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ABSTRACT

Vegetatively propagated crop plants often suffer from infections with persistent RNA and DNA viruses. Such viruses appear to
evade the plant defenses that normally restrict viral replication and spread. The major antiviral defense mechanism is based on
RNA silencing generating viral short interfering RNAs (siRNAs) that can potentially repress viral genes posttranscriptionally
through RNA cleavage and transcriptionally through DNA cytosine methylation. Here we examined the RNA silencing machin-
ery of banana plants persistently infected with six pararetroviruses after many years of vegetative propagation. Using deep se-
quencing, we reconstructed consensus master genomes of the viruses and characterized virus-derived and endogenous small
RNAs. Consistent with the presence of endogenous siRNAs that can potentially establish and maintain DNA methylation, the
banana genomic DNA was extensively methylated in both healthy and virus-infected plants. A novel class of abundant 20-nucle-
otide (nt) endogenous small RNAs with 5’-terminal guanosine was identified. In all virus-infected plants, 21- to 24-nt viral
siRNAs accumulated at relatively high levels (up to 22% of the total small RNA population) and covered the entire circular viral
DNA genomes in both orientations. The hotspots of 21-nt and 22-nt siRNAs occurred within open reading frame (ORF) I and IT
and the 5’ portion of ORF III, while 24-nt siRNAs were more evenly distributed along the viral genome. Despite the presence of
abundant viral siRNAs of different size classes, the viral DNA was largely free of cytosine methylation. Thus, the virus is able to
evade siRNA-directed DNA methylation and thereby avoid transcriptional silencing. This evasion of silencing likely contributes
to the persistence of pararetroviruses in banana plants.

IMPORTANCE

We report that DNA pararetroviruses in Musa acuminata banana plants are able to evade DNA cytosine methylation and tran-
scriptional gene silencing, despite being targeted by the host silencing machinery generating abundant 21- to 24-nucleotide short
interfering RNAs. At the same time, the banana genomic DNA is extensively methylated in both healthy and virus-infected
plants. Our findings shed light on the siRNA-generating gene silencing machinery of banana and provide a possible explanation
why episomal pararetroviruses can persist in plants whereas true retroviruses with an obligatory genome-integration step in
their replication cycle do not exist in plants.

iruses are often described as causing acute and persistent in-
fections: acute virus infections cause severe disease symptoms
and, in many cases, kill the host plant, whereas persistent virus
infections normally cause mild symptoms and allow the host to
recover from the disease; persistent virus infections can some-
times be beneficial for plant physiology (1). Depending on the
environmental conditions and host plant species, the viral disease
symptoms can oscillate from severe to nonvisible (recovery) and
back. The molecular mechanisms underlying such oscillations in
persistent virus infections are poorly understood, although an an-
tiviral defense system based on RNA silencing has been implicated
in plant recovery from DNA and RNA virus infections (2, 3).
RNA silencing, also known as RNA interference (RNAI), is an
evolutionarily conserved sequence-specific mechanism which
regulates gene expression and chromatin states and also defends
against invasive nucleic acids such as transposons, transgenes, and
viruses (4-7). It is induced by double-stranded RNA (dsRNA),
which can be produced by DNA-dependent RNA polymerase II
(Pol II) transcribing inverted repeats or certain genomic regions
in both sense orientation and antisense orientation and, in some
organisms, including plants, also by RNA-dependent RNA poly-
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merase (RDR). In most eukaryotes, Dicer or Dicer-like (DCL)
enzymes catalyze processing of dsRNA into small RNA (sRNA)
duplexes, which are then sorted by Argonaute (AGO) family pro-
teins. AGO forms the RNA-induced silencing complex (RISC)
with one of the duplex strands. This single-stranded sSRNA guides
RISC to a complementary sequence in a target RNA. Following the
complementary interaction, AGO catalyzes cleavage and/or trans-
lational repression of the target RNA, which results in posttran-
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scriptional gene silencing (PTGS). In plants, fungi, and some an-
imals, the RNA silencing machinery can also repress genes
transcriptionally through DNA cytosine methylation and/or
chromatin histone modification. In plants, transcriptional gene
silencing (TGS) through sRNA-directed DNA methylation
(RdDM) plays a key role in inactivation of transposons (8, 9).
RdDM and TGS have also been implicated in defense against DNA
geminiviruses (10) and pararetroviruses (11), although an in-
volvement of RADM is a matter of ongoing debate (12, 13).

Plants have evolved diverse sSRNA-generating silencing path-
ways mediated by four distinct DCL enzymes. In Arabidopsis,
DCLI catalyzes processing of 21-to-22-nucleotide (nt) microRNAs
(miRNAs) from hairpin structures of miRNA gene transcripts,
while DCL4, DCL2, and DCL3 produce short interfering RNAs
(siRNAs) of three major size classes (21 nt, 22 nt, and 24 nt, re-
spectively) from perfect dsSRNA precursors. DCL4 and DCL2 play
a primary role in defense against RNA viruses by producing 21-nt
and 22-nt viral siRNAs, respectively (14), whereas all the four
DCLs generate DNA virus-derived 21-, 22-, and 24-nt siRNAs
(15-18). Nuclear DCL3 generates highly abundant 24-nt viral
siRNAs in Arabidopsis infected with the DNA geminivirus Cab-
bage leaf curl virus (CaLCuV) (17) and the pararetrovirus Cauli-
flower mosaic virus (CaMV) (16), which can potentially direct viral
DNA methylation and TGS. However, CaMV-derived 24-nt
siRNAs were not found to be associated with AGO4, the major
effector protein in RADM (16). This finding and other lines of
evidence suggest that DNA viruses may evade siRNA-directed
DNA methylation (13). The genetic requirements for viral siRNA
biogenesis and antiviral defense have been investigated mostly in
model plants such as Arabidopsis thaliana and Nicotiana bentha-
miana. Nonetheless, the antiviral silencing pathways appear to be
conserved across the plant kingdom, since model and crop plants
infected with various RNA and DNA viruses accumulate abun-
dant viral siRNAs of the three major size classes (15-21).

However, very little is known about RNA silencing pathways
and antiviral defenses in crop plants, including banana. Although
the genome of Musa acuminata has been sequenced and con-
served miRNAs have been identified in silico (22), banana RNA
silencing genes and sRNA profiles have not been reported so far.
Recently, RNAI transgenic banana plants which express inverted-
repeat transgene-derived siRNAs cognate to Banana bunchy top
virus (BBTV; a single-stranded DNA virus from the family Nano-
viridae) were generated and shown to be resistant to BBTV infec-
tion (23). This suggests that the banana silencing machinery has
the potential for antiviral defense.

