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Summary

� Endogenous banana streak virus (eBSV) integrants derived from three distinct species, pre-

sent in Musa balbisiana (B) but not Musa acuminata (A) banana genomes are able to recon-

stitute functional episomal viruses causing banana streak disease in interspecific triploid AAB

banana hybrids but not in the diploid (BB) parent line, which harbours identical eBSV loci.

Here, we investigated the regulation of these eBSV.
� In-depth characterization of siRNAs, transcripts and methylation derived from eBSV using

Illumina and bisulfite sequencing were carried out on eBSV-free Musa acuminata AAA plants

and BB or AAB banana plants with eBSV.
� eBSV loci produce low-abundance transcripts covering most of the viral sequence and gen-

erate predominantly 24-nt siRNAs. siRNA accumulation is restricted to duplicated and

inverted viral sequences present in eBSV. Both siRNA-accumulating and nonaccumulating

sequences of eBSV in BB plants are heavily methylated in all three CG, CHG and CHH

contexts.
� Our data suggest that eBSVs are controlled at the epigenetic level in BB diploids. This regu-

lation not only prevents their awakening and systemic infection of the plant but is also prob-

ably involved in the inherent resistance of the BB plants to mealybug-transmitted viral

infection. These findings are thus of relevance to other plant resources hosting integrated

viruses.

Introduction

The burst of genome sequence availability arising from new
sequencing technologies has uncovered innumerable viral
sequences integrated into the genomes of both eukaryotes and
prokaryotes. These so-called endogenous viral elements (EVE), as
well as transposable elements (TE), were acquired during evolu-
tion by horizontal gene transfer, and the neo-function of these
sequences has been instrumental in helping organisms adapt suc-
cessfully to changing environmental stresses and conditions.
However, TE and EVE can either serve as strong constitutive
promoters to neighbouring plant genes or inactivate gene pro-
ducts by insertional mutagenesis (Jakowitsch et al., 1999; Gilbert
& Feschotte, 2018). To counter these potentially negative effects,
plants have developed mechanisms to control TE and EVE inte-
gration, keeping them transcriptionally silent (Ito, 2013).

Transcriptional silencing of TEs, which is established and main-
tained by the RNA-dependent DNA methylation (RdDM)

pathway, has been fairly well studied (reviewed in Matzke &
Mosher, 2014). Plants also use an RNA interference mechanism –
conserved in eukaryotes – to inhibit TE activity and virus replica-
tion via transcriptional gene silencing (TGS) or post-transcriptional
gene silencing (PTGS) mechanisms (reviewed in Baulcombe, 2022;
Vaucheret & Voinnet, 2024). Cytoplasmic PTGS is the major
pathway to control RNA viruses as they replicate in the cytoplasm
(Deleris et al., 2006; Qu et al., 2008), where the TGS pathway
plays a very minor role (Raja et al., 2008); however, plants employ
components of the nuclear TGS pathway against episomal DNA
viruses, as illustrated for the geminivirus Cabbage leaf curl virus
(CaLCuV) (Akbergenov et al., 2006; Raja et al., 2014) and the
pararetrovirus Cauliflower mosaic virus (CaMV) in Arabidopsis
thaliana (Blevins et al., 2011).

Besides LTR retrotransposons of the two large families Meta-
viridae and Pseudoviridae (ssRNA-RT viruses that constitute
large proportions of plant genomes), DNA viruses of the families
Geminiviridae and Caulimoviridae, and some ssRNA viruses, are
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also found in plant genomes (Chiba et al., 2011; da Fonseca
et al., 2016). Amongst DNA viruses, members of the Caulimo-
viridae are the most abundant; their integrants are named
endogenous pararetroviruses (EPRVs). Integrated copies of
Caulimoviridae have been identified in the nuclear genomes of
many agriculturally and horticulturally important plant species,
including very recently cotton (Aboughanem-Sabanadzovic
et al., 2023) and raspberry (Ho et al., 2024) (for reviews, see Cha-
bannes & Iskra-Caruana, 2013; Vassilieff et al., 2023). Besides
being spread horizontally between individuals and across species
by mechanical and vector-mediated transmission, members of
the Caulimoviridae can also be transmitted vertically via inte-
grated sequences fixed in host genomes. Indeed, EVEs of the
Caulimoviridae family have been identified in genomes of almost
every vascular plant examined, including primitive taxa such as
clubmosses, ferns and gymnosperms (Diop et al., 2018; Gong &
Han, 2018). Although most such integrations are relics of ancient
infection events, existing as either partial or nonfunctional viral
sequences with null mutations (Diop et al., 2018; Gong &
Han, 2018; Chabannes et al., 2021), some are active and cause
diseases. To date, the formation of virus particles from EPRVs
has been demonstrated clearly only for Nicotiana edwardsonii
(Lockhart et al., 2000), petunia (Richert-Poggeler et al., 2003)
and some interspecific banana hybrids (Gayral et al., 2008;
Chabannes et al., 2013).

In banana, such infective EPRVs represent a major constraint
for breeding programmes and thus are of considerable economic
importance. Although banana EPRVs have been characterized
extensively (Gayral et al., 2008; Chabannes et al., 2013), their
regulation remains largely unexplored (Ricciuti et al., 2021).
Most cultivated varieties of banana world-wide have resulted
from intra- or interspecific crosses of the seedy diploid subspecies
of Musa acuminata Colla (A genome) and Musa balbisiana Colla
(B genome). All known banana plants bearing the B genome
naturally harbour infective EPRVs (Gayral et al., 2010; Duroy
et al., 2016). These viral integrants are named endogenous
banana streak viruses (eBSV) and correspond to at least three
BSV species (Obino l’Ewai virus – BSOLV; Goldfinger virus –
BSGFV; Imov�e virus – BSIMV) distributed world-wide that
share 53–58% identity at the nucleic acid level. Interestingly, the
seedy M. balbisiana diploid genitor Pisang Klutuk Wulung
(PKW) is naturally resistant to both BSOLV, BSIMV and
BSGFV infections mediated by mealybug vectors and
eBSV-mediated infections (Lheureux, 2002), although PKW
plants have been subjected to intensive in vitro culture, which is
known to activate eBSVs in interspecific hybrids containing these
integrants.

In this study, we characterized the regulation of eBSVs in
PKW and its self-pollinated segregating progeny to uncover the
underlying mechanisms and investigate the impact of M. balbisi-
ana genome (B) ploidy on this regulation. We also analysed four
interspecific AAB hybrids resulting from a cross between PKW
and the tetraploid AAAA banana IDN-T 110, which lacks any
eBSV, to explore why infective eBSVs are able to release particles
in most interspecific hybrids (Dallot et al., 2001; Lheureux
et al., 2003; Cote et al., 2010).

Materials and Methods

Banana plants and viruses

Banana (Musa L.) plants were maintained at CIRAD (Montpellier)
in a tropical glasshouse by vegetative propagation (i.e. growing
of suckers) in 12-h daylight with luminosity not exceeding
400 w m�2, 75% relative humidity and 26°C : 24°C, day : night.

Pisang Klutuk Wulung is a seedy Musa balbisiana diploid
plant (BB genome) introduced at CIRAD Montpellier in 2000
from the open-field collection at Neufchâteau station (Guade-
loupe). Self-pollinated PKW plants were produced at the CIRAD
station (Guadeloupe) in 2012 and introduced at Montpellier
after embryo rescue. Plants were propagated as described above.

Banana streak Obino l’Ewai Virus (BSOLV – Genbank acces-
sion no.: AJ002234.1), Banana streak Goldfinger Virus (BSGFV
– Genbank accession no.: AY493509.1) and Banana streak Imov�e
Virus (BSIMV – Genbank accession no.: HQ659760.1)-infected
Musa acuminata Cavendish plants, constituting BSV controls,
are as described (Rajeswaran et al., 2014). The three different
BSV species diverge by at least 20% at the nucleic level in the
reverse transcriptase region as defined by the International Com-
mittee on Taxonomy of Viruses (ICTV).

The four allotriploid AAB hybrids used in this study were
obtained from interspecific hybridization between a virus-free
autotetraploid M. acuminata male parent (IDN110 Tetra,
AAAA) and the diploid PKW female parent. Plants were checked
regularly for BSV infection by immune-capture PCR (IC-PCR)
(Le Provost et al., 2006). We selected one BSV-free hybrid plant
as a control and three hybrid plants self-infected with BSOLV,
BSIMV or BSGFV from respective eBSV. The three infected
hybrid plants all show the typical streak symptoms on the leaves
associated with banana streak disease (Iskra Caruana et al., 2019).

A summary of the plants and viral strains used in this work is
illustrated in Fig. 1.

