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Summary.Banana bunchy top nanovirus (BBTV) has a multicomponent circular
single-stranded DNA (cssDNA) genome consisting of at least six components.
We have cloned, sequenced and analysed two additional cssDNA components,
designated BBTV-S1 and S2, associated with a Taiwanese BBTV isolate. The
sequences of BBTV-S1 and S2 comprised 1109 and 1095 nucleotides (nt), respec-
tively, and like BBTV DNA-1, potentially encoded replication initiation proteins
(Reps). However, the genome organisation of BBTV-S1 and S2 differed from
that of BBTV DNA-1 in that (i) the stem sequence of the CR-SL was not con-
served, (ii) the internal gene was absent and (iii) the probable TATA boxes were
located 5′ of the stem-loop. Further, sequence and phylogenetic analysis of the
Rep genes indicated that BBTV DNA-S1 and S2 were distinct from BBTV DNA-
1. When different geographical isolates of BBTV were tested for the presence of
BBTV-S1/S2, these components were detected in various isolates from Vietnam,
Taiwan, the Philippines, Tonga and Samoa but were not detected in isolates from
Australia, Egypt, Fiji, and India. Based on these results, BBTV-S1 and S2 do not
appear to be integral components of the BBTV genome and represent additional
Rep-encoding DNAs associated with BBTV.

Introduction

Banana bunchy top virus (BBTV) is an isometric virus with a circular single-
stranded DNA (cssDNA) genome consisting of at least six components (BBTV
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DNA-1 to -6) [4, 7]. Each of these components is approximately 1 kb and shares
a common genome organisation: all have a stem-loop, a potential TATA box 3′ of
the stem-loop, at least one major gene in the virion sense and a polyadenylation
signal associated with each gene [2–4]. Beetham et al. [2, 3] demonstrated that
the major genes of DNA-1 to 6, as well as the small gene within the major gene
of DNA-1, were transcriptionally active. Two regions of homology have been
identified between all six BBTV components: (i) a 69 nucleotide (nt) stem-loop
common region (CR-SL) which comprises the potential stem-loop and has at least
62% homology between components and (ii) a major common region (CR-M),
a 66-92 nt region located 5′ of the CR-SL with at least 76% homology between
components [4]. The major gene of DNA-1 encodes a replication initiation protein
(Rep) [6] while DNA-3 encodes the viral coat protein [18]. The presence of
an LXCXE motif in the predicted gene product of BBTV DNA-5 suggests it
may function as a retinoblastoma binding-like protein [19] while BBTV DNA-4
and 6 appear to encode proteins involved in cell-to-cell movement and nuclear
shuttling, respectively [19]. No putative function has been determined for BBTV
DNA-2.

BBTV DNA-1 has been identified in all BBTV isolates tested [8]. Further,
Karan et al. [8, 10] and Wanitchakorn et al. [20] demonstrated that there are
two groups of BBTV isolates based on sequence comparisons of DNA-1, 3 and
6. The South Pacific group comprises isolates from Australia, Burundi, Egypt,
Fiji, India, Tonga and Western Samoa while the Asian group comprises iso-
lates from the Philippines, Taiwan and Vietnam. Importantly, BBTV DNA-1 to
6 have been confirmed in all isolates tested from both the South Pacific and
Asian groups, implying that all six DNAs are integral components of the BBTV
genome [10].

Three additional cssDNAs have been associated with BBTV in Taiwan [21,
22]. These components, designated here as BBTV DNA-Y [22], BBTV-W1 and
-W2 [21], are all approximately 1 kb and contain a putative stem-loop structure
with a nonanucleotide loop sequence almost identical to that found in BBTV
DNA-1 to 6. Unlike BBTV DNA-1 to 6, however, the CR-SL and CR-M of
BBTV DNA-Y, W1 and W2 are not conserved, while the TATA box is located
5′ of the stem-loop [4, 7, 21, 22]. Two components, BBTV-W1 and W2, each
contain a major open reading frame (ORF) which appears to encode a Rep based
on the presence of a GXGKT/S motif, while BBTV DNA-Y contains two small
ORFs of unknown function [21, 22]. Interestingly, the potential Reps of BBTV-
W1 and W2 share 50.3% and 52.9% sequence similarity to BBTV DNA-1 at the
nucleotide level [21], respectively, indicating that they are not variants of the Rep
encoded by BBTV DNA-1 but represent distinct Reps. This is further supported
by the absence, in BBTV-W1 and W2, of the small internal ORF present in BBTV
DNA-1 [2, 22].

