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ABSTRACT

Banana leaf streak disease, caused by several species of Banana streak virus (BSV), is
widespread in East Africa. We surveyed for this disease in Uganda and Kenya, and used
rolling-circle amplification (RCA) to detect the presence of BSV in banana. Six distinct
badnavirus sequences, three from Uganda and three from Kenya, were amplified for which
only partial sequences were previously available. The complete genomes were sequenced
and characterised. The size and organisation of all six sequences was characteristic of other
badnaviruses, including conserved functional domains present in the putative polyprotein
encoded by open reading frame (ORF) 3. Based on nucleotide sequence analysis within the
reverse transcriptase/ribonuclease H-coding region of open reading frame 3, we propose
that these sequences be recognised as six new species and be designated as Banana streak
UA virus, Banana streak Ul virus, Banana streak UL virus, Banana streak UM virus, Banana
streak CA virus and Banana streak IM virus. Using PCR and species-specific primers to test
for the presence of integrated sequences, we demonstrated that sequences with high
similarity to BSIMV only were present in several banana cultivars which had tested negative

for episomal BSV sequences.
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INTRODUCTION

Bananas (Musa spp) are hosts to several badnaviruses collectively named banana streak
virus (BSV, genus Badnavirus, family Caulimoviridae). BSV infection causes leaf streak
disease which is characterised by distinct chlorotic and necrotic flecking on leaves, as well as
a range of other symptoms including distortion of leaves and petioles, stem cracking,
abnormal bunch development and death of the growing point (Dahal et al., 2000). Although
found in most banana growing regions, leaf streak is the most frequently observed viral
disease of banana in the Americas and most of Africa (Geering, 2009; and references
therein). The disease is particularly widespread in both Uganda (Harper et al., 2004, 2005)

and Kenya (Karanja et al., 2008).

Badnaviruses are plant pararetroviruses with non-enveloped, bacilliform-shaped
virions of approximately 30 x 130-150 nm, and circular double-stranded DNA genomes of 7-
8 kbp (Hull et al., 2005). All badnaviruses typically encode three open reading frames (ORFs)
on the virus-sense coding strand. ORF 1 encodes a small protein of unknown function which
has been associated with virions (Cheng et al., 1996). ORF 2 encodes a protein of ~14 kDa
with a non-specific DNA- and RNA-binding activity (Jacquot et al., 1996). This protein may
function in virion assembly due to the presence of a predicted N-terminal coiled-coil domain
which supports self-interaction to form a tetramer (Leclerc, 1998). The large polyprotein
encoded by ORF 3 contains domains associated with movement, the virus capsid, aspartic

protease, reverse transcriptase (RT) and ribonuclease H (RNaseH) functions.

Three distinct species of BSV, namely Banana streak OL virus (BSOLV), Banana streak
GF virus (BSGFV) and Banana streak MY virus (BSMYV), previously Banana streak Mysore

virus, are now recognised by the International Committee on the Taxonomy of Viruses
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(ICTV) (Geering, 2010), while a fourth species, Banana streak VN virus (BSVNV, previously
Banana streak acuminata Vietnam virus) has also recently been proposed based on full-
length sequence analyses (Lheureux et al., 2007). However, many other BSV species are
thought to exist based on the analyses of numerous reported partial sequences. Geering et
al., (2000; 2005A) reported partial sequences of two BSV isolates from Australia (named
Banana streak Cavendish virus (BSV-Cav) and Banana streak Imové virus (BSImV)), while
Harper et al., (2005) reported the presence of 13 distinct BSV sequence groups from
Uganda, named consecutively as Banana streak Uganda A virus to Banana streak Uganda M
virus. Further, a complete but as yet unpublished BSV sequence, named Banana streak
acuminata Yunnan virus, has been deposited in the NCBI database (GenBank accession no.
DQ092436). This isolate is phylogenetically most closely related to BSVNV (Gayral and Iskra-

Caruana, 2009).