Total nucleic acid preparation

The same banana leaf was used for preparation of total RNA and
total DNA as described by Rajeswaran et al. (2014). Total RNA
for Illumina sequencing analyses was extracted as follows.

Two grams of banana leaf tissue ground in liquid nitrogen
was added to 10 ml of extraction buffer (100 mM Tris,
500 mM NaCl, 25 mM EDTA, 1.5% SDS, 2% PVP and
0.7% 2-mercaptoethanol). The mixture was vortexed, incu-
bated at room temperature for 10 min and centrifuged at
1500 g for 15 min to pellet the debris. The one-third volume
of precooled sodium acetate (pH 6.0) was added to the super-
natant, mixed, incubated on ice for 30 min and then centri-
fuged at 11 000 g for 15 min at 4°C. The supernatant was
treated with an equal volume of phenol/chloroform/isoamyl
alcohol and centrifuged at 10 000 rpm for 10 min at 4°C.
The supernatant was extracted with an equal volume of
chloroform/isoamyl alcohol and centrifuged as above. RNA in
the aqueous phase was precipitated by addition of two to three
volumes of cold ethanol, incubated at �70°C for 30 min and
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pelleted by spinning at 10 000 rpm for 15 min at 4°C. RNA
was dissolved in 500 ll of DEPC-treated water, extracted
again with chloroform/isoamyl alcohol and precipitated with
ethanol as above. The RNA pellet was washed with 75% etha-
nol, air-dried, dissolved in DEPC-treated water and stored at
�80°C until use.

Total DNA for methylation profile analysis was isolated as fol-
lows. Briefly, 100 mg of banana leaf tissues ground in liquid
nitrogen was incubated with 500 ll extraction buffer (100 mM
Tris, 1.4 M NaCl, 20 mM EDTA, 2% MATAB, 1% PEG 6000
and 0.5% sodium sulfite) preheated at 74°C. The slurry was
mixed and incubated at 74°C for 20 min, and 500 ll of chloro-
form:isoamyl alcohol was added. The contents were mixed and
centrifuged at 21 500 g for 15 min. DNA in the aqueous phase
was precipitated with an equal volume of cold isopropanol and
pelleted by centrifugation at 14 000 rpm for 30 min at 4°C.

After washed with 70% ethanol, the DNA pellet was dried in a
speed vacuum and dissolved in 100 ll of water.

sRNA blot hybridization analysis

Small RNA (sRNA) blot hybridization analysis was performed as
described (Blevins et al., 2006) using the short DNA oligonucleo-
tide probes listed in Supporting Information Table S1. For each
hybridization shown in Fig. S1, a mixture of 4–5 32P-labelled
DNA oligonucleotides specific for the BSOLV, BSIMV or
BSGFV species corresponding to four to five sRNA hotspots
identified by PKW sRNA sequencing analysis was used as a
probe. One hybridization per BSV species was performed on
total RNA of PKW and the eBSV-free AAA banana plant
infected with BSOLV described previously (Rajeswaran et al.,
2014).

(a) (b)

(c)

Fig. 1 Schematic representation of the banana plant and viral strains used to characterize the regulation of endogenous banana streak virus (eBSV) in
banana. All the plants described here have been deep-sequenced for small RNA (sRNA). The resulting samples’ names (BPO or GWT) have been used
throughout the manuscript to simplify its reading. (a) Characterization of eBSV-free Cavendish plants infected with different BSV species and PKW, a BSV-
free diploidMusa balbisiana plant harbouring eBSV.Musa acuminata dwarf Cavendish plants (triploid AAA genome without endogenous banana streak
virus sequences) (BPO-60) were inoculated by mealybugs (Planococcus citri) fed on banana plants infected with single BSV species each as described in
Rajeswaran et al. (2014) (BPO-64 (Banana streak Obino l’Ewai virus (BSOLV)-infected Cavendish plant), BPO-66 (Banana streak Imov�e virus (BSIMV)-
infected Cavendish plant) and GWT-7 (Banana streak Goldfinger virus (BSGFV)-infected Cavendish plant). The resulting BSV-infected dwarf Cavendish
collection was maintained at CIRAD (Montpellier) in a tropical glasshouse by vegetative propagation (i.e. growing of infected suckers). PKW (diploidMusa

balbisiana (BB) plant – BPO-59) is homozygous for endogenous banana streak Imov�e sequences (eBSIMV), is heterozygous for endogenous banana streak
Goldfinger sequences (eBSGFV) with eBSGFV-7 (GF7) infective and eBSGFV-9 (GF9) noninfective alleles and for endogenous banana streak Obino l’Ewai
sequences (eBSOLV) with eBSOLV-1 (OL1) infective and eBSOLV-2 (OL2) noninfective alleles (Chabannes et al., 2013). eBSVs are shown as thick red
lines in theM. balbisiana (B) genome, which is represented in a circular fashion. The three eBSV species are integrated at different loci. (b) Characterization
of PKW and different self-pollinated diploid offsprings containing different eBSV allelic combinations. The diploidM. balbisiana PKW (GWT-6) was self-
pollinated to segregate out the different eBSV alleles. PKW’s eBSV genotype is as described in (a). Amongst the different offsprings, nine self-pollinated
PKW plants were further characterized. eBSV genotypes for the PKW self-pollinated progeny are: GWT-9 (OL1 + OL2; GF7 + GF9); GWT-10
(OL2 + OL2; GF9 + GF9); GWT-11 (OL2 + OL2; GF7 + GF9); GWT-12 (OL1 + OL1; GF9 + GF9); GWT-13 (OL2 + OL2; GF7 + GF7); GWT-14
(OL1 + OL1; GF7 + GF9); GWT-15 (OL1 + OL2; GF9 + GF9); GWT-16 (OL1 + OL2; GF7 + GF7); GWT-17 (OL1 + OL1; GF7 + GF7) where OL1
stands for eBSOLV-1 infective allele, OL2 for eBSOLV-2 noninfective allele, GF7 for eBSGFV-7 infective allele and GF9 for eBSGFV-9 noninfective allele.
All plants are homozygous for eBSIMV. (c) Characterization of different interspecific triploid offsprings generated by the cross between PKW and a
tetraploid (AAAA)M. acuminata plant. The four allotriploid AAB hybrids used in this study were obtained from interspecific cross between a virus-free
autotetraploidM. acuminatamale parent (IDN110 Tetra, AAAA) and the diploidM. balbisiana PKW female parent (GWT-6). One episomal BSV-free
hybrid plant as a control (GWT-1) and three hybrid plants self-infected with BSGFV (GWT-2), BSIMV (GWT-3) or BSOLV (GWT-4) following
corresponding eBSV counterpart activation were selected for the analysis. The three infected hybrid plants show the typical streak symptoms on the leaves
associated with the banana streak disease. The nature of the BSV species responsible for the infection of each of the three hybrids was determined by
immune-capture PCR (IC-PCR) (Chabannes et al., 2021). PKW’s eBSV genotype is as described in (a). eBSV genotypes for the AAB interspecific hybrids are
as follows: GWT-1 (OL2; GF9); GWT-2 (OL2; GF7); GWT-3 (OL2; GF9); and GWT-4 (OL1; GF9); all have one copy of eBSIMV. eBSVs are shown as thick
red lines as described above.
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DNA methylation analyses

The cytosine methylation status of eBSV loci was determined
using the methylation-dependent McrBC restriction enzyme and
by bisulfite sequencing.

For McrBC treatment, 300 ng of total DNA from PKW was
digested with 10 U McrBC enzyme (New England BioLabs, Ips-
wich, MA, USA) in a final volume of 50 ll for 3 h at 37°C as
recommended by the manufacturer. As a positive control for
McrBC, 300 ng of methylated plasmid (with one McrBC site,
supplied by the manufacturer) was spiked in 300 ng of PKW
total DNA. Control samples without the McrBC enzyme were
incubated in parallel under the same conditions as test samples.
Following McrBC treatment, 3 ll (18 ng DNA) of the treated
and nontreated samples were used for PCR in a 25 ll reaction
mix containing 1 U GoTaq DNA polymerase, 19 GoTaq® reac-
tion buffer (Promega), 200 nM of each primer and 100 lM of
each dNTP. Thermal cycling conditions were as follows: 1 cycle
at 95°C for 5 min, 25 cycles at 95°C for 30 s, 62°C for 30 s,
72°C for 2 min, followed by one cycle at 72°C for 10 min. PCR
products were resolved in 1% agarose gel in 19 TBE buffer. Five
different primer pairs were used for methylation analysis of the
eBSIMV locus, three targeting the inverted repeat regions
producing viral siRNAs (F1F3F 5 0-TTCGGTATTATT
AAAACTCACACCA-3 0, Im6R 5 0-CCGACTTGAGGATT
TTCCAA-3 0; Im6R 5 0-CCGACTTGAGGATTTTCCAA-3
0, Im 7F 5 0-CATCAAAACTCACGCCTTCA-3 0; F4F5F 5 0-T
GGACAGCTTCTGGTGTGAG-3 0, Im8R 5 0-TCCAGAAG
AGTCAGCCCAAA-3 0) and two targeting nonrepetitive viral
sequence regions that do not produce siRNAs (F3F4R 5 0-GAA
GCTGTCCAAGCCTATATCA-3 0, ImF 5 0- TGCCAACGAA
TACTACATCAAC-3 0; ImF 5 0-TGCCAACGAATACTACAT
CAAC-3 0, Im9R 5 0-AGACTTCGCGTGTGAATTTTT-3 0).