In this paper, we report the isolation and characterisation of two new puta-
tive Rep-encoding components associated with Taiwanese BBTV isolates and
the detection of these components in some, but not all, geographical isolates
of BBTV.
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Materials and methods

Virus isolates

BBTV-infected tissue was obtained from Australia, Egypt, Fiji, Hawaii, India, Samoa, Tonga,
the Philippines, Taiwan and Vietnam. Tissue was used immediately or stored at−80◦C.

Total nucleic acid extraction

For PCR, banana midrib tissue was ground to a fine powder in liquid nitrogen. Approximately
0.2 g of powder was suspended in 500ml 1% SDS and extracted with phenol/chloroform
(1:1). The aqueous phase was collected and nucleic acid precipitated with 100% ethanol,
washed with 70% ethanol and resuspended in 50ml of water. For Southern hybridisation,
total nucleic acid was extracted from up to 5 g of banana tissue by grinding to a fine powder
in liquid nitrogen and emulsifying in 10 ml of extraction buffer (100 mM Tris-HCl, pH 8.0,
25 mM EDTA, 1% SDS, 0.2% 2-mercaptoethanol) and 10 ml of phenol:chloroform (1:1).
After centrifugation, the aqueous phase was retained and extracted with an equal volume
of chloroform. Nucleic acids were precipitated, washed in 70% ethanol and resuspended in
600ml of TE buffer, pH 8.0.

DNA amplification and cloning

PCR primers were derived from the sequence of BBTV DNA-Y [22] and from the sequence
of clones characterised in this study. PCR mixes comprised 20 pmoles of each primer, 10 mM
Tris-HCl pH 8.3, 5 mM KCl, 1.5 mM MgCl2, 200mM dNTPs, 0.5 to 1.25 U Taq polymerase
and 1ml of total nucleic acid extract (diluted 1/100 to 1/1000 in water). PCR mixes were
denatured at 94◦C for 4 min followed by 30 cycles of 94◦C for 1 min, 42–52◦C for 1 min
and 72◦C for 2 min followed by 1 cycle of 72◦C for 10 min. PCR amplified products were
cloned into pGEM-T (Promega) as previously described [12].

Sequence analysis

Clones were sequenced with an Applied Biosystems 373A DNA Sequencer. DNA templates
were prepared as recommended by the manufacturer’s protocol and primers used for sequenc-
ing were either universal sequencing primers (US Biochemical) or primers designed from
cloned DNA. Sequences used for nucleotide and amino acid comparisons were obtained
from GenBank through the Australian National Genomic Information Service (ANGIS).
Programs within the English Genetic Computer Group (EGCG) included MAP, TRANS-
LATE for nucleotide sequence translation and DISTANCES to determine nucleotide and
amino acid pairwise percentage similarities. Programs with the Phylogeny Inference Pack-
age (PHYLIP) were used for phylogenetic inference using amino acid alignments created
in PILEUP (EGCG). ESEQBOOT was used to create one hundred bootstraps and the ro-
bustness of the tree was assessed using EPROTPARS and the consensus tree drawn using
ECONSENSE and PHYLIP2TREE in Evolutionary Analysis programs of Web ANGIS GCG.

Southern blotting and hybridisation

Nucleic acids were electrophoresed in 1.5% agarose gels in TAE buffer, pH 7.8 [14] and
stained with ethidium bromide. Prior to transfer, gels were denatured for 30 min in 0.5 M
NaOH, 1.5 M NaCl followed by neutralisation for 30 min in 1 M Tris-HCl, pH 8.0, 1.5 M
NaCl. Nucleic acids were transferred to positively charged nylon membranes (Roche) us-
ing capillary transfer [16]. Membranes were baked at 80◦C for 2 h then washed in 2×SSC.
Hybridisation probes to detect BBTV DNA-1, 3 and S1 were amplified using primers de-
signed from sequences of the complete ORF of BBTV DNA-1, 3 (Australia) and S1 (Taiwan),
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and were labelled using DIG-11-dUTP (9:1) (Roche). Membranes were prehybridised, hy-
bridised, washed under high stringency conditions and developed as recommended by the
manufacturer (Roche).