Most cultivars of dessert bananas, plantains, and cooking ba-
nanas (Musa spp.) are derived from intra- or interspecific hybrids
of the seedy banana species Musa acuminata (denoted the A ge-
nome) and Musa balbisiana (denoted the B genome). Banana
streak disease was first described more than 50 years ago in Ivory
Coast as the cause of characteristic leaf stripes on M. acuminata
(24). Subsequently, the disease was recorded in most Musa-pro-
ducing regions and in many Musa spp., and the causal agent was
named banana streak virus (BSV) (25). BSV disease is transmitted
by mealybugs (26, 27) but can also be spread by vegetative prop-
agation of infected material. Significant variation in the severity of
banana streak disease has been observed in different regions of the
world, but the relative contributions of plant, virus, and environ-
ment to this variation are largely unknown (28). Banana streak
Obino I'Ewai virus (BSOLV) from the triploid AAB plantain cv.
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Obino ’Ewai was the first sequenced BSV species associated with
the disease (29). The circular 7.4-kb genome of BSOLV contains
three consecutive open reading frames (ORFs), the first two en-
coding small (20.8-kDa and 14.5-kDa) proteins of unknown func-
tion and the third coding for a large (208-kDa) polyprotein con-
sisting of a putative movement protein, an RNA binding coat
protein (CP [analogous to retroviral Gag]), aspartyl proteinase,
and a viral replicase (analogous to retroviral Pol) consisting of
reverse transcriptase (RT) and RNase H domains. Based on the
genome organization, protein functions, and other features, BSV
is classified into genus Badnavirus (bacilliform DNA virus) of the
family Caulimoviridae. This family comprises nine genera of plant
pararetroviruses that replicate via reverse transcription of pre-
genomic RNA (pgRNA) and encapsidate open circular double-
stranded (ds) genomic DNA into bacilliform or icosahedral viri-
ons (30, 31). According to an interpretation based mostly on
extensive studies of CaMV from genus Caulimovirus (31, 32), the
viral life cycle begins with a release of viral double-stranded DNA
(dsDNA) from virions into the nucleus, where the gaps on both
strands remaining after reverse transcription are repaired and the
resulting covalently closed dsDNA associates with histones to
form a minichromosome (episome). Pol II-mediated transcrip-
tion of the circular minichromosome generates a capped and
polyadenylated pgRNA with terminal repeats which is transported
to the cytoplasm for translation of viral proteins and subsequently
for reverse transcription. As demonstrated for CaMV and Rice
tungro bacilliform virus (RTBV; genus Tungrovirus), translation of
pgRNA is initiated by a shunt mechanism in which ribosomes
bypass a long leader sequence containing multiple short ORFs
(sORFs) and folding into a stable stem-loop structure (33-35),
both features conserved in plant pararetroviruses (36). Several
consecutive viral ORFs on polycistronic pgRNA are then trans-
lated by reinitiation (CaMV) (37) or leaky-scanning (RTBV) (38)
mechanisms. The reverse transcription takes place in cytoplasmic
inclusion bodies and presumably is initiated by CP-mediated
packaging of pgRNA (39). The resulting open circular dsDNA can
reenter the nucleus for the next round of transcription or be en-
capsidated into mature virions for movement within the host
plant and for transmission to a new host plant by insect vectors. At
late stages of pararetrovirus infection, plant cells accumulate high
copy numbers of both circular covalently closed viral dsDNA in
the nucleus and open circular dsDNA in the virions (31).

In contrast to retroviruses, pararetroviruses do not encode in-
tegrase and their life cycle does not require an integration step into
the host genome. However, some plant pararetroviruses, includ-
ing BSV, were able to get integrated into the host genomes, likely
through a process of illegitimate recombination, and most of these
integrants appear to be noninfectious relics of ancient infection
events (40, 41). This is the case in the banana A genome, which
contains multiple integrants of badnavirus-like sequences, but
those contain only incomplete, highly rearranged, and frag-
mented genomes that exhibit distant similarity to the infectious
BSV species described to date, limiting the possibility of giving rise
to episomal virus infections (22, 40, 42, 43). In contrast, more
recent BSV integrants in the B genome, including BSOLV (44),
Banana streak Goldfinger virus (BSGFV) (45), Banana streak Imove
virus (BSIMV) (41, 46), and, likely, Banana streak Mysore virus
(BSMYV) (27), still retain infectivity. Taking the findings to-
gether, natural BSV infections of M. acuminata spp. and their
intraspecific hybrids are possible only through insect transmission
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of a virus that had recombined out of the banana B genome in
interspecific hybrids (e.g., BSOLV, BSGFV, BSIMV, or BSMYV)
and/or of a nonintegrated virus persisting in Musa spp. or other
hosts. Such persistent BSV species that seem to have no infectious
counterparts in the genomes of Musa spp. include Banana streak
Vietnam virus (BSVNV) (47) and Banana streak Cavendish virus
(BSCAV) (48). The defense mechanisms induced in BSV-infected
Musa spp. and viral counterdefense strategies have not been in-
vestigated so far.

In this study, we characterized the sSRNA-generating silencing
machinery in persistently infected banana plants and examined
whether or not episomal pararetroviruses are able to evade
siRNA-directed DNA methylation. We used rolling circle ampli-
fication (RCA) and sequencing of viral DNA combined with
sRNA deep sequencing to reconstruct the complete genomes and
siRNA profiles for six episomal BSV species (BSOLV, BSGFV,
BSIMV, BSMYV, BSVNV, and BSCAV) that persisted in M.
acuminata triploid (AAA) banana plants over 10 years of vegeta-
tive propagation following transmission by mealybugs. We found
that BSV infection induces multiple silencing pathways generating
21-, 22-, and 24-nt viral siRNAs which can potentially be associ-
ated with AGOs to target the viral genome. Despite the accumu-
lation of 24-nt siRNAs covering the entire virus genome in sense
and antisense orientations, the bulk of viral circular covalently
closed dsDNA serving as the template for pgRNA transcription in
the nucleus is largely not methylated. This implies that BSV evades
RdDM and thereby accumulates multiple transcriptionally active
minichromosomes in infected banana plants. Such evasion of vi-
ral DNA methylation and transcriptional silencing may contrib-
ute to persistence of episomal BSV in host plants.

MATERIALS AND METHODS

Banana plants and viruses. M. acuminata dwarf Cavendish plants (trip-
loid AAA genome) were inoculated in 2000 by mealybugs (Planococcus
citri) fed on fresh leaves of banana plants infected with a single BSV species
each (Ben Lockhart, personal communication). Ben Lockhart’s collection
of the BSV-infected banana plants established in 1992 to 1993 was used as
a source of inoculums for BSOLV, BSGFV, BSIMV, BSCAV, and BSMYV,
while BSVNV came from plant ITC 1431 (M. acuminata siamea) (47). The
resulting BSV-infected dwarf Cavendish collection was maintained at
CIRAD (Montpellier, France) in a tropical greenhouse by vegetative prop-
agation (i.e., growing of infected suckers) under the following conditions:
12 h of daylight with luminosity not exceeding 400 W/m?, 75% relative
humidity, and temperatures of 26°C during the day and 24°C at night. The
plants were regularly checked for BSV infection by immune capture-PCR
as described earlier (49). The disease severity and virus load were oscillat-
ing depending on the season, with strong decreases in winter and intense
multiplication in spring and summer. The leaves displaying the charac-
teristic streak disease symptoms (Fig. 1A) were collected in November
2010. One of the two plants infected with BSGFV (the plant sample des-
ignated BPO-61 in Datasets S1 to S3 in the supplemental material) was
found to be coinfected with BSCAV, which had accumulated much lower
levels of viral DNA and viral siRNAs than BSGFV. Other plants proved to
be infected with single BSV species.

