
JOURNAL OF VIROLOGY, July 2008, p. 6697–6710 Vol. 82, No. 13
0022-538X/08/$08.00�0 doi:10.1128/JVI.00212-08
Copyright © 2008, American Society for Microbiology. All Rights Reserved.

A Single Banana Streak Virus Integration Event in the Banana Genome as
the Origin of Infectious Endogenous Pararetrovirus�

Philippe Gayral,1 Juan-Carlos Noa-Carrazana,2† Magali Lescot,2‡ Fabrice Lheureux,1
Benham E. L. Lockhart,3 Takashi Matsumoto,4 Pietro Piffanelli,2§

and Marie-Line Iskra-Caruana1*
CIRAD BIOS, UMR Biologie et Génétique des Interactions Plante-Parasite, TA 4-54/K Campus international de Baillarguet,
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Sequencing of plant nuclear genomes reveals the widespread presence of integrated viral sequences known
as endogenous pararetroviruses (EPRVs). Banana is one of the three plant species known to harbor infectious
EPRVs. Musa balbisiana carries integrated copies of Banana streak virus (BSV), which are infectious by
releasing virions in interspecific hybrids. Here, we analyze the organization of the EPRV of BSV Goldfinger
(BSGfV) present in the wild diploid M. balbisiana cv. Pisang Klutuk Wulung (PKW) revealed by the study of
Musa bacterial artificial chromosome resources and interspecific genetic cross. cv. PKW contains two similar
EPRVs of BSGfV. Genotyping of these integrants and studies of their segregation pattern show an allelic
insertion. Despite the fact that integrated BSGfV has undergone extensive rearrangement, both EPRVs contain
the full-length viral genome. The high degree of sequence conservation between the integrated and episomal
form of the virus indicates a recent integration event; however, only one allele is infectious. Analysis of BSGfV
EPRV segregation among an F1 population from an interspecific genetic cross revealed that these EPRV
sequences correspond to two alleles originating from a single integration event. We describe here for the first
time the full genomic and genetic organization of the two EPRVs of BSGfV present in cv. PKW in response to
the challenge facing both scientists and breeders to identify and generate genetic resources free from BSV. We
discuss the consequences of this unique host-pathogen interaction in terms of genetic and genomic plant
defenses versus strategies of infectious BSGfV EPRVs.

Plant pararetroviruses are nonenveloped viruses with a non-
covalently closed circular double-stranded DNA of 7 to 8 kbp
(11). After infection, open circular viral DNA is released into
the nucleus of the cell, where it is converted into supercoiled
DNA and associates with histones to form a minichromosome.
The viral DNA is then transcribed into mRNA, as well as
pregenomic RNA, which is used for DNA replication in the
cytoplasm via reverse transcription (23). In contrast to retro-
viruses, integration of the pararetroviral genome into the host
genome is not required for viral replication. Nevertheless, para-
retroviral integrations within the host genome exist and are
assumed to have originated from illegitimate recombination

during the minichromosome phase (53). Such integrants,
called endogenous pararetroviruses (EPRVs), range from
small, incomplete fragments to larger sequences, and become
part of the plant genome via integration in a germinal cell
subsequently becoming fixed in the plant population by the
evolutionary forces of natural selection and/or genetic drift.

EPRVs are widespread within the plant kingdom. Thus far,
the genomes of bitter orange (Poncirus trifoliata), potato (So-
lanum tuberosum), rice (Oriza sativa), tomato (Lycopersicon
sp.), petunia (Petunia sp.), tobacco (Nicotiana sp.), and banana
(Musa sp.) have been shown to harbor such integrants (24, 53).
In 1999, Jakowitsch et al. (26) described tobacco EPRVs as a
novel class of dispersed repetitive elements. EPRV can reach
up to a 1,000 copies in tobacco (17, 37). The widespread dis-
tribution of EPRVs among plants, and their scattering within
the host genome thus results in a discernible impact on host
genome shape, plasticity, and evolution.

A surprising discovery was that some EPRVs could release
virions. The data on the existence of these infectious EPRVs
came from observations of spontaneous viral infection in pe-
tunia, tobacco, and banana by Petunia vein clearing virus
(PVCV) (42), Tobacco vein clearing virus (TVCV) (34), and
Banana streak virus (BSV) (7), respectively. The de novo ap-
parition of these viruses followed stresses, wounding, or tissue
culture processes in environments free of vector insects, sug-
gesting that these viruses could only be derived from integrated
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forms. In 2003, Richert-Poggeler et al. (41) showed that PVCV
EPRV (denoted ePVCV) is infectious by demonstrating re-
lease of a complete viral DNA genome that contributes to the
viral infection. It is important to note that EPRVs, just like
their exogenous counterparts, can lead to epidemics and
are therefore of considerable economic importance.

BSV is a plant bacilliform pararetrovirus belonging to the
family Caulimoviridae and the genus Badnavirus (22). BSV is
one of five described viruses of banana (genus Musa) and
plantain. This virus causes streak mosaic disease, which had
until recently never been considered a serious threat (10).
However, in the last 15 years, numerous spontaneous out-
breaks of the disease have occurred in all banana-producing
areas among promising banana breeding lines and micropropa-
gated interspecific Musa hybrids, all originating from virus-free
parents. The origin of these outbreaks was correlated with the
presence of EPRVs in the genome of the cultivars. This phe-
nomenon has contributed to the widespread distribution of
BSV within banana-producing areas (33). Two types of BSV-
related EPRVs have been described thus far in banana. The
first type is defined by noninfectious sequences with nonfunc-
tional viral open reading frames (ORFs) containing premature
stop codons, frameshift mutations, and/or incomplete viral ge-
nomes. Such BSV EPRVs are present in the two most common
Musa species from which most cultivated banana is derived:
Musa acuminata (denoted A) and Musa balbisiana (denoted B)
(16). BSV EPRVs of the other, so-called infectious type con-
tain the complete functional viral genome.

The first tentative description of an infectious BSV EPRV
concerns the 5� part of the integrated species BSV Obino
l’Ewai (BSOlV EPRV) present in the genome of the plantain
cv. Obino l’Ewai (AAB) (38). This BSV EPRV has a complex
structure consisting of noncontiguous back-to-back viral se-
quences, interrupted by Musa sequences. Although this BSV
integrant is not fully described, it contains the entire BSOlV
genome at least once. The authors of that study suspected
BSOlV EPRV to be pathogenic and hypothesized a mecha-
nism involving two homologous recombination events to re-
lease an infectious BSV genome.

Four natural widespread BSV species have thus far been
identified as integrants: Banana streak Obino l’Ewai virus
(BSOlV), Banana streak Imové virus (BSImV), Banana streak
Mysore virus, and Banana streak Goldfinger virus (BSGfV) (16).
In banana, abiotic stresses such as micropropagation by in vitro
culture processes (7) and genetic hybridization (30) are known
to contribute to triggering the production of episomal BSV
from EPRVs. Studies on the apparition of BSV after interspe-
cific genetic crosses revealed that at least two factors are in-
volved in BSV expression. The first is the ploidy of the B
genome in Musa genotypes. M. balbisiana diploid genotypes
(BB) such as cv. Pisang Klutuk Wulung (PKW) and cv. Pisang
Batu, which are used as female parents, harbor infectious BSV
EPRVs in their genome but are nevertheless resistant to any
multiplication of BSV, whether from EPRV activation or from
exogenous BSV infection (25, 32). In contrast, genotypes with
haploid B genomes harboring BSV EPRVs, such as the triploid
hybrids (AAB) arising from interspecific genetic crosses, as
well as other natural triploids (AAB cv. Kelong Mekintou and
Black Penkelon) (12) or newly created tetraploids (AAAB
FHIA 21) (7), can express BSV after stresses and are suscep-

tible to BSV infection. The second factor is a genetic factor
called BSV expressed locus (BEL) identified in the triploid
(AAB) progeny of interspecific genetic crosses between virus-
free diploid M. balbisiana (BB) cv. PKW and tetraploid M.
acuminata (AAAA) cv. IDN 110 4x parents (30). In that study
the authors characterized the segregation of BSOlV appear-
ance among AAB F1 progeny expressing the disease as a
Mendelian monogenic allelic system, strongly regulated by
BEL and conferring the role of carrier on the M. balbisiana
diploid parent, cv. PKW.

