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Abstract 

Background Family Genomoviridae was recently established, and only a few mycoviruses have been described 
and characterized, and almost all of them (Sclerotinia sclerotiorum hypovirulence‑associated DNA virus 1, Fusarium 
graminearum gemyptripvirus 1 and Botrytis cinerea gemydayirivirus 1) induced hypovirulence in their host. Botrytis 
cinerea ssDNA virus 1 (BcssDV1), a tetrasegmented single‑stranded DNA virus infecting the fungus Botrytis cinerea, 
has been molecularly characterized in this work.

Methods BcssDV1 was detected in Spanish and Italian B. cinerea field isolates obtained from grapevine. BcssDV1 vari‑
ants genomes were molecularly characterized via NGS and Sanger sequencing. Nucleotide and amino acid sequences 
were used for diversity and phylogenetic analysis. Prediction of protein tertiary structures and putative associated 
functions were performed by AlphaFold2 and DALI.

Results BcssDV1 is a tetrasegmented single‑stranded DNA virus. The mycovirus was composed by four genomic 
segments of approximately 1.7 Kb each, which are DNA‑A, DNA‑B, and DNA‑C and DNA‑D, that coded, respectively, 
for the rolling‑circle replication initiation protein (Rep), capsid protein (CP) and two hypothetical proteins. BcssDV1 
was present in several Italian and Spanish regions with high incidence and low variability among the different viral 
variants. DNA‑A and DNA‑D were found to be the more conserved genomic segments among variants, while DNA‑B 
and DNA‑C segments were shown to be the most variable ones. Tertiary structures of the proteins encoded by each 
segment suggested specific functions associated with each of them.

Conclusions This study presented the first complete sequencing and characterization of a tetrasegmented ssDNA 
mycovirus, its incidence in Spain and Italy, its presence in other countries and its high conservation among regions.

Keywords Hypovirulence, Fungi, ssDNA viruses, Multisegmented genome, Replication

Background
Family Genomoviridae was accepted in 2016 by the 
ICTV [1] as the first one including single-stranded 
DNA (ssDNA) viruses infecting fungi and insects. These 
viruses are classified in the phylum Cressdnaviricota and 
the recently defined order Geplafuvirales. They possess 
a circular ssDNA genome of 1.8–2.4  kb with two open 
reading frames (ORF) encoding a rolling-circle replica-
tion initiation protein (Rep) and a capsid protein (CP). 
Since its establishment, more than 1450 viral genomes 
(viral database NCBI) have been described inside the 
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family. Genomoviruses have been classified in ten genus: 
Gemycircularvirus, Gemyduguivirus, Gemygorvirus, 
Gemykibivirus, Gemykolovirus, Gemykrogvirus, Gemyk-
roznavirus, Gemytondvirus, Gemyvongvirus and Gemyp-
tripvirus [2].

Sclerotinia sclerotiorum hypovirulence-associated 
DNA virus 1 (SsHADV-1) was the first ssDNA virus 
demonstrated to infect fungi [3]. SsHADV-1 has an amb-
isense circular genome of 2.2 kb with two ORFs, one in 
positive sense encoding a CP and the other in negative 
sense coding for the Rep. It also contains two intergenic 
regions, one of them including the origin of replication 
(Ori) TAA TAT TAT [4]. SsHADV1 is encapsidated form-
ing isometric viral particles that were able to infect Scle-
rotinia sclerotiorum extracellularly and reduce fungal 
lesions in Brassica napus. SsHADV1 was classified in 
the genus Gemycircularvirus. Since its discovery, only 
two more new mycoviruses of the family Genomoviridae 
have been described. Fusarium graminearum gemyp-
tripvirus 1 (FgGMTV1) was the first described tripartite 
genomovirus composed by DNA-A, DNA-B and DNA-C 
coding for Rep, CP, and a hypothetical protein, respec-
tively [5]. FgGMTV1 has been classified within the new 
genus Gemytripvirus (gemini-like myco-infecting tripar-
tite virus) [6]. Multipartitism has been hypothetically 
explained because of the formation of defective genomes 
which can be posteriorly, transreplicated and/or transen-
capsidated, generating new components in the genome 
[7], which could be beneficial for viral evolution.

Botrytis cinerea ssDNA virus 1 (BcssDV1) [8], Botrytis 
cinerea genomovirus 1 (BcGV1) [9] and Botrytis cinerea 
gemydayirivirus 1 (BcGDV1) [10] have been described 
infecting the necrotrophic fungus Botrytis cinerea. They 
all had a monosegmented genome of approximately 
1.7 Kb with at least one ORF encoding for the Rep that 
contained all conserved motifs of replication-associ-
ated proteins of this type of viruses (motifs I to III, GRS 
domain, Walker A and B, and motif C) [11]. BcssDV1 
was first identified infecting B. cinerea field isolates from 
Spanish and Italian vineyards. It contained an ORF that 
coded for a 380 amino acid (aa) protein containing Rep 
conserved domains. AAC AGT AC was proposed as the 
nonanucleotide of the Ori. BcGV1 was detected in B. 
cinerea strains isolated from bean leaves in China. Its 
genome contained two ORFs: ORF1 coding for a 321 
aa rep and ORF2 coding for a 129 aa hypothetical pro-
tein. These two ORFs were separated by two intergenic 
regions, a large intergenic region (LIR) and a small inter-
genic region (SIR), and inside LIR sequence, the nonanu-
cleotide TAA CAG TAC was marked as possible initiation 
site for viral DNA replication. BcGDV1 was identified 
in fungal isolates obtained from asymptomatic plants in 
New Zealand. It was composed by three ORFs: ORF1 was 

coding for a 321 aa protein, while ORF2 and ORF3 were 
overlapping, and encoded for hypothetical proteins of 
124 and 97 aa, respectively. ORF1 and overlapping ORF2 
and 3 were separated by LIR and SIR sequences, and 
CTA TCA ACAC was identified as the putative nonanu-
cleotide sequence in the loop of the stem-loop structure 
in the Ori region. Reps sequences of BcssDV1, BcGV1 
and BcGDV1 shared an identity of 98% among them, so 
according to demarcation criteria that no sequences from 
different species share > 78% aa identity in the Rep pro-
tein [6], they should be considered as members of the 
same viral species.

As well as SsHADV1, both FgGV1 and BcGDV1 
showed hypovirulence traits in its respective hosts F. 
graminearum and B. cinerea [10, 12]. FgGV1 infectious 
clones inoculated in protoplasts were proven to induce 
hypovirulence in F. graminearum [5] and BcGDV2 
purified particles applied to the growing margins of a 
B. cinerea virus-free strain resulted in a hypovirulent 
phenotype of the new infected strain in canola leaves. 
Additionally, BGDaV1 methylation studies proved that 
B. cinerea host defense machinery targets the BGDaV1 
genome down-regulating BGDaV1 RNA accumulation. 
This silencing results in a long-term mutualistic infection 
relation that makes both survive during viral infection 
[10].

B. cinerea associated genomoviruses are potential bio-
technological tools to understand virus-fungi-plant inter-
actions and to provide solutions for the control of gray 
mould diseases. In fact, B. cinerea is one of the most 
important and aggressive plant-pathogenic fungus world-
wide [13]. It infects a wide range of crops, in the field and 
in postharvest, in form of mycelia, spores or sclerotia for 
long periods of time. Chemical fungicides, as the main 
control method, tends to change to more sustainable 
solutions as mycovirus-derived control methods [14].

In this work, we show the molecular characterization 
of several variants of BcssDV1 identified in different iso-
lates of Italy and Spain. It is demonstrated that BcssDV1 
genome is composed by four segments, instead of a single 
one as was previously published [8]. Additionally, in silico 
alignment and prediction methods helped us to elucidate 
the putative functions of the hypothetical proteins in the 
interactions with their host.

Methods
Fungal strains
B. cinerea field isolates were originally obtained from 
infected grapevines (Vitis vinifera) of different regions in 
Italy and Spain [8]. B. cinerea B05.10 strain, free of myco-
viruses, was used as a control. All strains were stored at 
-80 °C in glycerol and refreshed in PDA plates at 24 °C for 
7 days.
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Bioinformatic analysis of NGS data
RNAs from B. cinerea mycelia were extracted as 
described previously [8]. Briefly, 100  mg of dry mycelia 
were lysed and subjected to total RNA extraction with 
Spectrum Plant Total RNA kit. RNA concentration was 
measured with Nanodrop and quality was tested by an 
electrophoresis 1% agarose gel. Total RNAs were ana-
lyzed by high-throughput sequencing as described pre-
viously to determine the mycovirome [8]. Briefly, reads 
were processed and assembled in transcripts using Trin-
ity. Contigs were then compared against a viral database 
using Blastx and mycoviruses were identified. After the 
molecular characterization of the BcssDV1 genome, its 
nucleotide (nt) and aa sequences were used to create a 
reference database. In Ubuntu desktop, a local Blast was 
run using Translated Query-Protein Subject BLAST 
2.9.0+ and the parameter e-value set as 0,01 to find other 
assembled contigs that contain regions similar or highly 
similar. These regions are denominated common regions, 
as previously described for FgGV1 [5]. Resulted contigs 
were analyzed to determine whether there were or not 
additional segments of BcsDV1 genome. Genome and 
alignments visualization were performed with Geneious® 
software. Secondary structures of DNA replication origin 
were predicted with UNAfold [15].

Viral particle enrichment and viral DNA extraction
Mycelia of B. cinerea strain IBC1, grown at 24 °C for 
10 days on PDB, were harvested and frozen in  N2 liquid. 
Viral particles were purified following a previous modi-
fied protocol [9]. Briefly, 30 g of mycelia were grinded to 
a fine powder that was suspended in an extraction buffer 
and then centrifuged at 18,000xg for 20  min to remove 
large particles corresponding to mycelial debris. The 
resultant supernatant was ultracentrifuged in a 2 ml 20% 
sucrose cushion for 2 h at 27,000 × g at 4 °C to precipitate 
all particles. The obtained pellet was resuspended in 1 ml 
of 0.1 M sodium phosphate buffer and then centrifuged 
at 16,000 × g for 20  min to clarify the suspensions and 
remove cellular debris and other contaminants.