For bisulfite sequencing, 1 lg of genomic DNA from PKW
was processed with an EpiTect Bisulfite kit according to the pro-
tocol supplied by the manufacturer (Qiagen). Treated DNA was
resuspended in a final volume of 20 ll elution buffer (10 mM
Tris pH 8.0). The PCR and sequencing primers listed in
Table S2 were designed using the nonselective variant option of
the BIS-PRIMER software (Kovacova & Janousek, 2012) meaning
that selected primers are able to bind both completely and
incompletely modified DNA templates with the same efficiency.
Bisulfite-treated DNA (50 ng) was used for PCR in a final
volume of 50 ll containing 1 U of Pfu Hotstart Polymerase
(Agilent), 19 reaction buffer (Agilent), 500 nM of each
primer and 100 lM of each dNTP. Thermal cycling conditions,
primer names and sequences, and expected amplicon sizes for the
different eBSV species and for one coding region external to the
eBSV sequences (Zonadhesin-related protein – id:BAG70984.1)
used as a negative control are listed in Table S2. The resulting
PCR products were gel-purified and then sequenced in bulk
using the same primers as in the PCR reaction using an ABI
3730 capillary sequencer (Sanger method). The raw chromato-
grams are provided as Note S1. Following bisulfite treatment,
genomic DNA is often present in single-stranded form due to
mismatches following the conversion of some of the cytosines,

and primers designed using BIS-PRIMER software preferentially
amplify the positive strand of the DNA. Sequencing reads were
curated manually before aligning sequences with the positive
strand of the reference sequence. Methylated and nonmethylated
cytosines in each context were then counted.

Illumina deep-sequencing and bioinformatics analysis

Small RNA sequencing RNA quantity was estimated by Qubit
and quality checked by loading 100 ng on a Bioanalyzer Nano
chip (Agilent 2100). For sRNA deep-sequencing, cDNA libraries
of the 18–30-nt RNA fraction of total RNA samples were pre-
pared at two different time points that are 2 yr apart using TRU-

SEQ KITS v.5 for samples BPO or v.3 for samples GWT (see
Methods S1) and sequenced in separate lanes of Hi-Seq 2000
(BPO-59-66, GWT-1 to �7) or Hi-Seq 2500 (GWT-9 to
GWT-17). The resulting samples’ names (BPO or GWT) have
been used throughout the manuscript to simplify its reading. To
analyse mapping 9 samples 9 references, we developed a snake-
make workflow (M€older et al., 2021) to perform all steps in par-
allel on the CIRAD Cluster. After trimming adaptor sequences
with ATROPOS v.1.1.25 (Didion et al., 2017), datasets of reads
were mapped to reference genome sequences (as detailed in
Methods S1) using a Burrows-Wheeler Alignment Tool (BWA

v.0.5.9) (Li & Durbin, 2010) with zero or up to two mismatches
to each reference sequence. SAMTOOLs v.1.9 was then used to fil-
ter and produce the merge bam files. The same read was allowed
to map to up to 10 different positions of the reference and was
assigned randomly to one of the repeated positions. The bioinfor-
matics analysis of the mapped reads is summarized in Figs 2–4,
6–8 (see later); Dataset S1; Figs S2–S4. To account for the circu-
lar BSV genome, the first 50 bases of the viral sequence were
added to its 3 0-end. For each reference genome/sequence and
each sRNA size class (20–25 nt), we counted total number of
reads, reads in forward and reverse orientation, and reads starting
with A, C, G and T (Dataset S1). The single-base resolution
maps of 20-, 21-, 22-, 23-, 24- and 25-nt viral sRNAs (Figs 3, 4,
6, 8, S3, S4; Dataset S2) were generated by a homemade Python
script based on the MISIS tool (Seguin et al., 2014, 2016) that
includes data normalization. Numbers of viral sRNA reads were
normalized per million of total 20–25-nt reads in each library. In
the maps, for each position on the sequence (starting from the 5 0

end of the reference sequence), the number of matches starting at
this position in forward (first base) and reverse (last base) orienta-
tion for each read length is given. Note that reads mapped to the
last 50 bases of the extended viral sequence were added to reads
mapped to the first 50 bases.

Total RNA sequencing Libraries were prepared from 500 ng of
DNase-treated total RNA with the Stranded Total RNA kit from
Illumina coupled with the Ribo-Zero ribosomal RNA depletion
kit. Libraries were sequenced using the Illumina HiSeq2500 plat-
form (Fasteris) and the HiSeq SBS kit v.4, which produced
125-nt single reads.

Reads from each library were mapped to the same three BSV spe-
cies and the same PKW BAC clones as those described above for
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sRNA analysis using the same pipeline and software to the
ready-made differences: zero to six mismatches to each reference
were allowed and, to account for the circular BSV genome, the first
126 bases of the viral sequence were added to its 3 0-end. Reads
mapped to the last 126 bases of the extended viral sequence were
added to reads mapped to the first 126 bases. The same read was
allowed to map to up to 10 different positions of the reference and
was assigned randomly to one of the repeated positions. The num-
bers of viral RNA reads were normalized per million of total reads
in each library. The bioinformatics analysis of the mapped reads is
summarized in Fig. 5 and detailed in Datasets S3 and S4.

eBSV genotyping

The eBSV allelic composition of the four AAB (IDN110 9 PKW)
hybrids and PKW self-pollinated plants was assessed by PCR using
the procedure and primer sets developed previously (Gayral
et al., 2008; Chabannes et al., 2013). Briefly, all PCRs were per-
formed with 20 ng of genomic DNA, 20 mM Tris–HCl
(pH 8.4), 50 mM KCl, 100 mM concentration of each dNTP,
1.5 mM MgCl2, 10 pmol of each primer and 1 U of GoTaq
DNA polymerase (Promega) in a total reaction volume of 25 ll.
PCR conditions were as follows: 1 cycle at 94°C for 5 min, fol-
lowed by 35 cycles at 94°C for 30 s, 60°C for 30 s for all

eBSGFV, eBSIMV and eBSOLV primers with the exception of
primers’ couples Dif-OL (F)/(R) (HaeIII), Dif-OL (F)/(R) (AhdI),
Marker1-BSOLV2 (F)/(R) and Marker2-BSOLV1 (F)/(R) that
have a 65°C annealing temperature (Chabannes et al., 2013), 72°C
for 1 min per kb and one final extension at 72°C for 10 min. The
sequence of the primers and the size of the PCR product are given
in Chabannes et al. (2013). PCR products were visualized under
UV light after migration of 10 ll of PCR products on a 1.5%
agarose gel in 0.59 TBE (45 mM Tris-borate, 1 mM EDTA,
(pH 8)) stained with ethidium bromide. The housekeeping actin
gene was amplified with the following primers Actin1F (5 0-
TCCTTTCGCTCTATGCCAGT-3 0), Actin1R (5 0-GCCCAT
CGGGAAGTTCATAG-3 0) and used as genomic DNA/PCR
positive control. The PCR conditions are identical to those
described above with an annealing temperature of 58°C.