Comparisons with other well-described infectious EPRVs,
e.g., PVCV in petunia and TVCV in tobacco, has unfortu-
nately not been very informative up to now in suggesting ways
to efficiently manage BSV expression. EPRVs differ consider-
ably in copy number per genome and structure, as well as in
their mechanisms of regulation by the host plant. For instance,
EPRV expression is repressed by DNA methylation in petunia
(39) and tomato (52), whereas this is not the case for BSV
EPRVs (M. L. Iskra-Caruana, unpublished data).

Of the three latter pathosystems, BSV/Musa remains the
most critical in terms of economic impact. Bananas are the
developing world’s fourth most important food crop, and three
major issues concern BSV EPRVs. First, the main method of
propagating banana plantlets is micropropagation by in vitro
culture, which can trigger activation of BSV EPRVs. Second,
in tropical zones global warming is responsible for strong vari-
ations of water regime and thermal amplitude, a well-estab-
lished activator stress for BSV EPRVs (6). Finally, the numer-
ous infectious BSV EPRVs of different BSV species are
restricted to the B genome used in Musa breeding programs as
a source of genes of agronomic interest. This consequently
reduces considerably the possibility of using genetics to control
banana sigatoka leaf spots, the main fungal constraint for the
banana crop industry.

Until now, the description of a complete BSV EPRV and a
more detailed analysis of the mechanisms of the activation of
infectious EPRV have been lacking. To further describe the
genetic mechanisms of the regulation of BSV EPRV, we report
here the full molecular organization of the pathogenic BSV
Goldfinger species (BSGfV) EPRVs in the genome of the wild
diploid (BB) M. balbisiana cv. PKW and demonstrate that its
integration is the result of a single event.

MATERIALS AND METHODS

Hybridization of BAC clones with BSGfV probe. Bacterial artificial chromo-
some (BAC) libraries were obtained from the M. balbisiana wild diploid cv. PKW
(43) and two M. acuminata banana plants: the wild diploid cv. Calcutta 4 (AA)
(58) and the triploid “Cavendish” subgroup cv. Petite Naine (AAA). These BAC
libraries were constructed by partial digestion of genomic DNA with HindIII
restriction enzyme and cloning into the pIndigoBAC-5 HindIII cloning-ready
and pCC1BAC HindIII cloning-ready vector. BAC DNA was isolated, digested
to completion with NotI, and separated, alongside the lambda ladder PFG
marker (New England Biolabs, Pickering, Ont.), by PFGE on a 1% (wt/vol)
agarose gel in 0.5X TBE under the following conditions: 6 V/cm, switch time 5
to 15 s, and an angle of 120°C for 5 h at 14°C. Clones of the BAC libraries were
spotted onto high-density Hybond N� filters (AP Biotech, Little Chalfont,
United Kingdom) by using a Flexys robot. The filters were hybridized with two
BSGfV probes: full-length (pCR-TOPO [6,001 bp]) and fragment BSGfV (pCR-
TOPO [1,262 bp]), covering the entire viral genome.

Fingerprint: digestion by restriction enzymes and use of Southern blotting.
BAC DNA was digested with five different enzymes (HindIII, EcoRI, BamHI,
PstI, and XhoI) to release the BAC fragments. The digested clones were sepa-
rated on a 0.8% agarose gel in 1� Tris-acetate-EDTA at 60 V, run for 20 h. The
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separated fragments were denatured and transferred to nitrocellulose membrane
Hybond-N� (Amersham Pharmacia Biotech) (45). Southern hybridization was
realized in high-stringency conditions using both full-length or fragments of virus
genome probes (45). Filters with the digested BAC clones were hybridized with
the two BSGfV probes (pCR-TOPO [1,262 bp] and pCR-TOPO [6,001 bp]).

Sequencing of BAC clones. Selected BAC clones were sequenced by using the
shotgun approach at the National Institute of Agrobiological Sciences. BAC
shotgun sequencing was performed by using 2,000 shotgun (2-kb and 5- to 7-kb)
clones of 10� coverage and a BigDye terminator kit (ABI) on ABI 3700 se-
quencers, assembled with Phred/phrap software (8, 9); contig gaps were filled by
the primer-extension method when necessary. The GenBank accession numbers
were AP009325 and AP009326 for MBP_71C19 and MBP_94I16, respectively.

Sequence annotation. Each BAC sequence was processed through algorithms
for predicting genes (FgenesH for monocot plants [44]; Softberry Software) and
Genemark.hmm (35). The BLAST algorithm (1) was used for homology searches
against nucleotide and protein databases. Information obtained by the different
similarity searches and by the gene prediction programs was imported into the
annotation platform Artemis (3) for further manual analysis. Dotter (51),
REPuter (28), OligoRep (50; http://wwwmgs.bionet.nsc.ru/mgs/programs/oligorep/),
and RepeatMasker (http://repeatmasker.org/) were used to search for repeated
sequences. Gene structures and names were manually inspected and refined as
necessary. Annotated gene models were scanned for Musa transposable element
nucleotide sequences downloaded from GenBank. The BSV integrants se-
quences were manually annotated based on BSV sequences available in public
databases.

Pairwise sequence comparison. Sequences were aligned with the CLUSTAL
W algorithm (56) implemented in BioEdit (18) and corrected manually. Inser-
tion and deletion events were removed prior to nucleotide identity calculation.

Interspecific genetic crosses of cv. PKW with cv. IDN 110 4x. The plant
population used in the present study consisted of 165 F1 allotriploid hybrids
(AAB) derived from interspecific genetic crosses between the virus-free wild
diploid (BB) M. balbisiana female parent cv. PKW and the virus-free autotet-
raploid (AAAA) M. acuminata male parent cv. IDN 110 4x confirmed by immu-
nosorbent electron microscopy and by immunocapture PCR (IC-PCR) (30). This
genetic cross was fully described and characterized in Lheureux et al. (30). A
total of 13% of the progeny was propagated in a vegetative manner to produce
duplicates or triplicates of the original hybrid (235 hybrids). Leaf samples were
stored at �80°C.

DNA extraction. Total DNA was extracted by the method described in Gawel
and Jarret (14) from leaf tissue of AAB progeny stored at �80°C. The quality
and amount of DNA was visually estimated after separation of 5 �l of DNA
extraction in a 0.8% agarose gel, staining with ethidium bromide, and visualizing
the sample with a UV transluminator.

PCRs. All PCRs were performed on 5 to 20 ng of template DNA using a
common mix composed of 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 0.1 mM each
deoxynucleoside triphosphate, 1.5 mM MgCl2, 400 nM of the forward and
reverse primers, and 1 U of Taq DNA polymerase (Eurogentec, Seraing, Bel-
gium) in a final volume of 25 �l. DNA was amplified after one cycle at 94°C for
4 min, 35 cycles of 94°C for 30 s, primer annealing at the temperature indicated
for 30 s, 72°C for 1 min per kb, and a final extension at 72°C for 10 min.
Amplicons were visualized after migration of 8 �l of PCR products on a 1.5%
agarose gel in 0.5� TBE (45 mM Tris-borate, 1 mM EDTA [pH 8]). The gel was
stained with ethidium bromide, and amplified bands were visualized under UV
light.