Several episomal BSV sequences, namely BSOLV, BSMYV, BSGFV and BSIMV, have
been shown to have integrated counterparts, termed endogenous BSV (eBSV), in the Musa
genome (Harper et al., 1999; Geering et al., 2005A & B; Gayral et al., 2008). Under certain
stress conditions, these sequences can be activated to cause episomal infections (Ndowora
et al., 1999; Dallot et al., 2001; Cote et al., 2010). Although many other endogenous
badnavirus sequences occur in the banana genome, these have no known episomal
counterparts and are not known to give rise to episomal infections (Geering et al., 2005A).
While endogenous badnaviruses occur in genetic backgrounds which include both Musa
acuminata (A-genome) and M. balbisiana (B-genome) and their hybrids, eBSVs are only

known to occur in some Musa accessions which contain a B-genome.



82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

As part of a Grand Challenges in Global Health initiative funded by the Bill and
Melinda Gates Foundation, we have been developing a diagnostic capacity for banana
viruses in East Africa with a specific focus on BSV. Diagnostic tests for BSV have been
complicated by the extensive genetic and serological diversity that exists amongst BSV
isolates and the presence of integrated BSV sequences in some banana cultivars which leads
to false positives. Recently, however, we have developed a rolling-circle amplification (RCA)-
based assay that specifically detects episomal, and not integrated, BSV sequences (James et
al., 2011). To determine the prevalence of BSV in East Africa, we conducted disease surveys
of bananas in Uganda and Kenya and tested samples by RCA. In this paper, we report for the
first time the complete nucleotide sequence and molecular characterisation of six distinct

BSV species from these two countries.

MATERIALS AND METHODS

Virus nomenclature

For consistency throughout the remainder of this manuscript, we have elected to use the
nomenclature suggested by Geering (2010) to describe BSV species. Banana streak Imové
virus (BSImV; Geering et al., 2005A) will be referred to as Banana streak IM virus (BSIMV);
Banana streak Cavendish virus (BSV-Cav; Geering et al., 2000) will be referred to as Banana
streak CA virus (BSCAV); Banana streak Uganda A virus (BSUgAV; Harper et al., 2005) will be
referred to as Banana streak UA virus (BSUAV); Banana streak Uganda | virus (BSUglV;
Harper et al., 2005) will be referred to as Banana streak Ul virus (BSUIV); Banana streak

Uganda L virus (BSUgLV; Harper et al., 2005) will be referred to as Banana streak UL virus
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(BSULV); and Banana streak Uganda M virus (BSUgMV; Harper et al., 2005) will be referred

to as Banana streak UM virus (BSUMV).

Plant samples and amplification of viral DNA

Leaf samples were collected from banana plants displaying the chlorotic and necrotic
flecking symptoms typically associated with leaf streak disease (Table 1). Three samples
(Ugl, Ug8 & Ug12) were collected in south-west Uganda during a survey conducted in April
2008, and were previously shown to contain BSV-like sequences with homology to BSUIV,
BSULV and BSUMV, respectively (James et al., 2011). One sample (Kel171) was collected in
western Kenya during a survey in April 2009, while the remaining two samples (Ke8 & Ke10)
were obtained from the Kenyan Agricultural Research Institute research station at Njoro,
Kenya. Total nucleic acid (TNA) extracts were prepared and virus DNA amplified using the
[llustra TempliPhi 100 Amplification Kit (GE Healthcare, Buckinghamshire, United Kingdom)

as described previously (James et al., 2011).

Leaf samples were also obtained from 12 genotypically diverse Musa cultivars (Table
2) growing in tissue culture at DEEDI, Agri-Science Queensland, Nambour, Australia. These
plants had previously been certified as BSV negative using immuno-sorbent electron

microscopy (ISEM, Geering et al., 2000) as well as by RCA (James et al., 2011).



