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Abstract 

Embryogenic cell suspensions (ECS) initiated from immature male flowers of 
banana cultivar ‘Dwarf Brazilian’ (AAB, Pome subgroup) were transformed using 
Agrobacterium tumefaciens containing one of four constructs derived from the 
replicase-associated protein (Rep) gene of the Hawaiian isolate of Banana bunchy top 
virus (BBTV). Each construct was engineered under control of a double CaMV 35S 
promoter and the AMV enchancer sequence in the binary plasmid pBI121. 
Constructs were transferred into A. tumefaciens strain AGL0 and used to transform 
banana ECS. Plantlets that survived antibiotic selection were acclimated to 
greenhouse conditions and challenged with viruliferous banana aphids (Pentalonia 
nigronervosa). Ten adult or late instar aphids were allowed to feed for 2-4 weeks on 
test plants. All test plants were kept in the greenhouse and monitored for symptom 
expression for a period of 6 months. Control plants transformed with empty vector 
pBI121 only were included in all tests. A total of 270 test plants and 63 control plants 
were screened for BBTV resistance using this approach. One of 32 test plants 
transformed with the M1 (mutant Rep gene) construct, 5 of 74 test plants 
transformed with the AS1 (antisense Rep gene) construct, 5 of 38 test plants 
transformed with the PR1 (partial Rep gene) construct, and 10 of 126 test plants 
transformed with the R/PR1 (full-length Rep gene fused to antisepses partial Rep 
gene) construct were found to be resistant to BBTV challenge and showed no bunchy 
top symptoms. All of the control plants became infected with BBTV under these 
experimental conditions. Plants that survived BBTV challenge were analysed by 
quantitative PCR (per) and Southern hybridisations to determine the number of 
transgenes that were present in their genomes. Results from these analyses indicated 
that the resistant plants contained from 2 to more than 9 copies of the NPTII 
(kanamycin resistance) transgene carried on the pBI121 plasmid.  

 
INTRODUCTION  

Banana bunchy top, caused by the Banana bunchy top virus (BBTV), is the most 
serious viral disease of banana worldwide. BBTV is the type member of the Babuvirus 
genus in the family Nanoviridae and is a single-stranded (+) sense DNA virus with at 
least six genomic components that are each packaged in separate virions (Burns et al., 
1995). BBTV is transmitted within plantations by the banana aphid, Pentalonia 
nigronervosa, and also through infected planting material (Magee, 1927). Infected plants 
become chlorotic and stunted. More importantly, plants infected prior to the initiation of 
flowering will not form fruits. Additionally, the virus spreads systemically to all plants in 
the mat resulting in non-productive areas within plantations. Virus incidence may reach 
100%, resulting in total yield loss and abandonment of fields. BBTV was first detected in 
the State of Hawaii on the island of Oahu in 1989 (Ferreira, 1991; Dietzgen and Thomas, 
1991) and has since spread to the Kona area on Hawaii (1995), to Kauai (1997), to Maui 
(2002) and to the Hilo area on Hawaii (2003). Currently, BBTV is the limiting factor for 
banana production on the island of Oahu and has the potential to destroy the banana 
industry in Hawaii. Once BBTV is present in a plantation, it is very difficult to control. 
Control of the aphid vector using insecticides is expensive, has low efficiency and poses 
environmental and health risks. Removal of infected mats is required to limit spread of 
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the virus but requires identification of early symptoms as well as increased labour and 
chemical costs. Reliable, economical and environmentally sound control strategies are 
needed for the efficient control of BBTV in Hawaii. Development of resistant varieties is 
an environmentally sound, economical and effective way to control plant diseases. 
However, BBTV resistance has not been found in any Musa germplasm. Even with 
resistance available in the germplasm, traditional breeding for disease resistance in 
banana is exceptionally difficult since all cultivated varieties are sterile, seedless clones 
that are vegetatively propagated. 

Advances in molecular biology and biotechnology have led to the successful 
development and commercial release in the United States of several virus-resistant crops, 
including papaya resistant to Papaya ringspot virus (Gonsalves, 1998), potato resistant to 
Potato virus Y (Smith et al., 1995) and Potato leafroll virus (Duncan et al., 2002), and a 
squash cultivar resistant to Cucumber mosaic virus, Watermelon mosaic virus-2 and 
Zucchini yellow mosaic virus (Fuchs et al., 1998). All of these viruses have RNA 
genomes, and all plants are resistant due to RNA silencing (also referred to as post-
transcriptional gene silencing) of the transgene. RNA silencing was first reported in plants 
(Napoli et al., 1990) and has been shown to result from the degradation of RNAs with 
sequence homology to the inducer which may be a virus, transgene, transposable element 
or dsRNA (Hamilton and Baulcombe, 1999). Transgenic papaya resistant to the Papaya 
ringspot virus has allowed the Hawaii papaya industry to recover from the severe damage 
caused by the virus (Gonsalves, 1998).  