EPRV genotyping. For the PCR-restriction fragment length polymorphism
(RFLP) DifGf-TaaI method, the primers DifGfF (5�-TTGCAGGAGCAGGAA
TTACA-3�) and DifGfR (5�-GGATGGAAGATGAGCTCTTTG-3�) (annealing
temperature [Ta] � 60°C) amplify both ORF1 and ORF2 regions in BSGfV
EPRVs (positions 702 to 1372 in BSGfV AY493509). PCR products (7 �l; 0.2 to
1.5 �g of DNA) were digested with 5 U of TaaI (Fermentas; restriction site
5�-AC,N�GT-3�) in 1� Tango buffer (Fermentas; 33 mM Tris-acetate [pH 7.9],
10 mM magnesium acetate, 66 mM potassium acetate, 0.1 mg of bovine serum
albumin/ml) in a final volume of 10 �l. Incubations were performed at 65°C for
2 h. Digested DNA was loaded onto a 2.5% Nusieve (3:1) agarose (Lonza) gel
stained with ethidium bromide, and the bands were visualized under UV light. In
the multiplex PCR (VV3F/R-VV5F/R) method, the first set of primers (VV3F
5�-TTGCCAAGAATTCCTCCAAG-3� and VV3R 5�-AAGTTCTTGTCGGCA
AGGTG-3�, Ta � 60°C, positions 524 to 543 and 2888 to 2907 in BSGfV)
hybridize with both alleles and yield an amplicon of 376 bp. The second set of
primers (VV5F 5�-CCATGGAGGTTGACCTGTCT-3� and VV5R 5�-ACCCC
TCTGTCTTCCCAACT-3�, Ta � 60°C, positions 1896 to 1915 and 205 to 224 in
BSGfV) hybridize with EPRV-9 only and yield a 628-bp amplification product.
The multiplex PCR method generates a 1,012-bp product from the combination

of primers VV5F and VV3R that hybridized elsewhere in both allelic EPRVs. In
the PCR spe7/spe9bis method, we designed a set of PCR markers specific for
Musa flanking regions of EPRV. Sequences of BAC MBP_71C19 and
MBP_94I16 were aligned by using CLUSTAL W (56). Insertion and deletion
events were detected manually and then used to design PCR primers. A first set
of primers located upstream of the viral integration site is specific to EPRV-7
(spe7F [5�-TGGCTACTCGTTTGCCTTTT-3�] and spe7R [5�-CCGTAGCTCT
TGTGGCTAGG-3�], Ta � 59°C). A second set is specific to EPRV-9 and is
located downstream of the EPRV (spe9bisF [5�-TGATAGAAATACTAAAGA
TAGCTCATTACA-3�] and spe9bisR [5�-TTTTTGATTATTGCTTCTCTTTT
T-3�], Ta � 50°C).

BSV genotyping: IC-multiplex-PCR-RFLP DifGf/Actin-TaaI. For BSV geno-
typing, the immunocapture step consisted of coating sterile polypropylene thin-
walled 0.2-ml microfuge tubes (Axygen, Union City, CA) for 4 h at 37°C with 25
�l of immunoglobulin G purified from the polyclonal antiserum raised against
BSV species and Sugarcane bacilliform virus species, diluted at 2 �g/ml in car-
bonate coating buffer (15 mM sodium carbonate, 34 mM sodium bicarbonate
[pH 9.6]). The tubes were then washed three times with 100 �l of PBT washing
buffer (136 mM NaCl, 1.4 mM KH2PO4, 2.6 mM KCl, 8 mM NA2HPO4, 0.05%
Tween 20 [pH 7.4]). Plant extracts were prepared by grinding 0.5-g leaf samples
in 5 ml of grinding buffer (2% polyvinylpyrrolidone 40, 0.2% sodium sulfite, and
0.2% bovine serum albumin prepared in PBT) using a manual bead grinder and
plastic grinding bags (Bio-Rad Phytodiagnostics, Marnes-la-Coquette, France).
Portions (1 ml) of plant extracts were transferred to microfuge tubes and clarified
by centrifugation at room temperature for 5 min at 7,000 rpm. Then, 25 �l of the
supernatant was loaded into coated tubes, followed by incubation for 1 h 30 min
at room temperature. The tubes were washed five times with 100 �l of PBT, three
times with 100 �l of sterile water, and then dried briefly. Multiplex PCR was
carried out directly in tubes using DifGfF and DifGfR primers described above
and Actine1F (5�-TCCTTTCGCTCTATGCCAGT-3�) and Actine1R (5�-GCC
CATCGGGAAGTTCATAG-3�) primers that amplify the Musa actin house-
keeping gene. PCRs were performed as described above at a Ta of 58°C for 25
cycles. A nested PCR using the internal primers VV1F (5�-ACAGCTCCAGG
AGATTGGAA-3�) and GfM2 (5�- GAGCTCTTTGAGTCGTCATTG-3�) was
then performed at a Ta of 63°C on 2 �l of diluted PCR products (1:100 or
1:1,000). TaaI digestion was subsequently carried out as described above on
VV1F-GfM2 PCR products.

RESULTS

Detection of BSGfV EPRVs in the Musa nuclear genome. In
order to exhaustively define the integration patterns of BSGfV
in the banana nuclear genome, we used three BAC libraries
derived from common cultivars representative of Musa culti-
vated species: the triploid M. acuminata Cavendish subgroup
cv. Petite Naine (AAA), the wild diploid M. acuminata cv.
Calcutta 4 (AA), and the wild diploid M. balbisiana cv. PKW
(BB). We screened these three BAC libraries for integrated
BSGfV by hybridizing with two viral probes covering the com-
plete BSGfV genome. The M. acuminata libraries did not
hybridize with either BSGfV probe. Of more than 36,864 BAC
clones from the M. balbisiana library, 9 were found to contain
BSGfV EPRVs (Table 1). Since the cv. PKW BAC library
represents nine genome equivalents of M. balbisiana (43), the
very small number of hits indicates low-copy integration.

We analyzed the nine BAC clones by using an RFLP and a
fingerprint approach in order to establish whether they corre-
spond to different integration events. Two BSGfV probes were
used for hybridization. Among the five restriction enzymes
tested, HindIII and PstI yielded informative patterns (Fig. 1)
and led to the identification of two classes of BSGfV EPRVs in
the genome of cv. PKW. We performed physical mapping and
contig building of the nine positive BAC clones from the XhoI
fingerprint by using FPC software (Fig. 2). All BAC clones
cluster in a single contig with a high confidence level (score �
0.991), suggesting a single locus of BSGfV integration in the cv.
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PKW genome. This result was subsequently confirmed by using
a PstI fingerprint (data not shown). We removed incomplete
EPRVs by discarding clones with BSGfV EPRV in the bound-
ary regions. For this purpose, we sequenced the ends of each
BAC clone (Table 2). Clones MBP_71C19 and MBP_94I16
were selected for sequencing since they were representative of
each of the two classes and contained the full BSGfV EPRV
present within the BAC. The corresponding GenBank acces-
sion numbers are AP009325 and AP009326, respectively.