Nucleotide sequence data

Nucleotide sequences for BBTV-S1 and S2 have been deposited with GenBank, accession
numbers: AF216221 and AF216222. The GenBank accession numbers of sequences used
for phylogenetic analyses were AR010225 (BBTV-1A), AR010233 (BBTV-1T), U02312
(BBTV DNA-Y), L32166 (BBTV-W1), L32167 (BBTV-W2); X80879, Y11405, AJ005964
and AJ005966 for FBNYV DNA-1, 2, 3 and 9, respectively; AB000920, AB000921,
AB000922 and AB009047 for MDV DNA-1, 2, 3 and 10, respectively; U16731 and U16736
for SCSV DNA-2 and 6, respectively, and M29963 (CFDV).

Results

Amplification of additional Rep-encoding DNAs from BBTV isolates

Two primers, SF1 (5′ GATGATCGAAGCATCATCTGGG 3′, nt 554-575) and
SR1 (5′ GGGTTCCTCGTCAATTGCCT 3′, nt 553-534), were designed from
the sequence of BBTV DNA-Y [22] such that the primers were immediately ad-
jacent and reversed in orientation and would amplify a full-length copy of BBTV
DNA-Y. These primers were used in PCR with nucleic acid extracts from BBTV-
infected bananas collected from Taiwan, Australia, Fiji, Tonga, Burundi, Western
Samoa, India, the Philippines and Vietnam. A product was only amplified from
the Taiwanese extract. This product of approximately 1 kbp was cloned and two
clones (BBTV S1-a and BBTV S1-b) were fully sequenced. The clones con-
tained inserts of 1109 nt and 1108 nt, respectively, and there were 8 nt differences
between the two.

Two additional primers, SF3 (5′ GAAGACTTTCTCGCTCT 3′, nt 117-133)
and SR2 (5′ TC GCTCAGCTGGGGAGG 3′, nt 116-100), were designed from
the sequences of BBTV S1-a and S1-b. These primers were also adjacent and
reversed in orientation such that amplification would result in full-length dsDNA
copies of BBTV DNA-Y, BBTV S1-a and S1-b. Using these primers with the
Taiwanese extract as template, a 1 kbp product was amplified and cloned. The
sequence of one clone, BBTV S1-c, was very similar to BBTV S1-a and S1-
b with only 13 nt differences between the three clones. A consensus sequence
(1109 nt) was derived from the three clones and designated BBTV-S1 (Fig. 1a).
At the nucleotide level, BBTV-S1 shared only 77% sequence homology with
BBTV DNA-Y [22] and 40% sequence homology with BBTV DNA-1 from Aus-
tralia [7]. However, sequence analysis of a second clone, BBTV S2-a, revealed
approximately 64% similarity with BBTV-S1, 59% similarity to BBTV DNA-
Y and 39% similarity to BBTV DNA-1 (Australia) over the entire nucleotide
sequence. To verify the presence and sequence of BBTV S2-a, two degener-
ate primers, TF1 (5′ TTCSMRKGCTCACTGGGAGA 3′, nt 266-285) and TR1
(5′ TACYTCTTCTTCAATC3′, nt 262-246), were designed from sequences con-
served between BBTV-S1 and S2-a. These primers were 3 nt apart and reversed in
their orientation such that they would prime the amplification of near full-length
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dsDNA copies of both BBTV-S1 and S2-a. Using the Taiwanese extract as tem-
plate, a 1 kbp product was amplified and cloned. Two clones, designated BBTV
S2-b1 and S2-b2, were sequenced. When the sequences were compared to S2-a,
there were only 13 nt differences; a consensus sequence (1095 nt) was derived
from BBTV S2-a, S2-b1 and S2-b2 and was designated BBTV-S2 (Fig. 1b). This
sequence had 64% similarity to BBTV-S1, 59% similarity to BBTV DNA-Y and
39% similarity to BBTV DNA-1 (Australia) over the entire nucleotide sequence.