Viral particles were treated with nucleases S1 (NEB) 
and RQ1 (Promega) to remove any non-encapsidated 
viral DNA remaining in the sample. Viral particle solu-
tion was used as template for PCR amplification to 
detect contaminant viral DNA that could have been 
released out of the viral particles during treatment. 
Resulting suspensions treated with nucleases were used 
as negative control of the PCR. Viral particles with no 
external DNA contamination were used to extract the 
viral DNA. Viral particles were resuspended in a total 
volume of 100 µL of SM buffer (0.1  M NaCl, 50  mM 
Tris–HCl (pH 7.4), 10 mM MgSO4) and viral DNA was 

extracted using the High Pure Viral Nucleic Acid Kit 
(Roche), following manufacturer’s instructions.

Presence of viral DNA was confirmed by amplifying 
specific regions of BcssDV1 genomic segments DNA-A 
and DNA-B with primers rep4_Fw and rep Rev, and 
327_4Fw and 3274_Rev, respectively (Table 1).

Table 1 List of primers used for characterization and detection 
of genomes of BcssDV1

Names, target of amplification and sequence of primers used for 
characterization and detection of genomes of BcssDV1 in pools of field isolates 
from Spain and Italy

Primer Segment Sequence (5’–3’)

Rep_Fw4 DNA‑A CCA TTA CGA TGG CAG TCC ACAC 

Rep_Fw3 DNA‑A AGG CTC GTT TAG GCA TAT TCC 

Rep_Rev DNA‑A CAC GTG ACG ATT TGC CTA GAG 
ATC 

Rep_Rev5 DNA‑A CAG CCA ATA CCG TCG ACG AATT 

Rep_Fw DNA‑A CTC TTA TAG TCA GAG CTC CAC 
AC

Rep_rev3 DNA‑A GGA AGT GGT GCT TAT TGT GAA TAC 

327_Fw DNA‑B CTA GCT CCG CTA TAT CCT GCTCG 

327_Rev5 DNA‑B ATA TTT GTT GGC AAT TTG GGCG 

327_Fw4 DNA‑B GCC CTG TTG GCT TAG ATA TGC 

327_Rev3 DNA‑B GTG ATA GCC TGT AAG GCG CTG TAA 

225_Fw3 DNA‑C GCG ACC ATA AAT CTA GCG AAC 
ACG 

225_Rev6 DNA‑C CTC AGG CTC CGC GGT AAC AACC 

270_Fw5 DNA‑D TAT CCT CAG GAT AGC CTA TAA ATA C

270_Rev3 DNA‑D TCG CTA AAC CTG AAT AAC AGTCC 

270_Fw3 DNA‑D CTG GTA TAA AGC CCA AGC AAATG 

270_Rev4 DNA‑D TTC CAG TGG GAA TTT GTC TGC 

pJet1.2_Fw pJet1.2 CGA CTC ACT ATA GGG AGA GCGGC 

pJet1.2_Rev pJet1.2 AAG AAC ATC GAT TTT CCA TGG CAG 

FG_det_Fw DNA‑A CGT GTC ACC AGA GAT CGT ATG 

FG_det_Rev DNA‑A GTG ATT CAC CTA CAT ACG GCTC 

rep_1505R DNA‑A AGA AAC CCC TGG AAG CAT CG

DNAA_846_Rev DNA‑A CAC GCC TAC GTC GAA GCA CCA 
ACA C

Rep_Fw4 DNA‑A CCA TTA CGA TGG CAG TCC ACAC 

327_Rev DNA‑B CCT CCT TCA TGT TCG TCA CACC 

270_Fw DNA‑D GCT TTA TTA CGA CGT GAT ACG 
ATG 

270_Rev DNA‑D GAT GCT GAT GAA AAT TCC AGT 
GGG 

BcssDV1_DNAC_ORF_Fw DNA‑C ATG TCC GAT TCA GAG TTC GAT 
GTT TC

BcssDV1_DNAC_ORF_Rev DNA‑C TCA TGT TGC GAA CTC ATA CAA 
CCT GG

BcssDV1_DNAD_ORF_Fw DNA‑D ATG CAG ACA AAT TCC CAC TGG 
AAT TTTC 

BcssDV1_DNAD_ORF_Rev DNA‑D TTA ATT TCT CCC ACC TAG ACT 
ACG C
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All amplifications were performed using CloneAmp 
polymerase (Takara), applying a denaturalization step of 
98 °C for 30 s, and 35 cycles of denaturation at 98 °C 10 s, 
annealing at 55–57 °C for 15 s and elongation at 72 °C for 
30 s/Kb, and a final extension cycle of 72 °C for 7 min.

Determination of the complete sequence of BcssDV1
Viral DNA, extracted from viral particles purified from 
the mycelia of the field isolate IBC1, was used as tem-
plate to amplify full genomes using specific primers for 
each segment (designed in adjacent positions based on 
the sequence obtained by NGS). Primers Rep_Fw4 and 
Rep_Rev5 were used to amplify the full-length sequence 
of segment DNA-A, 327_Fw and 327_Rev5 for seg-
ment DNA-B, 225_Fw3 and 225_Rev6 were used for 
DNA-C and 270_Fw5 and 270_Rev3 for segment DNA-D 
(Table  1). To confirm the independence and circular-
ity of each of the four genomic segments, primers were 
designed to amplified and sequence overlapping regions. 
For DNA-A, the set of primers used were rep3_Rev and 
rep_Fw and rep_Rev; for DNA-B, 327_3_Fw, 327_3_Rev, 
327_Rev; for DNA-C, 225_Fw, 225_Rev and 225_Fw3 
and, for DNA-D, 270_Fw3, 270_Rev3, 270_Fw and 
270_Rev (Table  1). Additionally, approximately 20  ng of 
DNA were used for rolling circle amplification (RCA) 
using TempliPhi (GE Healthcare), following manufacter’s 
instructions, to specifically amplify the circular genome 
of BcssDV1. Digestion of RCA products were performed 
with CutSmart buffer for SpHI, SacII and AclI restriction 
enzymes, and with Buffer 2.1 for HindIII (New England 
Biolabs). Approximately, 6 µl of RCA products were incu-
bated for 3  h at 37  °C in a total volume of 25  µl with a 
total concentration of 1 × Buffer and 3 units of enzyme.

Full genome of each of the four segments from BCI1 
variant, were independently cloned in the vector pJET1.2 
by blunting ligation using CloneJet PCR Cloning kit 
(Thermofisher). Positive clones were sequenced using 
pJET1.2 Fw and Rev primers and additional internal 
primers to complete the genomic sequence by paired 
sequences alignment.

Sequencing of BcssDV1 variants
Sequences of all segments of other variants of BcssDV1 
infecting other pools were obtained as explained in 
Sect. "Bioinformatic analysis of NGS data" and by assem-
bling original reads using as reference previously iden-
tified segments. For incomplete in silico sequences of 
BcssDV1 variants, PCR amplification from total cDNA 
obtained from the total RNA of some individual field iso-
lates was performed to obtain full-genome sequences. 
Complete sequences of DNA-A were obtained by 
Sanger sequencing using primers rep4_Fw, rep5_Rev, 
rep1_Reb, FG_det_Fw, FG_det_Rev, rep_1505R and 

DNAA_846_Rev (Table  1). Similarly, DNA-D complete 
sequences were obtained using 270_Fw3, 270_Rev3 and 
270_Fw5 (Table 1). Full- genome sequences of each seg-
ment were obtained by assembling all Sanger sequences 
of each segment of BcssDV1 using Geneious®.

For phylogenetic analyses, nt sequences of variants 
of each segment were aligned using Clustal Omega and 
trimmed manually by Geneious to obtain equal length 
for all of them. ORFs of resulted trimmed sequences 
were translated and resulting proteins were aligned using 
Clustal Omega. Sequences sharing 100% of identity inside 
same pool were discarded for phylogenetic analysis.

Phylogenetic and protein structure analysis
MEGA X [16] was used to estimate the overall mean dis-
tance in the entire population (total number of sequences 
of all regions). For phylogenetic reconstruction, nt and aa 
sequence alignments were exported to IQ-TREE server 
(http:// iqtree. cibiv. univie. ac. at/) and subjected to a best 
DNA/protein model analysis [17]. Phylogenetic trees for 
each segment were constructed using the maximum like-
hood (ML) method, applying the best model obtained for 
each one and a test with a bootstrap of 1000 replicates. 
Phylogenetic trees of nt sequences were inferred by ML 
using next models of substitution, DNA-A, TNe + G4 + F; 
DNA-B, TN + G4 + F; DNA-C, TNe + G4; DNA-D, 
TN + F + G4. Phylogenetic trees of aa sequences were 
inferred by ML using next models of substitution, DNA-
A, VT + I + G4 + F; DNA-B, VT + F; DNA-C, JTT + G4; 
DNA-D, FLU + G4. Trees were visualized and edited 
using software MEGA X.