Total RNA and total DNA preparations. The same banana leaf tissue
was ground in liquid nitrogen and taken for preparation of total RNA and
total DNA. Total RNA for both Illumina deep-sequencing (Fig. 2 and 3)
and blot hybridization (Fig. 4) analyses of sSRNAs was extracted from the
banana leaves as described in reference 50. Briefly, 2 g 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% polyvinylpyrroli-
done [PVP], 0.7% 2-mercaptoethanol). The mixture was subjected to a
vortex procedure, incubated at room temperature for 10 min, and centri-
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FIG 1 Leaf samples of BSV-infected and healthy control banana plants (A)
and RCA analysis of viral DNA (B). Cropped pictures of the leaves from the
healthy control M. acuminata cv. Cavendish (AAA) and M. balbisiana Pisang
Klutuk Wulung (PKW) (BB) plants and the M. acuminata plants individually
infected with BSOLV, BSGFV, BSIMV, BSMYV, BSVNV, and BSCAV are
shown. Total DNA was taken for rolling circle amplification (RCA) reactions
supplemented with a set of degenerate primers which are listed in Table S1 in
the supplemental material. The resulting RCA products were digested with
Kpnl (except for BSIMV, where Xhol was used), separated on a 1% agarose gel,
and stained with ethidium bromide (EtBr). As the DNA size marker, a 1-Kb+
ladder was used. The linear monomeric viral dsDNAs of expected sizes (from
7.4 to 7.8 kb) are indicated by arrows.

fuged at 3,700 rpm for 15 min to pellet the debris. A one-third volume of
precooled 5 M sodium acetate (pH 6) was added to the supernatant,
mixed and incubated on ice for 30 min, and centrifuged at 10,000 rpm 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 chlo-
roform-isoamyl alcohol and centrifuged as described above. RNA in the
aqueous phase was precipitated by addition of 2 to 3 volumes of cold
ethanol, incubated at —70°C for 30 min, and pelleted by spinning at
10,000 rpm for 15 min at 4°C. RNA was dissolved in 500 pl of diethyl
pyrocarbonate (DEPC)-treated water, extracted once again with chloro-
form-isoamyl alcohol, and precipitated with ethanol as described above.
The RNA pellet was washed with 70% ethanol, air dried, dissolved in
DEPC-treated water, and stored at —80°C until use.

Total DNA for both rolling circle amplification (Fig. 1B) and Southern
blot hybridization (Fig. 5) analyses was isolated as described by Gawel and
Jarret (51). In short, 100 mg of banana leaf tissues ground in liquid nitro-
gen was incubated with 500 pl of extraction buffer (100 mM Tris, 1.4 M
NaCl, 20 mM EDTA, 2% mixed alkyl trimethyl ammonium bromide
(MATAB; Sigma), 1% polyethylene glycol [PEG] 6000, 0.5% sodium sul-
fite) preheated up to 74°C. The slurry was mixed and incubated at 74°C for
20 min, and 500 pl of chloroform-isoamyl alcohol was added. The con-
tents were mixed and centrifuged at 14,000 rpm 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 a
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FIG 2 Characterization of viral and endogenous banana sRNAs in M. acumi-
nata plants individually infected with six distinct BSV species and healthy
control plants. The graphs show the percentages of 20-to-25-nt viral sSRNAs in
the pool of total (host and viral) 20-to-25-nt reads mapped to the M. acumi-
nata and the genomes of the respective viruses (BSOLV, BSGFV, BSIMV,
BSMYV, BSVNV, and BSCAV) with zero mismatches, the percentages of each
size class of 20-to-25-nt viral sSRNA reads mapped to each of the BSV species
genomes with zero mismatches, and the percentages of each size class of 20-
to-25-nt banana sRNA reads mapped to the genome of virus-free and BSV-
infected plants with zero mismatches.

wash with 75% ethanol, the DNA pellet was dried by the use of a speed
vacuum and dissolved in 100 pl of water.

RCA and Southern blot hybridization. Total DNA was taken for roll-
ing circle amplification (RCA) using an illustra TempliPhi amplification
kit (GE Healthcare Life Sciences) and a set of degenerate primers (see
Table S1 in the supplemental material) according to the protocol de-
scribed in reference 48. Briefly, ~25 ng of total DNA and 1 pl of degen-
erate primer mix (4.16 pmol/pl of each primer; see Table S1) were added
to 5 ul of sample buffer from the kit and the mixture was heated to 95°C
for 3 min. The mixture was cooled on ice, 5 pl of reaction buffer from the
kit (premixed with 0.2 pl of bacteriophage Phi29 DNA polymerase) was
added, and the reaction was allowed to proceed for 18 h at 30°C. The
reaction was stopped by incubation at 65°C for 10 min, and an aliquot of
the RCA products was digested with KpnlI (except for BSIMV, where Xhol
was used) and separated on 1% agarose gel (Fig. 1B).

For McrBC (New England BioLabs) treatment and subsequent South-
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ern blot hybridization, 10 g total DNA was taken and digested with 30 U
of McrBC enzyme overnight at 37°C as recommended by the manufac-
turer. As a positive control for McrBC analysis, 0.5 pg of methylated
plasmid (with one McrBC site; supplied by the manufacturer) was spiked
in 10 pg of total DNA isolated from the M. balbisiana plant (see Fig. 5;
arrows indicate the two products of McrBC digestion of the methylated
plasmid). The nontreated total DNA samples represented in Fig. 5 were
incubated in parallel under the same conditions as the McrBC-treated
total DNA samples but without the McrBC enzyme.

Following the treatment with or without McrBC, the DNA of each
total reaction mixture was separated in one 1% agarose gel in 1X TNE
buffer (40 mM Tris-acetate, 20 mM sodium acetate, 2 mM EDTA, pH
7.5), stained with EtBr (Fig. 5, lower part), and then transferred onto a
Hybond N+ membrane (Amersham). The membrane was hybridized
overnight at 45°C in UltraHyb-oligo buffer (Ambion) with a mixture of
probes specific for each BSV. Two 40-nt (or 41-nt) oligonucleotides of
same GC content and melting point (see Table S1 in the supplemental
material) were designed for each of the six BSV species, and all the 12
oligonucleotides were pooled and end labeled with P32 by the use of
polynucleotide kinase for hybridization. After 16 h of hybridization, the
blot was washed two times with 2X SSC (1X SSC is 0.15 M NaCl plus
0.015 M sodium citrate)—0.5% SDS for 30 min at 45°C and the signal was
detected after 20 h to 5 days of exposure to a phosphor screen using a
Molecular Imager (Typhoon FLA 7000; GE Healthcare Life Sciences). For
repeated hybridizations, the membrane was stripped with 0.5X SSC-
0.5% SDS for 30 min at 80°C and then with 0.1X SSC-0.5% SDS for 30
min at 80°C. To enhance the signal of the viral supercoiled DNA form, the
membrane was stripped and rehybridized at 35°C. Note that, due to
low titers of viral DNA, the level of supercoiled DNA for two of the six
viruses analyzed (namely, BSIMV and BSVNV) was below the detec-
tion threshold.

Illumina deep-sequencing and bioinformatic analysis of viral nu-
cleic acids. The RCA products were fragmented by the use of a Bioruptor
with settings for 350-bp fragments. The DNA fragments were separated
using a 2% agarose gel, extracted, and sequenced following the Illumina
protocols using an [llumina Hi-Seq 2000 Genome Analyzer (GA) (a 1-by-
50-bp runin a v3 flow cell) and a TruSeq SBS kit (v3). After the removal of
adaptors, the data sets of 50 reads were used for de novo reconstruction of
BSV genomes and identification of single nucleotide polymorphisms
(SNPs) and indels (insertions/deletions). To reconstruct viral genomes,
the reads were assembled into contigs using Velvet 1.2.07 (https://www
.ebi.ac.uk/~zerbino/velvet/) (52) followed by Oases 0.2.08 (http://www
.ebi.ac.uk/~zerbino/oases/) (53). Oases contigs were merged using the
Seqman module of the Lasergene DNASTAR 8.1.2 Core Suite (DNAStar,
Madison, WI). SNP/indel calling and correction of errors in the viral
genomes were done using Integrative Genomics Viewer (IGV; www
.broadinstitute.org/igv) (54) with redundant and nonredundant reads.
The reconstructed virus genomes and SNPs were further verified using the
data sets of sSRNA reads obtained by deep sequencing (see below).