Immunocapture-PCR detection of encapsidated episomal
BSV

BSVs were detected by immunocapture-PCR (IC-PCR) using
specific BSOLV, BSGFV and BSIMV primers and a polyclonal
antiserum raised against a cocktail of purified BSV species and
SCBV species as described previously (Le Provost
et al., 2006).To avoid contamination by plant genomic DNA,

(a) (c)

(b)
(d)

Fig. 2 Characterization of viral small RNAs (sRNAs) in the seedy diploid Pisang klutuk Wulung (PKW) plant, PKW self-pollinated progeny, triploidMusa

acuminata plants infected with three distinct BSV species and healthy control plants. The graphs show percentages of 20–25-nt endogenous banana streak
virus (eBSV)- (a) or BSV- (c) derived sRNAs in the pool of total (host and viral) 20–25-nt reads mapped to the respective virus genomes (eBSOLV, eBSGFV,
eBSIMV, BSOLV, BSGFV or BSIMV) with zero mismatches (a, c) and the percentages of each size class of 20–25-nt viral sRNA reads mapped to each of the
BSV species genomes with zero mismatches (b, d). In (b), the percentages of each size class of 20–25-nt eBSV-derived sRNA reads are represented for each
of the BSV species (BSOLV (OL), BSGFV (GF) and BSIMV (IM)) that have eBSV counterparts present in the banana genome. The eBSV genotypes of plants
for Panels 2A and 2B are as follows: PKW (BPO59 or GWT-6) is homozygous for eBSIMV, is heterozygous for eBSGFV with eBSGFV-7 (GF7) infective and
eBSGFV-9 (GF9) noninfective alleles and for eBSOLV with eBSOLV-1 (OL1) infective and eBSOLV-2 (OL2) noninfective alleles (Gayral et al., 2008;
Chabannes et al., 2013). eBSV genotypes for PKW self-pollinated progeny are as follows: GWT-9 (OL1 + OL2; GF7 + GF9); GWT-10 (OL2 + OL2;
GF9 + GF9); GWT-11 (OL2 + OL2; GF7 + GF9); GWT-12 (OL1 + OL1; GF9 + GF9); GWT-13 (OL2 + OL2; GF7 + GF7); GWT-14 (OL1 + OL1;
GF7 + GF9); GWT-15 (OL1 + OL2; GF9 + GF9); GWT-16 (OL1 + OL2; GF7 + GF7); GWT-17 (OL1 + OL1; GF7 + GF7). PKW and PKW 9 PKW plants
are all homozygous for eBSIMV. In (c, d), the percentage of 20–25-nt viral sRNAs are represented for a BSV-free Cavendish plant (GWT-5), a BSGFV-
infected (GWT-7), BSOLV-infected (BPO-64) or BSIMV-infected Cavendish plant (BPO-66). All of them are deprived of eBSV.
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samples were treated with RNase-Free DNAse I (Promega).
DNAse mix (3 ll 109 buffer (400 mM Tris–HCl (pH 8.0 at
25°C), 100 mM MgSO4, 10 mM CaCl2); 3 ll DNAse I
(1 U ll�1) and 24 ll water) was added to coated tubes and incu-
bated for 1 h at 37°C. The supernatant was removed and the
tubes were washed once with water. DNAse I was inactivated by
incubation at 95°C for 10 min (Chabannes et al., 2021).

Results

eBSVs in the banana seedy diploid BB PKW and its
self-pollinated progeny produce predominantly 24-nt
siRNAs from inverted repeats

In the seedy M. balbisiana diploid genitor PKW, eBSV loci
represent complex structures composed of a succession of

duplicated and/or inverted viral fragments. The di-allelic BSGFV
and BSOLV integrations are present on Chromosome 1 with a
single infective allele (eBSGFV-7 and eBSOLV-1, respectively)
containing sequences comprising the entire viral genome,
whereas the BSIMV integration is monoallelic, located in Chro-
mosome 2 with two potentially infective alleles (Gayral
et al., 2008; Chabannes et al., 2013). For eBSOLV-2, a deletion
of 309 bp occurs at the junction of open reading frame (ORF)3
and the intergenic sequence (IG), thus precluding reconstitution
of a functional virus (Chabannes et al., 2013), whereas three null
mutations present in ORFs of eBSGFV-9 (but not eBSGFV-7)
lead to premature stop codons (Gayral et al., 2008).

To explore whether the banana sRNA-generating silencing
machinery targets eBSV loci, we deep-sequenced a fraction of 19-
to 30-nt sRNAs from two independent PKW plants and nine
plants representing self-pollinated PKW progeny lines.

(a)

(d) (e) (f)

(b) (c)

Fig. 3 Single-nucleotide resolution maps of 21-nt and 24-nt endogenous banana streak virus (eBSV)-derived small RNAs (sRNAs) from the seedy diploid
Musa balbisiana PKW plant and BSV-derived sRNAs from triploidMusa acuminata plants infected with either BSOLV, BSGFV or BSIMV species on
respective BSV genomes. The graphs plot the number of 21-nt and 24-nt viral sRNA reads with zero mismatches at each nucleotide position of the
GenBank genome sequences of BSOLV (a, d), BSIMV (b, e) and BSGFV (c, f) extracted from PKW (a–c) or triploidM. acuminata BSV-infected plants (d–f).
Bars above the axis represent sense reads starting at each respective position; those below the axis represent antisense reads ending at the respective
position (for the map details, see Supporting Information Dataset S2). The genome organization of each BSV species is shown schematically below the
graph, with the intergenic region, ORF1, ORF2 and ORF3 in black, dark blue, light blue and in red, respectively. The empty boxes underneath
represent the regions of the episomal virus that are inverted/repeated in the corresponding integration (eBSV) in PKW plant. Data are expressed in reads
per million (rpm).
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Individuals from self-pollinated PKW progeny were selected on
the basis of their eBSV allelic composition following genotyping
with molecular markers (Gayral et al., 2008; Chabannes
et al., 2013). As eBSIMV is monoallelic in PKW, all offspring
have the same parental genotype for this eBSV. For eBSGFV and
eBSOLV, the nine plants chosen represent all possible allelic
combinations (homozygous or heterozygous integration) for
eBSOLV-1, eBSOLV-2, eBSGFV-7 and eBSGFV-9. All selected
plants were negative for BSV infection as checked by IC-PCR.

We restricted our bioinformatics analysis to sRNAs of
20–25 nt, the size range known to correspond to functional plant

miRNAs and siRNAs. sRNAs were analysed by mapping reads to
reference sequences of banana genomes A and B, circular viral
genomes (BSOLV, BSGFV and BSIMV) and PKW BAC clones
harbouring either eBSOLV-1, eBSOLV-2, eBSIMV, eBSGFV-7
or eBSGFV-9. sRNA mapping and counting results are detailed
in Datasets S1 and S2 and summarized in Figs 2–4, 6–8, S2–S4.

In the two PKW plants, all three viral integrations were found to
accumulate sRNAs, representing 0.2% or 0.37% (eBSGFV), 0.37%
or 0.8% (eBSOLV) and 0.45% or 1.35% (eBSIMV), of the total
20 nt–25-nt sRNAs (Fig. 2a). In the nine self-pollinated PKW
plants, total viral sRNA reads from the three eBSV loci combined

(a) (b) (c)

(d) (e) (f)

Fig. 4 Single-nucleotide resolution maps of 21-nt and 24-nt endogenous banana streak virus (eBSV)-derived small RNAs (sRNAs) from the seedy diploid
Musa balbisiana PKW plant on respective eBSV genomes and levels of 20–25-nt eBSV-derived sRNAs from inverted and noninverted repeats. The graphs
plot the number of 21-nt and 24-nt PKW eBSV-derived sRNA reads with zero mismatches at each nucleotide position of the GenBank genome sequences
of eBSOLV alleles (a, b), eBSIMV (c) and eBSGFV alleles (d, e). Bars above the axis represent sense reads starting at each respective position; those below
the axis represent antisense reads ending at the respective position (for map details, see Supporting Information Dataset S2). The genome organization of
each eBSV species and alleles is shown schematically below the graph, with the intergenic region, ORF1, ORF2 and ORF3 in black, dark blue, light blue
and red, respectively. The coloured arrows underneath represent inverted/repeated regions and vertical bars delineate unique or duplicated but not
inverted regions. The levels of 20–25-nt sRNA derived from inverted and noninverted repeats of each of the five eBSV alleles are represented in (f). Data
are expressed in reads per million (rpm).
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vary from 1% to 5% (Fig. 2a). Considering that eBSV sequences of
c. 53 kb in total length per single B genome represent only 0.01%
of the total size of the M. balbisiana (B) genome (c. 430 Mb), the
accumulation of eBSV-derived sRNAs in PKW and its progeny is
substantial. The quantities of viral sRNAs also vary from plant to
plant but sRNA accumulation is almost always lower for eBSGFV
and higher for eBSIMV; accumulation from eBSOLV is intermedi-
ate (Fig. 2a). The size class profiles of eBSV loci-derived sRNAs in
PKW and its self-pollinated progeny plants are dominated by the
24-nt class, at c. 80% of the total 20–25-nt viral reads for each
eBSV, followed by the 21-nt (c. 10%) and the 23-nt (c. 6–8%)
classes, with the remaining three classes (20, 22 and 25 nt) being
under-represented (Fig. 2b). The presence of 24-nt sRNAs derived
from eBSVs was further validated by sRNA blot hybridization

analysis of a PKW plant and a Musa acuminata Cavendish (AAA)
plant without eBSV as negative control using pools of four to five
probes for eBSGFV, eBSOLV and eBSIMV corresponding to viral
sRNA hotspot regions detected by Illumina sequencing: the results
confirmed the predominant accumulation of 24-nt viral sRNAs in
PKW (Fig. S1).