The number of base substitutions per site from mean 
diversity calculations for the entire population were cal-
culated using MEGAX [18]. Their associated standard 
error estimate(s) were obtained by a bootstrap proce-
dure (1000 replicates). Analyses were conducted using 
the Tamura-Nei model [19]. The rate variation among 
sites was modelled with a gamma distribution (shape 
parameter -1). In addition, pairwise identities were also 
calculated at nt and aa level using Clustal Omega. Ter-
tiary structure of BcssDV1 isolate IBC1 encoded pro-
teins were modelled with AlphaFold2, a computational 
approach capable of predicting protein structures with 
high accuracy and based on neural network [20]. Qual-
ity of the predicted structures was analyzed by QMEAN 
(https:// swiss model. expasy. org/ qmean/) [21]. Predicted 
protein structures of DNA-A and DNA-B were com-
pared with Rep and CP of SsHADV1 and FgGV1. Pre-
dicted structures of DNA-C and DNA-D of BcssDV1 
were also compared with hypothetical protein coding in 
DNA-C of FgGV1. Additionally, prediction of the tridi-
mensional structure of all BcssDV1 proteins was also 
performed with Phyre2 server [22] and DALI [23]. In 

http://iqtree.cibiv.univie.ac.at/
https://swissmodel.expasy.org/qmean/
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Phyre2, aa sequence of each segment was introduced in 
the server to find structural homologies using a normal 
model or an intensive and sensitive one. In DALI (Dis-
tance matrix alignment), tertiary structures of proteins 
of DNA-A, DNA-B, DNA-C and DNA-D, previously pre-
dicted by AlphaFold2, were submitted to perform struc-
tural comparison.

Detection of BcssDV1 in B. cinerea field isolates
Total RNAs of individual field isolates included in each 
pool where BcssDV1 was found were tested to validate 
the presence of BcssDV1. Detection was carried out 
by one-step RT-PCRs using specific primers for DNA-
A: rep_Fw and rep Rev3; for DNA-B: 327_Fw4 and 
327_Rev3; for DNA-C: BcssDV1_DNAC_ORF_Fw and 
BcssDV1_DNAC_ORF_Rev; and for DNA-D: BcssDV1_
DNAD_ORF_Fw and BcssDV1_DNAD_ORF_Rev 
(Table  1). PCR products were visualized in 2% agarose 
gel.

Results
Analysis of the multisegmented nature of BcssDV1 
genome
B. cinerea field isolates were previously obtained from 
infected grapes of vineyards of Italy and Spain and their 
mycovirome was determined [8]. A new ssDNA virus 
(BcssDV1, Genbank accession no. MN625247) was dis-
covered and characterized. The sequence previously 
characterized of BcssDV1 (from now named DNA-A) 
was 1692 nt long and contained one ORF that coded for a 
321 aa protein or a spliced-380 aa protein [8].

BcssDV1 was detected in transcripts of different pools 
of Italy and Spain, BCI1, BCI2, BCS8, BCS10, BCS11, 
BCS12, BCS13, BCS14, BCS15 and BCS17 ([8]; Table 2). 
Some transcripts had non-complete genomic sequence 

or were artifacts added by the assembler program used, 
but all of them contained the Rep conserved regions.

BcssDV1 was distributed in three regions of Spain 
(Ribera del Duero, Penedés and Rioja) and one single 
region of Italy (Lombardia). Reads were also mapped 
with SAMtools [24] and are presented in Table 2, show-
ing quantities from 252 reads, in pool IBC2, to 171,699, 
in pool IBC1. In our previous study, beside BcssDV1 
DNA-A, we found several other transcripts in different 
pools with the non-coding regions similar to the same 
regions in BcssDV1 DNA-A, suggesting that its genome 
could be composed by more than one segment, and fur-
ther analyses started to determine the full sequence of all 
the putative segments of BcssDV1 genome. Transcripts 
were blasted against BcssDV1 genome to find additional 
genomic segments. After analyzing all resulting tran-
scripts, two common regions, L-CR (Long Common 
Region) and S-CR (short common region) of approxi-
mately 260 and 38 nts, respectively, were found in three 
new putative genomic segments. All segments were 
aligned using Clustal Omega and two different putative 
nonanucleotide sequences were detected in S-CR of all 
segments. For DNA-A, DNA-B and DNA-D, nonanu-
cleotide sequence was TAC TCT T^CA and for DNA-C, 
TAC TCT T^AG. The secondary structure of the region 
around the nonanucleotide sequence was also con-
served among typical Ori sequences of viruses of the 
family Genomoviridae [1], showing the putative Ori of 
all BcssDV1 genomic segments in a loop of a stem-loop 
structure (Fig. 1).

Molecular characterization of the complete 
multisegmented genome of BcssDV1
Viral particles of BcssDV1 were purified from mycelia of 
the B. cinerea BCI1 strain, included in the IBC1 pool [8]. 
Viral DNA was successfully extracted from viral particles 

Table 2 List of pools, corresponding region, locations and number (#) of reads of DNA‑A of BcssDV1

List of pools, region, locations of collection of corresponding B. cinerea isolates and number of reads mapping with BcssDV1

Pool Region Location (# isolates) # of reads

BCI1 Lombardia Lonato del Garda [10] 171,699

BCI2 Lombardia Lonato del Garda [3], Moniga del Garda [5], Muscoline [1] 253

BCS8 Ribera del Duero La Horra [9] 95,687

BCS10 Penedes Villafranca del Penedés [1]
Pla del Penedés [6]

49,896

BCS11 Penedes Recaredo [9] 26,115

BCS12 Penedes Recaredo [7] 86,738

BCS13 La Rioja Matahón—FuenMayor [3], Andaverde—Labastida [1] 862

BCS14 La Rioja Romeral—FuenMayor [12] 694

BCS15 La Rioja Carretera—Baños del Ebro [10] 20,320

BCS17 La Rioja Salmuera—San Vicente de la Sonsierra [8] 28,996
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and used as template for the amplification of all four 
genomic segments. Full-genome segments were success-
fully amplified (Fig. 2) and cloned into pJET1.2 vector to 
determine their nt sequences by Sanger sequencing.

DNA-A segment of IBC1 was 1690 nts long, with a 
GC content of 49,1%, and contained one ORF in nega-
tive sense that encoded one protein of 321 aa (35,63 kDa), 
with conserved geminiviruses Rep motives. Deletion 
of a putative intron generates a new ORF coding for a 
spliced protein of 380 aa. The sequence of 321 aa shares 
94,6% of identity at nt level and 98.1% at aa level with 
the previously described BCS11 variant (MN625247, 
this sequence was annotated in the opposite orienta-
tion, since the ORF coding for Rep is in negative sense 
the sequence has been corrected in the GenBank). BCS11 
variant MN625247 was only present in two pools, while 
the new described variant of DNA-A IBC1 was detected 
in all analyzed pools. DNA-B segment was 1690 nts long, 
with a GC content of 48.5%, and contained one ORF in 
positive sense that encoded the putative mycoviral CP 
of 327 aa (36,3 kDa). DNA-C was 1669 nts long, with a 
GC content of 46.7%, and contained one ORF in posi-
tive sense that encoded a hypothetical protein of 225 aa 
(24,98  kDa), whose function is unknown. DNA-D was 
1707 nts long, with a GC content of 45.8%, and contain 
one ORF that encoded one protein of 270 aa (29.97 kDa), 

also with unidentified function (Fig.  3). No conserved 
motifs were found in the aa sequences of DNA-B, DNA-C 
and DNA-D.

The results of the Blast search showed that segments 
DNA-A, DNA-B, DNA-C and DNA-D of IBC1 shared 
an identity of 91.5%, 97.5%, 91.4% and 93.9% at nt level, 
with segments DNA-A, DNA-B, DNA-C and DNA-D of 
Botrytis cinerea hypovirulence-associated DNA virus 
1, respectively (GenBank Accession No. MT425546, 
unpublished). At amino acidic level, identities were 

Fig. 1 Stem‑lop secondary structures. Diagrams showing stem‑loop secondary structures of the sequence around the conserved nonanucleotide 
of the Ori in DNA‑A and D (a), DNA‑B (b) and DNA‑C (c)

Fig. 2 Amplification of full segments of BcssDV1 from viral DNA
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95.7%, 99.1%, 92.4% and 93.7%, respectively. These 
results indicated that both sequences are variants of the 
same mycovirus species. Rep of DNA-A sequence was 
also aligned with Reps of SsHADV1 and FgGV1 and 
shared an identity of 33.2% and 41%, respectively. How-
ever, same analysis with the associated CPs of the three 
mycoviruses resulted in lower non-significant identities 
of 12.2% and 13.2% between CP of DNA B and CPs of 
FgGV1 and SsHADV1, respectively. At nt level DNA-A 
and DNA-B of BcssDV1 shared an identity of 44.4% and 
38.3% with DNA-A and DNA-B of FgGV1, respectively. 
For DNA-C and DNA-D of BcssDV1, the compari-
son was done with DNA-C of FgGV1, and they shared 
and identity of 25.7% and 26.8%, respectively. For the 
same species of B. cinerea ssDNA viruses, identities 
were higher than 85.7% for L-CR and 100% for S-CR. 
In comparison with FgGV1 genomic segments, iden-
tity was lower and variable between 30.4 and 48.8% for 
L-CR and 38.2–65.9% for S-CR.

BcssDV1 variants of pools BCI2, BCS8, BCS10, 
BCS11, BCS12, BCS13, BCS14, BCS15 and BCS17 were 
obtained. Table  3 shows GenBank accession number 
and the source of each nt sequence segment in each 
pool. Most contigs were obtained by Trinity assembling 
all NGS processed reads. Nevertheless, remaining con-
tigs that could not be obtained with this method were 
assembled using Geneious assembler and BcssDV1- 
BCI1 genomic segments as reference. Due to the low 
number of reads of some segments, it was required to 
synthesize cDNA from original RNA extractions of iso-
lates IBC18, Bc85, Bc91 and Bc114, included in pools 
BCI2, BCS13, BCS14 and BCS15, respectively. Full 
length segments were amplified and Sanger sequenced. 
However, DNA-B sequence obtained from BCI2 pool 
was partial and its complete sequence could not be 
determined. ORFs found in DNA-D segments were 
translated and resulted in aa sequences of the expected 
length of 270 aa (BC1, BCS10, BCS13, BCS14, BCS15, 

BCS17), but four sequences where shorter (243 aa for 
BCS8, BCS11 and BCS12).