124

125

126

127

128

129

130
Table 1 Plant samples for RCA analysis and PCR primers used for detection of integrated sequences
Sample Primer 1 (5" -3") Primer2 (5 - 3’) Amplicon Annealing  Region of

size (bp) temp (°C) genome amplified

Ugl GAACTGACAGTAGCGCAATCG GACTTGGCTTGCCTGAGTATCG 943 60 6282-7224
Ug8 GAATCCTCAAAGGTACCCC CATGAGGTCAAGCATATGC 619 50 435-1053
Ugl2 GACGAGCTGCAAGCTCTCAGG TGTGCCTATTCTGAGGTTGG 467 50 973-1439
Ke8 CTCAGCGGCAAGATTAGGAAGG TCCCCATTGGTCGTCATTGC 517 60 6513-7029
Kel0 GCTAGGAAGAAAAGTCTGGG TGCAAGTCTACTTACACAGC 475 50 7417-122
Kel71 AGGATTGGATGTGAAGTTTGAGC  ACCAATAATGCAAGGGACGC 783 57 6425-7207
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Table 2 BSV-indexed leaf samples used for PCR analysis

Cultivar Genotype Virus specific PCR test
BSUAV BSUIV BSULV BSUMV BSCAV BSIMV

Calcutta 4 AA - - - - - -
Pisang Oli AA - - - - - -
Yangambi km5 AAA - - - - - -
NC-301 AAA - - - - - R
FHIA-17 AAAA - - - - - -
Da Jiao ABB - - - - - -
Ainu AAB - - - - - +
SH-3460.10 AAAB - - - - - R
FHIA-03 AABB - - - - - +
Balonkawe ABB - - - - - +
Goly Goly Pot Pot ABB - - - - - +
Lal Velchi BB - - - - - .
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Cloning and sequencing of virus DNA

RCA-amplified virus DNA was digested using either Stul or Pstl and products were separated
by agarose gel electrophoresis. DNA was subsequently cloned into pUC19 and sequenced as
described previously (James et al., 2011). In all cases, at least three independent clones
were sequenced in both directions to determine a consensus sequence. Putative
identification of cloned fragments was made by comparison to sequences in NCBI database
(http://www.ncbi.nlm.nih.gov) using the Basic local alignment search tool (BLAST)
programs. According to the ICTV criteria (Hull et al., 2005) for species demarcation within
the genus Badnavirus, sequence differences within the RT/RNaseH-coding region of more
than 20% are considered distinct badnavirus species. Sequence comparisons were based on
a 529 bp region of the RT/RNaseH-coding region delimited by the BadnaFP/RP primers
reported in Yang et al. (2003). In cases where BSV isolates were identified for which full-
length sequences had not been previously reported, the complete sequence was obtained
by primer-walking. The sequence spanning putative restriction sites was confirmed by
sequencing of PCR products generated using sequence-specific primers for each putative
site present in each virus isolate. PCR mixes (20 plL) contained 10 ul 2x GoTaq Green Master
Mix (Promega Corp, Madison, WI), 5 pmol of each primer, 1 ul of nucleic acid extract and
water to final volume. PCR cycling conditions were an initial denaturation of 94°C for 2 min
followed by 35 cycles of 94°C for 20 s, 50°C for 20 s, and 72°C for 30 s, with a final extension
at 72°C for 2 min. Reactions products were electrophoresed through 1.5% agarose gels,
stained using 0.25x SYBR® Safe DNA Gel Stain (Invitrogen Corp, Carlsbad, CA) and DNA

fragments visualised on a Safe imager blue-light transilluminator. Amplified fragments were
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cloned into pGEM-T easy (Promega Corp, Madison, WI) and three clones were sequenced in

both directions using universal M13 primers.

PCR for detection of integrated sequences

PCR primers for detection of each virus were designed from sequences obtained in this
study (Table 1), with the exception of BSCAV, for which previously published primers were
used (Geering et al., 2000). PCR was carried out as described above, with annealing

temperatures of 50°C, 57°C or 60°C (Table 1).