To compare the profiles of eBSV-derived sRNAs with those of
the corresponding virus-derived sRNAs, we re-analysed previous
sRNA sequencing data for Cavendish AAA plants infected inde-
pendently with BSOLV, BSGFV or BSIMV (Rajeswaran
et al., 2014). Viral sRNAs matching the genomes of BSV species
with zero mismatches constitute a significant fraction (1% for
BSGFV, 8% for BSIMV and 22% for BSOLV) of the total
20–25-nt sRNAs in BSV-infected M. acuminata (AAA) plants

Fig. 5 Single-nucleotide resolution maps of endogenous banana streak virus (eBSV)-derived RNA-Seq data from the seedy diploidMusa balbisiana PKW
plant and BSOLV-derived RNA-Seq data from a triploidMusa acuminata plant infected with BSOLV. The graphs plot the number of BSOLV-derived RNA-
Seq reads from a triploidM. acuminata BSOLV-infected plant (a) and PKW eBSV-derived RNA-Seq reads with zero mismatches at each nucleotide position
of the GenBank genome sequences of BSOLV (b), eBSOLV alleles (c, d), BSIMV (e), eBSIMV (f), BSGFV (g), eBSGFV alleles (h, i). Bars above the axis
represent sense reads, those below the axis represent antisense reads, starting and ending at the respective positions (for map details, see Supporting
Information Datasets S3 and S4). The genome organization of each eBSV species and alleles is shown schematically below the graph, with the intergenic
region, ORF1, ORF2 and ORF3 in black, dark blue, light blue and red, respectively. The empty boxes or coloured arrows underneath BSV and eBSV
sequences represent the inverted/repeated regions, respectively. Data are expressed in reads per million (rpm).
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(Rajeswaran et al., 2014) (Fig. 2c). Conversely, size profiling of
viral sRNAs from viruses shows the predominance of the 21-nt
class for all three species, followed by the 22-nt class for BSGFV
and BSIMV or the 24-nt class for BSOLV (Rajeswaran
et al., 2014) (Fig. 2d).

To analyse plant sRNAs, we used an updated version (Martin
et al., 2016) of M. acuminata Pahang’s genome (D’Hont et al.,
2012) and the published M. balbisiana genome (Wang et al.,
2019). The size class profiles of nonviral banana sRNAs pro-
duced in PKW and the nine self-pollinated PKW plants are
dominated by 21-nt sRNAs, followed by the 24 or the 22-nt
classes, and then the 23- and 20-nt classes (Fig. S2). This differs
from M. acuminata (A) genome-derived sRNAs in triploid AAA
plants, which are dominated by 20-, 21- or 22-nt classes, fol-
lowed by 24-nt and 23-nt classes in AAA plants (Rajeswaran
et al., 2014; Fig. S2).

Analysis of single-nucleotide-resolution maps of the three
eBSV loci-derived sRNAs from PKW and its self-pollinated pro-
geny mapped on the reference sequences of the three BSVs and
the known alleles of eBSOLV (eBSOLV-1 and eBSOLV-2),
eBSGFV (eBSGFV-7 and eBSGFV-9) and eBSIMV revealed that
viral siRNAs do not cover the entire episomal viral genomes
(Fig. 3a–c); they do not target a common viral zone of the BSV
genome but are derived almost exclusively from the inverted
repeat sequences present in all eBSOLV, eBSGFV and eBSIMV
loci (Fig. 4). This is the case for the two major size classes, that is
the predominant 24-nt and the minor 21-nt class, although their

hotspot profiles differ within the inverted repeat regions (Fig. 4).
In eBSV loci, the inverted repeats represent most of the BSOLV
sequences except for the 369 bp region at the end of ORF3 and
the beginning of the IG, three regions of the BSGFV sequence
and one region of the BSIMV sequence (Figs 3, 4). Confirming
earlier findings (Rajeswaran et al., 2014), our re-analysis of
single-nucleotide-resolution maps of BSV-derived sRNAs
revealed that 20-to-25-nt sRNA species cover the entire circular
virus genome without gaps, with characteristic hotspots for the
three major size classes on both strands of the virus genome
(Fig 3d–f; Dataset S2).

Inverted repeat-derived viral siRNAs are generated from
both infective and noninfective eBSV alleles

To determine whether viral siRNAs are produced from infective
and/or noninfective eBSVs in PKW (Gayral et al., 2008; Cha-
bannes et al., 2013), we analysed sRNAs from the PKW self-
pollinated progeny; both infective and noninfective alleles of
both eBSGFV and eBSOLV produce viral siRNAs from the
inverted repeats. The presence of either noninfective alleles or
the infective alleles in homozygous state (for either eBSOLV or
eBSGFV, alone or together) does not appear to influence the
amount of viral sRNAs (Fig. 2a).

Analysis of single-nucleotide-resolution maps of total 20–25-
nt-long eBSV-derived sRNAs revealed very similar profiles in
PKW and its progeny lines, with a predominance of the 24-nt

(a) (b)

Fig. 6 Analysis of endogenous banana streak virus (eBSV) methylation status in the seedy diploid PKW plant by enzymatic and bisulfite sequencing.
(a) Total genomic DNA from the seedy diploidMusa balbisiana PKW plant was digested with McrBC before PCR using eBSIMV primers targeting regions
accumulating (or not) viral small RNA (sRNA) (upper panel) (see the Materials and Methods section). A ‘nontreated’ control sample was incubated in
parallel in the same buffer but without enzyme. As a positive control for McrBC action, a single site-methylated plasmid DNA was spiked in total DNA from
PKW plant releasing two bands for the plasmid and a smear for the genomic PKW DNA. Two housekeeping genes actin 1 (ACT1 – HQ85237) and
ribosomal protein S2 (RPS2 – HQ853246) were used as control of McrBC treatment since those genomic regions are unmethylated. (b) Upper panel:
Schematic representation of eBSGFV and eBSOLV regions (black bars with numbers) accumulating or not viral sRNA selected for bisulfite methylation
analysis following PCR amplification (see the Materials and Methods section). Lower left panel: graph representing the number of cytosines within each
PCR product for the three cytosine contexts in PKW. A PCR product 15 kb apart from eBSGFV in a gene coding region (named outside eBSV) was used as
a negative control. Lower right panel: graphs illustrating the percentage of methylated, partially methylated or unmethytated cytosines in the three
different contexts for every PCR fragment amplified from eBSIMV, eBSOLV and eBSGFV genomic DNA of PKW initially treated with sodium bisulfite.
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class, although quantities and hotspot profiles vary slightly
between plants (Fig. S3). In all the plants, accumulation of viral
siRNAs is restricted nearly exclusively to inverted and repeated
regions in the eBSVs. According to Chabannes et al. (2013), a
noninverted and nonrepeated region in the eBSOLV-1 allele
spans positions 6672–7040 of the respective virus, whereas
eBSOLV-2 presents noninverted and nonrepeated regions at
nucleotide positions 6672–6732 and 7042–7183, and a repeated
but not inverted region at position 7184–7264; the sequence
between 6733 and 7040 is missing in eBSOLV-2. The mapping
of total 20–25-nt sRNAs from homozygous eBSOLV-1 plants
and homozygous eBSOLV-2 plants on nucleotides 6672–7264
shows that sRNAs are accumulated only between positions 7040
and 7264 of homozygous eBSOLV-1 plants, thus confirming
that viral sRNA accumulation is restricted exclusively to the
inverted repeats of eBSOLV sequences (Fig. S4). Such differences
in viral siRNA (vsiRNA) patterns in PKW self-pollinated off-
springs could not be differentiated for eBSIMV as both alleles are
identical. The extra 2.3-kb fragment present in the noninfective
eBSGFV-9 allele is repeated but not inverted (Gayral
et al., 2008), thus precluding differentiation between the two
alleles.