For viruses with DNA genomes, there are no reports of immunity to virus 
infection using the RNA silencing approach. Pooggin et al. (2003) reported recovery of 
Vigna mungo (blackgram) from Vigna mungo yellow mosaic virus, a bipartite 
geminivirus, after bombarding infected seedlings with a construct designed to express a 
double-stranded RNA that was homologous to the virus promoter sequence. This 
recovery was believed to be due to transcriptional silencing of the virus promoter and not 
RNA silencing. Seemanpillai et al. (2003) also reported transcriptional silencing of a 
geminivirus promoter, which was associated with cytosine hypermethylation. Vanitharani 
et al. (2003) reported reduced accumulation of AC1 mRNA and genomic DNA of African 
cassava mosaic virus, also a bipartite geminivirus, using small interfering RNAs targeted 
against AC1 in Nicotiana tabacum protoplasts. 

A second strategy to generate resistance to viruses with DNA genomes is by 
expressing a mutated or truncated Rep protein. Lucioli et al. (2003) reported resistance to 
homologous and heterologous geminiviruses in plants expressing the N-terminal 210 
amino acids of the Rep gene from Tomato yellow leaf curl Sardinia virus (TYLCSV). 
Resistance to homologous virus was due to inhibition of viral transcription and 
replication, while resistance to the heterologous virus TYLCV was due to interaction 
between the oligomerisation domains of the TYLCSV Rep transgene and the TYLCV 
Rep gene. 

Transformation of banana has been reported by Sagi et al. (1995), May et al. 
(1995), Becker et al. (2000), Ganapathi et al. (2001) and Huang et al. (2007). Researchers 
have used both biolistic and Agrobacterium-mediated methods to transform either 
meristematic regions or embryogenic tissues of banana. The major obstacle to the 
production of transgenic banana has been the regeneration of large numbers of wholly-
transformed plants. We previously published a procedure using secondary embryogenesis 
that allows for the production and regeneration of large numbers of plants initiated from 
single cells which should be wholly transformed (Khalil et al., 2002). We have recently 
generated transgenic banana lines that contain constructs derived from the Replicase-
associated protein (Rep) gene (component 1) of the Hawaiian BBTV isolate and show that 
several of these transgenic lines are resistant to BBTV.  
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MATERIALS AND METHODS  
 
Gene Constructs 

Four constructs were created derived from the BBTV Rep gene (Fig. 1). All 
constructs were created in the vector pBI525 by cloning one of the Rep constructs into the 
multiple cloning site of pBI525. The resulting plasmid, containing one of the Rep gene 
constructs under the control of the double 35S promoter, AMV enhancer and NOS 
terminator from pBI525, were mobilised into the transformation vector pBI121 by 
replacing the 35S promoter, GUS gene, and NOS terminator of pBI121 with the pBI525 
construct. Construct M1 contained the entire Rep ORF with a double point mutation. 
Construct AS1 contained the entire Rep ORF in antisense orientation. Construct PR1 
contained 455 bp of the BBTV Rep ORF including the stem loop conserved region, the 
putative TATA box and 361 bp of the 5-prime end of the Rep coding region, all in 
antisense orientation. Construct R/PR1 contained construct PR1 fused to antisense 
construct of the Rep ORF. 

 
Transformation and Regeneration of Transgenic Banana Lines  

Embryogenic cell suspensions (ECS) initiated from immature male flowers of 
banana cultivar ‘Dwarf Brazilian’ (AAB, Pome subgroup) were established and 
transformed using Agrobacterium tumefaciens (Becker et al., 2000) containing one of 
four constructs derived from the Rep gene of BBTV in binary vector pBI121 (Fig. 1). 
Transformed cell lines were selected on kanamycin (100 µg/ml), induced to form shoots 
and roots, and established in soilless potting mix in the greenhouse. 