Phylogenetic analysis

Full-length sequences were assembled in VectorNTI Advance v.11 (Invitrogen Corp,
Carlsbad, CA), which was subsequently used for the identification of putative ORFs and
other conserved genomic features of badnaviruses, as well as translation of putative ORFs
for analysis of conserved domains present in badnavirus proteins. Conserved features of
genome sequences were identified as previously described (Geering et al., 2010; Lheureux
et al., 2007). For phylogenetic analysis and sequence comparison to published badnavirus
sequences, RT/RNaseH core sequences were identified using the method of Geering et al.,
(2010). RT/RNaseH sequences were aligned using the CLUSTAL W algorithm in MEGA 4.0

(Tamura et al., 2007). Phylogenetic trees were constructed using the neighbour-joining

10
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method, following pair-wise sequence comparison using the Kimura 2-parameter model in

MEGA 4.0 (Kimura, 1980).

RESULTS

Cloning and sequencing

Nucleic acid was extracted from the three Ugandan leaf samples (Ug 1, 8 and 12) and three
Kenyan leaf samples (Ke8, 10 and 171) and was subjected to RCA. The products were
digested with Stul (or Pstl in the case of sample Kel71) and analysed by agarose gel
electrophoresis. A single band of ~7.5 kbp, presumably representing full-length BSV genomic
DNA, was observed in the Ugl, Ke8 and Ke171 extracts, while two bands (~5.5 and 1.8 kbp),
three bands (~3.7, 2.2 and 1.6 kbp) and four bands (~7.5, 4.4, 2.1 and 1 kbp) were observed

in the Ug8, Ugl2 and Kel0 extracts, respectively.

When the restriction fragment/s from Ugl, Ugl2, Ke8 and Kel71 were cloned and
analysed, contiguous full-length sequences were obtained. Analysis of the RT/RNaseH-
coding region of these sequences revealed 82-86%, 90-95%, 94% and 94-95% similarity to
BSULV, BSUMV, BSUAV and BSCAYV isolates, respectively. Analysis of the 3’ and 5’ terminal
sequences of the ~7.5 kbp band derived from KelO revealed it was identical to that of Ke8.
When the remaining three restriction fragments from this isolate were cloned and analysed,
a contiguous full-length sequence was obtained. The sequence of the RT/RNaseH-coding

region showed 97-99% similarity to BSIMV.

Although analysis of the ~5.5 kbp Stul-digested fragment from Ug8 vyielded a

consensus sequence, the sequences obtained from the ~1.8 kbp fragment varied in length.

11
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To resolve this problem and obtain the complete sequence, the RCA product derived from
Ug8 was digested with Pstl to yield a major fragment of ~7 kbp. The entire sequence of the
Ug8 isolate was subsequently obtained from alignment of sequences obtained from the
Stul- and Pstl-derived fragments and from PCR-derived sequences used to confirm the
presence of the Pstl restriction site. Analysis of the RT/RNaseH-coding sequences of Ug8

revealed 92-98% similarity to BSUIV.

Sequence analysis

A summary of the characteristics of the complete genomes of each of the six BSV species is
presented in Table 3. The complete genomic sequences of BSUAV (sample Ke8, Genbank
accession number HQ593107), BSUIV (Ug8, accession number HQ593108, BSULV (Ugl,
accession number HQ593109), BSUMV (Ug12, accession number HQ593110), BSIMV (Ke10,
accession number HQ593112) and BSCAV (Kel71, accession number HQ593111) comprised
7519, 7458, 7401, 7532, 7769 and 7408 bp, respectively. For consistency with previous
conventions, numbering of each of the genomes begins with the 5’ nucleotide of the
putative tRNA™" priming site. Each of the six genomes contained three ORFs and, with the
exception of BSIMV ORF1, a conventional ATG initiation codon was present for all ORFs. A
non-conventional CTG initiation codon was predicted for BSIMV ORF1 based on sequence
comparisons with both BSMYV and BSVNV. The predicted size of proteins encoded by the
putative ORFs identified for each sequence is included in Table 3. The size of the intergenic
region in all six virus genomes ranged from 963 nt (BSUAV) to 1234 nt (BSIMV) and
contained a region with between 16-18 nucleotides complementary to the consensus

met

sequence of plant tRNA™". Putative TATA boxes and polyadenylation signals, were also

