
Abstract Recently-introduced inter-specific Musa hy-
brids, bred for improved yield and resistance to diseases,
have been found to be widely infected with banana
streak virus (BSV), the causal agent of banana streak
disease (BSD). One hypothesis suggests: (1) that BSD
occurrence in these inter-specific hybrids results from
activation of BSV-Ol endogenous pararetrovirus se-
quences (EPRV) integrated into the Musa genome rather
than from external sources of infection, and (2) that the
process of genetic hybridisation may be one factor in-
volved in triggering episomal expression of the BSV
integrants. In order to test this hypothesis we carried out
a genetic analysis of BSD incidence in a F1 triploid
(Musa AAB) population produced by inter-specific 
hybridisation between virus and disease-free diploid
Musa balbisiana (BB) and tetraploid Musa acuminata
(AAAA) parents. Half of the F1 progeny of this cross
expressed BSV particles. Using PCR amplification to de-
termine the presence or absence of BSV-Ol EPRVs, it
was determined that this endogenous sequence was spe-
cific to the M. babisiana genome and occurred in a 
homozygous state. Using bulk segregant analysis, ten
AFLP markers co-segregating with the absence and/or
presence of BSV infection were identified in the 
M. balbisiana genome, but were absent from the M.
acuminata genome. Seven of these markers segregated
with the presence of a BSV particle and three with the
absence of BSV particles. Analysis of the segregation of

these markers using a test-cross configuration allowed
the construction of a genetic map of the linkage group
containing the locus associated with BSV infection in
the F1 hybrid population. These data indicate that a ge-
netic mechanism is involved in BSV appearance, and
suggest that a monogenic allelic system confers the role
of carrier to the M. balbisiana parent.
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Introduction

Banana and plantains (Musa spp.) are important local
food sources in many countries of the humid tropics.
Several diseases and pests cause significant losses in the
production of these crops. Therefore, several breeding
programs have been initiated in order to produce high
yielding disease-resistant cultivars. These improved 
banana and plantain genotypes are inter-specific hybrids
derived from crosses between Musa acuminata (A ge-
nome) and Musa balbisiana (B genome) parents. While
many of these inter-specific Musa hybrids show impres-
sive gains in yield and disease tolerance (Bakry 2002);
most of them have been found to be infected with the 
banana streak virus, BSV Obino l’Ewai strain (BSV-Ol)
(Ortiz 1996; Pasberg-Gauhl et al. 1996), and to develop
symptoms of the banana streak disease. Epidemiological
studies showed that BSV infection in these improved
Musa hybrids could not originate from external sources
(Ndowora et al. 1997), and it was then hypothesised that
infections arose instead through a complex recombina-
tion pattern from viral sequences integrated into the
Musa genome, called BSV-OL EPRVS endogenous para-
retrovirus sequences EPRVs (Ndowora et al. 1999). 
Banana streak virus is a member of the plant pararetrovi-
rus, genus badnavirus, in the Caulimoviridae family
(Hull 1999). Like other pararetroviruses, BSV has a 
circular dsDNA genome (Lockhart 1990) which is repli-
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cated by reverse transcription involving an RNA inter-
mediate (Medberry et al. 1990). In the case of human
and animal retroviruses, integration of the entire viral 
dsDNA genome into the host genome is compulsory for
its replication (Hindmarsh and Leis 1999). In contrast,
integration of viral sequences into a plant host genome is
considered to be an accidental event and this is not a 
normal feature of the viral life cycle (Bejarano et al.
1996). Nevertheless, truncated viral sequences have been
recently reported for several members of the Caulimovir-
idae family such as tobacco vein clearing virus, TVCV,
petunia vein clearing virus, PVCV, and tobacco pararet-
rovirus-like (NtEPRV) (Richert-Pöggler et al. 1996;
Jakowitsch et al. 1999; Lockhart et al. 2000) as well as
banana streak virus (Ndowora et al. 1999). Then, two
kinds of loci containing endogenous badnavirus sequences
have been identified in the Musa genome. The first one
(Musa 1) carries a truncated badnavirus genome unable
of producing a functional viral transcript (Lafleur et al.
1996). The second locus contains two sequences whose
junction can reconstitute a full-length BSV-Ol genome.
A model by which these two elements could recombine
and produce a complete viral genome has been proposed
by Ndowora et al. (1999).