Diversity and phylogenetic analyses
The pairwise identities between nt and aa sequences 
and the overall mean distance were estimated. Pairwise 
identities were generally high for each segment (Addi-
tional file  1). Minimum pairwise identities for DNA-A 
were 97.5% in aa sequence and 75.7% in nt sequence. 
These identities were lower for DNA-B (82.5%) at aa 
level, but higher (80.2%) at nt  level. DNA-C sequences 
showed higher values of identities of 87.6% at nt and at 
aa level, as well as DNA-D (92.2% in nt sequence and 93% 
in aa sequence). The average nucleotide diversity among 
DNA-A BcssDV1 sequences was 0.011 ± 0.001 among all 
sequences of Italy and Spanish samples. Mean diversi-
ties of all segments are shown in Table 4. Although mean 
diversities had low values, the highest value in the entire 
population was obtained in DNA-C, while the lowest was 
obtained in DNA-A.

Phylogenetic relationship of BcssDV1 variants were 
analysed at nt and aa level. Sequences belonging to spe-
cific isolates and not pools were discarded except IBC1, 
which was the reference obtained from amplification 
of viral DNA, cloning and sequences. Consequently, 
some phylogenetic trees did not contain representative 
sequences of all pools but included sequences from sam-
ples of all regions.

DNA-A showed a common group in both phylogenetic 
trees that included BcGYDV2 and BcGV1 (from New 
Zealand and China), and the Italian and Spanish BcssDV1 
variants organized in several well supported groups 
with no structure based on the region of origin (Addi-
tional file 2: Figs. S1 and S2). For both phylogenetic trees 
Tomato Yellow Leaf Curl Virus 1 (TYLCV1) nt sequence 
(GenBank; OQ466372.1) and Rep protein sequence 
(GenBank; WFQ89762) were used as outgroups. DNA-B 
nt sequences were grouped in two groups supported with 

Fig. 3 Schematic diagram of the genome organization of Botrytis cinerea ssDNA virus 1 (BcssDV1). Yellow arrows indicate the coding regions 
in the translation orientation, blue arrows indicate the origin of replication and orange arrows indicate L‑CR and S‑CR regions. ORI is marked as blue. 
The DNA‑A protein of 380 aa, obtained by deletion of a putative intron, is marked in red



Page 8 of 17Ruiz‑Padilla et al. Virology Journal          (2023) 20:306 

high bootstrap values. Group1 included variants of pools 
BCS10, BCS13, BCS15 and BCS17 (from Penedés and La 
Rioja) and Group2 contained variants of BCS8, BCS10, 
BCS11, BCS12 and BCS14 (from Ribera del Duero, La 
Rioja and Penedés) (Additional file 2: Figure S3 and S4). 
Clustering of group 1 was conserved in the aa phyloge-
netic tree. For both phylogenetic trees TYLCV1 nucleo-
tide sequence (GenBank; OQ466372.1) and CP sequence 
(GenBank; WFQ89760) were used as outgroups. DNA-C 
nt and aa sequences showed two conserved groups: 
group 1 included Italian variants of BCI1 (Italy), and 
group 2 included Spanish variants from different regions 
(Additional file 2. Fig. S5). However, at aa level the Span-
ish variants group was less organized (Additional file  2. 
Fig. S6). Finally, DNA-D nucleotide phylogenetic trees 
showed two clusters. Cluster one included sequences of 
pools BCS8, BCS11, and BCS12 (from Ribera del Duero 
and Penedés) and cluster 2 included variants of pools 
BCI1 (from Italy), BCS10, BCS15 and BCS17 (from Pene-
dés and La Rioja). (Additional file 2. Fig. S7). However, at 
aa level the Spanish variants group was less organized, 
and only group one was formed (Additional file  2. Fig. 

S8). In summary, there was not a clear and common clus-
terization among all segments based in the country (Italy 
or Spain) or in the region inside Spain (Ribera del Duero, 
Penedés or La Rioja).

Detection of BcssDV1 in B. cinerea strains
BcssDV1 was detected in Spanish and Italian field iso-
lates by RT-PCR using specific primers for DNA-A and 
DNA-B. From a total of 29 pools formed by 98 strains of 
Italy and 150 of Spain (a total of 248 isolates), BcssDV1 

Table 3 Genbank accession numbers and description of protocol followed for obtaining complete sequences of BcssDV1 segments

Information referred to segments DNA‑A, DNA‑B, DNA‑C and DNA‑D. Abbreviatures: C (Cloning), S (Sanger sequencing), N (NGS), T (Trinity assembly) and G (Geneious), 
RP (RT‑PCR). * (Incomplete nt and aa sequence)

Pool DNA-A DNA-B DNA-C DNA-D

BCI1 C and S
(OR146520)
N and T
(OR146507 and OR146508)

C and S
(OR146542)
N and T
(OR146523, OR146524 and OR146525)

C and S
(OR146564)
N and T
(OR146543, OR146544, 
OR146545, OR146546 
and OR146547)

C and S
(OR146577)
N and G
(OR146568)

CI2 RP and S (isolate IBC18)
(OR146521)

*
N and T*

N and T
(OR146549)

N and G
(OR146569)

BCS8 N and G
(OR146515)

N and G
(OR146539)

N and T
(OR146550)

N and G
(OR146570)

BCS10 N and T
(OR146509 and OR146510)

N and T
(OR146527 and OR146529)

N and T
(OR146551 and OR146552)

N and G
(OR158040)

BCS11 N and T
(OR146511 and OR146512)

N and T
(OR146531)

N and T
(OR146553)

N and G
(OR146572)

BCS12 N and T
(OR146513)
N and G
(OR146516)

N and T
(OR146532)
N and G
(OR146540)

N and T
(OR146554, OR146555, 
OR146556, OR146557 
and OR146558)

N and G
(OR146573)
N and T
(OR146565)

BCS13 N and G
(OR146517)

N and T (OR146534)
N and G
(OR146541)

N and T
(OR146559)

RP and S (isolate Bc85)
(OR146575)

BCS14 N and G
(OR146518)

N and T
(OR146535)

N and T
(OR146560)

RP and S (isolate Bc91)
(OR146576)

BCS15 N and G
(OR146519)
RP and S
(OR146522)

N and T
(OR146536 and OR146537)

N and T
(OR146561)

N and T
(OR146566, OR146567)

BCS17 N and T
(OR146514)

N and T
(OR146538)

N and T
(OR146563)

N and G
(OR146574)

Table 4 Overall mean diversity for each BcssDV1 segment

Values are expressed in mean diversity of the total number of sequences of all 
regions ± error

Segment Overall mean diversity # Viral 
sequences

Sequence length

DNA‑A 0.011 ± 0.001 14 1346–1440

DNA‑B 0.061 ± 0.000 15 1067–1068

DNA‑C 0.075 ± 0.007 13 786

DNA‑D 0.042 ± 0.004 9 1130–1146
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was detected by NGS in 10 pools. From these pools, 
composed by 84 field isolates, a first screening using 
primers for the detection of a partial sequence of DNA-B 
resulted in 18 infected isolates and 66 non-infected iso-
lates or showing a very faint bands in the agarose gel. To 
confirm these results, additional RT-PCRs were carried 
out to detect DNA-A, which is generally more abundant 
than other segments. Out of these 66 isolates, 48 resulted 
positive, and 18 resulted negative. In summary, a total 
of 68 out of 85 isolates were infected by BcssDV1. Seg-
ments DNA-C and DNA-D were also detected in three 
analyzed field isolates Bc114, IBC8, IBC1 to show the co-
occurrence of the four genomic segments when DNA-A 
was detected, there was not detection in the non-infected 
fungal isolates BCI17 from pool IBC1 and the control 
strain B05.10 (Fig.  4A). To demonstrate the presence of 
the four genomic segments, RCA products were digested 
with SphI, HindIII and SacII (NewEngland Biolabs) that 
have a single cut site on DNA-A, DNA-B, and DNA-C, 

respectively, generating linearized DNA sequences 
of ~ 1.7 kbp. Similarly, RCA product was digested with 
AclI (NewEngland Biolabs), that has a single cut in DNA-
A, DNA-B, and DNA-C, and two cut sites in DNA-D, 
generating two linear DNA sequences of 1,1 kbp and 
0,6 kpb, corresponding to the ~ 1.7 kbp of the DNA-D 
genomic segments (Fig. 4B).

Table 5 shows incidence values for all field isolates. All 
isolates of pool IBC1 (Lombardía, Italy) were infected 
with BcssDV1, and most pools showed incidence values 
over 75%. Pools BCS8 and BCS13, from Spanish vine-
yards of Ribera del Duero and La Rioja, showed an inci-
dence of 22% and 50%, respectively. BcssDV1 is infecting 
at least eight isolates of each positive pool in Italy, and at 
least two isolates of each positive pool of Spain, with an 
overall incidence of 27.8% (69/248).