12
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Table 3 Genome features of East African BSV species

ORF1 ORF2 ORF3 Transcriptional elements
. . length protein protein protein
Badnavirus species total length start-stop cize length start-stop cize length start-stop cize TATA <gap> polyA
(nt) (nt) (codon use) (kDa) (nt) (codon use)  (kDa) (nt) (codon use)  (kDa)

Banana streak UA virus 7519 534 483-1016 20.9 390 1013-1402 14.3 5637 1402-7038 216 ctcTATATAAgga <56> aataag
(BSUAV) (atg-tga) (atg-taa) (atg-taa)

Banana streak Ul virus 7458 561 502-1062 21.6 336 1059-1394 12.3 5514 1395-6908 211 ctcTATATAAgga <66> aataaa
(BSUIV) (atg-tga) (atg-taa) (atg-taa)

Banana streak UL virus 7401 561 532-1092 21.8 339 1089-1427 12.3 5502 1430-6931 211 ctcTATATAAgga <64> gataag
(BSULV) (atg-tga) (atg-taa) (atg-tga)

Banana streak UM virus 7532 564 622-1185 21.7 312 1182-1493 11.7 5547 1497-7043 213 ggcTATATATAggt <45> aataaa
(BSUMV) (atg-tga) (atg-tag) (atg-taa)

Banana streak IM virus 7769 531 668-1198 20.9 393 1195-1587 14.3 5613 1590-7202 215 atcTATAA--gag <74> aataaa
(BSIMV) (ctg-tga) (atg-taa) (atg-taa)

Banana streak CA virus 7408 531 515-1045 21.1 405 1042-1446 14.7 5511 1446-6956 212 ctcTATAAATAgga <55> aataag
(BSCAV) (atg-tga) (atg-taa) (atg-taa)

13
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™ primer binding

identified in the intergenic region of all sequences, 5’ of the putative tRNA
site (Table 3). Analysis of the putative protein encoded by ORF 3 of each species revealed
the presence of several motifs that are highly conserved in badnavirus proteins including

movement, RNA-binding (zinc-finger motif), aspartyl proteinase, reverse transcriptase and

RNaseH.

Phylogenetic analysis of the RT/RNaseH region from full-length known episomal
badnavirus sequences showed that the three Ugandan BSVs (BSUIV, BSULV & BSUMV)
clustered together and that these viruses were more closely related to the sugarcane-
infecting badnaviruses than to other banana-infecting badnaviruses (Fig. 1). Two Kenyan
BSVs, BSUAV and BSCAV, were shown to be closely related and these formed a separate
cluster with BSOLV (Fig. 1). The Kenyan BSIMV did not cluster according to provenance but
instead was found to be most closely related to BSVNV. Pair-wise nucleotide similarities
within the RT/RNaseH-coding region of full-length sequences derived from the six BSV
sequences reported in this study together with their phylogenetically most closely-related
counterparts revealed at least a 20% nucleotide difference between the BSVs reported here

and other recognised badnaviruses (Table 4).

Detection of integrated sequences

To investigate the possible presence of integrated DNA of the six new BSV species in banana
genomic DNA, nucleic acid was extracted from a diverse collection of banana cultivars (Table
2) which had previously been certified as negative for episomal BSV sequences by ISEM and

RCA. The nucleic acid extracts were subsequently used in PCR with primers designed to