In Guadeloupe (French West Indies), BSD was ob-
served in several F1 hybrid populations resulting from
inter-specific crosses between virus-free M. acuminata
and M. balbisiana parents. There was no evidence of a
natural field spread of BSV. The study reported here was
undertaken in order to provide a genetic basis for BSD
expression in inter-specific hybrids, and to test the 
hypothesis that de novo BSV infection and BSD expres-
sion in inter-specific Musa hybrids can arise from viral
sequences integrated in the parental genome as patho-
genic EPRVs.

Materials and methods

Plant population

A population consisting of 249 F1 allotriploid hybrids (AAB) was
used in this study. This population was derived from inter-specific
hybridisation between a virus-free autotetraploid M. acuminata
male parent (IDN 110 4x, AAAA) and a virus-free diploid M. bal-
bisiana female parent [Pisang Klutuk Wulung (PKW), BB].

Disease and virus detection

Visual observation

BSD incidence was scored visually. Incidence of BSV was deter-
mined by immunosorbent electron microscopy (ISEM) and by 
immunocapture PCR (IC-PCR) using partially purified extracts.
Extracts were prepared from 10 g leaf samples as described by
Ahlawat et al. (1996).

Immunosorbent Electron Microscopy (ISEM)

Carbon-coated Formvar grids were floated for 30 min at room
temperature on 10 µl of 10 µg/ml anti-BSV IgG (antiserum
PMX2RC (Ndowora 1998) diluted in 60 mM carbonate buffer,

pH 9.5. The coated grids were rinsed with distilled water and 
incubated over night at 4C on 10 µl of partially purified leaf tissue
extract, and stained with 2% sodium phosphotungstate, pH 7.0, for
electron microscopy examination.

Immunocapture PCR

IC-PCR assays using the primers pairs BSVCL1: 5′ATG-
GCCTTAATAGTCTTTCGTGAT3′ and BSVCl2: 5′GGTGGCGCT-
GAGGATGTG3′ were performed according to Dallot et al. (2001).

PCR detection of integrated viral sequences

Total Musa DNA was extracted from young leaf tissue, according
to Lanaud et al. (1995). The presence of the BSV-Ol EPRVs
(Ndowora et al. 1999) was checked by PCR using the mixed 
primers (Musa T3-2 5′GGCTTATGATGCTGACCACAT3′ and
BSV510 5′TTCTCGACCATAAATTGTAT3′) located on the Musa
and BSV-Ol genome respectively, as described by Ndowora
(1998). The specificity of the amplification was confirmed by
Southern-blot hybridisation according to Sambrook et al. (1989)
using a probe specific to BSV-Ol and the Musa flanking fragment.

AFLP and linkage analysis

Bulked segregant analysis (BSA) was performed according to the
procedure described by Michelmore et al. (1991). AFLP analysis
was performed according to Vos et al. (1995), using the enzyme
combination EcoRI/MseI. Selective amplification was carried out
using EcoRI and MseI primers having three selective nucleotides.
AFLP fingerprinting was performed on pools and on individuals.
Two pools (each containing DNA from five individuals) were
used, one representing a disease phenotype, the other a healthy
phenotype. Candidate markers were identified visually from the
fingerprint data obtained from the pooled DNA and were tested on
the individual progeny of each pool. Markers showing a good cor-
relation were tested on all individual progeny of the PKW × IDN
110 4x cross. Linkage analysis was performed with MAPMAKER
version 3.0 (Lander et al. 1987). The linkage group was computed
using a minimum LOD of 3.0.

Results

Identification of markers linked to the disease

The F1 allotriploid progeny from the PKW × IDN 110 4x
cross was scored for BSD expression. Because symp-
toms of BSD may appear only periodically in some
plants due to their temperature dependence (Dahal et al.
1997, 1998) and the variable range of expression symp-
toms, the presence of virions was also required by ISEM
and IC-PCR (Table 1). The expression of the disease was
scored during 2 years for the presence of viral particles;
130/249 plants of the F1 population showed severe and
mild symptoms of BSD and were confirmed as infected
by ISEM and IC-PCR. Two symptomless plants were
identified both by ISEM and IC-PCR as infected plants
and contained BSV particles. The data recorded con-
firmed: (1) the presence of the viral particles as the best
reliable disease marker, and (2) the repartition of the dis-
ease in half of the progeny. These observations indicate
that the expression of the disease could result from a
Mendelian segregation phenomenon. 
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The BSV-Ol EPRV as a genetic marker candidate
of the disease segregation