Fig. 4 Detection of the four genomic segments of BcssDV1. Detection of the four genomic segments of BcssDV1. A Detection of the DNA‑A, 
DNA‑B, DNA‑C and DNA‑D belonging to BcssDV1 in infected field isolates. No detection of the virus in shown in non‑infected fungal isolates BCI17 
and B05.10, used as negative controls. B RCA and digestion of DNA‑A, DNA‑B, DNA‑C and DNA‑D. White arrows indicate linearized full‑length 
genomic segments DNA‑A, DNA‑B, and DNA‑C, and red arrows indicate the two fragments resulting from the double digestion of DNA‑D. Several 
ladder bands size are indicated
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Analysis of proteins structure
NGS and posterior Blastx search have aided to identify 
new viral genomes and in the case of BcssDV1 to com-
plete the molecular characterization of its genome com-
posed by four genomic segments. Nevertheless, this 
information was not always able to elucidate the function 
of the proteins coded by each of genomic segments in the 
viral life cycle. To solve this limitation, prediction of the 
tertiary structures was performed with different software. 
AlphaFold2 predicted the complete 3-D structure of each 
of the proteins encoded by each genomic segment (Fig. 5, 
Additional file  3). Predicted structures of Rep and CP 
were compared and superposed with their correspond-
ing proteins of FgGV1 and SsHADV1 (Fig. 6). Structural 
alignments showed some local regions of Rep and CP 
that presented structural homology in the superposition 
and were supported with high structural similarity. This 
value was based on the observed interatomic distances 
in the model with ensemble information extracted from 
structures that have been experimentally determined and 
are homologues to the target sequence [25]. Addition-
ally, hypothetical proteins 1 (HP1) and 2 (HP2) predicted 
structures were compared with FgGV1 hypothetical pro-
tein, but, in this case, there was not high consistency in 
the superposition of tridimensional models.

Phyre2 and DALI were used to analyse tertiary struc-
tures of the proteins encoded in each segment and com-
plement the characterization of hypothetical proteins 
(Additional file 4). Prediction of Rep, coded by DNA-A, 
showed three conserved regions. First, from 2 to 99 aa 
position, with high homology with wheat dwarf virus 1 
Rep (PDBe: 6q1m) with 26% of identity and a 99.9% of 
confidence and with the DNA-binding domain of the rep-
lication initiation protein from the geminivirus TYLCV 
(RBD-like, PDBe: 1l5i) with 28% identity and a 99.9% of 

confidence. This motif consists of an HUH endonuclease 
involved in rolling-circle replication. Similar result was 
found with DALI, where same hit at PDBe: 6q1m was 
found with 24% of identity and 12.5 of Z-score (structural 
homology punctuation). Secondly, from position 163 to 
211, the structure of primase-helicase of Staphylococcus 
aureus (PDBe: 7om0) was also identified with a 17% of 
identity and a 98.8 of confidence (Additional file 3), and 
from position 123 to 314 the primase-helicase of papil-
lomavirus E1 (PDBe: 2v9p) with 98.2% and 18 (data not 
shown). This analysis confirms the role of DNA-A Rep 
in the rolling circle replication of the virus. Additional 
possible homologies were found, using DALI, with Rep-
licator Initiator Protein from porcine circovirus PCV2 
(PDBe: 2hw0) and with the Rep protein nuclease domain 
from the faba bean necrotic yellows nanovirus (PDBe: 
6h8o), both circular single-stranded DNA viruses; and 
with an ATP-dependent protease ATPase subunit HslU 
(PDBe: 6pxk). The same analysis performed with the 
spliced Rep of 380 aa confirmed its implication in the 
replication cycle of BcssDV1 (data not shown). Addition-
ally, similar results were obtained in the analysis of Rep 
FgGV1 and Rep SsHADV-1 (data not shown). Nuclear 
localization signals (NLS) [26] have been found in Rep 
of 321 aa (GPWLKKKCGA, position 17, score 6.5) and 
in the spliced Rep of 380 aa (DIQAPKRRKHTDRF, posi-
tion 39, score 5.5; QAPKRRKHTD, position 41, score 6; 
GPWLKKKCGA, position 76, score 6.5).

In the prediction of the tertiary structure of CP, coded 
by DNA-B segment, DALI server identified homology 
with CPs of Ageratum yellow vein virus (PDBe: 6f2s) 
and faba bean necrotic stunt virus (PDBe: 6s44) with 9 
and 12% of identity, and 9.5 and 8.8 of Z-score, respec-
tively, both circular single-stranded DNA viruses. Phyre2 
results showed structure homology in part of its struc-
ture, 52% of identity and a 40.6% of confidence with a 
eukaryotic translation initiation factor 4-e binding pro-
tein (PDBe: 2mx4) involved in cap-dependent translation; 
and approximately 30% of confidence and 33% of identity 
with endo-alpha-sialideases (PDBe: 1v0e), previously 
described in bacteriophages. These capsule-degrading 
tailspikes also promotes cellular plasticity and tumour 
metastasis in vertebrates [27]. Prediction of the tertiary 
structure of TYLCV CP revealed that there was a specific 
structural domain with homology from residue 40 to 238 
of subunit h of CP of Ageratum yellow vein virus (PDBe: 
6f2s). This subunit was characterized by X-ray and played 
a major role in the polarity of the protein by making 
the equatorial interface part of the protein [28]. How-
ever, this specific conserved domain of CP was not pre-
sent in BcssDV1 aa sequence. Additionally, the analysis 
of FgGV1 and SsHADV1 using DALI also confirmed its 
implication in mycoviral encapsidation (data not shown).

Table 5 Incidence of infection in isolates of pools of Spain and 
Italy

Pool # positives # pooled field 
isolates

Incidence (%)

BCI1 10 10 100

BCI2 8 9 89

BCS8 2 9 22

BCS10 7 7 100

BCS11 7 9 78

BCS12 6 7 86

BCS13 2 4 50

BCS14 11 12 92

BCS15 10 10 100

BCS17 6 8 75

TOTAL 69
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In addition, a total of ten CP sequences of genomovi-
rus that showed homology at least with 25% of identity 
with CP of FgGV1 were selected, aligned, and annotated 
with Geneious. As a result, seven potential conserved 
domains were detected through all sequence (Fig. 7). In 
putative Motif IV, a conservation with 50% of identity 
was found with tobacco vein mottling virus (TVMV) NIa 
protease recognition and cleavage site, essential for large 

polyprotein proteolytic processing in viruses of family 
Potyviridae.

DNA-C and DNA-D coded for two hypotheti-
cal proteins that did not share any conservation at nt 
or aa level with other viral proteins. After analysing 
their predicted tertiary structures, HP1 of DNA-C 
showed structural homology in some regions, previ-
ously described as predicted with high quality in the 

Fig. 5 Model structures of BcssDV1 proteins coded by a DNA‑A, b DNA‑B, c DNA‑C and d DNA‑D Tridimensional structures and plots of QMEAN 
local quality estimates per protein. Blue tones indicate higher quality scores for each position in the predicted structure
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AlphaFold2 computational analysis. First hit showed 
structural homology with a 39% of identity and 59 of 
confidence level, from position 114 to 157, with typi-
cal domains of transferase, ephrin type-a receptor 2 of 

Homo sapiens (PDBe: 3c8x), involved in ephrin ligands 
regulate cell navigation during normal and oncogenic 
development [29]. Second hit showed structural homol-
ogy with 81.8 of confidence and 37% of identity with 

Fig. 6 Superposition of predicted tertiary structures. Left column (1) showed superpositions of proteins with each chain marked in one colour (blue 
or yellow). Right column (2) showed same superpositions but indicating the degree of structural similarity of the alignment as a gradient from red 
to green that indicated the degree of structural similarity of the alignment. a Rep of BcssDV1 and FgGV1, b CP of BcssDV1 and FgGV1, c HP1 
of BcssDV1 and hypothetical protein of FgGV1, d HP2 of BcssDV1 and hypothetical protein of FgGV1
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ephrin receptor ligand binding domain of Mus muscu-
lus (PDBe: 1shw). Regarding DALI results, structural 
homology was found with Schlafen family member 11 
(PDBe: 7zel) with 2.3 of Z-SCORE, which is an apo-
protein containing two sequence domains, a putative 
DNA-binding domain and DNA/RNA helicase domain. 
This protein is a negative regulator of G1/S transition of 
mitotic cell cycle [30].

Structural homology of the hypothetical protein of 
DNA-D did not produce residues modelled at > 90% con-
fidence. Phyre2 search predicted possible homologies 
with ctf19, kinetochore heterodimer of Kluyveromyces 
lactis (PDBe: 3zxu) implicated in cell cycle, with 71 of 
confidence and 43% of identity. DALI results also sup-
ported homology with a cell division cycle related pro-
tein kinase (CDC7) (6ya7) with 7% of identity and 4.2 of 
Z-SCORE. CDC7 activity is critical for the G1/S transi-
tion [31]. Phyre 2 determined, with lower level of confi-
dence and percentage of identity, structural homology 
with RNA polymerase i-specific transcription initiation 
factor of Saccharomyces cerevisiae (PDBe: 5w65) was 
62,4 and 18%, respectively.

Hypothetical protein of Fusarium graminearum 
gemyptripvirus 1 DNA-C (Genbank QIA59412) was also 
analyzed with Phyre2 to compare results with the ones 
obtained for BcssDV1 HPs, and the main result was an 
identity of 45% and confidence of 47 with the structure 
of the human 80 s ribosomal protein of Drosophila mela-
nogaster (PDBe: 4v6w). Other hypothetical domains were 
Rps1 9E-like, a “winged helix” DNA-A binding domain of 
the ribosome of Pyrococcus abyssi, a hyperthermophile 
bacteria (PDBe: 2v7f ) with 56,9 of confidence and 23% 
of identity and laminin subunit alpha-5 of Homo sapiens 

(PDB-e: 5xau), implicated in cell adhesion [32], with 52 of 
confidence and 13% of identity.

Discussion
The full length genome of BcssDV1, a ssDNA virus 
belonging to family Genomoviridae, with a tetraseg-
mented genome, has been characterized in B. cinerea 
isolates of Italy and Spain. FgGV1 was the first described 
mycovirus with a multisegmented genome inside the 
family Genomoviridae [5]. Both FgGV1 and BcssDV1 
possess a L-CR and a S-CR in all their genomic segments. 
Other ssDNA multisegmented viruses also exhibit these 
common regions in their segments, such as nanoviruses 
that contains CR-SL and CR-M or nanoviruses with 
CR-II [33]. The BcssDV1 S-CR also encompasses the 
proposed Ori, where the stem-loop structure displays 
similar secondary structures for all genomic segments. 
While other multisegmented geminiviruses as tomato 
golden mosaic virus (TGMV) or bean golden mosaic 
virus (BGMV) also share the same stem-loop structures 
[34], FgGV1 stem-loop structure differs in DNA-A and 
DNA-B with DNA-C.