Structure of BSGfV EPRV-7 and EPRV-9. The sizes of the
sequenced BAC clones MBP_71C19 and MBP_94I16 are
133,041 and 119,244 bp, respectively. Each carries one copy of
the full BSGfV integrant. Figure 3 shows the annotation of
EPRV-7 and EPRV-9, named according to their BAC number.
The integrants are much longer than a single BSGfV genome

(7.26 kb): 13.28 kb for EPRV-7 and 15.58 kb for EPRV-9. The
integrant is composed only of viral sequences, with no Musa
genome sequences embedded within it. BSGfV EPRVs exhibit
a complex rearrangement of viral sequences in the same and
opposite orientation relative to the organization of the BSGfV
genome. EPRV-7 is comprised of six juxtaposed viral frag-
ments (I to VI), while EPRV-9 carries an additional segment.
Both EPRVs are strikingly similar to each other since the first
four fragments (I to IV) and the last fragment (VI) display the
same structure and size. Although the EPRVs appear as a
succession of several fragmented, inversed, and partially re-
peated BSGfV genomes, Fig. 4 shows that most of the viral
regions in EPRV-7 and EPRV-9 (69 and 72%, respectively)
are duplicated and therefore present in two or three copies
within each EPRV. Most importantly, the entire BSGfV ge-

TABLE 1. Screen of Musa genomic BAC libraries by hybridization with BSGfV probes

BSGfV probe (size �bp�)

M. balbisiana cv. PKW (BB) M. acuminata (no. of hits)

No. of hits BAC clones cv. Calcutta 4
(AA)

cv. Petite Naine
(AAA)

pPCR-TOPO (6,001) 9 30F18, 41K09, 48D15, 64H02, 71C19, 72M20, 73C24, 94I16, 96J15 0 0
pPCR-TOPO (1,262) 9 30F18, 41K09, 48D15, 64H02, 71C19, 72M20, 73C24, 94I16, 96J15 0 0

FIG. 1. Integration patterns of BSGfV EPRVs in cv. PKW. Fingerprint patterns obtained after digestion of BAC clones containing BSGfV
EPRVs with HindIII (A) or PstI (B) and hybridization with two BSGfV probes covering the full-length viral genome are shown. Lanes 1 to 9 show
the results obtained with BAC clones containing BSGfV inserts: lane 1, MBP 30_F18; lane 2, MBP 41_K09; lane 3, MBP 64_H02; lane 4, MBP
71_C19; lane 5, MBP 72_M20; lane 6, MBP 73_C24; lane 7, MBP 94_I16; lane 8, MBP 48_D15; and lane 9, MBP 96_J15. Asterisks indicate BAC
clones with the same restriction pattern. Deduced restriction maps of BSGfV EPRV in BAC clones MBP 71_C19 (C) and MBP 94_I16 (D) are
presented. Numbers refer to the position according to BAC annotation. Gray bars indicate the BSGfV EPRV.
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nome (the ORFs and intergenic region) is present at least once
in each EPRV.

We then tested whether the high degree of similarity ob-
served within and between EPRVs is confirmed by a similarity
in nucleotide sequence. We performed a pairwise comparison
of sequences within each EPRV. We chose a sequence of 1,847
bp present in two copies in EPRV-7 and in three copies in
EPRV-9, thereby allowing intra- and inter-EPRV compari-
sons. This fragment is representative of the BSGfV genome
since it contains part of the intergenic region, ORF1, ORF2,
and the first 748 bp of ORF3 (positions 245 to 2090 of the
BSGfV genome). The percentage of nucleotide sequence iden-
tity is very high within EPRV-7 (100%) and EPRV-9 (99.7 to
99.8%), as well as between EPRV-7 and EPRV-9 (99.8%)
(Table 3). To support this result, we aligned the full sequence
of EPRV-7 and EPRV-9 and compared the 13.1 kb of se-
quences they have in common. Only 28 substitutions differen-
tiate EPRV-7 and EPRV-9, which thus share 99.8% nucleotide
sequence identity.

Mutations accumulated in BSGfV EPRVs suggest that
EPRV-7 is involved in release of functional BSGfV genomes.
We analyzed the type of mutations that have accumulated in

EPRV-7 and EPRV-9 (Table 4). Each EPRV fragment was
compared to its corresponding homologous region in the
BSGfV genome. Despite the very close similarity (99.3% iden-
tity on average) with the BSGfV sequence, the few differences
in the EPRV sequences are relevant in terms of functional
BSGfV virus released after EPRV activation. EPRV-9 is in-
deed more distantly related to BSGfV than is EPRV-7 (on
average 0.74% versus 0.62% divergence, respectively) and has
accumulated 35 more mutations. We next analyzed the muta-
tions found in the three ORFs of the EPRVs (Table 5). Within
the coding regions, EPRV-9 has accumulated 18 more substi-
tutions than EPRV-7. EPRV-9 accumulated 11 nonsynony-
mous substitutions compared to the BSGfV genome, whereas
EPRV-7 has only 2. Finally, we found three null mutations in
ORFs of EPRV-9, but none in EPRV-7. We observed two
substitutions leading to premature stop codons in ORF3 (frag-
ments II and IV) and one adenosine insertion responsible for
a frameshift leading to a stop codon in ORF1 (fragment Vc).
The quality of the chromatograms of the EPRV-9 sequence
confirmed that the three null substitutions exist in the cv. PKW
genome and are not due to sequencing errors (data not
shown).

FIG. 2. Fingerprint contig building. (A) Restriction patterns of nine XhoI-digested BAC clones containing BSGfV integration analyzed with the
software Image, version 3.10 (54). Lane M, 1-kb ladder (Invitrogen); lanes 1 to 9, BAC clones (the lane order is the same as in Fig. 1). (B) Consensus
band map displayed in FPC version 4.7.9 (49) from the fingerprint analysis in panel A showing the ordering of clones and their fragments. At the top
of the panel, the length of each clone is equal to the number of bands in the clone (total length of 17, ranging from �1 to 15). The points represent
partially ordered groups: “�” indicates a match with the bottom band within the tolerance, “�” indicates a match within twice the tolerance, and “E”
indicates no match. The middle portion of the panel indicates the consensus band numbers. The parameters used were as follows: tolerance, 7; cutoff,
10e-7. (C) Resulting contig of the nine BAC clones. The suffix symbols “*”, “�”, and “	” represent the status of each clone: the “*” indicates a parent
clone, which shares the same common bands with exact child clones (�) or a percentage of the common bands with approximate child clones (	).
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Thus, we found strong conservation of all ORFs in each frag-
ment constituting ERPV-7 and significant alterations of the
ORFs in EPRV-9. EPRV-7 is therefore more likely than EPRV-9
to be involved in the restitution of infectious episomal BSGfV.

Musa genomic environment of BSGfV integrants in cv.
PKW. As demonstrated above, EPRV-7 and EPRV-9 are very
similar in both structure and nucleotide sequence. This obser-
vation could be explained either by a duplication of an ances-
tral ERPV to another locus in the Musa genome or divergence

of two allelic EPRVs at the same locus. We first annotated and
aligned the two BAC clones MBP_71C19 and MBP_94I16
(GenBank accession numbers AP009325 and AP009326, re-
spectively). An 89.5-kb overlapping region between the two
BAC clones with a very high sequence identity (99.7%) was
found. The strongly conserved synteny of all genes in this
overlapping area is shown in Table 6. These results are con-
sistent with an allelic insertion of BSGfV in cv. PKW, where
the two EPRVs are located on homologous chromosomes.

TABLE 2. Sequencing ends of M. balbisiana cv. PKW BAC clones hybridizing with BSGfV probe

BAC clone Probe Primer Sequence
length (bp)

BLASTN BLASTX

Result E value Result E value

30-F18 BSGfV Forward 519 Oryza sativa genomic DNA,
chromosome 1

1e.09 WAK-like kinase (Arabidopsis thaliana) 2e.40

30-F18 BSGfV Reverse 372 No significant similarity found No significant similarity found
64-H02 BSGfV Forward 456 No significant similarity found No significant similarity found
64-H02 BSGfV Reverse 458 No significant similarity found No significant similarity found
71-C19 BSGfV Forward 644 No significant similarity found No significant similarity found
71-C19 BSGfV Reverse 436 No significant similarity found No significant similarity found
96-J15 BSGfV Forward 676 No significant similarity found No significant similarity found
96-J15 BSGfV Reverse 346 No significant similarity found No significant similarity found
41-K09 BSGfV Forward 922 No significant similarity found No significant similarity found
41-K09 BSGfV Reverse 734 No significant similarity found No significant similarity found
48-D15 BSGfV Forward 781 No significant similarity found Hypothetical protein At2g28370

(Arabidopsis thaliana)
9e.07

48-D15 BSGfV Reverse NAa NA NA NA NA
72-M20 BSGfV Forward 536 Calycanthus fertilis chloroplast

genome
e.174 ATPase 
 subunit (Calycanthus fertilis) 8e.81

72-M20 BSGfV Reverse NA NA NA NA NA
73-C24 BSGfV Forward 559 No significant similarity found No significant similarity found
73-C24 BSGfV Reverse 480 Calycanthus fertilis chloroplast

genome
1e.15 DNA-directed RNA polymerase common

soapwort chloroplast
2e.05

94-I16 BSGfV Forward 576 No significant similarity found No significant similarity found
94-I16 BSGfV Reverse 449 M. acuminata retrotransposon

monkey
8e.07 No significant similarity found

a NA, not available.