eBSVs are weakly transcribed in PKW

To provide evidence that eBSV loci in PKW are transcribed to
create precursors of sRNAs, we performed a transcriptomic ana-
lysis using Illumina strand-specific library preparation and
sequencing protocols. We sequenced total (polyadenylated and
nonpolyadenylated) RNA molecules from both the PKW plant
and the BSOLV-infected Cavendish (AAA) plant, yielding 120
million and 168 million 125-nt sequencing reads, respectively.
The reads were then mapped with zero mismatches to the refer-
ence sequences of virus genomes (BSOLV, BSGFV and BSIMV)
and the corresponding eBSVs (eBSOLV, eBSGFV and
eBSIMV). The results show that, as expected, abundant positive-
sense transcripts cover the entire viral genome in BSOLV-
infected AAA plant, corresponding to the terminally redundant
viral pregenomic RNA (pgRNA) (Fig. 5a). Only 1.4% of viral
reads represent the antisense strand of the BSOLV genome,
confirming monodirectional transcription of circular double-
stranded viral DNA by Pol II, producing pgRNA and also reveal-
ing antisense transcripts likely representing antisense strands of
dsRNA precursors of viral siRNAs. By contrast, the number
of reads from PKW mapped to the BSOLV genome was 1000
times lower than that from the BSOLV-infected AAA plant
(Dataset S3). These low-abundance BSOLV-specific reads from
the PKW plant have a different hotspot profile compared with
those from the BSOLV-infected Cavendish plant (Fig. 5a–d).
Analysis of the single-nucleotide resolution map of the BAC
clone containing eBSOLV-1 did not reveal reads spanning both
junctions of the viral integrant (eBSV positions 53 586–76 442)
in the forward orientation, while some reverse reads are present at
the downstream junction up to position 77 397 of the BAC
clone. The TATAbox (TATATAA) in antisense strand (77
460–77 454) or the 10 repeats of TATATA at positions 77

525–77 584 could serve as a promoter driving transcription in
the reverse orientation (Dataset S4) with the resulting
transcript(s) containing inverted repeats creating prefect dsRNA
precursors of viral siRNAs.

Regarding eBSIMV transcripts, most RNA-Seq reads from
PKW represent the antisense strand of the virus genome (87%)
and are distributed all along this strand without prominent hot-
spots (Fig. 5e,f). By contrast, the less abundant viral sense reads
were restricted mostly to the 1914-nt region of the virus genome,
which is inverted and repeated in the monoallelic eBSIMV inte-
grant. This finding suggests that eBSIMV is transcribed mainly
monodirectionally in the antisense orientation (with respect to
the BSIMV genome), and the inverted repeat sequences of these
antisense transcript(s) create perfect dsRNA precursors of viral
siRNAs. Analysis of the single-nucleotide resolution map of the
BAC containing eBSIMV (eBSV 91 102–106 919) highlights
the presence of reverse reads spanning the downstream junction
of the integration up to position 107 989 of the BAC clone with
a TATAbox (TATATAA) in antisense strand at 108 020–108
026, which could be responsible for transcription of eBSIMV
(Dataset S4).

For eBSGFV transcripts, RNA-Seq reads from PKW are of
very low abundance and represent both sense and antisense
strands of the corresponding virus genome (Fig. 5g). Hotspot
profiles of the viral reads mapped to eBSGFV-7 and eBSGFV-9
loci show that the inverted repeats are enriched in sense reads,
while antisense reads are distributed more evenly along both
reference sequences (Fig 5h,i). The antisense reads represent 69%
of the total reads for eBSGFV-7 and eBSGFV-9. Thus, both
eBSGFV alleles appear to be transcribed predominantly in a
monodirectional manner in ‘antisense’ orientation with respect
to BSGFV. These results are reinforced by the fact that no tran-
scripts span the upstream junction of eBSV, as evidenced by ana-
lysis of the single-nucleotide resolution map of the BAC clone
containing eBSGFV-7 (Dataset S4). Conversely, reads spanning
the downstream junction of the integration (eBSV located
between positions 80 691 and 93 970) up to position 97 450
are present with a TATAbox (TATATAT) in antisense strand at
position 97 463–97 469, which could be responsible for tran-
scription of eBSGFV (Dataset S4).

All these data suggest that eBSVs are transcribed very poorly/-
weakly, and mainly monodirectionally, in PKW.

eBSVs are heavily methylated in PKW

To address whether inverted repeat-derived siRNAs direct cyto-
sine methylation of the corresponding eBSV sequences integrated
in the PKW genome, we exploited the methylation-dependent
endonuclease McrBC that cleaves double-stranded DNA con-
taining methylcytosine (mC) on one or both strands.

PKW genomic DNA (McrBC-treated and nontreated) was
subjected to PCR with five different primer pairs designed to
amplify sequences in the eBSIMV locus. Three of the PCR
amplicons are located in the inverted repeat regions accumulating
siRNAs (Regions 1–3; Fig. 6a) and two are in regions that do not
accumulate any siRNAs (Regions 4 and 5; Fig. 6a).
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The methylated plasmid spiked into PKW genomic DNA was
fully digested with McrBC, yielding two fragments as expected.
In the absence of McrBC treatment, all five eBSIMV regions
were amplified, yielding PCR products of the expected sizes.
Instead, no PCR product was detected when PKW genomic
DNA was treated with McrBC before PCR, indicating that all
five regions of eBSIMV are methylated, regardless of whether
they are a source of siRNAs (Fig. 6a).

We further characterized eBSV methylation status in PKW by
treating plant genomic DNA with sodium bisulfite followed
by PCR amplification and Sanger sequencing. Each PCR frag-
ment was sequenced in bulk to better represent the overall methy-
lation status of the region. For eBSIMV, we selected the same
five regions analysed previously by McrBC treatment. For
eBSGFV, we selected two unique regions accumulating siRNAs
and three unique regions that do not accumulate detectable
sRNAs. For eBSOLV, we selected one unique region covered by
siRNAs and one unique uncovered region (Fig. 6b). As a negative
control, we analysed a region of the gene encoding the
Zonadhesin-related protein located only 14 kb from the
eBSGFV integration site. The number of cytosines and the differ-
ent contexts (CG, CHH and CHG) per PCR amplicon are illu-
strated in Figs 6(b), S5.

Direct sequencing of PCR products (Fig. 6b) revealed that
100% of the cytosine residues in symmetric contexts CG and
CHG (where H represents A, T or C) were methylated in each of
the selected regions for each eBSV, with the exception of region 4
of eBSGFV (94% fully methylated and 6% partially methylated
CHG sites). By contrast, 30–70% of asymmetric CHH sites were
found to be nonmethylated in all selected regions of eBSV
loci, while the remaining CHH sites were fully or partially
methylated.

The selected region of the Zonadhesin-related protein-coding
gene located outside eBSGFV sequence was 100% methylated in

the four CG sites but not methylated at all in the CHG and
CHH contexts (Figs 6b, S5). This gene spans few siRNAs along
its sequence (data not shown), suggesting that this gene is a so-
called gene bodies whose expression is linked to the presence of
CG methylation in their coding region (Zilberman et al., 2007;
Bewick & Schmitz, 2017).

AAB offspring produce low-abundance siRNAs from eBSV
inverted repeats

To investigate the effect of M. balbisiana genome (B) ploidy on
the regulation of eBSVs, and to understand why, in most inter-
specific hybrids, including AAB, AB, AAAB, infective eBSVs are
able to induce viral infection, we characterized triploid AAB
hybrids from a population obtained by an interspecific genetic
cross between PKW and IDN 110 tetraploid M. acuminata
(AAAA).

Using eBSV molecular markers developed previously (Gayral
et al., 2008; Chabannes et al., 2013), we genotyped the triploid
progeny plants and selected four plants harbouring the eBSIMV
allele. Plants GWT-1 and GWT-3 also have the noninfective
eBSOLV-2 and noninfective eBSGFV-9 alleles, plant GWT-2
the noninfective eBSOLV-2 and infective eBSGFV-7 alleles, and
plant GWT-4 the infective eBSOLV-1 and noninfective
eBSGFV-9 alleles. Plant phenotyping by IC-PCR demonstrated
that GWT-1 was virus-free, while GWT-2, GWT-3 and GWT-4
were infected by BSGFV, BSIMV and BSOLV, respectively (data
not shown), following activation of infective eBSV alleles. sRNA
sequencing analysis revealed that GWT-1 accumulated small
amounts of viral sRNAs from all three eBSV loci, constituting
only 0.09% of the total 20–25-nt sRNA reads, with 0.02% repre-
senting eBSGFV, 0.05% eBSIMV and 0.02% eBSOLV loci
(Fig. 7a). This is c. 10 times and 30 times lower than for the cor-
responding eBSV loci in the two PKW plants, GWT-6 and

(a) (b)