The presence of BSV-Ol EPRVs among parental and
progeny genotypes was investigated by PCR amplification,
using the mixed primer pair (Musa T3-2 and BSV510).
A product of the predicted size (1,800 bp) was obtained
from total genomic DNA of both the M. balbisiana
parent PKW and the entire F1 population (Fig. 1A). 
No product was obtained from genomic DNA of IDN
110 4x, the M. acuminata parent, confirming the results
already obtained by Ndowora et al. (1999) and Geering
et al. (2001) in the Calcutta-4 cultivar and other 
M. acuminata genotypes. These results were confirmed
by Southern-blot hybridisation (Fig. 1B). PKW appears
homozygous for the BSV-Ol EPRVs tested. Hence, the
set of primers used are not reliable to test whether these
BSV-Ol EPRVs co-segregate with the disease. 

Mapping of the BSV infection locus linked to the disease

Bulked segregant analysis (BSA) was used to identify
AFLP markers co-segregating with the presence or 
absence of BSV infection. For BSA analysis, we identi-
fied two pools of AFLP templates composed of five indi-

viduals selected from healthy and diseased F1 progeny
respectively. Both templates pools were fingerprinted by
AFLP using 64 combinations of EcoRI + 3/MseI + 3
primer extensions. BSA yielded seven fragments specific
for the diseased pool and three fragments specific for the
healthy pool. All ten markers were tested on each individ-
ual of the bulks, and on the rest of the progeny individu-
ally. The ten markers were present in PKW only, the 
M. balbisiana parent, in a heterozygous condition and 
absent in IDN 110 4x, the M. acuminata parent. All ten
markers segregated in a 1:1 ratio in the F1 progeny 
following a test-cross configuration. This result was vali-
dated by a χ2 test to check the null hypothesis of a 1:1
segregation (Table 2). The data obtained from the proge-
ny using these markers permitted the construction of a
maternal genetic map of the BSV expressed locus (BEL)
as shown on Fig. 2. Markers followed by “r" are linked in
the repulsion phase. The repulsion phase was found by
inverting the markers scored and comparing them to non-
inverted scores using Mapmaker. All markers were linked
to the BEL. The direct distance between BEL and the
nearest marker (ACACAC) was 1.2 cM. The marker cov-
ered 69.8 cM and the genetic distances between markers
varied in size from 0.6 to 39.2 cM. The 1:1 disease segre-
gation ratio, and the joint occurrence of markers segregating
with disease and markers segregating with the absence of
viral particles, suggest a monogenic allelic system, which
confers the role of the carrier to PKW. 

Table 1 Disease analysis
in the progeny of PKW ×
IDN110 4x

Item % of BSV-positive hybridsa % of BSV-negative hybrid Total

Symptom 130/249 = 52.2% 0 130
No symptom 2/249 = 0.8% 117/249 = 47% 119
Total 132/249 = 53% 117/249 = 47% 249

a Measured by ISEM and IC-PCR

Fig. 1A, B PCR analysis of the F1 progeny from the PKW × IDN
110 4x cross, using the mixed primer pair (Musa T3.2 and BSV
510). A EtBr-stained agarose-gel analysis of the PCR product. 
B Southern-blot hybridization of the gel using a BSV-Ol specific
probe. Lanes 5 to 11 F1 hybrids showing no sign of BSD. Lanes 12
to 18 F1 hybrids showing symptoms and BSV particles. Lane M 1-
kbp ladder; lane 1 Obino l’Ewai (positive control); lane 2 Caven-
dish (AAA, Negative control), lane 3 PKW, lane 4 IDN 110 4x

Table 2 Segregation of markers in the progeny of PKW × IDN 110
4x

Markers Parents Progeny Pχ2a

PKW IDN 110 4x Observed +:– Expected +:–

Virion – – 120/109 1:1 0.47
ACTCTA1c +b – 99/127 1:1 0.06
ACTCTA2 + – 127/99 1:1 0.06
AACCAG + – 134/94 1:1 0.01
ACACAC + – 113/116 1:1 0.84
ACGCTC + – 114/115 1:1 0.95
AAGCAT + – 104/124 1:1 0.19
ACGCAC + – 130/98 1:1 0.03
ACACAG + – 115/109 1:1 0.69
AAGCTTc + – 118/111 1:1 0.64
AACCACc + – 123/105 1:1 0.23

a Pχ2 was calculated to test that the data fitted an expected ratio of 1:1
b Presence of fragment; – absence of fragment
c Markers segregating with absence of viral particles



M. balbisiana parent. In order to explain the observed
segregation, the PKW genome contains a genetic factor
(revealed by AFLP markers) as a heterozygous state 
because the homologous recombination model proposed
by Ndowora et al. (1999) cannot account for BSD ap-
pearance in 50% of the F1 hybrids. This hypothesis also
implies that the BSV-OL EPRVS and the BSV expressed
locus are not genetically linked. In our second hypothe-
sis the viral particles would originate from a BSV-Ol
EPRV occurring in a heterozygous state linked to the 
releasing factor.