 
Polymerase Chain Reaction  

DNA was isolated from lamina of the first fully expanded leaves of banana plants 
using the Plant DNeasy® Mini kit (Qiagen, Inc.) with modifications. All DNAs were 
quantified on a NanoDrop® spectrophometer and adjusted to 10 ng/μl with water. 
Primers designed to amplify a 209-bp fragment of the BBTV Rep gene were synthesised 
and used in polymerase chain reaction (PCR) assays to detect the Rep gene in transgenic 
plants. The sequence of the forward primer is 5’-CCATCAACAATCCCACA-3’ and the 
reverse primer is 5’-ACAGTATGACCGCGCTTCTT-3’. All reaction volumes were 50 
µl and contained: 1X TaqGold® reaction buffer, 1.5 mM MgCl2, 200 µM each dNTP, 
400 µM each primer and 0.2 units TaqGold® polymerase. Cycling conditions were 95°C 
for 10 min; followed by 35 cycles of 95°C for 30 s, 50°C for 30 s, 72°C for 60 s; followed 
by 10 min at 72°C. Ten µl of each reaction was resolved on a 1.5% agarose gel in 1X 
TAE buffer, stained in ethidium bromide and photographed under UV light.  

 
Inoculation of Putative Transgenic Lines with BBTV 

Plants at the 4- to 6-leaves stage were challenged with BBTV-viruliferous aphids 
(P. nigronervosa) reared on BBTV-infected banana plants. Insects were allowed 
inoculation access times of 2-4 weeks, after which they were removed by insecticide 
application. All plants were observed for development of bunchy top symptoms for 6-12 
months in the greenhouse. 

 
Southern Hybridisation  

Plants that showed no symptoms after challenge with BBTV were analysed by 
Southern hybridisation using a DIG-labelled probe to a portion of the NPTII gene. Total 
nucleic acids were isolated from leaf lamina using a modified CTAB procedure. Fresh 
leaf tissues (~200 mg) were collected, ground to a fine powder in liquid nitrogen and 
added to 8 ml CTAB buffer (4% CTAB, 100 mM Tris-Cl, 20 mM EDTA, 1.4 M NaCl, 
1% PVP, 0.1% 2-mercaptoethanol, pH=8.0) and incubated at 65°C for 30 min with 
occasional mixing. This mixture was then emulsified with 8 ml chloroform:isoamyl 
alcohol (24:1) and 5 ml of the aqueous phase recovered by centrifugation. Nucleic acids 
were precipitated with 5 ml ice-cold isopropanol overnight at -20°C, recovered by 
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centrifugation, washed two times with 70% ethanol, dried and resuspended in 500 µl TE. 
Nucleic acids were quantified on a NanoDrop® spectrophotometer, and approximately 10 
µg was digested overnight at 37°C with 120 units EcoR1 restriction endonuclease. No 
EcoR1 sites are predicted to occur in any of the Rep gene constructs used to transform the 
banana. A single EcoR1 site is present in vector pBI121 located between the 3’-terminal 
NOS-terminator and the left border. Following digestion, nucleic acids were recovered by 
precipitation with ethanol and resuspended in 25 µl TE. The entire 25 µl of each sample 
was loaded into wells of a 0.7% agarose gel in 0.5X TBE and electrophoresced in 0.5X 
TBE at <1V/cm for 16 h. Following electrophoresis, gels were stained in ethidium 
bromide and photographed under UV light to estimate loading of each sample. Gels were 
then denatured in 1.5 M NaCl:0.5 M NaOH, neutralised in 1.5 M NaCl:1.0 M Tris-Cl 
pH=7.4 and equilibrated in 10 SSC, before nucleic acids were capillary-transferred to 
positively-charged nylon membranes (Roche, Inc.) in 10 SSC. After transfer, membranes 
were cross-linked with UV light (1200 µjoules). 

Membranes were prehybridised in PerfectHyb Plus® solution (Sigma-Aldrich, 
Inc.) at 68°C and hybridised at 68°C overnight in PerfectHyb Plus® with a probe to the 
NPTII gene of pBI121 DIG-labelled by PCR according to the manufacturer’s protocol. 
Following hybridisation, membranes were washed twice in 2X SSC:0.1% SDS, and twice 
in 0.5X SSC:0.1% SDS before DIG-hybridisation signals were detected according to the 
manufacturer’s protocol (Roche, Inc.). 

 
RESULTS 
 
Establishment of Transgenic Lines 

Two hundred seventy banana lines, each transformed by Agrobacterium 
containing the plasmid pBI121 with one of four constructs of the Rep gene from the 
Hawaiian isolate of BBTV, were generated from ECS cultures of ‘Dwarf Brazilian’ 
(Table 1). All of these lines survived selection on media containing kanamycin. These 
plant lines were established in the greenhouse and challenged by P. nigronervosa that had 
been reared on BBTV-infected banana plants.  

 
Bunchy Top Symptoms in Transgenic Lines Challenged with BBTV 

Of the 270 putatively transgenic banana plants that were established in pots in the 
greenhouse, a total of 21 lines did not develop symptoms 6-12 months after inoculation 
with BBTV. All of the control lines that were transformed with only the empty vector and 
the majority of the transgenic plants developed typical symptoms during this time. 