Comparison of BBTV DNA-1, W1, W2, S1, S2 and DNA-Y

When the sequences of BBTV-S1 and S2 were analysed, each contained one large
ORF which had appropriately located possible TATA boxes and polyadenylation
signals. These ORFs both potentially encoded 33 kDa proteins which appeared
to be Reps based on the presence of dNTP binding motifs, GNEGKS (BBTV-S1)
and GGEGKS (BBTV-S2) (Fig. 1a, 1b) [5]. The published sequence of BBTV
DNA-Y contained two small ORFs (nt 55-360 and nt 392-604) [22] situated
within the same region as the large ORFs of BBTV-S1 and S2. Manipulation of
this sequence at two sites, a deletion at nt 238 (G) and a substitution at position
606 (G-C), created an ORF (nt 55-909) which also potentially encoded a 33 kDa
protein with a dNTP binding motif (GNEGKS). This modified sequence was
designated BBTV-Y1.

The genome organisation of BBTV-S1 and S2 resembled that of BBTV-Y1,
BBTV-W1 and W2 and BBTV DNA-1 (Australia, Taiwan) in that (i) each was a
circular DNA molecule of approximately 1.1 kb, (ii) each potentially encoded a
putative Rep of approximately 33 kDa with appropriately located possible TATA
boxes and polyadenylation signals, (iii) the potential polyadenylation signal of
BBTV DNA-1, S1, S2, Y1, W1, and W2 (AATAAA) was fully conserved and
located 22 nt 5′ of the end of the major ORF (Fig. 1a, 1b) and (iv) each contained a
sequence 5′ of the ORF which was capable of forming a stable stem-loop structure
(Fig. 1a, 1b). Further, the loop sequences were very similar to the highly conserved
nonanucleotide loop sequence of BBTV DNA-1 to 6 (Fig. 2) [4].

However, while there were a number of similarities between BBTV DNA-1
(Australia, Taiwan) and BBTV-S1, S2, Y1, W1 and W2, there were also very
marked differences (Fig. 3). Apart from the loop sequence, the CR-SL (of BBTV
DNA-1 to 6) was not conserved in BBTV-S1, S2, Y1, W1 or W2. Further, although
the CR-M of the Taiwanese BBTV DNA-1 (DNA-1T) had an equivalent in BBTV-
S1 (95% sequence similarity), no equivalent CR-M was present in BBTV-S2, Y1,
W1 or W2. The internal ORF identified in BBTV DNA-1 (Australia, Taiwan) [2,
4, 9] was also not present in the putative Rep-encoding sequences of BBTV-
S1, S2, Y1, W1 or W2. Finally, the probable TATA boxes of BBTV DNA-1 to
6 (TATAA) were all located 3′ of the stem-loop sequence [4, 7] whereas the
probable TATA boxes of BBTV-S1, S2, Y1, W1 and W2 were all located 5′ of the
stem-loop.

When the nucleotide and predicted amino acid sequences of the Rep genes
of BBTV DNA-1 (Australia and Taiwan) were compared with the major ORF
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Fig. 1 (continued)
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Fig. 1. Nucleotide and amino acid sequence of BBTV-S1 (a) and BBTV-S2 (b). Po-
tential stem-loop is underlined, dNTP binding motif is bold and underlined, potential

polyadenylation signal is double underlined and putative TATA box is in bold

sequences of BBTV-S1, S2, Y1, W1 and W2 (Tables 1 and 2), less than 50%
and 36% homology was observed between BBTV DNA-1 (Australia and Tai-
wan) and BBTV-S1, S2, Y1, W1 and W2 at the nucleotide and amino acid lev-
els, respectively. However, between BBTV-S1, S2, Y1, W1 and W2, there was
between 60–97% nucleotide sequence homology and between 61–99% amino
acid identity. These comparisons suggested that BBTV-Y and W1, and BBTV-
S2 and W2, were variants of one another and that BBTV-S1 was a separate
molecule.