BcssDV1 has been found in different regions of Italy 
and Spain with an overall incidence of 27.8%. From 98 
samples of Italy and 150 of Spain, a total of 69 samples 
resulted positive by RT-PCR. Other mycoviruses infect-
ing the fungus B. cinerea showed similar or lower inci-
dences: Botrytis virus F showed 14.3% (12/84) in New 
Zealand and worldwide [35], Botrytis cinerea mitovirus 1 
showed an overall incidence of 30% in different regions of 
Southern Spain (29/96) [36] and Botrytis cinerea mymo-
navirus 1 was only detected in four out of the 508 (0.8%) 
B. cinerea strains isolated from China [37]. However, 

Fig. 7 Alignment of amino acid sequences of capsid proteins of BcssDV1 and other genomovirus. Sequences of capsid proteins of BcssDV1, 
Fusarium graminearum gemytripvirus 1 (MK430077), Botrytis cinerea hypovirulence‑associated DNA virus 1 isolate Skr4 (MT425546.1), Ficedula 
parva Genomoviridae sp. (QTE03616.1), Crane CRESS‑DNA virus (UBQ66243.1), Finch associated genomovirus 7 (QCQ85155, QCQ85257.1) 
and bubaline‑associated gemykrogvirus (QOQ72539.1). Red arrows indicate hypothetical conserved motifs of capsid proteins and purple arrows, 
predicted motifs with at least 50% of identity
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there are examples of higher incidence rates in mycovi-
ruses infecting other fungal hosts, such as Hymenoscy-
phus fraxineus mitovirus 1 (HfMV1), which displayed 
an incidence rate of 86% in the population of Sargans 
(N = 103 isolates; Eastern Switzerland) and 95% in the 
population of Aigle (N = 109 isolates; Western Switzer-
land) [38]. It is worth noting that BcssDV1 is not limited 
to Spain and Italy, as other variants have been identified 
in New Zealand (QLD98948.1) and China (QPB44148.1, 
UIX26077) [9, 10]. Given its high incidence and dispersal, 
it is plausible to suggest that BcssDV1 may also infect B. 
cinerea isolates worldwide in many different hosts.

Regarding mean pairwise genetic distances, DNA-C 
of BcssDV1 showed the highest mean pairwise iden-
tity (0.075 ± 0.007), while DNA-A displayed the lowest 
(0.011 ± 0.001). a partial sequence of Botrytis cinerea 
mitovirus 1 genome showed values of 0.023 ± 0.005 [36], 
higher than the mean value of pairwise identity found 
in DNA-A but lower than those obtained for segments 
DNA-B, DNA-C and DNA-D. In contrast, the mean pair-
wise identity of Botrytis virus F sequences (0.162 ± 0.021) 
was significantly higher than the ones obtained for each 
of the genomic segments of BcssDV1 [35]. The observed 
differences in incidence and nucleotide-level variability 
among these viruses can be attributed to their belong-
ing to different viral families, possessing distinct types of 
genomes, and varying numbers of genomic segments.

Rep of other members of the family Genomoviridae 
display recognizable sequence similarity to Rep of mem-
ber of the family Geminiviridae. In fact, DNA-A vari-
ants demonstrate high pairwise identities between aa 
sequences and contain characteristic aa Gemini_AL1 Rep 
catalytic conserved domains. In contrast, DNA-B, coding 
for the CP, and DNA-C, coding for the HP1, present the 
lowest minimum identities at aa level. This variability may 
be explained by the low values of sequence similarity pre-
viously found among CP and other hypothetical proteins 
of viruses belonging to the family Genomoviridae [6]. The 
obtained results suggest that the four BcssDV1 genomic 
segments do not followed the same evolution patterns. 
For instance, it has been observed that for bipartite bego-
moviruses, DNA-A and DNA-B respond differentially to 
evolutionary processes, with DNA-B being more permis-
sive to variation [39]. Furthermore, evolutionary studies 
of FBNSV, formed by 8 segments, have demonstrated 
that each segment is subjected to variation and selection 
as an individual entity [34].

Phylogenetic analysis at nt or aa level reveals limited 
clusterization based on country or different and distant 
regions inside Spain, with Italian and Spanish samples 
clustering in different groups and Spanish isolates from 
La Rioja with tendency of forming groups with isolates 
from Penedés. Similar patterns of clusterization based 

on geographic regions have been observed in full-length 
genomes of other multisegmented ssDNA viruses like 
faba bean necrotic stunt nanovirus, which also formed 
two distinct groups, including different regions of Iran 
[40]. Additionally, begomoviruses have shown a clear 
geographic segregation of segments DNA-A and DNA-
B, and some differences in the genetic structure of both 
[39].

FgGV1 was composed by three segments DNA-A, 
DNA-B and DNA-C, encoding Rep, CP, and a hypotheti-
cal protein, respectively. While DNA-A and DNA-B of 
FgGV1 were mutually interdependent and sufficient for 
their replication, DNA-C enhances the accumulation 
level of viral DNA in infected fungi and facilitates trans-
mission via conidia [5]. Similar to FgGV1, DNA-A of 
BcssDV1, encoding Rep, contains the conserved domains 
of Gemini_AL1, while DNA-B encodes the hypotheti-
cal CP. BcssDV1 DNA-C and DNA-D both code for two 
hypothetical proteins without conserved motifs, which 
are presumed to be involved in different stages of the 
BcssDV1 life cycle. Tridimensional structure and func-
tion of the replication-associated protein has been deeply 
characterized in different viruses of family Genomoviri-
dae [41–43].

The BcssDV1 Rep sequence not only contains Gemini_
AL1 Rep catalytic conserved domains, but also exhibits 
structural homology with predicted tertiary conforma-
tion of Rep and DNA-binding domain of the replication 
initiation protein of members of the family Geminiviri-
dae, the primase-helicase of a DNA virus of the fam-
ily Papillomaviridae and an ATP-dependent protease 
ATPase. Geminiviruses encoded Rep plays an important 
role in the replication and transcription of the other viral 
genes and possesses DNA helicase and ATPase activity 
[44]. Geminiviruses replicate inside the nucleus, and Rep 
contains NLS, and removal of the aa of the NLS reduce 
nuclear import and nuclear accumulation of Rep [45]. 
BcssDV1 Rep (321 aa) also contains one NLS and spliced 
Rep (380 aa) contains three NLS, suggesting the impor-
tance of these NLS in the import and accumulation of the 
protein in the cell nucleus. Therefore, our results defini-
tively confirm the role of BcssDV1 Rep in the life cycle 
of this mycovirus. Due to low conservation at sequence 
level of CP, HP1 and HP2 with other viral proteins, pre-
diction of the tertiary structure of these proteins have 
allowed to propose their possible function in BcssDV1 
life cycle. The BcssDV1 CP showed structural homol-
ogy with CPs of ageratum yellow vein virus (AYVV) and 
faba bean necrotic stunt virus (FBNSV), other circular 
ssDNA viruses, confirming the function of DNA-B pro-
tein in the encapsidation of the mycovirus. AYVV is a 
plant geminivirus that form a two incomplete icosahedral 
particle, fused to form a geminate capsid [28]. FBNSV is 
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a nanovirus whose distinct genome segments are encap-
sidated individually in icosahedral particles [46]. In the 
future, electron microscopy analysis will be conducted 
in order to analyse the structure of the BcssDV1 parti-
cles. Since the transcripts derived from BcssDV1 will be 
synthetized in the nucleus, it will be canonicals mRNA 
with 5’-CAP and 3’ poly-A. The first step in translation 
of 5′-capped host-cell mRNAs is the binding of the ini-
tiation factor eIF4F, that consists of three subunits. eIF4E 
binds to the cap, eIF4A is an RNA helicase and eIF4G 
connects the ribosome to the mRNA through eIF3 [47]. 
In plant potexviruses and carlaviruses CP interaction 
with this factor is necessary but not sufficient for facili-
tating the accumulation of these type of viruses [48]. 
BcssDV1 CP showed structure homology with a eukary-
otic translation initiation factor 4-e binding protein, sug-
gesting that could be involved in the interaction with 
eIF4E and possible in the accumulation of BcssDV1 
inside its fungal host. The CP of geminiviruses contains 
NLS and is involved in the nucleocytoplasmic shuttling 
of the viral DNA [45], however BcssDV1 CP does not 
contain NLS. Notably, in this work, seven hypotheti-
cal conserved motifs were detected in CP sequences of 
viruses of the family Genomoviridae and other families, 
suggesting their potential importance in the initial stages 
of viral infection, could be through the interaction with 
a membrane cellular receptor, in viral particle assembly, 
in nucleocytoplasmic movement of proteins or DNA, or 
as a pathogenicity determinant as has been described 
for other geminiviruses [45]. Discovering new viruses 
of the family Genomoviridae and performing directed 
mutagenesis of these specific regions would help to elu-
cidate their significance in viral structure and the role of 
the CP in interactions with the host. For BcsssDV1 DNA-
C, HP1, structural homology was found with human 
ephrin type a receptor 2 transferases and signalling pro-
teins of ephrin type-b, involved in regulation of cell–cell 
adhesion and motility in cancer cells [49]. In TYLCV1, 
the AC4 has a role in complementing the function of viral 
movement and degree of severity of the symptoms [45], 
then, HP1 of BcssDV1 may be contributing to movement 
and pathogenesis between the mycovirus and host cells. 
Interestingly, it was also found structural homology of 
DNA-C with an apoprotein with two sequence domains, 
a putative DNA-binding domain and DNA/RNA helicase 
domain. This protein is a negative regulator of G1/S tran-
sition of mitotic cell cycle. Then, since ssDNA mycovirus 
need to inhibit the DNA damage checkpoint, resulting in 
cell cycle progression while also stimulating DNA replica-
tion by preventing programmed cell death [45], BcssDV1 
HP1 could be involved in the interaction with the DNA, 
maintaining separated the viral DNA duplex formed in 
the nucleus to facilitate the mycoviral replication cycle, 

instead to be related with the regulation of the cell cycle. 
Among all the analysed segments of BcssDV1, segment 
DNA-C was the most diverse among all variants and 
contains hypothetical motifs related to viral movement 
proteins. It is plausible that DNA-C represents the most 
susceptible segment within the viral genome for muta-
tion and evolution, thereby facilitating future adaptation 
to yet undiscovered hosts. Considering this hypothesis, it 
is conceivable that HP1 shares functions with the move-
ment protein of Bean golden mosaic virus (BGMV) and 
TGMV, both of which are considered essential factors in 
host adaptation, alongside other genes [50]. Furthermore, 
the description of new host of Sclerotinia sclerotiorum 
hypovirulence-associated DNA virus 1 (SsHADV-1) has 
been confirmed in Penicillium olsonii [51], raising the 
possibility of BcssDV1 infecting other ascomycetes.