FIG. 3. BSGfV EPRV structures in cv. PKW. (A) Organization (linear view) of the BSGfV genome (GenBank AY3509). Blue, green, and red
boxes indicate the three ORFs of the virus. The intergenic region is shown in black. (B) Structures of BSGfV EPRV-7 (top) and EPRV-9 (bottom)
resulting from annotated BAC clones MBP_71C19 and MBP_94I16, respectively. Arrows indicate the orientation of fragments of the BSGfV
genome integrated in the Musa genome, shown in yellow. Blue, green, and red (the same code as used in panel A) refer to the different ORFs.
Roman numerals identify the fragment. Numbers below each EPRV indicate the position of the fragment in the BSGfV genome. Open boxes
indicate the region used in EPRV genotyping by PCR-RFLP DifGf F/R, and black arrows above the fragments indicate the regions amplified by
multiplex-PCR with VV3F/R-VV5F/R.
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Next, we analyzed the genomic environment of BSGfV inte-
grations in cv. PKW. It was noted that BSGfV integrated into a
gene-rich region of the M. balbisiana genome. Surprisingly, a finer
annotation of the insertion locus revealed that both BSGfV
EPRV-7 and EPRV-9 had integrated in the middle of a Ty3/gypsy
retrotransposon (Fig. 5). Although the retroelement ORFs show
signs of degradation, we found two long terminal repeats (LTRs;
sequence TGTTAG-CTAACA) with a target site (sequence GT
GGC) at each side, the primer-binding site (sequence TGGTAT
CAGAC), and the polypurine track (sequence GAAGAGGAC
GGG). The 3� LTR (393 bp) is longer than the 5� LTR (351 bp)
because of a 42-bp insertion in the middle of the LTR. This 42-bp
sequence is identical to the 5� LTR sequence positions 144 to 176.

The retroelement itself is integrated in the fifth intron of a mom
gene. The two split parts were called mom 3� and 5� part on the
two Musa BAC clones. However, the N-terminal end of the cor-
responding protein is missing. The 5� part of the mom gene might
have been disrupted by another pseudogene or putative transpo-
son found upstream.

Segregation of EPRV-7 and EPRV-9 in genetic crosses. To
confirm the allelic EPRV insertion in cv. PKW, we monitored
the segregation of BSGfV EPRV-7 and EPRV-9 carried by M.
balbisiana cv. PKW (BB) (female parent) in the triploid (AAB)
F1 progeny of a genetic cross with M. acuminata cv. IDN 110
4x (AAAA) (male parent). First, we confirmed the absence of
BSGfV EPRV within the genomic DNA of M. acuminata cv.
IDN 110 4x by PCR amplification using primers specific to
ORF3 of BSGfV (Gf F/R) (Fig. 6). As expected, a product of
the predicted size (476 bp) is obtained only from total genomic
DNA of both cv. PKW (BB) and the entire F1 population.
These results were confirmed by Southern blot hybridization.
We also confirmed by using a Multiplex-Immuno-Capture
PCR (29) that both parents were virus free (data not shown).

Next, we developed a set of specific molecular markers to
genotype each EPRV. Since the two EPRVs are highly similar,
we first developed a PCR-RFLP test that enables them to be
distinguished due to a single-base substitution. The primer set

FIG. 4. Positions of EPRV fragments in the BSGfV genome. The
genome of BSGfV is represented as in Fig. 3 (top). Lines below the
BSGfV genome represent all of the fragments of EPRV-7 (in black)
and EPRV-9 (in gray), and the circles indicate the boundaries of each
fragment. Fragment names are indicated above each line. Fragments
are arranged relative to their position in the BSGfV genome. The
annotations 5� and 3� indicate the orientation of the fragments relative
to the BSGfV genome.

TABLE 3. Percentage of nucleotide identity within and
between EPRVsa

EPRV

% Nucleotide identity

7
(FIII)

7
(FVa)

9
(FIII)

9
(FVb)

9
(FVc)

7 (FIII) 100
7 (FVa) 100 100
9 (FIII) 99.78 99.78 100
9 (FVb) 99.78 99.78 99.67 100
9 (FVc) 99.78 99.78 99.78 99.67 100

a Identity within EPRVs is indicated in boldface. A pairwise comparison was
made on the same 1,847-bp sequence of BSGfV EPRV. The numbers 7 and 9
refer to EPRV-7 and EPRV-9, respectively. The specific EPRV fragment is
indicated in parentheses.

TABLE 4. Number of mutations accumulated on each EPRV
fragment compared to the known genome of BSGfV

Fragment Size (bp)a

EPRV-7 EPRV-9

No. of
mutations

Homology
(%) with
BSGfV

No. of
mutations

Homology
(%) with
BSGfV

FI 101 0 100 0 100
FII 3,152 28 99.11 32 98.98
FIII 2,318 11 99.53 16 99.31
FIV 2,124 17 99.20 19 99.11
FVa 5,445 (5,383) 46 99.15
FVb 3,290 (3,228) 38 98.82
FVc 4,456 (4,455) 32 99.28
FVI 141 1 99.29 1 98.99

Total 103 138

Mean 99.38 99.26

a The numbers in parentheses refer to the size of the aligned sequences
without gaps.

TABLE 5. Type of mutations accumulated in ORF1, ORF2, and
ORF3 of both EPRVs relative to the ORFs of BSGfV genome

Type

No. of mutations

Shared between
ERPV-7 and

EPRV-9

Specific to
EPRV-7

Specific to
EPRV-9 Total

Synonymous substitution 32 1 7 40
Non synonymous

substitution
15 2 11 28

Premature stop codon 0 0 2 2
Insertion leading to

frameshift
0 0 1 1

Total 47 3 21 72
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DifGf F/R amplifies the same fragment of 670 bp containing
ORF1 and ORF2, which is present as two copies in EPRV-7
and three copies in EPRV-9 (Fig. 3B). The PCR products from
EPRV-7 and EPRV-9 carry different numbers of sites for the
restriction endonuclease TaaI (two versus one). Consequently,
the PCR-RFLP test can distinguish between EPRV-7 and
EPRV-9 and also indicates whether both EPRVs are present

in the same genome, as is the case in cv. PKW (Fig. 7A). We
subsequently screened the AAB F1 population and observed
strict segregation of EPRV-7 and EPRV-9, which were found
in 52.82 and 47.18% of the hybrid population, respectively. No
heterozygote pattern was observed among the 142 hybrids
tested. This result confirmed a monogenic 50-50 segregation
(df � 2, X2 � 0.75, P � 0.80) between the two BSGfV EPRVs.