For sRNA deep sequencing, cDNA libraries of 19-to-30-nt RNA frac-
tions of the total RNA samples were prepared as described previously (16).
The libraries were sequenced on a Hi-Seq 2000 GA using a TruSeq kit (v5).
After the adaptor sequences were trimmed, the data sets of reads were
mapped to the reference genome sequences of the DH-Pahang subspecies
malaccensis Musa acuminata plant (22) and the six reconstructed BSV
species using a Burrows-Wheeler Alignment Tool (BWA version 0.5.9)
(55) with zero mismatches to each reference sequence. The results of the
bioinformatics analysis of the mapped reads are summarized in Fig. 2 and
3 and Datasets S1 to S3 in the supplemental material. Reads mapping to
several positions on the reference genome were attributed at random to
one of them. To account for the circular BSV genome, the first 50 bases of
the viral sequence were added to its 3" end. For each reference genome or
sequence and each sRNA size class (20 to 25 nt), we counted the total
number of reads, the numbers of reads in the forward and reverse orien-
tations, and the numbers of reads starting with A, C, G, and T (see Dataset
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FIG 4 RNA blot hybridization analysis of viral and endogenous banana
sRNAs in M. acuminata plants infected with six distinct BSV species. Total
RNA samples from the healthy control M. acuminata plant and M. acuminata
plants individually infected with BSOLV, BSGFV, BSIMV, BSMYV, BSVNV,
and BSCAV were analyzed by RNA blot hybridization using 15% polyacryl-
amide gel electrophoresis (PAGE). The RNA blot membranes were succes-
sively hybridized with mixtures of 12 DNA oligonucleotide probes comple-
mentary to the respective viruses (2 probes per target region for each BSV
species; for sequences and genome positions, see Table S1 in the supplemental
material) and then to the evolutionary conserved miRNA (miR160). Positions
of the BSV-specific probes Lead_up and Lead_down with respect of the reverse
transcription start site are indicated in Fig. 3 for BSOLV. Ethidium bromide
(EtBr) staining of ribosomal and transfer RNAs (rRNA + tRNA) is shown as a
loading control. The 21-nt and 24-nt size markers are indicated. Note that
sRNA mobility in 15% PAGE depends on the molecular weight: purine-rich
sRNAs migrate more slowly by a ca. 0.5-to-1-nucleotide distance than pyrim-
idine-rich sRNAs of the same size.

S2). The single-base resolution maps of 20-, 21-, 22-, 23-, 24-, and 25-nt
viral sSRNAs (Fig. 3; see also Dataset S3) were generated by a map tool,
MISIS (http://www.fasteris.com/apps/) (56). In these maps, for each po-
sition on the sequence (starting from the 5’ end of the reference se-
quence), the numbers of matches starting at this position in the forward
(first base of the read) and reverse (last base of the read) orientations for
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each read length are given. Note that the reads mapped to the last 50 bases
of the extended viral sequence were added to the reads mapped to the first
50 bases. By default, MISIS generates two maps, one with zero mismatches
to the reference genome (see Dataset S3) and another with up to two
mismatches. The comparison of the two maps was informative for initial
identification of SNPs in the reference sequence, which could then be
confirmed using the IGV tool described above.

The sequence analyses of the reconstructed BSV genomes (see Se-
quence Analysis S1 in the supplemental material) were performed using
the following tools: NCBI nucleotide BLAST (blastn), the NCBI ORF
finder with a protein BLAST option (http://www.ncbi.nlm.nih.gov/gorf
/gorf.html), the EMBOSS Needle for pairwise sequence alignment (http:
/Iwww.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html), ClustalW
2.0.12 for multiple alignment (http://mobyle.pasteur.fr/cgi-bin/portal.py
#forms::clustalw-multialign), and MFold for prediction of RNA second-
ary structure (http://mfold.rna.albany.edu/?q = mfold/RNA-Folding-
Form).

sRNA blot hybridization analysis. SRNA blot hybridization analysis
was performed as described by Blevins et al. (18) using the short DNA
oligonucleotide probes listed in Table S1 in the supplemental material.
For each of the several successive hybridizations shown in Fig. 4, a mixture
of 12 p32-labeled DNA oligonucleotides (six pairs specific for the corre-
sponding region of each virus) was used as a probe (see Table S1).

Nucleotide sequence accession numbers. The NCBI accession num-
bers for the Montpellier (MP) isolates are as follows: for BSOLV-MP,
KJ013506; for BSGFV-MP, KJ013507; for BSIMV-MP, KJ013508; for
BSMYV-MP, KJ013509; for BSVNV-MP, KJ013510; and for BSCAV-MP,
KJO13511.

RESULTS AND DISCUSSION

De novo reconstruction of consensus master genomes of six
BSV species causing individual persistent infections in banana
plants. To begin the investigation of persistent viral infections in
M. acuminata, we first reconstructed consensus master genomes
of BSOLV, BSGFV, BSIMV, BSMYV, BSVNV, and BSCAV from
the leaf samples of individual banana plants, which had been in-
oculated with single BSV species by insect transmission and then
propagated vegetatively for 10 years. Each sample corresponded to
the third leaf before the last emerged leaf that showed character-
istic banana streak disease symptoms. Total DNA and RNA were
extracted from the leaf tissues of six distinct virus-infected plants
and of virus-free plants of M. acuminata triploid (AAA) cultivars
and seedy M. balbisiana (BB) as controls (Fig. 1A). To amplify
each viral circular genomic DNA, total DNA was subjected to
rolling circle amplification (RCA) supplemented with degen-
erate primers specific for all the six investigated BSV species
(designed based on their full-length reference genomes from
NCBI GenBank; see Table S1 in the supplemental material). The
resulting RCA products were analyzed by the use of restriction
endonucleases. As expected, the amplified viral genomic DNA
from infected plants was monomerized by single cutters and, after
gel separation, appeared as a single band of linear dsDNA of ge-