In DNA-D HP2, structural homology was observed 
with the kinetochore heterodimer from yeast, which is 
involved in cell cycle, and with cell division cycle-related 
kinase. Results also supported homology with a cell divi-
sion cycle related protein kinase (CDC7) which activity is 
critical for the G1/S transition of the replication cell cycle. 
Control and regulation replication cell cycle are some of 
the most important parts in the viral cycle. For instance, 
AC4 protein of TYLC1 acts as a viral “oncogene” stimu-
lating cell DNA replication [45]. Additionally, HP2 also 
exhibited structural homology with RNA polymerase 
i-specific transcription initiation factor of Saccharomyces 
cerevisiae [52]. These factors play an essential role in cap-
bearing cellular and viral RNAs, from the nucleus to the 
cytoplasm [49]. It could be that BcssDV1 HP2 acts stimu-
lating replication cell cycle to favour BcssDV1 replication 
inside the nucleus. As another possible hypothesis, HP1 
and HP2, which seem to have antagonistic effects on cell 
division cycle, could play a combined role in regulating it 
to favour replication of BcssDV1. Construction of a syn-
thetic BcssDV1 would allow to determine the real func-
tion of their predicted proteins and study the mycoviral 
life cycle and its interaction with the fungal cell.

Conclusions
Botrytis cinerea ssDNA virus, one of the first multiseg-
mented virus described in the family Genomoviridae, 
infects B. cinerea isolates worldwide with overall high 
conservation of variants in all segments. It has been dem-
onstrated that BcssDV1 variants are highly conserved 
among B. cinerea isolates worldwide. However, segment 
DNA-C has proven to be the most diverse segment, sug-
gesting key role in future adaptation to other hosts. This 
limited genetic variance among BcssDV1 strains may 
offer significant advantages for the development of bio-
control strategies, leveraging its hypovirulent properties. 
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Consequently, the potential application of BcssDV1 as 
a biocontrol agent can be explored across diverse geo-
graphic areas, similar to the successful utilization of 
SsHADV1 [12, 50].

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12985‑ 023‑ 02256‑z.

Additional file 1. Matrix of identities (%) between nucleotide and amino 
acid sequences of segments DNA‑A, DNA‑B,  DNA‑C and  DNA‑D of 
BcssDV1.

Additional file 2. Phylogenetic trees of nucleotide and amino acid 
sequences of segments DNA‑A. DNA‑B, DNA‑C and DNA‑D. 

Additional file 3. Model structures of BcssDV1 proteins coded by a 
DNA‑A, b DNA‑B, c DNA‑C and d DNA‑D and plots of QMEAN local quality 
estimates. Blue tones indicate higher quality scores for each position in 
the predicted structure.

Additional file 4. Results of structural homologies modelled by Phyre2 
and DALI in proteins of BcssDV1 and FgGV1. 

Acknowledgements
We thank Vara y Pulgar C. B. (Jerez) and the wineries Recaredo (Penedés), 
Pradorey‑Real Sitio de Ventosilla (Ribera del Duero), and Bodegas Roda (La 
Rioja) for providing grapevine samples. We thank Claudio Ratti for optimiz‑
ing the protocol of viral particle purification. We thank Luis Fernández Pacios 
for reviewing protein structures methods and results and suggesting other 
valuable software. We thank the editor and reviewers for their suggestions to 
improve the manuscript.

Author contributions
Conceptualization, MAA and ARP; methodology, MAA, ARP and MT; software, 
ARP; validation, MAA, ARP and MT; investigation, MAA, ARP and MT; data 
curation, MAA and ARP; writing—original draft preparation, MAA and ARP; 
writing—review and editing, MAA, ARP and MT; project administration, MAA; 
funding acquisition, MAA; All authors read and approved the final manuscript.

Funding
This research was funded by VIROPLANT, a project that received funding from 
the European Union’s Horizon 2020 Research and Innovation Program (Grant 
No. 773567).

Availability of data and materials
RNAseq raw data where micoviral sequences were detected are included 
in BioProject PRJNA632510. All nucleotide and amino acid were submitted 
in Genbank with following accessions numbers: OR146507 to OR146516, 
OR146518 to OR146525, OR146527, OR146529, OR146531, OR146532, 
OR146534 to OR146547, OR146549 to OR146561, OR146563 to OR146570, 
OR146572 to OR146577, and OR158040.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent to publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 25 July 2023   Accepted: 2 December 2023

References
 1. Krupovic M, Ghabrial SA, Jiang D, Varsani A. Genomoviridae: a new 

family of widespread single‑stranded DNA viruses. Archive s of virology. 
2016;161(9):2633–43.

 2. Krupovic M, Varsani A, Kazlauskas D, Breitbart M, Delwart E, Rosario 
K, Yutin N, Wolf YI, Harrach B, Zerbini FM, Dolja VV, Kuhn JH, Koonin 
EV. Cressdnaviricota: a virus phylum unifying seven families of rep‑
encoding viruses with single‑stranded, circular DNA genomes. J Virol. 
2020;94(12):e00582‑e620.

 3. Jiang D, Fu Y, Guoqing L, Ghabrial SA. Viruses of the plant pathogenic fun‑
gus Sclerotinia sclerotiorum. Adv Virus Reseach. 2013;86:215–48. https:// 
doi. org/ 10. 1016/ B978‑0‑ 12‑ 394315‑ 6. 00008‑8.

 4. Yu X, Li B, Fu Y, Jiang D, Ghabrial SA, Li G, Peng Y, Xie J, Cheng J, Huang J, Yi 
X. A geminivirus‑related DNA mycovirus that confers hypovirulence to a 
plant pathogenic fungus. Proc Natl Acad Sci. 2010;107(18):8387–92.

 5. Li P, Wang S, Zhang L, Qiu D, Zhou X, Guo L. A tripartite ssDNA mycovirus 
from a plant pathogenic fungus is infectious as cloned DNA and purified 
virions. Science advances. 2020;6(14):eaay9634.

 6. Varsani A, Krupovic M. Family genomoviridae: 2021 taxonomy update. 
Adv Virol. 2021;166(10):2911–26.

 7. Lucía‑Sanz A, Manrubia S. Multipartite viruses: adaptive trick or evolution‑
ary treat? NPJ Syst Biol Applicat. 2017;3(1):1–11.

 8. Ruiz‑Padilla A, Rodríguez‑Romero J, Gómez‑Cid I, Pacifico D, Ayllón MA. 
Novel mycoviruses discovered in the mycovirome of a necrotrophic 
fungus. mBio. 2021;12(3):e03705–37020.

 9. Hao F, Wu M, Li G. Characterization of a novel genomovirus in the phy‑
topathogenic fungus Botrytis cinerea. Virology. 2021;15(553):111–6.

 10. Khalifa ME, MacDiarmid RM. A mechanically transmitted DNA mycovirus 
is targeted by the defence machinery of its host, botrytis cinerea. Viruses. 
2021;13(7):1315.

 11. Fiallo‑Olivé E, Lett JM, Martin DP, Roumagnac P, Varsani A, Zerbini FM, 
Navas‑Castillo J. ICTV virus taxonomy profile: geminiviridae 2021. J Gen 
Virol. 2021;102(12): 001696.

 12. Gupta T, Kumari C, Vanshika, Kulshrestha S. Biology and mycovirus‑
assisted biological control of Sclerotinia sclerotiorum infecting 
vegetable and oilseed crops. Arch Phytopathol Plant Protect. 
2019;52(13–14):1049–67.

 13. Dean R, Van Kan JAL, Pretorius ZA, Hammond‑Kosack KE, Di Pietro A, 
Spanu PD, Rudd JJ, Dickman M, Kahmann R, Ellis J, Foster GD. The Top 10 
fungal pathogens in molecular plant pathology. Molecul Plant Pathol. 
2012;13(4):414–30.

 14. Abbey JA, Percival D, Abbey L, Asiedu SK, Prithiviraj B, Schilder A. Bio‑
fungicides as alternative to synthetic fungicide control of grey mould 
(Botrytis cinerea) – prospects and challenges. Biocontr Sci Technol. 
2019;29(3):207–28.

 15. Zuker M. Mfold web server for nucleic acid folding and hybridization 
prediction. Nucleic Acids Res. 2003;31(13):3406–15.

 16. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: molecular evo‑
lutionary genetics analysis across computing platforms. Mol Biol Evol. 
2018;35(6):1547–9.

 17. Trifinopoulos J, Nguyen LT, von Haeseler A, Minh BQ. W‑IQ‑TREE: a fast 
online phylogenetic tool for maximum likelihood analysis. Nucleic Acids 
Res. 2016;44(W1):W232–5.