TABLE 6. Comparative analysis of annotated EPRVsa

Gene Annotation
Putative gene position No. of introns/

no. of exonsMBP_71C19 MBP_94I16

I Hypothetical protein 739–1212 1/2
II Ribophorin I 4062–10471 6/7
III Glycosyl transferase 11995–14863 2/3
IV Epsin 17264–24154 12/13
VI Putative lysine decarboxylase 29386–31885 6/7
VII Pentatricopeptide (PPR) repeat protein 34768–37419 2/3

1 Ty3/gypsy-like retrotransposon, pseudogene 45714–52790 1–5536
2 Hypothetical protein 55099–55341 8116–8358 1/2
3 Phenylalanine ammonia-lyase 55781–58032 8798–11049 1/2
4 Hypothetical protein 58333–59186 11349–12202 2/3
5 Zonadhesin 60143–67561 13159–20577 3/4
6 Transcriptional regulator related to the mom pseudogene, 3� part 75953–78770 28967–31784 2/1
7 Ty3/gypsy retrotransposon, pseudogene, 3� part 79531–80691 32546–33704
EPRV BSGfV integration 80691–93970 33704–49283
8 Ty3/gypsy retrotransposon, pseudogene, 5� part 93997–97330 49308–52643
9 Transcriptional regulator related to mom, pseudogene, 5� part 97779–100187 53095–55500 4/5
10 Putative transposon, pseudogene 101698–104653 57011–59852
11 Hypothetical protein 107736–111174 63069–66507 7/8
12 Hypothetical protein 112684–117441 68017–72774 5/6
13 Hypothetical protein 118473–118806 73806–74139 2/3
14 Auxin-responsive protein 122614–123216 78063–78665 1/2
15 Actin-depolymerizing factor 125042–127808 80491–83257 1/2
16 Hypothetical protein 128615–129077 84064–84490 1/2

17 myb transcriptional factor 92254–93778 2/3
18 Putative wall-associated kinase 97501–100128 2/3
19 Hypothetical protein 102598–103133 2/3
20 Putative wall-associated kinase 105488–108091 2/3
21 Hypothetical protein 109438–110678 1/2
22 Putative wall-associated kinase 113308–115900 2/3

a The synteny between BAC clones MBP_71C19 (AP009325) and MBP_94I16 (AP009326) is presented. Putative genes and their positions are given. The middle
section of the table (separated by space above and below) represents the overlapping region between both BACs.

FIG. 5. Musa genomic environment of BSGfV EPRV. The orientation of the mom gene putative exons (gray arrows) and regions of the
Ty3/gypsy-like retrotransposon (black arrows) are indicated. mom gene introns are numbered and indicated by thin lines. The 3� and 5� LTRs are
indicated. TS, target site; PBS, primer binding site; PPT, polypurine tract. The regions of the GAG and POL polyproteins (Ty3/gypsy-encoded RT)
in the retrotransposon are indicated.
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In 2003, Lheureux et al. (30) demonstrated that a part of the
progeny becomes infected de novo by BSV due to the activa-
tion of BSV EPRVs and that at least three different BSV
species are expressed (data not shown), including the BSGfV
studied here. Unfortunately, the PCR primer set DifGf F/R
also recognizes the circular genome of BSGfV as a template
for amplification. To avoid this cross-reaction, we developed a
multiplex PCR using the primers VV3F/R and VV5F/R (Fig.
3B), which are highly specific for EPRV integrants, and able to
differentiate EPRV-9 from EPRV-7. The VV5F/R primer set
amplifies a 628-bp product with EPRV-9 only (Fig. 7B). The
VV3F/R primer set amplifies a 376-bp fragment with both

EPRVs and confirms EPRV amplification. In the multiplex
PCR, the combination of primers VV5F and VV3R also am-
plifies a product of 1,012 bp from both EPRV and the circular
BSGfV genome. We then screened the AAB population again
and found exactly the same results as with the PCR-RFLP test.

Finally, in order to detect the possible recombination of
BSGfV EPRVs in the hybrid progeny, we designed two addi-
tional PCR markers surrounding each of the two integration
sites. The Spe7F/R primer set (Fig. 7C) amplifies a region
located 28.2 kb upstream of EPRV-7, and the Spe9bisF/R
primer set amplifies a region located 26.8 kb downstream of
EPRV-9. None of the progeny showed a recombinant profile
with either no amplification or both PCR products in the same
individual. This latter genotyping method further confirmed
the strict segregation of EPRV-7 and -9 in the progeny. Thus,
three experimental approaches independently confirmed that
the two BSGfV EPRVs, EPRV-7 and EPRV-9, are located on
homologous chromosomes in the genome of M. balbisiana cv.
PKW. We conclude that EPRV-7 and EPRV-9 are two alleles
of the same locus in cv. PKW.

Which of the two EPRVs, EPRV-7 or EPRV-9, is infectious?
To demonstrate the infectious nature of EPRVs and deter-
mine which allele—EPRV-7 and EPRV-9—is infectious, we
genotyped the BSGfV particles expressed in the AAB progeny.
We developed an IC-multiplex PCR-RFLP method to geno-
type the molecular EPRV signature of BSGfV particles (Fig.
8). The IC step allows the capture of viral particles by a BSV
polyclonal antiserum. Then, a single multiplex PCR specifically
amplifies a 670-bp product from immunocaptured BSGfV with
the DifGfF/R primers, whereas the primer set Act1F/R ampli-
fying a 420-bp product from Musa housekeeping actin gene

FIG. 6. PCR analysis of cv. PKW and cv. IDN 110 4x and their F1
progeny, using BSGfV specific primers. (A) Ethidium bromide-stained
agarose gel analysis of PCR product (GfF [5�-ACGAACTATCACG
ACTTGTTCAAGC-3�] and GfR [5�-TCGGTGGAATAGTCCTGAG
TCTTC-3�]). (B) Southern blot hybridization of the gel shown in panel
A using complete genome probes of BSGfV. Lane M, 1-kb ladder; lane
1, cv. PKW; lane 2, IDN 110 4x; lanes 3 to 6, F1 plants showing no sign
of banana streak disease; lanes 7 to 10, F1 plants showing symptoms
and BSV particles by immunosorbent electron microscopy as described
by Lheureux et al. (30). Hybridization was performed according to the
method of Sambrook et al. (45) using the two BSGfV probes (pCR-
TOPO [1,262 bp] and pCR-TOPO [6,001 bp]).

FIG. 7. Genotyping of BSGfV EPRV-7 and EPRV-9 (A, B, and C) and detection of recombinant EPRV (C). (A) PCR DifGf F/R-RFLP to
genotype BSGfV EPRVs in cv. PKW. Endonuclease TaaI discriminates between EPRV-7 and EPRV-9; amplification products carry two versus
one restriction sites, respectively. Lane M, DNA ladder (low molecular weight; Invitrogen). Digestion of PCR product DifGfF/R on clone
MBP_94I16 carrying EPRV-9 (lane 1), on clone MBP_71C19 carrying EPRV-7 (lane 2), and on M. balbisiana cv. PKW carrying both EPRVs (lane
3) was performed. No amplification product was seen on M. acuminata cv. IDN 110 4x (data not shown). (B) Multiplex PCR with primers VV3
and VV5 for BSGfV EPRV genotyping. Primers VV3F/R amplify a 376-bp product in both EPRVs, primers VV5F/R amplify a 628-bp product
in EPRV-9 only, and primers VV5F/R amplify a 1,012-bp product on both EPRVs and the BSGfV circular genome. Lane M, 1-kb ladder
(Invitrogen). Lane 1, BAC MBP_94I16; lane 2, BAC MBP_71C19; lane 3, DNA of M. balbisiana cv. PKW; lane 4, DNA of M. acuminata infected
by BSGfV; lane 5, PCR negative control. (C) PCR detection of recombination between the two BSGfV EPRVs. PCR results with Spe7F/R (top)
specific to EPRV-7 and Spe9bisF/R (bottom) specific to EPRV-9. Lane M, 1-kb ladder (Invitrogen). Lane 1, negative PCR control (water); lane
2, M. acuminata cv. IDN 110 4x genomic DNA; lane 3, M. balbisiana cv. PKW genomic DNA; lane 4, BAC MBP_94I16; lane 5, BAC MBP_71C19.
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monitors the possible residual Musa genomic DNA containing
BSV EPRV contaminations (Fig. 8A). A final nested PCR with
internal primers increases the quantities of the PCR product
(Fig. 8B), allowing an efficient digestion by TaaI endonuclease
(Fig. 8C) to a final genotyping of BSGfV viral particles. We
screened the 166 F1 hybrids by using this method. Seventeen
hybrids were infected by BSGfV (Fig. 8A). There was no am-
plification of the actin gene, attesting to the amplification of
episomal viral genome only. The molecular EPRV signature of
viral particles recorded was always the same as for EPRV-7
(Fig. 8C); no viral particle carried the signature of EPRV-9.
All 17 infected plants harbor the EPRV-7 allele.