FIG 3 Single-nucleotide-resolution maps of 21-nt and 24-nt viral sSRNAs from M. acuminata plants infected with six distinct episomal BSV species. The graphs
plot the number of 21-nt and 24-nt viral sSRNA reads at each nucleotide position of the reconstructed genome sequences of BSOLV (A), BSGFV (B), BSIMV (C),
BSMYV (D), BSVNV (E), and BSCAV (F). Bars above the axis represent sense reads starting at each of the respective positions; those below the axis represent
antisense reads ending at the respective positions (for the map details, see Dataset S3 in the supplemental material). The genome organization of each BSV species
is shown schematically above the graph, starting with the Met-tRNA primer binding site (PBS) indicated in green and ending with the transcription start site
indicated with a pink bent arrow (Pro), followed by the poly(A) signal (pA); the three ORFs (I, II, and IIT) are shown with boxes. The predicted pgRNA transcript
is shown as a blue line (interrupted at the PBS). The positions of the probes used for sSRNA blot hybridization (Lead-up and Lead-down; see Fig. 4) are indicated
with red lines below the genome of BSOLV. Note that the putative BSOLV decoy region is located between the starts of transcription and reverse transcription,
as indicated with the position of the “Lead-up probe.”
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FIG 5 Analysis of relative accumulations of viral DNA and methylation statuses of the supercoiled and open circular forms of viral dsDNA using Southern blot
hybridization. Total DNA samples from the healthy control M. acuminata plant and M. acuminata plants individually infected with BSOLV, BSGFV, BSIMV,
BSMYV, BSVNV, and BSCAV were treated with the methylation-dependent enzyme McrBC and then analyzed by Southern blotting hybridization using 1%
agarose gel electrophoresis as described in Materials and Methods. As a “nontreated” control, aliquots of the total DNA samples were incubated in parallel in the
same buffer but without enzyme (left side of the blot). As a positive control [Control (+)], a methylated plasmid DNA was spiked in total DNA from the M.
balbisiana plant (the digestion products are indicated by arrowheads in lower panel). As a DNA size marker, a 1-Kb+ ladder was used. Following separation, the
gel was stained with EtBr (lower panel) and then the DNA was transferred to the membrane for hybridization with a mixture of the BSV-specific probes (see
Materials and Methods). The hybridized membrane image is shown in the upper panel, with the positions of plant genomic DNA, viral dsDNA forms (open
circular and supercoiled), and two McrBC-sensitive bands (asterisks) indicated. The membrane was rehybridized at 35°C to enhance the hybridization signal of
the supercoiled form of viral DNA (cropped image in the middle panel).

nome size; no band of corresponding size was detected in the ing Illumina technology and the complete circular viral genomes
control plants (Fig. 1B). To reconstruct consensus master ge- were reconstructed de novo from the sequencing reads using
nomes and identify their potential variants in the viral quasispe-  bioinformatic tools (see Materials and Methods). The recon-
cies, the undigested RCA products were then deep sequenced us-  structed genomes were validated by SNP (single nucleotide poly-
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morphism) and indel (insertion/deletion) calling with redundant
reads. In each case, several SNPs were identified (see Dataset S1 in
the supplemental material), highlighting the quasispecies nature
of persistent BSV species which, like all viruses, exist in “clouds” of
microvariants deviating from a consensus master genome (57).
Interestingly, most of the SNPs in all the BSV species were found
to be “silent”: SNPs in the intergenic region did not affect con-
served cis-acting elements (see below), while most of SNPs in the
coding sequences did not change the encoded amino acids (most
of them occurred in the wobble position of codons) and only a few
SNPs resulted in amino acid change. This suggests that the major-
ity of SNPs belong to presumably viable variants of the viral ge-
nomes. To account for potential errors of the RCA method, the
master genomes and SNPs were further verified by deep se-
quencing and bioinformatic analysis of viral siRNAs (see Da-
taset S1 and below) using a siRomics approach, proven to be
applicable for de novo reconstruction of consensus master ge-
nomes of RNA and DNA viruses (58), and were deposited to NCBI
GenBank as isolates of the previously identified BSVs (see Mate-
rials and Methods).

Sequence analysis revealed that the reconstructed viral ge-
nomes of our BSV isolates share 93.8% to 99.7% nucleotide iden-
tities with the GenBank reference genomes (see Sequence Analysis
S1A in the supplemental material). For BSOLV, BSGFV, BSIMV,
BSMYV, and BSVNV, which share 99.7%, 99.6%, 99.2%, 99.7%,
and 98.9% identity, respectively, the differences are rather minor
(except for BSVNV; see below) and include several single nucleo-
tide substitutions, some of which result in amino acid substitu-
tions of the viral ORF products, and a few short indels in the
intergenic region (see Sequence Analysis S1A). Some or all these
differences may represent the mutations that each original virus
genome had accumulated following transmission to a new host
and adaptation to a changing environment during the long per-
sistence in vegetatively propagated host plants. Consistent with
this hypothesis, de novo reconstruction of a BSGFV master ge-
nome from a second persistently infected and independently
propagated banana plant revealed 10 single nucleotide substitu-
tions (see Dataset S1 in the supplemental material). Interestingly,
all these substitutions were present as variants deviating from the
consensus master genome in one or both BSGFV-infected plants
(see Dataset S1), indicating the ongoing evolution of the viral
quasispecies. Among other alterations, our isolate of BSVNV has
two 1-nt deletions in ORF I, which shift the frame and thereby
elongate the ORF I product by 31 amino acids (see Sequence Anal-
ysis S1A). However, the elongated ORF I overlaps with ORF II,
similarly to other BSVs (see Sequence Analysis S1B), and encodes
a protein similar to those encoded by its homologs from other
BSVs. This suggests that the previously described BSVNV genome
(47) may contain cloning or sequencing errors that resulted in the
truncation of ORF 1. This hypothesis remains to be validated
through generation of an infectious clone of BSVNV. In the case of
BSCAYV, the two isolates share 93.8% nucleotide identity and have
much more substantial differences in the intergenic regions and
the amino acid contents of three ORFs (see Sequence Analysis
S1A), which classifies our isolate as a new strain of the virus.

Further sequence analysis revealed that the reconstructed ge-
nomes preserve the cis elements predicted to regulate transcrip-
tion and translation of BSV pgRNA, which include the Pol II
promoter and terminator elements and the elements driving ribo-
some shunting and leaky scanning. For the promoter and termi-
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nator elements, the only exception is BSGFV, for which both of
our isolates and the GenBank reference sequence lack a CCAAT-
box upstream of the TATA box and a recognizable poly(A) signal
between the transcription start site and the Met-tRNA primer
binding site (see Sequence Analysis S1 in the supplemental mate-
rial). In all the BSV species, the ribosome shunt configuration is
preserved in the pgRNA leader region, despite the drastic differ-
ences in the lengths and nucleotide compositions of the leader
sequence (see Sequence Analysis S1B). Similarly to other plant
pararetroviruses (36), this configuration comprises (i) a short
OREF (sORF 1) terminating at a short distance (6 or 7 nt) in front of
alarge stem-loop structure, (ii) a stable bottom helix of the struc-
ture, and (iii) an unstructured landing site downstream of the
structure followed by the ORF I start codon (AUG or CUG) (see
Sequence Analysis S1B). The shapes and stabilities of the stem-
loop structure, which is bypassed by shunting ribosomes, differ
between the BSV species and also differ from those in CaMV and
RTBV (shown schematically in Sequence Analysis S1B), for which
the ribosome shunting mechanism has been dissected (reference
35 and references therein). Remarkably, and consistent with the
shunt model, the only primary sequences which were found to be
nearly identical in all the six BSV leaders include (i) the Met-tRNA
primer binding site, (ii) SORF 1 (of 18 nt), and (iii) a 22-nt con-
served motif just downstream of SORF 1 (see Sequence Analysis
S1A).sORF 1 and the downstream motif likely constitute a takeoff
site for shunting ribosomes. The primary leader sequence down-
stream of the takeoff site elements is not conserved and contains
variable numbers of SORFs (see Sequence Analysis S1A), possibly
because the function of this sequence is to form a secondary struc-
ture that brings the takeoff site in close proximity to the unstruc-
tured landing site just upstream of the ORF I start codon. Further-
more, a top section of the stem-loop structure in all the BSV
leaders contains a purine-rich sequence which may serve as a
packaging signal, in accordance with a model for CP-mediated
packaging of CaMV pgRNA (39).