Phylogenetic analysis of BBTV-S1 and S2

The relationships between the Reps associated with BBTV and those of other
nanoviruses, including subterranean clover stunt virus (SCSV) [1], faba bean
necrotic yellows virus (FBNYV) [11] and milk vetch dwarf virus (MDV) [15],
were determined by phylogenetic analysis of the Rep sequences (Fig. 4). This
analysis revealed that (i) BBTV DNA-1 from Australia (BBTV-1A) and Taiwan
(BBTV-1T) grouped together and these were closely grouped with FBNYV-2,
(ii) BBTV-Y1/W1 and S2/W2 grouped together, with BBTV-S1 grouped sepa-
rately although more closely to BBTV-Y/W1 and (iii) MDV-10 and FBNYV-7,
SCSV-6 and MDV-3, and SCSV-2 and MDV-2 grouped closely. Further, MDV-1,
FBNYV-9, FBNYV-1 and CFDV grouped separately, with the CFDV Rep being
the most dissimilar of all the Reps analysed. These relationships were confirmed
by amino acid sequence comparisons (Table 3) which showed that BBTV-S1,
S2/W2 and Y1/W1 had higher amino acid identity with the Reps encoded by FB-
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Fig. 2. Stem and loop sequences of BBTV-associated components. Underlined letters
represent conserved nucleotides

NYV (excluding FBNYV-2), SCSV, MDV and CFDV (39.1–55.96% homology)
than with BBTV DNA-1 (<36% homology).

Geographical distribution of BBTV-S1 and S2

To determine whether components equivalent to BBTV-S1 or S2 were present
in other BBTV infections, nucleic acid extracts from BBTV-infected bananas
from both the South Pacific (Australia, Egypt, Fiji, India, Tonga and Samoa) and
Asian (Philippines, Taiwan and Vietnam) groups of isolates were Southern blotted
and hybridised with probes generated from BBTV-S1, BBTV DNA-1 (Australia)
or BBTV DNA-3 (Fig. 5). The sequence similarity between BBTV-S1, S2 and
Y1 indicated that they would probably cross-hybridise and this was verified for
BBTV-S1 and S2 (results not shown). BBTV DNA-1 and BBTV-S1 did not cross-
hybridise, while we have previously shown that probes generated from DNA-1
and 3 of South Pacific BBTV isolates hybridise with their respective components
in the Asian group of isolates [9].

In duplicate Southern blots, BBTV infection was confirmed in all isolates by
hybridisation with probes generated from BBTV DNA-1 and 3 (Fig. 5). Using the
BBTV-S1/S2 probe, hybridisation was only observed with isolates from Tonga
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Fig. 3. Genome organisation of BBTV-associated Reps. BBTV-1A and 1T represent BBTV
DNA-1 from Australia and Taiwan, respectively

Table 1. Nucleotide sequence similarity of potential Reps encoded by BBTV-1A, 1T, BBTV-S1, S2,
Y1, W1 and W2

BBTV-1A BBTV-1T BBTV-S2 BBTV-W2 BBTV-W1 BBTV-Y1 BBTV-S1

BBTV-1A 100.0 90.3 42.9 43.3 47.4 47.7 46.4
BBTV-1T 100.0 43.4 43.6 47.6 48.2 47.0
BBTV-S2 100.0 94.0 60.7 60.6 61.7
BBTV-W2 100.0 70.0 62.8 60.0
BBTV-W1 100.0 96.9 79.1
BBTV-Y1 100.0 79.3
BBTV-S1 100.0
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Table 2. Amino acid sequence similarity of potential Reps encoded by BBTV-1A, 1T, BBTV-S1, S2,
Y1, W1 and W2

BBTV-1A BBTV-1T BBTV-S2 BBTV-W2 BBTV-W1 BBTV-Y1 BBTV-S1

BBTV-1A 100.0 94.4 34.1 34.8 35.4 35.2 35.3
BBTV-1T 100.0 34.1 34.1 35.4 35.2 36.3
BBTV-S2 100.0 92.7 61.4 61.2 64.2
BBTV-W2 100.0 62.8 62.3 61.4
BBTV-W1 100.0 99.0 87.7
BBTV-Y1 100.0 87.3
BBTV-S1 100.0

Fig. 4. Phylogenetic inference of Rep encoding proteins associated with BBTV, FBNYV,
MDV, SCSV and CFDV. Numbers at nodes represent percent bootstrap scores
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(1/1), Samoa (1/2), the Philippines (2/3), Taiwan (1/1) and Vietnam (13/13) al-
though the hybridisation levels with some isolates (Samoa, Vietnam) were some-
times weak. The probe did not hybridise with nucleic acid extracted from any of
the Australian, Egyptian, Fijian and Indian isolates.