These results demonstrate that allele EPRV-7 only is infec-
tious and is able to release infectious BSGfV, causing systemic
infection.

DISCUSSION

Using a high-resolution hybridization method, we demon-
strated that BSGfV sequences are integrated only in the ge-
nome of M. balbisiana cultivar cv. PKW and are absent from
two other common cultivars of M. acuminata tested. This result

reinforces previous observations that species of the BSV clade
sensu stricto, to which BSGfV belongs, are integrated mainly in
the B genome (15, 16), whereas a minority of BSV species, e.g.,
BSCavV (Iskra-Caruana et al., unpublished) and BSAcVNV
(31) are thus far reported as being specific to the A genome.

Only two BSGfV EPRVs, EPRV-7 and EPRV-9, exist in the
nuclear genome of cv. PKW, and their integration is unique
among the EPRVs described thus far. First, despite the fact
that the viral genome appears fragmented, inverted, and par-
tially repeated, surprisingly each EPRV contains the full-
length genome of BSGfV. The EPRVs also each contain all of
the genetic information needed for “reconstruction” of a func-
tional BSGfV genome very similar to that of the infectious
BSGfV virus, with EPRV-7 being the most conserved and
showing no evidence of ORF degradation. In the progeny, all
hybrids infected with BSGfV harbor EPRV-7, and all BSGfV
particles in these hybrids showed an EPRV-7 signature. We
therefore demonstrate that EPRV-7 is the infectious EPRV in
our pathosystem. Furthermore, EPRV-7 and EPRV-9 are
highly similar in general structure and nucleotide sequence and
share a common surrounding genomic environment, as de-
tected by contig building from BAC fingerprints, as well as
sequencing of BACs carrying the two types of BSGfV EPRVs.
This situation either could be due to duplication of an ances-
tral EPRV in a different locus of the genome or could have
originated from a divergence of two EPRVs located on homol-
ogous chromosomes. By examining EPRV segregation in in-
terspecific crosses, we demonstrated that EPRV-7 and
EPRV-9 are two alleles of the same locus. This integration is
therefore the consequence of a single integration event with no
subsequent copy number increase. Not only do the two alleles
share great similarity of sequence and structure but also only a
few mutations differentiate them from the BSGfV genome,
thus indicating the integration event to be relatively recent.
This situation differs greatly from other previously studied
cases of EPRVs. First, the only described integration of infec-
tious EPRV is one of the many ePVCV in the Petunia hybrida
genome. This integrant is a tandem direct repeat (i.e., in the
same orientation) of the full PVCV genome (41). Second,
EPRV sequences of PVCV, TVCV, and several BSV-like spe-
cies found in petunia, tobacco, and banana (M. acuminata and
M. balbisiana), respectively, are highly decayed and are found
as numerous small fragments of badnaviral genome, dispersed
within the host genome and usually referred to as “dead se-
quences” (20, 27). Finally, all EPRVs described thus far,
whether they contain the full viral genome or not, reach a high
copy number in their host genome through a dynamic process
of accumulation and elimination (17). EPRV copy number
ranges from dozens to several hundreds—as, for example, with
BSOlV EPRV in the cultivar Obino l’Ewai (AAB) (21),
ePVCV in petunia (41), or LycEPRV in tomato (52)—to thou-
sands for NsEPRV in tobacco (37) and NtoEPRV in Nicotiana
tomentosiformis (17).

Endogenous viral sequences are a common constituent of
many plant genomes (53). Integration generally results from an
active mechanism, e.g., retroviral integrases, but this does not
apply to pararetroviruses. Indeed, despite the fact that the
petunia vein clearing pararetrovirus polyprotein contains two
motifs resembling the catalytic domain motifs of integrase (42),
no further sequence homology to putative integrase domains

FIG. 8. Genotyping of BSGfV viral particles in infected hybrids.
(A) IC-multiplex PCR allows specific detection of BSGfV particles
(DifGfF/R, 670-bp product) and a monitoring of plant DNA contam-
inations (Actin1F/R, 420-bp product). Lane M, 1-kb ladder (Invitro-
gen); lanes 1 to 6, coated plant extracts; lanes 7 to 10, plant total DNA.
Lanes 1 to 3 show results for F1 AAB hybrids; lanes 4 to 6 show results
for the IC control (lane 4, M. balbisiana cv. PKW; lane 5, M. acuminata
cv. Grande Naine infected by BSGfV; lane 6, M. acuminata cv. Grande
Naine BSGfV-free). Lanes 7 to 10 show results for the PCR control
(lane 7, M. balbisiana cv. PKW; lane 8, M. acuminata cv. Grande Naine
infected by BSGfV; lane 9, M. acuminata cv. Grande Naine BSGfV-
free; and lane 10, water control). (B) Nested PCR using the internal
primers VV1F/GfM2 (642-bp product) and increasing PCR product
quantity from diluted DifGfF/R PCR product of infected hybrids.
Lanes 1 to 10 show the results for AAB F1 hybrids infected with
BSGfV; lane M, 1-kb ladder (Invitrogen). (C) TaaI RFLP test (de-
scribed in Fig. 7A) to genotype the molecular EPRV signature of the
viral BSGfV particle. Lanes 1 to 10 show the results for AAB F1
hybrids infected with BSGfV; lane M shows the results for the 50-bp
ladder (NEB).
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of retroelements could be found (20), and no experimental
data confirm this function. Instead, plant pararetroviruses are
thought to integrate in the host genome via accidental illegit-
imate recombination during the minichromosome phase. We
propose two scenarios to explain the integration process and
the final EPRV structure observed, taking into account both
the BSGfV insertion locus in Musa chromosomes and the
complex structure of EPRVs. One possible scenario (Fig. 9A)
assumes recombination at the RNA level between the pre-
genomic viral RNA resulting from BSGfV infection and the
RNA of a retrotranscribing Ty3/gypsy retrotransposon existing
in the Musa genome. RNA recombination may originate from
a template switch (5, 55) by the Ty3/gypsy reverse transcriptase
(RT). An RT template switch between several chimeric pre-

genomic RNAs could also explain the rearrangements of viral
sequences and thus the complex EPRV structure. If the chi-
meric RNA molecule produced retained its ability to fulfill the
retrotranscription process, it could have integrated into the
host genome to form the BSGfV integration observed today.
In our model, integration of a chimeric Ty3/gypsy-BSGfV
transposable element occurred in the fifth intron of the mom
gene. Transposition of retrotransposons in gene introns is a
frequent phenomenon observed, for example, in mammalian
(47) and rice genomes (59). A second possible scenario (Fig.
9B) proposes integration of the Ty3/gypsy retrotransposon into
the mom gene intron as a first event, predating integration of
BSGfV DNA into the Ty3/gypsy element itself. It is generally
acknowledged that integration of viral DNA occurs in the

