ambiguiviridae’.

Declarations

Fundings

This research is supported by Scientific Research Fund of Hunan Provincial Education Department
(19K040) and Excellent Doctoral Dissertation Cultivating Fund of Hunan Agricultural University
(YB2019005).

Compliance with ethical standards

Page 4/9



Conflict of interest

All authors declare no conflicts of interest.

Ethical approval

This article does not contain any experiments with human participants or animals performed by any of

the authors.

References

1.

10.

11.

12.

Ghabrial SA, Castén JR, Jiang D, Nibert ML, Suzuki N (2015) 50-plus years of fungal viruses. Virology
479-480:356-68.

. Xie J, Jiang D (2014) New insights into mycoviruses and exploration for the biological control of

crop fungal diseases. Annu Rev Phytopathol 52:45-68.

. Koonin EV, Dolja VV, Krupovic M, Varsani A, Wolf YI, Yutin N, Zerbini FM, Kuhn JH (2020). Global

Organization and Proposed Megataxonomy of the Virus World. Microbiol Mol Biol Rev 84(2).

. Steindorff AS, Ramada MHS, Coelho ASG, Miller RNG, Pappas GJ, Ulhoa CJ, Noronha EF (2014)

Identification of mycoparasitism-related genes against the phytopathogen Sclerotinia sclerotiorum
through transcriptome and expression profile analysis in Trichoderma harzianum. BMC genomics
15(1):1-14.

. Knapp DG, Németh JB, Barry K, Hainaut M, Henrissat B, Johnson J, Kuo A, Lim JHP, Lipzen A, Nolan

M, Ohm RA, Tamas L, Grigoriev IV, Spatafora JW, Nagy LG, Kovacs GM (2018) Comparative
genomics provides insights into the lifestyle and reveals functional heterogeneity of dark septate
endophytic fungi. Sci Rep 8(1):6321.

. Gilbert KB, Holcomb EE, Allscheid RL, Carrington JC (2019) Hiding in plain sight: New virus genomes

discovered via a systematic analysis of fungal public transcriptomes. PLoS One 14(7):e0219207.

. Heiniger U, Rigling D (1994). Biological control of chestnut blight in Europe. Annual review of

phytopathology 32(1):581-99.

.Damm U, O'Connell RJ, Groenewald JZ, Crous PW (2014) The Colletotrichum destructivum species

complex-hemibiotrophic pathogens of forage and field crops. Stud Mycol 79:49-84.

.YanY, Yuan Q, Tang J, Huang J, Hsiang T, Wei Y, Zheng L (2018) Colletotrichum higginsianum as a

Model for Understanding HostliPathogen Interactions: A Review. Int J Mol Sci 19(7).

Campo S, Gilbert KB, Carrington JC (2016) Small RNA-Based Antiviral Defense in the
Phytopathogenic Fungus Colletotrichum higginsianum. PLoS Pathog 12(6):e1005640.

Morris T, Dodds J (1979) Isolation and analysis of double-stranded RNA from virus-infected plant
and fungal tissue. Phytopathology 69(8):854-8.

Zhong J, Lei XH, Zhu JZ, Song G, Zhang YD, Chen Y, Gao BD (2014) Detection and sequence analysis
of two novel co-infecting double-strand RNA mycoviruses in Ustilaginoidea virens. Arch Virol

Page 5/9



159(11):3063-70.

13. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, Valentin F, Wallace IM,
Wilm A, Lopez R, Thompson JD, Gibson TJ, Higgins DG (2007) Clustal W and Clustal X version 2.0.
Bioinformatics 23(21):2947-8.

14. Nicholas KB (1997) GeneDoc: Analysis and visualization of genetic variation, EMBNEW. Embnew
News 4:14.

15. Kumar S, Stecher G, Tamura K (2016) MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0
for Bigger Datasets. Mol Biol Evol 33(7):1870-4.