Discussion

Six cssDNA components (BBTV DNA-1 to 6) have been consistently associated
with BBTV worldwide in all geographical isolates tested [8, 10] although it has yet
to be confirmed whether these components represent the complete infectious unit
of BBTV. A further three DNA components, DNA-Y, W1 and W2, have also been
associated with Taiwanese BBTV infections. We have now isolated two additional
DNA components associated with BBTV infections, namely BBTV-S1 and S2.
Like BBTV DNA-1, these additional components, with the exception of BBTV-
Y, all potentially encoded Reps. However, it is possible that DNA-Y represents a
variant Rep-encoding sequence since simple manipulation of the sequence creates
a large ORF which potentially encodes a Rep (designated BBTV-Y1). Based on
phylogenetic analysis, BBTV-S2 and W2, and BBTV-Y1 and W1 appeared to be
variants with BBTV-S1 representing a distinct Rep-encoding sequence.

The results presented in this paper provide evidence that these additional
DNA components are not integral to the BBTV genome. Firstly, the additional
components are not present in all BBTV infections; although highly prevalent
in the Asian group of BBTV isolates, they were only detected in two isolates
from the South Pacific group, Tonga and Samoa. Although it is possible that
these additional components, or related sequences, are more widespread in South
Pacific isolates but not detected with the probes used in this study, we believe
this is unlikely as the two groups of isolates differ by approximately 10% at the
nucleotide level (based on BBTV DNA-1 and 6 sequences) [8, 10] and there is
no reason to expect significantly more variability within the BBTV-S1, S2 and
Y1 equivalent sequences between the two groups of isolates. Secondly, integral
components of the BBTV genome would all be expected to share conserved
features including the CR-M, the CR-SL and the location of the probable TATA
boxes. While BBTV DNA-1 to 6 all share these conserved features, BBTV-S1 and
S2 and Y1 do not, with the exception of BBTV-S1 which contained the CR-M of
the Taiwanese BBTV DNA-1. Finally, there is no obvious explanation for BBTV
to encode more than one Rep, since members of theGeminiviridae, the only other
group of ssDNA plant viruses, only encode a single Rep.

There are now three other nanoviruses for which significant sequence data
is available; subterranean clover stunt virus (SCSV) [1], faba bean necrotic yel-
lows virus (FBNYV) [11] and milk vetch dwarf virus (MDV) [15]. For each of
these viruses, several Rep-encoding components have also been identified. Four
potential Rep-encoding components have been associated with FBNYV with
FBNYV DNA-2 considered to encode the “master” Rep because (i) it is the only
FBNYV Rep with the conserved CR-SL, (ii) it is consistently identified in numer-
ous samples tested and (iii) it possesses the ability to initiate self-replication and
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initiate the replication of the other six non-Rep components [17]. This suggestion
is supported by phylogenetic analysis which showed that FBNYV-2 groups more
closely with BBTV DNA-1, which we consider encodes the “master” Rep of
BBTV, than to the other FBNYV Rep-encoding components. Two Rep-encoding
components, SCSV DNA-2 and 6, have been associated with SCSV but we do
not consider these to be the “master” Rep since (i) apart from DNA-2 and 6, all
other components of SCSV share an intergenic region of 95% homology over
107 nt [1], possibly including the equivalent of the BBTV CR-M and (ii) these
components are not found in all infections [1]. The genomes of MDV and CFDV,
a possible nanovirus, also contain three and one Rep-encoding sequence, respec-
tively, none of which we believe to encode the “master” Rep [1, 13, 15]. Recently,
an additional Rep-encoding component, thought to represent the “master” Rep,
has been isolated from SCSV and MDV infections [17], but the sequences of
these components are not yet available for analysis. Interestingly, a comparison
of the amino acid sequences of the nanovirus Reps showed that BBTV-S1, S2 and
Y1 are more closely related to the Reps encoded by CFDV, MDV and FBNYV
(except FBNYV DNA-2) than they are to the “master” Rep encoded by BBTV
DNA-1.

Based on their limited geographical distribution and different genome organi-
sation, we propose that BBTV-S1 and S2 (and Y1, W1 and W2) are non-essential
Rep-encoding components of the BBTV genome. Although it is possible that
these components are associated with another nanovirus, considering that simi-
lar DNA components have been isolated from three other nanoviruses (FBNYV,
MDV and SCSV) would suggest that these additional Rep-encoding components
are a characteristic of nanovirus genomes.
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