Consistent with the leaky-scanning model for initiation of
translation of ORF IT and ORFI11, the ORF I and ORF II sequences
are devoid of AUG triplets, except for suboptimal start codons of
the ORFs I and IT themselves. ORF I contains a few sORFs only in
BSCAV and BSOLV (see Sequence Analysis S1B in the supple-
mental material). These sORFs, however, are not expected to
block downstream translation. Thus, an artificial SORF intro-
duced in ORF II of RTBV decreased leaky-scanning-mediated
translation initiation of ORF III only slightly, showing that ribo-
somes can reinitiate translation following a short translational
event (38).

In summary, the reconstructed genomes of six episomal BSV
species encode a complete set of (potentially functional) viral pro-
teins and, with the exception of BSGFV, possess all the conserved
cis elements known to be required for viral replication and gene
expression. This indicates that they represent infectious master
genomes. The lack of recognizable CCAAT-box and poly(A) sig-
nal in the two BSGFV isolates and the GenBank reference se-
quence implies that alternative mechanisms of pgRNA transcrip-
tion regulation evolved in this virus.

Persistent BSV infection induces multiple siRNA-generating
silencing pathways targeting the entire virus genome. To exam-
ine the activity of sSRNA-generating silencing machinery in persis-
tently infected banana plants, a fraction of 19-to-30-nt sRNAs
from the BSV-infected and noninfected banana plants was deep
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sequenced using [llumina technology and analyzed by mapping of
sRNA reads to the banana genome and the reconstructed BSV
genomes (see Materials and Methods). The sSRNA mapping and
counting results are detailed in Datasets S2 and S3 in the supple-
mental material and summarized in Fig. 2 and 3. We restricted our
analysis to SRNAs ranging in size from 20 to 25 nt, the size range
known to correspond to functional plant miRNAs and siRNAs.
The size profile of sSRNAs matching the banana genome with zero
mismatches was found to be interesting, as the relative accumula-
tion of 20-nt sSRNAs was comparable to that of 21-nt sRNAs,
whereas 22-nt and 24-nt sRNAs represented the third- and
fourth-most-abundant classes, respectively (Fig. 2; see also Data-
set S2). In contrast, the endogenous sSRNA profiles in other mono-
cot and dicot plants, e.g., rice (59), maize (60), poplar (61), and
Arabidopsis (16, 17, 62), differ in that the 24-nt class (mostly pop-
ulated with heterochromatic siRNAs) is predominant, followed in
most cases by the 21-nt class (populated with miRNAs and sec-
ondary-phase siRNAs). The analysis of 5" nucleotide identities of
the banana sRNAs revealed strong biases in each of the four major
classes, with 5" G dominating in 20-nt sSRNAs (82%), 5" Uin 21-nt
sRNAs (71%) and 22-nt sSRNAs (74%), and 5" A in 24-nt sSRNAs
(54%). These biases suggest that sSRNAs of different size classes are
sorted by different AGO family proteins based in most cases on the
5" nucleotide as established in A. thaliana (63—65). The predomi-
nance of 20-nt 5'-G sRNAs in banana suggests that they represent
anovel class of plant sSRNAs, the biogenesis and function of which
remain to be investigated. Our preliminary results indicated that
most of the 20-nt 5'-G sRNAs are derived from so-called “unan-
chored” sequences of the recently released M. acuminata DH
Pahang genome (22) which together constitute one-third of the
banana genome and cannot be anchored to any of the 11 chromo-
somes.

Analysis of SRNAs matching the consensus master genomes of
BSV species with zero mismatches revealed that the viral sSRNAs
constitute a significant fraction of the total 20-to-25-nt sSRNAs in
BSV-infected banana plants (~2% for BSCAV, ~4% for BSVNV,
~6% for BSGFV, ~7% for BSMYV, 8% for BSIMV, and 22% for
BSOLV) but not in healthy banana plants (Fig. 2; see also Dataset
S2 in the supplemental material). Given the much smaller size of
the virus genome (7.3 to 7.8 Kb) compared to the banana genome
(~473 MD), banana plants produce large amounts of virus ge-
nome-derived siRNAs, especially in the case of BSOLV. The dif-
ferences in the relative accumulations of viral siRNAs may reflect
different proportions of the infected cells in the analyzed leaf tis-
sues or different stages of virus replication (with different copy
numbers of the viral DNA per cell) in the oscillating persistent
infections. Thus, deep sequencing of sSRNAs from the second plant
infected with BSGFV revealed lower levels of viral siRNAs (~2%
of total 20 to 25 sRNAs; see Dataset S2). The size profile of viral
sRNAs differs substantially from that of the endogenous banana
sRNAs: 21-nt viral SRNAs are predominant, followed by the 22-nt
class (BSGFV, BSIMV, BSVNV, and BSCAV) or the 24-nt class
(BSOLV and BSMYV), whereas the 20-nt class is only the third or
the fourth most abundant (Fig. 2). The relative accumulation of
25-nt viral sSRNAs is negligible. Interestingly, viral 20-nt sSRNAs do
not exhibit any strong bias to 5" G as observed for endogenous
20-nt sRNAs (see Dataset S2), suggesting that the banana 20-nt
5'-G sRNA pathway is not involved in targeting BSV. For most
BSV species, viral siRNAs of the 21-nt and 22-nt classes exhibit
bias to 5" U, albeit the bias is less pronounced than that seen with
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endogenous sRNAs of these classes, while viral 24-nt sSRNAs are
dominated by abundant 5" A and 5’ U species (see Dataset S2).
Taking the data together, viral SRNAs can potentially be associated
with multiple AGOs because of the high diversity of sSRNA species
in each size class (see below). The predominance of 21-nt viral
sRNAs together with the underrepresentation of 24-nt viral
sRNAs in BSGFV, BSIMV, BSVNV, and BSCAYV infections sug-
gested that these viruses induce mostly PTGS pathways in banana
plants. These presumptive PTGS pathways of Musa acuminata
would be analogous to the Arabidopsis thaliana DCL4- and DCL2-
dependent pathways that generate 21-nt and 22-nt siRNAs, re-
spectively, and play a primary role in defense against RNA viruses
(14, 18). In BSOLV and BSMYV infections, however, the presence
of relatively high levels of 24-nt viral sSRNAs implies the involve-
ment of a nuclear TGS pathway in defense against episomal BSVs
in banana plants. In Arabidopsis, the DCL3-dependent nuclear
pathway generates 24-nt siRNAs and thereby contributes together
with the PTGS pathways to defense against DNA viruses, as estab-
lished for the geminivirus CaLCuV and the pararetrovirus CaMV
(15-18).

Analysis of single-nucleotide-resolution maps of virus-derived
sRNAs revealed that nonredundant 20-to-25-nt SRNA species
cover the entire circular virus genome without gaps (see the
“total” column in Dataset S3 in the supplemental material). A few
strand-specific gaps of more than 24 nt in the 5 and 3’ nucleotide
coverage were observed only in BSCAV, which leaves less than 100
nt not covered with the viral reads on each strand, but all these
small gaps were covered on the opposite stand (see the “total_
forward” and “total_reverse” columns in Dataset S3). Strand-spe-
cific gaps in SRNA coverage were not observed for other BSV spe-
cies. Since BSCAV has the lowest number of total reads (47,473),
whereas other viruses have much higher numbers (ranging from
134,023 reads in BSIMV to 658,896 reads in BSOLV; see Dataset
S2), it could be expected that deeper sequencing of BSCAV sRNAs
would close the gaps. In conclusion, the entire circular genome of
BSV is covered with sense and antisense precursors of viral SRNAs.
Similar findings have been reported for CaLCuV (17), grapevine
geminivirus (58), and CaMV (58). For CaLCuV and other gemi-
niviruses that transcribe circular viral DNA bidirectionally, these
findings have implicated Pol II in production of sense and anti-
sense transcripts forming dsRNA precursors of viral siRNAs (13).
Indeed, the genetic evidence using CaLCuV-infected Arabidopsis
mutants for silencing-related RNA polymerases ruled out involve-
ment of Pol IV, Pol V, RDR1, RDR2, or RDR6 in the biogenesis of
viral siRNAs (17, 18). In CaMV and other pararetroviruses with
monodirectional Pol II transcription, the mechanism of dsRNA
production remains to be investigated. For CaMV, genetic evi-
dence indicates that Pol IV, Pol V, RDR1, RDR2, and RDR6 are
not required for viral siRNA biogenesis (16, 18), suggesting that
Pol II might be involved (13).