16. Ai YP, Zhong J, Chen CY, Zhu HJ, Gao BD (2016)A novel single-stranded RNA virus isolated from the
rice-pathogenic fungus Magnaporthe oryzae with similarity to members of the family Tombusviridae.
Arch Virol 161(3):725-9.

17. Caiizares MC, Lépez-Escudero FJ, Pérez-Artés E, Garcia-Pedrajas MD (2018) Characterization of a
novel single-stranded RNA mycovirus related to invertebrate viruses from the plant pathogen
Verticillium dahliae. Arch Virol 163(3):771-6.

18. Shi M, Lin XD, Tian JH, Chen LJ, Chen X, Li CX, Qin XC, Li J, Cao JP, Eden JS, Buchmann J, Wang W,
Xu J, Holmes EC, Zhang YZ (2016) Redefining the invertebrate RNA virosphere. Nature
540(7634):539-43.

19. Preisig O, Moleleki N, Smit WA, Wingfield BD, Wingfield MJ (2000) A novel RNA mycovirus in a
hypovirulent isolate of the plant pathogen Diaporthe ambigua. J Gen Virol 81(Pt 12):3107-14.

20. Zhou J, Hu X, Liang X, Wang Y, Xie C, Zheng L (2021) Complete genome sequence of a novel
mycovirus from Phoma matteucciicola. Arch Virol 166(1):317-320.

Figures

Page 6/9



() Marker HTC-5

Skb —» R <«— ChRVI
3kb —» [ <— ChMV1

(b)

ChRV1(3850nt)
UAG
5°-UTR (633nt) ¢ RdRp 3’-UTR (559nt)
2 ORF1(347aa) ORF2(495aa) Y
634 1677 1795 3291

Motif 1 Motif 11 Motif TIT
ChRV1 : K F 295
EmRV1 : REJasS. 295
EmAV1 : DiaE 262
MoVA : LE3H 297
StAvl H 296
PbRV1 : REJaH 308
VdRV : REH 316
MpRV3 : GL§aH 257
V1iavl : VHER! 294
Thavl : : EQIH 295
DaRV1 : Liajjser-)y: ECI3HRY 297
E Dg aFEaHV
*

ChRV1 : RDYPLWRDHEAE HSQDS T IRE = I3 e N LSes I I H ' L CHr : 401
EmRV1 : QHLDI@VENESA IRFG ' 3 ! K "’ ) : 402
EmAV1 : CELPIGLRDEAR IRFG s MV R - k B j 1 369
MoVA : GLLGLBRANEER e 3G M VR { s E T V i ] : 404
StAV1 : VDASIELSTERH R Iy ‘R = I E s { : 401
PbRV1 : CDSHIMES-LPGI = Iy - ; L SR E 3 : 414
VdRV : ADAAFRRLEYEHD L R E T 3 I F L 2 : 423
MpRV3 : GDVE NSESE 2 VR E T > ; F L A R - 3 : 364
V1AVl : GASTARIGSEYQ = I R s =G ; F 7 S0 : 401
ThaVl : KDMA BMVYDHGLQCJ it T C Fly 5 I E I ( : 400

1 : 3 A F : 402

DaRvV1 : SBDVD ERLPGVANGTJ !
[ G PELQ

Figure 1

(@) dsRNA 1% agarose gel electrophoresis showing the dsRNA banding pattern of C. higginsianum strain
HTC-5. (b) Organization of the genomes of ChRV1. The open reading frames (ORFs) and the untranslated
regions (UTRs) are showed as open bars and single lines, respectively. (c) Multiple amino acid sequence
alignment of RdRps of ChRV1 and other related mycoviruses. The conserved motifs are indicated by bold
black lines and the Roman numerals | to V.
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Figure 2

Phylogenetic analysis of ChRV1. The phylogenic tree was constructed based on RdRp aa sequences
using MEGA 7 by the neighbor-joining (NJ) method with 1000 bootstrap replications. The scale bar
represents a genetic distance of 0.2 amino acid substitutions per site. ChRV1 is indicated in the
phylogram by a red dot. Bootstrap values lower than 50% are not shown.
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