Fig. 7 Characterization of viral small RNAs (sRNAs) in the seedy diploid PKW plant, triploid interspecific AAB noninfected and BSOLV-, BSGFV- or BSIMV-
infected plants and triploidMusa acuminata healthy control plants. The graphs show the percentages of 20–25-nt endogenous banana streak virus (eBSV)
and BSV-derived sRNAs in the pool of total (host and viral) 20–25-nt reads mapped to the respective virus genomes (eBSOLV, eBSGFV, eBSIMV, BSOLV,
BSGFV or BSIMV) with zero mismatches (a) as well as the percentages of each size class of 20–25-nt viral sRNA reads mapped with zero mismatches to
each of the BSV species genomes (BSOLV-OL, BSGFV-GF and BSIMV-IM), which have eBSV counterparts present in the banana genome (b). PKW
(BPO59 or GWT-6) is homozygous for eBSIMV, heterozygous for eBSGFV with eBSGFV-7 (GF7) infective and eBSGFV-9 (GF9) noninfective alleles and for
eBSOLV with eBSOLV-1 (OL1) infective and eBSOLV-2 (OL2) noninfective alleles (24, 25). The four allotriploid AAB hybrids were obtained from
interspecific hybridization between a virus-free autotetraploidM. acuminata (IDN110 Tetra, AAAA) and the diploid PKW female parent. eBSV genotypes
for the AAB interspecific hybrids are as follows: GWT-1 (OL2; GF9); GWT-2 (OL2; GF7); GWT-3 (OL2; GF9); GWT-4 (OL1; GF9); all have one copy of
eBSIMV. IC-PCR experiments have shown that GWT-2 was infected by BSGFV, GWT-3 by BSIMV and GWT-4 by BSOLV while GWT-1 was BSV free.
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BPO-59, respectively (Fig. 7a) and 11 times (GWT-12) to 57
times (GWT-14) lower than the nine self-pollinated PKW off-
spring (Figs 2a, 7a). All these data suggest that the reduction in
eBSV copies results in reduced transcription and subsequently
in the reduction of virus-derived sRNAs.

For GWT-2, GWT-3 and GWT-4 plants, viral sRNAs repre-
sented 0.5, 0.7 and 4.5% of the total 20–25-nt sRNAs, respec-
tively, but, in each case, most of these reads are derived from the
respective virus (BSGFV, BSIMV or BSOLV). The eBSV-

derived sRNAs in GWT-2 (eBSIMV and eBSOLV), GWT-3
(eBSGFV and eBSOLV) and GWT-4 (eBSGFV and eBSIMV)
plants accumulate at levels similar to those of eBSV-derived
sRNAs in the GWT-1 plant (Fig. 7a).

The size profile of viral sRNAs in the noninfected AAB
hybrid plant GWT-1 is similar to that of PKW and its self-
pollinated progeny plants, with 24-nt sRNAs being the most
abundant (c. 75%) for each eBSV integrant (Fig. 7b). In virus-
infected AAB hybrid plants, the size profiles of the respective

(a) (b) (c)

(d) (e) (f)

Fig. 8 Single-nucleotide resolution maps of 21-nt and 24-nt endogenous banana streak virus (eBSV) and BSV-derived small RNAs (sRNAs) from triploid
interspecific AAB noninfected and BSOLV-, BSGFV- or BSIMV-infected plants. The graphs plot the number of 21-nt and 24-nt viral (eBSV and BSV) sRNA
reads with zero mismatches at each nucleotide position of the GenBank genome sequences of BSOLV (a, d, g, j), BSIMV (b, e, h, k) and BSGFV (c, f, i, l)
extracted from the noninfected AAB interspecific hybrid (a–c) or BSGFV (d–f), BSIMV (g–i) and BSOLV (j–l) infected AAB interspecific hybrids, respectively.
Bars above and below the axis represent sense reads starting and ending at the respective positions (for map details, see Supporting Information
Dataset S2). The genome organization of each BSV species is shown schematically below the graph, with the intergenic region, ORF1, ORF2 and ORF3 in
black, dark blue, light blue and red, respectively. The empty boxes underneath represent regions of episomal virus that are inverted/repeated in the
corresponding integration (eBSV) in PKW plant. Data are expressed in reads per million (rpm).
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virus-derived siRNAs are similar to those obtained for virus-
infected Cavendish (AAA) plants, where the 21-nt class is predo-
minant (Rajeswaran et al., 2014) (Figs 2d, 7b). The eBSV-
derived sRNAs in GWT-2 (eBSIMV and eBSOLV), GWT-3
(eBSGFV and eBSOLV) and GWT-4 (eBSGFV and eBSIMV)
plants have size profiles similar to those in the virus-free GWT-1
and PKW plants. These results suggest that PTGS directed by
21-nt siRNAs is induced in AAB interspecific hybrids upon virus
infection, similar to that induced by corresponding viruses in
AAA plants (Fig. 2d).

Analysis of single-nucleotide-resolution maps of eBSV-derived
sRNAs (Fig. 8) revealed that, like PKW and its self-pollinated
progeny, viral siRNA accumulation is restricted to the inverted

repeats of the three eBSV loci in the virus-free GWT-1 plant
(Fig. 8a–c). This is also the case for two of the three eBSV loci in
GWT-2 (eBSIMV and eBSOLV), GWT-3 (eBSGFV and
eBSOLV) and GWT-4 (eBSGFV and eBSIMV) plants (Fig. 8d,
e,g,i,k,l). By contrast, the entire virus genome is covered with
viral BSGFV-derived siRNAs in GWT-2, BSIMV-derived
siRNA in GWT-3 and BSOLV-derived siRNA in GWT-4 plants
(Fig. 8f,h,j). The hotspot profiles for each virus appear as a mix-
ture of the virus sRNA hotspots (evident from the respective
virus-infected AAA plants) (Fig. 3d–f) and the eBSV inverted
repeat sRNA hotspots (evident from GWT-1 plant (Fig. 8a–c)
and two of the three GWT-2 to GWT-4 plants lacking the
respective virus).

(g) (h) (i)

(j) (k) (l)

Fig. 8 Continued.
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Discussion

eBSVs are regulated by RdDM and TGS

The presence of infective eBSVs in M. balbisiana genomes is a
strong hindrance to banana breeding programmes world-wide as
many interspecific hybrids are found to be infected with BSV
released from such eBSVs (Thomas et al., 2015). It is also a con-
straint for germplasm exchange, as this represents a potential ave-
nue for the concomitant transfer of contaminating viruses
(Thomas et al., 2015). Interestingly, to date, all seedy diploid BB
banana have been shown to be healthy carriers of infective eBSV;
here, we sought to understand the basis of this natural resistance.

Analysis of total RNA molecules from both PKW and
BSOLV-infected triploid AAA plants showed that eBSOLV is
c. 1000 times less transcribed than the virus in an infected plant
(Fig. 5). Although the level of transcripts is very low, they are dis-
tributed along almost the entire eBSV sequence for the three
infective species studied and seem to be produced monodirec-
tionally in an antisense orientation (Fig. 5). We speculate that
this transcription may be driven by plant Pol II promoters
located adjacent to integrated viral sequences. Our initial
RNA-Seq experiment targeted polyadenylated and nonpolyade-
nylated transcripts > 125 nts, but subsequent deep sRNA
sequencing revealed that all three eBSV loci produce predomi-
nantly 24-nt siRNAs, probably driven by Pol IV (Blevins
et al., 2015; Zhai et al., 2015), and much less abundant siRNAs
of other size classes. This suggests that RdDM and TGS operate
at these loci, whereas Pol II transcription of eBSVs is negligible.
Our analysis of single-nucleotide-resolution maps of eBSV
sRNAs revealed that they are derived almost exclusively from
inverted and repeated regions of eBSVs (Figs 4, S3, S4), echoing
results from (da Fonseca et al., 2016), who showed that only the
inverted repeats of an integrated cucumber mosaic virus (CMV)
RNA1 sequence in soybean generate viral siRNA.

Analysis of viral sRNA profiles of eBSOLV-1 and eBSOLV-2
homozygous self-pollinated PKW, confirmed that eBSV-derived
viral sRNA accumulation in these newly created PKW plants fol-
lows the same mechanism as in the wild parental PKW plant
(Fig. S4). Indeed, this mechanism always targets inverted and
repeated regions.