Analysis of redundant sRNA reads revealed that viral SRNA
hotspots are unevenly distributed along the genome (see Fig. 3 for
21-nt and 24-nt sSRNAs and Dataset S3 in the supplemental mate-
rial for all the size classes). In most BSVs (except BSOLV), the
hotspots of 21-nt and 22-nt viral sSRNAs of both sense and anti-
sense polarity tend to concentrate within ORF I, ORFII, and the 5’
portion of ORF III, while the 3" half of ORF III and the promoter
portion of the intergenic region upstream of the transcription
start site are relatively poorly covered with 21-nt or 22-nt viral
sRNAs. In contrast, 24-nt viral SRNA hotspots are more evenly
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distributed along the viral genomes (Fig. 3). This suggests that, in
the hot spot regions, 21-nt and 22-nt viral sSRNAs are produced
from the more abundant dsRNA precursors which may preferen-
tially be amplified by an RDR activity. In BSOLV, 24-nt siRNAs
are of exceptionally high abundance and their hot spots are
slightly depleted from the ORF I-to-ORF II region that generates
the most abundant 21-nt and 22-nt viral sRNAs (Fig. 3). This
implies that 24-nt and 21-to-22-nt viral SRNAs may be processed
from different dsRNA precursors.

In CaMV, the pgRNA leader region between the start site for
Pol II transcription and the primer binding site for reverse tran-
scription generates the most abundant viral siRNAs of the three
major size classes and both polarities (16). This region was pro-
posed to produce a highly abundant dsRNA decoy that diverts
components of the plant silencing machinery from the upstream
promoter region and the downstream coding regions (13, 16). In
all the BSV species, the primer binding site is located much closer
to the transcription start site than in CaMV, and therefore much
of the pgRNA leader sequence which contains the ribosome shunt
elements and forms the large stem-loop structure is located down-
stream of it (see Sequence Analysis S1 in the supplemental mate-
rial). The structured leader region is populated with the hotspots
of 21/22-nt and 24-nt viral sSRNAs only in BSIMV, while the cor-
responding region in other BSV species is a relatively poor source
of sRNAs (Fig. 3). The latter finding indicates that a stem-loop
secondary structure per se may not be a major determinant for
massive production of viral SRNAs. Moreover, the high abun-
dance of viral sRNA of both polarities implies that viral SRNA
duplexes are produced from perfect dsRNA precursors rather
than from the structured regions of pgRNA. In BSOLV, a “decoy”
region between the transcription and reverse transcription starts
spawns highly abundant 21-nt and 24-nt viral sSRNAs (Fig. 3A;
Lead_up). This and most other findings from the deep sequencing
analysis were validated by sSRNA blot hybridization analysis (Fig.
4; see Lead_up probes). Thus, BSOLV may have evolved a CaMV-
like decoy strategy of silencing evasion (16), which may explain
why the accumulation of BSOLV DNA is higher than that of other
species (Fig. 5). However, such an evasion mechanism appears to
be less efficient in persistently infected banana plants in diverting
the siRNA-generating machinery from other regions of the viral
genome (Fig. 3A and 4) than the CaMV decoy mechanism in
Arabidopsis plants that exhibit severe CaMV disease with no re-
covery (16).

We noted that BSV infection alters the relative accumulations
of endogenous banana sRNAs, but no clear tendency for either
increased or decreased accumulation of any particular SRNA size
class was observed (Fig. 2). Interestingly, BSOLV, whose sSRNA
size class profile resembles that of CaMV (the two species produce
comparable amounts of 21-nt and 24-nt viral siRNAs), has a
CaMV-like impact on the endogenous sRNA profile, boosting en-
dogenous 24-nt sSRNA production at the expense of 21-nt sSRNAs
(16). The biological significance of this alteration remains to be
investigated.

In summary, the RNA silencing machinery of banana plants
infected with BSV generates abundant 21-to-22-nt and 24-nt viral
sRNAs, possibly in the cytoplasm and the nucleus, respectively.
Based on the characteristic sizes, distributions along the entire
genome in both orientations, and 5’ nucleotide biases, these viral
sRNAs can be classified as typical siRNAs that have the potential to
bind distinct AGO proteins and target viral nucleic acids for post-

October 2014 Volume 88 Number 19

siRNAs and DNA Methylation in Virus-Infected Banana

transcriptional and transcriptional silencing, respectively. The
prevalence of 21-nt viral siRNAs with their hotspotsina 5’ portion
of pgRNA in most BSV infections is reminiscent of the siRNA
profile of an Evade retrotransposon activated in certain epigenetic
mutants of Arabidopsis (8). Highly abundant 21-nt siRNAs de-
rived from this retrotransposon are generated by the RDR6- and
DCL4-dependent mechanism and loaded onto AGO1 and AGO2.
However, these siRNAs are not effective in silencing the retro-
transposon transcript, because PTGS is evaded via Gag protein-
mediated packaging of the transcript into virus-like particles (8).
By analogy, pararetroviral CP/Gag that encapsidates pgRNA for
reverse transcription might also protect the pgRNA from viral
siRNA-directed cleavage and/or translational repression. Whether or
not BSV and other badnaviruses have evolved specialized suppres-
sors of silencing remains to be investigated.

Viral circular dsDNA evades cytosine methylation in persis-
tently infected banana plants. To address whether or not the viral
siRNAs accumulating in BSV-infected banana plants direct meth-
ylation of viral dsDNA, we exploited the cleavage activity of the
McrBC methylation-dependent enzyme. This enzyme recognizes
5-methylcytosines (a hallmark of plant DNA methylation) in an
R™C context (where R = A or G) and cleaves between two recog-
nition sites separated by ~30 to ~3,000 bp at distance of 25 to 30
bp from one of the two sites. A circular plasmid DNA containing a
single R™C site on one strand could also be linearized by McrBC
(66). Thus, any circular viral dsDNA that contains at least one 5
methylcytosine in an R™C context should be digested by McrBC.
We found that each of the six BSV genomes contains numerous
MecrBC recognition sites. These sites can potentially be targets for
methylation, presumably by a banana RdADM pathway.

Total DNA extracted from the banana leaf samples was treated
overnight with McrBC and then separated on a 1% agarose gel
along with total DNA aliquots of the same samples treated in
parallel under the same conditions but without McrBC. As a con-
trol, a methylated plasmid was mixed with total banana DNA and
the mixture was treated with McrBC. Ethidium bromide (EtBr)
staining revealed that the methylated plasmid was fully digested,
yielding two fragments as expected. The banana genomic DNA in
the control reaction and all the other reactions was almost fully
digested by McrBC (Fig. 5; compare the McrBC-treated and non-
treated sample results). This indicates that McrBC enzymatic ac-
tivity is not inhibited by total banana genomic DNA and that the
bulk of banana DNA is extensively methylated. The smear of
McrBC digestion products (Fig. 5) suggests that the cytosine
methylation sites are scattered along the banana genome.