 18. Nei M, Kumar S, Nei M, Kumar S. Molecular evolution and phylogenetics. 
Oxford, New York: Oxford University Press; 2000. p. 348.

 19. Tamura K, Nei M. Estimation of the number of nucleotide substitutions in 
the control region of mitochondrial DNA in humans and chimpanzees. 
Mol Biol Evol. 1993;10(3):512–26.

 20. Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, Tunya‑
suvunakool K, Bates R, Žídek A, Potapenko A, Bridgland A, Meyer C, Kohl 
SAA, Ballard AJ, Cowie A, Romera‑Paredes B, Nikolov S, Jain R, Adler J, Back 
T, Petersen S, Reiman D, Clancy E, Zielinski M, Steinegger M, Pacholska M, 
Berghammer T, Bodenstein S, Silver D, Vinyals O, Senior AW, Kavukcuoglu 
K, Kohli P, Hassabis D. Highly accurate protein structure prediction with 
AlphaFold. Nature. 2021;596(7873):583–9.

 21. Benkert P, Biasini M, Schwede T. Toward the estimation of the abso‑
lute quality of individual protein structure models. Bioinformatics. 
2011;27(3):343–50.

 22. Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJE. The Phyre2 
web portal for protein modeling, prediction and analysis. Nat Protoc. 
2015;10(6):845–58.

https://doi.org/10.1186/s12985-023-02256-z
https://doi.org/10.1186/s12985-023-02256-z
https://doi.org/10.1016/B978-0-12-394315-6.00008-8
https://doi.org/10.1016/B978-0-12-394315-6.00008-8


Page 17 of 17Ruiz‑Padilla et al. Virology Journal          (2023) 20:306  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 23. Holm L. Using dali for protein structure comparison. Methods Mol Biol. 
2020;2112:29–42.

 24. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, Whit‑
wham A, Keane T, McCarthy SA, Davies RM. Li H 2021 Twelve years of 
SAMtools and BCFtools. GigaScience. 2021;10(2):1008.

 25. Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, 
Heer FT, de Beer TAP, Rempfer C, Bordoli L, Lepore R, Schwede T. SWISS‑
MODEL: homology modelling of protein structures and complexes. 
Nucleic Acids Res. 2018;46(W1):W296‑303.

 26. Kosugi S, Hasebe M, Matsumura N, Takashima H, Miyamoto‑Sato E, Tomita 
M, Yanagawa H. Six classes of nuclear localization signals specific to differ‑
ent binding grooves of importin alpha. J Biol Chem. 2009;284(1):478–85.

 27. Stummeyer K, Dickmanns A, Mühlenhoff M, Gerardy‑Schahn R, Ficner R. 
Crystal structure of the polysialic acid‑degrading endosialidase of bacte‑
riophage K1F. Nat Struct Mol Biol. 2005;12(1):90–6.

 28. Hesketh EL, Saunders K, Fisher C, Potze J, Stanley J, Lomonossoff GP, Ran‑
son NA. The 3.3 Å structure of a plant geminivirus using cryo‑EM. Nature 
Commun. 2019;9(1):2369.

 29. Himanen JP, Yermekbayeva L, Janes PW, Walker JR, Xu K, Atapattu 
L, Rajashankar KR, Mensinga A, Lackmann M, Nikolov DB, Dhe‑
Paganon S. Architecture of Eph receptor clusters. Proc Natl Acad Sci. 
2010;107(24):10860–5.

 30. Metzner FJ, Wenzl SJ, Kugler M, Krebs S, Hopfner KP, Lammens K. Mecha‑
nistic understanding of human SLFN11. Nat Commun. 2022;13(1):5464.

 31. Suski JM, Ratnayeke N, Braun M, Zhang T, Strmiska V, Michowski W, Can G, 
Simoneau A, Snioch K, Cup M, Sullivan CM, Wu X, Nowacka J, Branigan TB, 
Pack LR, DeCaprio JA, Geng Y, Zou L, Gygi SP, Walter JC, Meyer T, Sicinski P. 
Cdc7‑independent G1/S transition revealed by targeted protein degrada‑
tion. Nature. 2022;605(7909):357–65.

 32. Takizawa M, Arimori T, Taniguchi Y, Kitago Y, Yamashita E, Takagi J, Seki‑
guchi K. Mechanistic basis for the recognition of laminin‑511 by α6β1 
integrin. Sci Adv. 2017;3(9): e1701497.

 33. Lefkowitz EJ, Dempsey DM, Hendrickson RC, Orton RJ, Siddell SG, Smith 
DB. Virus taxonomy: the database of the International Committee on 
Taxonomy of Viruses (ICTV). Nucleic Acids Res. 2018;46(D1):D708–17.

 34. Grigoras I, Timchenko T, Grande‑Pérez A, Katul L, Vetten HJ, Gronen‑
born B. High variability and rapid evolution of a nanovirus. J Virol. 
2010;84(18):9105–17.

 35. Arthur K, Pearson M. Geographic distribution and sequence diversity of 
the mycovirus Botrytis virus F. Mycol Prog. 2014;13(4):1000.

 36. Rodríguez‑García C, Medina V, Alonso A, Ayllón MA. Mycoviruses 
of Botrytis cinerea isolates from different hosts. Annals Appl Biol. 
2014;164(1):46–61.

 37. Hao F, Wu M, Li G. Molecular characterization and geographic distribu‑
tion of a mymonavirus in the population of botrytis cinerea. Viruses. 
2018;10(8):432.

 38. Schoebel CN, Zoller S, Rigling D. Detection and genetic characterisation 
of a novel mycovirus in Hymenoscyphus fraxineus, the causal agent of 
ash dieback. Infect Genet Evol. 2014;1(28):78–86.

 39. Xavier CAD, Godinho MT, Mar TB, Ferro CG, Sande OFL, Silva JC, et al. 
Evolutionary dynamics of bipartite begomoviruses revealed by complete 
genome analysis. Mol Ecol. 2021;30(15):3747–67.

 40. Lotfipour M, Behjatnia SAA, Dall’Ara M, Ratti C,. The full‑length genome 
characterization and diversity of faba bean necrotic stunt virus in Iran. Eur 
J Plant Pathol. 2020;157(2):239–50.

 41. Kazlauskas D, Varsani A, Krupovic M. Pervasive chimerism in the repli‑
cation‑associated proteins of uncultured single‑stranded DNA viruses. 
Viruses. 2018;10(4):187.

 42. Tarasova E, Khayat R. A structural perspective of reps from CRESS‑DNA 
viruses and their bacterial plasmid homologues. Viruses. 2021;14(1):37.

 43. Desingu PA, Nagarajan K. Genetic diversity and characterization of 
circular replication (Rep)‑encoding single‑stranded (CRESS) DNA viruses. 
Microbiol Spectrum. 2022;10(6):e01057‑e1122.

 44. Fondong VN. Geminivirus protein structure and function. Mol Plant 
Pathol. 2013;14(6):635–49.

 45. Devendran R, Namgial T, Reddy KK, Kumar M, Zarreen F, Chakraborty S. 
Insights into the multifunctional roles of geminivirus‑encoded proteins in 
pathogenesis. Adv Virol. 2022;167(2):307–26.

 46. Rapani S, Bhat EA, Yvon M, Lai‑Kee‑Him J, Hoh F, Vernerey MS, Pirolles 
E, Bonnamy M, Schoehn G, Zeddam JL, Blanc S, Bron P. Structure‑
guided mutagenesis of the capsid protein indicates that a nanovirus 

requires assembled viral particles for systemic infection. PLoS Pathog. 
2023;19(1):11011086.

 47. Gingras AC, Raught B, Sonenberg N. eIF4 initiation factors: effectors of 
mRNA recruitment to ribosomes and regulators of translation. Annu Rev 
Biochem. 1999;68:913–63.

 48. Chen R, Yang M, Tu Z, Xie F, Chen J, Luo T, Hu X, Nie B, He C. Eukaryotic 
translation initiation factor 4E family member nCBP facilitates the accu‑
mulation of TGB‑encoding viruses by recognizing the viral coat protein in 
potato and tobacco. Front Plant Sci. 2022;13: 946873.

 49. Schmitt‑Keichinger C. Manipulating cellular factors to combat viruses: a 
case study from the plant eukaryotic translation initiation factors eIF4. 
Front Microbiol. 2019;5(10):17.

 50. Gillette WK, Meade TJ, Jeffrey JL, Petty ITD. Genetic determinants of 
host‑specificity in bipartite geminivirus DNA A components. Virology. 
1998;251(2):361–9.

 51. Fu M, Pappu HR, Vandemark GJ, Chen W. Genome sequence of sclerotinia 
sclerotiorum hypovirulence‑associated DNA virus 1 found in the fungus 
penicillium olsonii isolated from Washington State, USA. Microbiol Res 
Announce. 2022;11(4):e00019–22.

 52. Han Y, Yan C, Nguyen THD, Jackobel AJ, Ivanov I, Knutson BA, He Y. 
Structural mechanism of ATP‑independent transcription initiation by RNA 
polymerase I. Elife. 2017;17(6): e27414.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Molecular characterization of a tetra segmented ssDNA virus infecting Botrytis cinerea worldwide
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Fungal strains
	Bioinformatic analysis of NGS data
	Viral particle enrichment and viral DNA extraction
	Determination of the complete sequence of BcssDV1
	Sequencing of BcssDV1 variants
	Phylogenetic and protein structure analysis
	Detection of BcssDV1 in B. cinerea field isolates

	Results
	Analysis of the multisegmented nature of BcssDV1 genome
	Molecular characterization of the complete multisegmented genome of BcssDV1
	Diversity and phylogenetic analyses
	Detection of BcssDV1 in B. cinerea strains
	Analysis of proteins structure

	Discussion
	Conclusions
	Anchor 24
	Acknowledgements
	References