FIG. 9. Scenarios for BSGfV integration in the M. balbisiana nuclear genome. (A) Hypothesis 1: use of Ty3/gypsy retroelement for BSGfV
integration. Viral RT leads to a pregenomic viral RNA (step 1) during episomal BSGfV infection. A template switch of retrotransposon RT
between pregenomic viral RNA and a replicating Ty3/gypsy RNA may form a chimeric RNA (step 2). This step leads to the rearrangements of
BSGfV EPRV: fragmentation, inversion, and duplication. Complete retrotransposition of the Ty3/gypsy element leads to its integration (step 3)
into the genome of M. balbisiana (within intron 5 of the mom gene). Subsequent genomic change such as recombination may lead to the structural
differences observed between the two alleles 7 and 9. (B) Hypothesis 2: Ty3/gypsy retroelement integrated in the fifth intron of the mom gene (step
5) during retrotransposition. Double-strand break repair could account for illegitimate recombination with the single-stranded DNA template
generated during BSGfV reverse transcription and integration of the BSGfV genome (step 6). A subsequent genomic change, e.g., recombination,
may have lead to both the fragmentation, inversion, and duplication observed in BSGfV EPRV and the structural differences between the alleles
7 and 9 (step 7).
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nucleus during viral replication and results from illegitimate
recombination after a double-strand break repair. The pres-
ence of gaps in the open circular form of pararetroviral DNA
may facilitate this mechanism (26). Furthermore, the Ty3/
gypsy retrotransposon belongs to the Metaviridae, a family phy-
logenetically close to the family Caulimoviridae (19). In 2005,
Puchta (40) showed that sequence homology, or microhomol-
ogy, enhances recombination, in this case between badnavi-
ruses and the retrotransposon responsible for integration of
the viral genome. EPRVs are found preferentially in hetero-
chromatin rather than euchromatin (52), often colocalizing
with retrotransposon sequences, particularly with members of
the family Metaviridae (Ty3/gypsy retrotransposons). This gen-
eral feature was also observed for ePVCV (41), NsEPRV (26),
NtoEPRV (17), LycEPRV (52), and BSOlV EPRV (38). How-
ever, the exact genomic location of BSGfV EPRV in cv. PKW
remains unknown, and in situ hybridization will be required to
answer this question.

EPRVs are also suspected to be beneficial by inducing viral
resistance in the host. Species carrying EPRVs are frequently
resistant to the corresponding virus (TVCV, diploids [BB] M.
balbisiana), and Maori et al. (36) hypothesized that Israeli
acute paralysis virus (dicistrovirus) integration into the honey-
bee (Apis mellifera) genome could explain bee resistance to this
virus. This hypothesis could explain why infectious EPRVs are
maintained by natural selection in plants as long as they bring
a homology-dependent resistance (gene silencing). In line with
this, moderate transcription and subsequent production of
small RNAs complementary to ePVCV and LycEPRVs has
recently been proved in the genomes of petunia and tomato,
respectively (39, 52). Unfortunately, no BSOlV EPRV tran-
scription or small interfering RNAs have been found thus far
in cv. PKW (Iskra-Caruana et al., unpublished). Nevertheless,
BSGfV EPRV is surrounded by the two LTR sequences of the
Ty3/gypsy retrotransposon. LTRs contain promoters that
might facilitate the expression of BSGfV EPRV. The RNA
transcript from EPRV might undergo subsequent recombina-
tion, for instance, using endogenous Musa RT, thereby becom-
ing pathogenic. In this respect, further studies on BSV EPRV
expression and the levels of methylation will be required.

Among parasites, EPRVs are unusual pathogens. Each part-
ner interacts at the genetic and genomic level and is engaged in
an arms race. Probably in response to their potential harmful
effects, natural selection has favored several host defenses
against EPRV activation. First, the fragmentation, duplication,
and inversion of EPRV sequences potentially decrease the
probability that an EPRV can induce the production of a
functional and infectious BSGfV genome. Maintaining such
disorganization of integrated BSGfV genomes could be an
evolving situation of host protection to hamper EPRV activa-
tion. Second, DNA and histone methylation are thought to
explain the transcriptional silencing observed in ePVCV and
LycEPRVs (39, 52). Although cv. PKW appears resistant to
both EPRV expression and BSV infection despite harboring
infectious EPRV, regulation of EPRV expression by DNA
methylation has not been demonstrated, at least for BSOlV in
cv. PKW (Iskra-Caruana et al., unpublished). We assume from
our results that BSGfV integration in cv. PKW is a recent event
from an evolutionary point of view. BSV integration is perhaps
too recent for a resistance to BSV based on RNA interference-

mediated silencing from expressed EPRVs, like that observed
in other plants, to have evolved in Musa plants. From the
pathogen point of view, three factors might be linked with the
activation of BSGfV EPRV. First, because BSGfV integration
is recent, BSGfV EPRVs have not yet evolved into “dead
sequences.” The few mutations accumulated within BSGfV
EPRV sequences were not numerous enough to result in the
decay of viral ORFs in the case of EPRV-7. It is generally
acknowledged referring to hypothesis developed from the par-
tial BSOlV EPRV described in the AAB cv. Obino l’Ewai (38)
that homologous recombination in the plant genome plays a
role in the reconstruction of a BSGfV genome from functional
ORFs in EPRVs (13, 24, 46), but the link is not yet firmly
established. Next, a strong activation of retroelement transpo-
sition due to a release of epigenetic silencing is observed in
response to UV exposure, temperature, radiation, wounding,
cell culture, and polyploidization (4, 48). Musa hybrids are
triploids (AAB), propagated by in vitro culture, and undergo
subsequent environmental variation in the field. These stresses
can explain why activation was restricted strictly to interspecific
hybrids in our study, despite the fact that the genome of M.
balbisiana cv. PKW carries infectious EPRVs. Because EPRVs
are often found near or embedded in Metaviridae elements, a
burst of retroelement transposition might facilitate EPRV
transcription and therefore the activation of infectious BSGfV
EPRVs. Such EPRV activation in hybrids is also observed for
PVCV in P. hybrida and TVCV in Nicotiana tabacum. Lastly,
BSGfV and the Ty3/gypsy retrotransposon are found in the
fifth intron of a mom Musa gene. Integration of BSGfV and a
retrotransposon in the mom gene intron might have disturbed
its expression in cv. PKW. This could result in a loss of function
of the mom gene, explaining why it subsequently became a
pseudogene with decay in its coding sequence. Astonishingly,
the artificial disruption of the Arabidopsis thaliana ortholog of
the mom gene reactivates the transcription of previously silent
genes (2) and repetitive sequences (57). It is therefore tempt-
ing to speculate that, as in A. thaliana, mom gene disruption by
BSGfV EPRV and the Ty3/gypsy retrotransposon reconsti-
tutes the expression of previously repressed genes. mom gene
disruption might facilitate the expression of BSGfV EPRV
itself, but also other BSV EPRVs present in the cv. PKW
genome, thereby increasing the probability of their activation.

BSV sequences found integrated in the genome of the host
banana (genus Musa) are of great concern since several BSV
species integrated in M. balbisiana are infectious. Here, we
report for the first time the full molecular organization and
functional analysis of one such sequence present in the genome
of the diploid M. balbisiana cv. PKW (BB). This viral sequence
corresponds to the BSV species Goldfinger infectious in inter-
specific hybrids obtained by genetic crosses involving cv. PKW.
Knowledge of the molecular organization of BSV EPRVs in
the Musa genome is of crucial interest to researchers and plant
breeders in order to overcome problems caused by their pres-
ence in banana plant genomes. Actually, the main difficulty
comes from the fact that cv. PKW and M. balbisiana genotypes
in general harbor at least three other integrated BSV species—
BSOlV, BSImV, and Banana streak Mysore virus, each of them
with several EPRVs—and that BSOlV and BSImV EPRVs are
also infectious (Iskra-Caruana, unpublished). Identifying ge-
netic resources free from BSV EPRVs and producing recom-

6708 GAYRAL ET AL. J. VIROL.



binant Musa genotypes having lost the set of infectious EPRV
corresponding to the three BSV species are the challenges
currently facing both scientists and breeders. Details of EPRV
activation processes, including recombination at the plant
DNA level and viral and host factors involved in the produc-
tion of infectious BSGfV genomes in hybrids, need to be fur-
ther characterized.
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croisements génétiques interspécifiques. Ph.D. thesis. Université Sciences et
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