These two hypotheses are totally compatible with the
silent expression observed in the PKW parent. Our 
results show that an allelic interaction occurring in-trans
can prevent the action of the releasing factor involved in
homology dependent gene silencing. This phenomenon
appears an attractive hypothesis with regard to the regu-
lation of the transposable-elements activity (Hirochika et
al. 2000; Matzke et al. 2001); and the epigenetic inhibi-
tion of the releasing factor will be irreversible in PKW.
In fact, PKW, but also IDN 110 4x, show no sign of 
infection and have never developed disease in the past.
The most appropriate explanation could be that BSV in-
fection in our cross results from the allopolyploidisation
phenomenon which leads to the formation of triploid 
hybrids AAB in which one M. balbisiana (B) genome is
associated with two M. acuminata (A) genomes. There-
fore, during breeding hybridisation, 50% of the F1 prog-
eny would contain the releasing factor and become 
active by the absence of the inhibitor mechanism. This
type of mechanism has been hypothesised for transpos-
able-element (TE) activity in which integrated TE 
sequences could both change the expression pattern and
the methylation level (Matzke et al. 2000). Finally, a 
recent study has shown that allopolyploidy can also in-
duce the elimination of a specific sequence in noncoding
regions of the plant genome (Eckardt 2001). The inte-
grated BSV sequences could be the target of such a phe-
nomenon, causing their excision and making possible the
regeneration of the viral genome.

These evoked mechanisms are complex but seem to
occur related to the emergence of a new disease and new
hybrids resulting from the co-adaptation/co-evolution of
the plant and viral genomes. During the last 2 years, other
cases of EPRVs have been reported. Multiple integra-
tions of truncated sequences from uncharacterised tobacco
pararetrovirus-like (Nt EPRV) have been identified into
the Nicotiana tabacum genome (Jacowisch et al. 1999).
A recent report has shown that an episomal form of 
tobacco vein clearing virus may arise from viral inte-
grants in the Nicotiana edwardsonii genome (Lockhart et
al. 2000). Understanding the BSV expression mechanism
from BSV-OL EPRVS could lead to a useful model
system for evaluating the risk of disease expression from
EPRVs for other pararetroviruses. Indeed, today the BSD
is the unique described pathosystem with economic con-
sequences. Our study confirm that BSD is currently the
major constraint for improvement programs and appears
today as an important genetic disease for the new banana
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Discussion

The results of our study to test the BSV-OL EPRVS as a
candidate gene for BSD expression were inconsistent 
because it occurs in a homozygous state for the PKW
parent. However, the identification of the origin of viral
particles remains essential for the understanding of the
BSV appearance mechanism. In this study, we also 
revealed the existence of a unique locus for the PKW ge-
nome and in an heterozygous state, which is responsible
for BSD expression in 50% of the F1 progeny. Genetic
data suggest that the release mechanism depends on a
monogenic system. This could be inhibited by the allele
situated on the homologous chromosome. Such a system
confers the role of a free carrier on the M. balbisiana
parent. The inhibition of this mechanism would be 
triggered during breeding hybridisation allowing disease
expression in part of the F1 progeny.

At least two hypotheses can be considered for the 
origin of viral particles. In the first one, the viral parti-
cles originate from the BSV-OL EPRVS identified by
mixed primers and occurs as a homozygous state in the

Fig. 2 Genetic map of the BSV-expressed locus area. Markers
(abbreviation of the selective nucleotide extension in the 3′-end
of each primer) are indicated on the right. Map distances (in cen-
timorgans) are given to the left. z, markers segregating with ab-
sence of viral particle. r, markers linked in repulsion phase
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hybrids involving the M. balbisiana progenitor. There-
fore, the co-dominant marker identified in this study
might prove extremely useful for the marker-assisted se-
lection of new hybrids devoid of pathogenic BSV EPRVs.
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