14
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Figure 1 Phylogenetic tree using neighbour-joining method (Kimura 2-parameter model with
bootstrapping (1000 replicates)) of the RT/RNaseH region of selected badnaviruses. Rice tungro
bacilliform virus (RTBV; genus Tungrovirus) and Cauliflower mosaic virus (CaMV; genus Caulimovirus)
were used as out-groups to the genus Badnavirus. GenBank accession numbers are: Banana streak
OL virus (BSOLV; GenBank accession NC _003381), Banana streak MY virus (BSMYV; GenBank
accession NC_006955), Kalanchoe top-spotting virus (KTSV; GenBank accession NC_004540), Banana
streak VN virus (BSVNV; Genbank accession AY750155), Banana streak GF virus (BSGFV; GenBank
accession NC_007002), Commelina yellow mottle virus (ComYMV; GenBank accession NC_001343),
Cacao swollen shoot virus (CSSV; GenBank accession NC_001574), Citrus yellow mosaic virus (CiYMV;
GenBank accession NC_003382), Dioscorea bacilliform SN virus (DBV; GenBank accession
DQ822073), Taro bacilliform virus (TaBV; Genbank accession AF357836), Bougainvillea chlorotic vein
banding virus (BCVBV; GenBank accession EU034539), Sugarcane bacilliform IM virus (SCBIMV;
GenBank accession NC_003031), Sugarcane bacilliform MO virus (SCBMOV; GenBank accession
NC_008017), RTBV (GenBank accession NC_001914), and CaMV (GenBank accession NC_001497).
Species whose genome was fully sequenced for the first time are shown in bold.
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Table 4 Pair-wise distance matrix using core RT/RNaseH sequences of selected badnaviruses®

BSCAV  BSUAV BSOLV BSGFV BSUIV BSULV BSUMV SCBIMV SCBMOV BSMYV ~ BSIMV  BSVNV  KTSV
BSCAV 23.2 26.1 38.3 45.8 43.1 47.1 50.8 47.9 38.9 335 34.8 37.4
BSUAV 30.6 40.0 45.6 46.3 48.6 51.2 52.8 373 35.7 34.4 37.0
BSOLV 43.4 44.4 48.2 46.4 53.6 50.8 38.0 28.0 38.2 34.6
BSGFV 50.3 47.8 47.9 58.1 53.9 45.2 42.1 40.2 41.9
BSUIV 23.2 27.9 38.1 34.2 47.8 52.7 49.9 50.4
BSULV 26.1 39.2 35.6 48.2 50.3 51.2 53.0
BSUMV 42.3 35.8 48.8 48.9 47.6 50.4
SCBIMV 25.0 59.0 57.4 60.3 60.0
SCBMOV 52.7 54.5 54.2 56.3
BSMYV 43.3 38.6 39.5
BSIMV 27.0 37.8
BSVNV 36.8
KTSV

°*Percent difference shown was calculated using the Kimura 2-parameter model following ClustalW alignment in MEGA 4.0.
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specifically amplify a selected fragment of each of the six BSVs. Whereas no amplicons were
detected in extracts from any of the 12 banana cultivars tested for BSUAV, BSUIV, BSULYV,
BSUMYV or BSCAV, amplicons of the expected size were detected in extracts derived from
the four banana cultivars Ainu, FHIA-3, Balonkawe and Goly Goly Pot Pot tested for BSIMV
(Table 2). These results indicated that, for BSUAV, BSUIV, BSULV, BSUMV or BSCAV, the
sequences delimited by these primers were not present as either episomal or integrated
DNA in any of the 12 cultivars tested. In contrast, the genomic DNA of four of the 12

cultivars tested appeared to contain an integrated BSIMV sequence.

DISCUSSION

We have completely sequenced the genomes of six BSV isolates collected in East Africa, for
which only partial sequences have been previously available. All six sequences had a typical
badnavirus genome organisation and contained the conserved motifs characteristically
found in the putative ORF 3 polyprotein of badnaviruses. Based on the criteria for
recognition of distinct species in the genus Badnavirus (a difference in the nucleotide
sequence of the RT/RNaseH-coding region of more than 20% (Hull et al., 2005)), we propose
that the six isolates should be recognised as new BSV species and be designated as BSUAYV,
BSUIV, BSULV, BSUMV, BSIMV and BSCAV based on a recent amendment to the naming
convention for badnaviruses (Geering, 2010). The results from this study confirm the
presence, in Uganda, of three of the 13 putative BSV species reported previously (Harper et
al., 2005). Further, this is the first report of BSCAV from Kenya, and confirms a previous
report of BSUAV and BSIMV in Kenya using IC-PCR (Karanja et al., 2008). Importantly, the

detection of BSUAV, BSUIV, BSULV and BSUMV in this study is based on episomal DNA

17
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amplified by RCA, and not IC-PCR which may detect integrated sequences (Le Provost et al.,

2006, Iskra-Caruana et al., 2009), as in previous studies.