The methylation status of viral DNA was then evaluated by
Southern blotting hybridization using a mixture of six pairs of
DNA oligonucleotide probes with equal annealing temperatures,
each pair being designed to hybridize specifically to one of the six
BSV species. This experimental design allows simultaneous detec-
tion of major forms of viral DNA of all the six BSV species and
measurement of their relative levels of accumulation. The results
revealed two major forms of circular viral dsDNA, the more abun-
dant open circular dsDNA and the less abundant covalently closed
(supercoiled) dsDNA, before and after McrBC treatment. Com-
pared to the banana genomic DNA, both major forms of viral
DNA appeared to be resistant to McrBC (Fig. 5, upper panel). This
indicates that the major fraction of viral genomic DNA is not
methylated. More specifically, the resistance to McrBC digestion
of the supercoiled form of viral dsDNA, which is clearly detectable
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in BSOLV, BSCAV, BSGFV, and BSMYV (Fig. 5, cropped image in
the middle panel), suggests that viral minichromosomes accumu-
lating in the nucleus for Pol II-mediated transcription of pgRNA
are largely not methylated. We cannot exclude the possibility that
a fraction of the episomal DNA is methylated. In fact, some reduc-
tion in open circular dsDNA levels after the enzymatic treatment
was observed (Fig. 5). However, this form of viral DNA is pack-
aged in the virions following reverse transcription in the cyto-
plasm and cannot be methylated by the nuclear RADM machin-
ery. A potential nonspecific activity of McrBC during the
overnight incubation may account for minor loss of viral DNA.
Since no substantial decrease in the ratio of the supercoiled form
to the open circular form was observed (Fig. 5), this argues for
little (if any) methylation of the supercoiled DNA. It is difficult to
evaluate the methylation status of episomal DNA in BSIMV and
BSVNV, for which the supercoiled form was barely detectable
even under low-stringency hybridization and washing conditions
(cropped portion in the middle panel of Fig. 5). We expect, how-
ever, that if these two low-titer viruses were to replicate more
actively and accumulate supercoiled DNA at detectable levels, this
DNA could also be largely unmethylated, like the supercoiled
DNA for the four higher-titer viruses.

The Southern blot hybridization analysis combined with the
viral sSRNA profiles shows that the relative accumulation of viral
DNA does not correlate with the relative abundance of viral
siRNAs. Indeed, BSOLV, spawning siRNAs that were 10 times
more abundant than those spawned by BSCAV (Fig. 2), accumu-
lated viral DNA at an abundance only three times greater than that
seen with BSCAV. The other four BSV species produced larger
amounts of viral siRNAs than BSCAV and accumulated smaller
amounts of viral DNA than BSCAV (Fig. 5), but these amounts of
DNA differed dramatically, unlike the amounts of viral siRNAs,
which were comparable. Finally, BSVNV, with barely detectable
levels of viral DNA, accumulated viral siRNAs that were only five
times less abundant than those seen with BSOLV, which accumu-
lated the largest amounts of DNA. This implies that viral siRNAs
do not necessarily restrict accumulation of viral DNA, although
the total abundance of viral siRNAs may not reflect the proportion
of viral siRNAs incorporated into functional RISCs. Moreover,
the fact that similar ratios of the supercoiled form to the open
circular form were observed in BSOLV and BSCAV, which pro-
duced the largest and the smallest amounts of siRNAs, respec-
tively, indicates that viral siRNAs do not influence the distribution
of viral DNA between the cytoplasm (populated with the open
circular form) and the nucleus (populated mostly with the super-
coiled form). Therefore, the efficiency of viral siRNA production
(or the relative abundance of 24-nt viral siRNAs) does not appear
to affect the viral replication cycle, in which the nucleus supplies
viral pgRNA to the cytoplasm for reverse transcription whereas
the cytoplasm supplies the open circular viral DNA to the nucleus
for repair (i.e., production of covalently closed, supercoiled DNA)
and subsequent Pol II-mediated transcription of pgRNA on the
covalently closed DNA (reviewed in reference 13).

In the case of BSOLV (but not other BSVs), two additional
bands of viral DNA were detected which migrated faster than the
supercoiled form, and both bands disappeared after the McrBC
treatment (Fig. 5; asterisks). Note that these bands cannot be an
artifact of DNA overload, since equal amounts of total DNA were
taken for treatment in the presence and absence of McrBC fol-
lowed by Southern blotting hybridization. The nature of these
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bands and why these are the only apparently methylated forms of
viral DNA remain to be investigated. In geminiviruses, the only
form of viral DNA which contains a substantial proportion of
methylated cytosines is heterogeneous linear dsDNA, a byproduct
of recombination-dependent replication (12, 13). Pararetrovi-
ruses are not known to exploit this replication mechanism.

In conclusion, most of the circular covalently closed viral ds-
DNA in BSV-infected M. acuminata plants is nonmethylated.
Thus, multiple BSV minichromosomes appear to evade siRNA-
directed DNA methylation in the nucleus and thereby retain the
potential for active Pol II transcription. One can argue that 24-nt
viral siRNA levels are not sufficient to exert DNA methylation.
However, the relatively highly abundant 24-nt viral siRNAs accu-
mulating in BSOLV-infected plants, which cover the entire virus
genome in both orientations, also fail to direct methylation of viral
DNA. The mechanism of RADM evasion by episomal BSV re-
mains to be investigated. In Arabidopsis, the establishment and
maintenance of cytosine methylation at the RADM loci require
Pol Vand Pol IV, respectively. Pol V generates a scaffold transcript
and recruits de novo methyltransferase through interaction with
24-nt siRNA-AGO4 complexes, while Pol IV and RDR2 together
generate dsRNA precursors of 24-nt siRNAs (reviewed in refer-
ence 13). Genetic evidence indicates that Pol V, Pol IV, and RDR2
are not required for the biogenesis of 24-nt viral siRNAs in CaM V-
infected Arabidopsis (16, 18), which effectively uncouples the viral
siRNAs from the RADM machinery (13). This may explain the
lack of detectable cytosine methylation of episomal viral DNA in
CaMV-infected turnip plants (11) or in kohlrabi plants that re-
covered from CaMV disease symptoms (2). Note, however, that
those earlier studies of CaMV made use of methylation-sensitive
enzymes, which would report cytosine methylation only at the
respective enzyme recognition sites. Investigation of genetic re-
quirements for viral siRNA biogenesis in banana plants is cur-
rently difficult, because no information on the banana RNA si-
lencing genes and no respective gene mutant lines are available.
Our analysis of the viral and endogenous sRNA profiles and the
finding that the banana genome is extensively methylated suggest
the existence of conserved nuclear and cytoplasmic components
of RNA silencing machinery that can mediate both PTGS and
RADM/TGS in banana, similarly to other plant species. Our find-
ing that the banana sSRNA population contains a dominant 20-nt
5'-G RNA class which is absent in the viral siRNA population
raises the intriguing possibility that those sSRNAs might be indi-
rectly involved in the establishment or maintenance of DNA cy-
tosine methylation in banana plants.

The findings reported here may also be relevant for further
understanding and better control of the banana streak disease
during industrial banana cultivation, but it will be important to
investigate the banana silencing machinery and BSV infections
under open field conditions and in other banana genotypes.
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