Bisulfite sequencing revealed that eBSV sequences are highly
methylated in all cytosine contexts, with 100% methylated sym-
metric CG and CHG sites and up to 50% of methylation in non-
symmetric CHH sites – a hallmark of RdDM and TGS. This
silencing mechanism of Musa balbisiana would be analogous to
that in A. thaliana, where DCL3-dependent RdDM generates 24-
nt siRNAs and plays a primary role in transcriptional silencing at
heterochromatic loci and in genome defence against foreign DNA
such as TEs (Castel & Martienssen, 2013; Matzke & Mosher,
2014). Integrated sequences could be transcribed initially by Pol II,
producing low levels of relatively long transcripts; these transcripts
fold to create perfect dsRNA precursors from the inverted repeat
area, forming dsRNA precursors of siRNA processed by DCL2,
DCL3 and DCL4 enzymes. The 23–24-nt eBSV-derived Pol II
siRNA and, to a lesser extent, 21–22-nt siRNAs (McCue

et al., 2015; Zhao et al., 2016) will trigger low levels of DNA
methylation at eBSV loci, with subsequent transcription by Pol IV
initiating the canonical RdDM pathway as described for transcrip-
tionally active LTR transposons (Borges & Martienssen, 2015).
The Pol IV single-stranded RNA copied into dsRNA by RDR2 is
processed by DCL3 to produce 24-nt-long siRNAs. As established
in A. thaliana, once incorporated into the Argonaute protein
AGO4 with a Pol V scaffold, these transcripts will result in DRM2
recruitment to reinforce methylation at cognate eBSV loci in all
cytosine contexts (Chan et al., 2004; Zhong et al., 2014), leading
to the establishment and maintenance of epigenetic silencing of
those loci. The in silico genome-wide identification and characteri-
zation of DCL, AGO and RDR genes in bananas by (Ahmed
et al., 2021) and the presence of Musa genes analogous to the Ara-
bidopsis Pol IV and Pol V in the Phytozome database (https://
phytozome.jgi.doe.gov/pz/portal.html) by using the completed
genome assembly (v1) of M. acuminata (data not shown) reinforce
the idea that eBSV would be regulated by the TGS/PolIV pathway.
Interestingly, the noninverted/repeated regions were also strongly
methylated in all three cytosine contexts, whereas these regions are
devoid of siRNA. These results are similar to those described by
Ahmed et al. (2011), who found evidence at a genome-wide scale
in A. thaliana that a significant fraction of TEs were densely methy-
lated at CG, CHG and CHH sites in the absence of matching siR-
NAs. These latter authors suggest that those TE are unlikely to be
targeted by the RdDM machinery but that DNA methylation
spreads from adjacent RdDM targeted sites. In our model, the
inverted/repeated areas would thus serve as an initial site for methy-
lation of eBSV via RdDM, which then extends to the noninverted/
repeated area of eBSV to reinforce the silent state of those integra-
tions by an as yet unknown mechanism. In PKW, the amount of
vsiRNA produced and the methylation of eBSVs likely allow this
plant to be a healthy carrier of infective integrations and be natu-
rally resistant to cognate episomal viruses (to be described later).

Where BSV persistently infects M. acuminata banana plants,
the involvement of both PTGS and TGS pathways has been
demonstrated. However, despite the presence of 24-nt viral
siRNAs, the episomal viral DNA was largely free of cytosine
methylation (Rajeswaran et al., 2014) and thus able to evade
siRNA-directed DNA methylation to avoid TGS (Pooggin,
2013). In this study, we found that, upon release of BSV from
the B genome of AAB hybrids, the PTGS pathway generating
abundant 21–22-nt viral siRNAs is induced from active tran-
scripts produced from the BSV. Taken together, our data show
that both PTGS and TGS are involved in repression of eBSV
loci. The components/proteins that mediate both PTGS and
RdDM/TGS in M. acuminata and M. balbisiana genomes
remain to be functionally characterized and compared.

Are eBSV-derived siRNAs responsible for the
natural resistance of seedy BB diploid banana to episomal
BSV infection?

The three BSV species integrated sequentially into the PKW gen-
ome, probably as concatenated viral genomes, several hundred
thousand years ago (Gayral et al., 2010; Chabannes et al., 2013).
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However, before genome shuffling generated the current molecu-
lar structures, these ancient neo-integrations had to be very
quickly tamed by plant defence systems to prevent the large-scale
production of infectious viral particles. When a pararetrovirus
integrates as tandem repeats, the terminally redundant genome-
length pgRNA produced by direct Pol II transcription can give
rise to episomal virus infection, as shown for endogenous petunia
vein clearing virus (ePVCV) (Richert-Poggeler et al., 2003).
Initial integrations of BSV sequences may also have occurred in
tandem repeats, subsequently evolving through unequal recombi-
nation, point mutations and insertions, leading to the present-
day structures of eBSV loci in PKW (Chabannes et al., 2013).

Cumulative amounts of total eBSV-derived vsRNA in the
healthy interspecific AAB hybrid (IDN110-T 9 PKW, GWT-1)
plant were between 10 and 57 times lower than in PKW and its
self-pollinated progeny plants (Figs 2a, 7a), whereas the eBSV
dosage in this hybrid is only three times lower. When the values
obtained for the four AAB hybrids (ignoring eBSV values where
the virus has awakened) are averaged over the 11 BB diploid
plants studied in this work, there is a 20-fold decrease in total
eBSV-derived vsRNA (Figs 2a, 7a, S6). Thus, a synergistic effect
seems to occur when two M. balbisiana genomes or two alleles of
eBSV combine to produce abundant viral sRNAs, which may
contribute to the repression of eBSVs, even when these plants are
subjected to stresses known to activate eBSV. By contrast, in
hybrids harbouring a single copy of each eBSV, the repressed
state of each eBSV locus would not be maintained strongly
enough under stress conditions, triggering the release of episomal
BSV. Once released, active transcription from the episomal virus
will activate PTGS.

The genomic environment in the c. 50 kb surrounding the
three eBSV loci does not seem to influence viral siRNA accumu-
lation; eBSGFV and eBSIMV, both in protein-coding gene-rich
regions (Chabannes et al., 2013), produce the lowest and highest
quantity of viral siRNAs in PKW (Fig. 2a). However, the pre-
sence of TEs close to all three eBSV loci may have served as an
initial signal to the silencing machinery to control eBSV when
initial integration in tandem repeats took place. The higher accu-
mulation of vsiRNA from eBSIMV could be related to the fact
that this integration is the least rearranged, probably requiring
increased surveillance to avoid virus emergence by direct Pol II
transcription as discussed above, unlike eBSOLV and eBSGFV,
which require at least one additional recombination step to
reform a fully linear viral genome (Gayral, 2008; Iskra-Caruana
et al., 2010; Chabannes & Iskra-Caruana, 2013). How recent
viral integrants with no homology to host genomes are detected
and silenced de novo is still a black box, and it remains to be
investigated whether the mechanism resembles that described
during the reconstruction of de novo silencing of an active plant
retrotransposon (Mari-Ordonez et al., 2013).

The maintenance of 21-nt (c. 10% of total vsiRNA) and 22-nt
(c. 2–4%) long viral siRNA accumulation is probably responsible
for the natural resistance of PKW to mealybug-mediated infec-
tions by guiding the RNA-induced silencing complex (RISC) to the
complementary sequence of the viral RNA, where AGO1 will
catalyse cleavage and/or translational repression of the target

RNA resulting in PTGS. Similarly, Valli et al. (2023) suggest
that pararetroviral-derived endogenous siRNAs, enriched in 22-
nt forms in tomato constitute an adaptative heritable record of
past experiences potentially targeting all forms of plant pararetro-
viruses. The abundant 24-nt eBSV-derived siRNAs could also
potentially guide AGO4-RISC to episomal viral DNA, interfer-
ing with its transcription in the nucleus at the earliest stages of
virus infection allowing PKW to react and set up its defence sys-
tem immediately after intrusion of a cognate BSV to prevent its
replication. Conversely, banana plants lacking eBSV sequences
and pre-existing eBSV-derived siRNAs, such as M. acuminata
Cavendish, are susceptible to episomal infection. Indeed, despite
induction of both PTGS and TGS upon virus infection, the virus
is able to escape these defence mechanisms and continue to mul-
tiply its circular double-stranded DNA, evading cytosine methy-
lation and TGS in the nucleus (Rajeswaran et al., 2014). Plants
and pathogens are in a constant race, and differences in defence
timing and intensity influence disease outcomes (Kondratev
et al., 2020).

In summary, our data suggest that eBSV-derived siRNAs can
maintain the RdDM (24-nt siRNA) at cognate loci to repress
infective eBSV copies, preventing the release of episomal trans-
missible virus and simultaneously targeting any cognate (incom-
ing) mealybug-transmitted virus in a sequence-specific manner at
both transcriptional (24-nt siRNA) and post-transcriptional
(21–22-nt siRNAs) levels. Furthermore, our data imply a mini-
mum threshold level of vsiRNA accumulation necessary for the
plant to be immune to eBSV release and BSV infection.

Finally, our work highlights the crucial role of host regulation
of expression of these integrated viral sequences, which can repre-
sent either a selective advantage that allows BB banana plants to
resist cognate viruses or a disadvantage in some interspecific
hybrids leading to the development of disease. Our study sign-
posts a future requirement to study the expression, regulation
and further molecular characterization of these seemingly ubiqui-
tous integrated sequences, to improve breeding strategies and
enable the production of horticultural and agronomic plant
material free of known or suspected infective sequences.
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