Previous phylogenetic analyses of full-length and partial sequences have consistently
identified three distinct clades of banana-infecting badnaviruses (Harper et al., 2005;
Bousalem et al., 2008; Gayral and Iskra-Caruana, 2009). The isolates reported in this study
grouped within two of the three clades, consistent with previous reports. BSUIV, BSULV and
BSUMYV grouped within clade 3 which also includes badnavirus species characterised from
sugarcane while BSUAV, BSCAV and BSIMV grouped within clade 1, which contained only
badnavirus species originating from banana. Interestingly, however, the sequence of our
BSCAV isolate also showed 93-96% homology at the nucleotide level to six unpublished
Sugarcane bacilliform virus (ScBV) isolates in the GenBank database. As such, ScBV isolates
now appear to group within two different clades (clades 1 and 3), suggesting that the
movement of badnaviruses across the host-plant boundary between sugarcane and banana

has likely occurred on more than one occasion.

Several authors (Bousalem et al., 2008; Gayral and Iskra-Caruana, 2009) have
reported a close phylogenetic relationship between BSULV and the proposed BSUgKV
identified by Harper et al (2005). A comparison of the RT/RNaseH-coding sequence of our
BSULV isolate to other badnavirus sequences revealed 82% homology to four sequences
described as BSUgKV (Harper et al., 2005). This finding suggests that BSULV and BSUgKV are

a single species.

The sequences of several BSV species are known to occur within the M. balbisiana
genome, the presence of which has provided a challenge for the diagnosis of episomal BSV

infection using PCR-based methodologies. As a preliminary study to determine whether
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sequences related to the six viruses reported in this study had integrated counterparts, 12
banana genotypes known to be free of episomal BSV were tested for each of the six viruses
by PCR using virus-specific primers. None of the samples tested positive for BSUAV, BSUIV,
BSULV, BSUMV or BSCAV, while four plants, all containing B-genomes, tested positive for
BSIMV. The detection of integrated BSIMV sequences in banana accessions with a M.
balbisiana genome component is consistent with previous reports (Geering et al., 2005A,
Gayral et al., 2010). Further, when the sequences of the core RT/RNaseH-coding region of
the six BSV species described in this manuscript were used to search for homologous
endogenous sequences (both endogenous badnavirus and Musa genomic BAC sequences) in
GenBank, BSIMV showed 99% homology to several endogenous badnavirus sequences and
94% homology to a Musa balbisiana BAC sequence (GenBank accession AP009334). In
contrast, the remaining five species did not produce a significant match (i.e. 80% similarity
or greater) to either endogenous badnavirus or Musa BAC sequences. While our findings do
not conclusively exclude the presence of integrated sequences for each of the other five BSV
species in the genotypes tested, the results suggest that PCR might be a suitable tool for

diagnosis of these species in bananas with selected genetic backgrounds.

Diagnosis of BSV using the non-sequence specific RCA assay should dramatically
improve the scope of detection of heterogeneous mixture of viruses comprising the BSV
complex. Further, the full-length sequences presented here will improve the opportunity to
diagnose BSV infections using restriction-digest based RCA assays. Additional work is still
required, however, to confirm the episomal nature of the additional Ugandan BSV isolates

reported by Harper et al., (2005). Biological information pertaining to the BSV species
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reported in this work will be useful to understand the BSV-banana system with more clarity,

and allow the development of improved diagnostic tests.
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