 
PCR Analyses 

DNA extracted from all of the 21 transgenic lines that were resistant to BBTV and 
banana plants infected with BBTV produced amplicons of the expected size in PCR. No 
amplification products were produced from DNA extracted from healthy banana plants or 
control reactions that contained no DNA (Fig. 2). DNA isolated from the BBTV-resistant 
banana plants did not produce any amplicons in PCR analyses with primers designed to 
amplify BBTV coat protein gene sequences, confirming that these lines were not simply 
tolerant of BBTV infection, but that no BBTV was detectable in these plant lines (data 
not shown).  

 
Southern Analyses 

DNA isolated from the putatively transgenic BBTV-resistant banana plants 
hybridised to the probe prepared from the NPTII gene of vector pBI121. All of the 
resistant lines are independent transformants since each line displayed a unique 
hybridisation pattern. Southern analyses confirmed that transgene integration had 
occurred in these lines and that between 3 and more than 10 copies of the transgene were 
present in these lines. 
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DISCUSSION  
In the current study, we have produced 21 independently transformed ‘Dwarf 

Brazilian’ banana plants using four different constructs of the BBTV Rep gene and have 
shown that these lines are resistant to infection by BBTV. None of the plants that we have 
produced developed any bunchy top symptoms following challenge by viruliferous 
aphids, and no replication of BBTV could be detected in these plants using PCR designed 
to detect the coat protein gene of BBTV. We have shown that these resistant plants 
contain genes from the transformation vector and that these transgenes are not present in 
susceptible wild-type plants. One of the four constructs that we used was a mutated Rep 
gene, another was an antisense construct of the Rep gene, the third was a partial Rep gene 
in antisense orientation and the fourth was a partial Rep gene in tandem with a partial 
antisense Rep gene. Similar constructs of Tomato yellow leaf curl virus (Geminiviridae) 
have proven to be powerful elicitors of field resistance to this virus in transgenic tomato 
plants engineered to contain such sequences (Yang et al., 2004). Importantly, these virus-
resistant transgenic tomato plants did not display any altered horticultural phenotype. 
Potential mechanisms of the resistance in the banana plants that we have produced are 
being examined using Northern blot hybridisation and siRNA analysis. 

The genetically engineered plants that we have produced represent the only 
banana of any cultivar with demonstrable BBTV resistance. Since banana plants are 
exclusively vegetatively propagated, these resistant plants can be used to produce many 
individuals with the same resistance characteristics. Farmers who grow these resistant 
plants will be able to replant their fields in the usual way by transplanting young suckers 
that arise from recently harvested resistant plants. These suckers will also have BBTV 
resistance. The approach that we have developed to produce these plants will be 
applicable to other banana cultivars with other useful horticultural characteristics. The 
BBTV-resistant banana plants will be vegetatively propagated through tissue culture to 
produce a large number of identical plants that will be re-challenged with BBTV and also 
evaluated for field resistance to BBTV. Other horticultural characteristics of these plants 
will also be evaluated in the field. We are currently applying for the necessary permits 
from the United States Environmental Protection Agency and the Hawaii Department of 
Agriculture that will be required before field testing occurs.  
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Tables 
 
 
 
Table 1. Bunchy top symptoms on transgenic banana plant lines after inoculation with 

Banana bunchy top virus. 
 

Symptoms M1 AS1 PR1 R/PR1 pBI121 
Plants that developed bunchy top symptoms 31 69 33 117 63 
Plants that remained symptom free 1 5 5 10 0 
Total number of plants challenged with 
viruliferous aphids 32 74 38 127 63 

Plant lines M1, AS1, PR1, and R/PR1 are as in Fig. 1. Line pBI121 is transformed with empty vector. 
 
 
 

Figures 
 
 
 

BBTV component 1
1110 nt

TATA

SL-CR

MCR

Poly-A

Rep ORF  
NPT II GUS NOS-TNOS-P NOS-T

LBRB

AS1 Rep

35S-35S

PR1 Partial Rep S-L

R/PR1  Rep Partial Rep S-L

M1 Rep

AMV

Construct

S-L  
 

Fig. 1. Constructs used to transform banana embryogenic cell suspensions. Upper panel: 
genome component 1 of BBTV. TATA, tata box; SL-CR, stem-loop conserved 
region; MCR, major conserved region; Poly-A, poly-A tail; Rep ORF, open 
reading frame of Rep gene. Lower panel: binary transformation vector pBI121 
engineered to contain four BBTV Rep constructs by replacement of the GUS 
coding region. M1, complete Rep gene with double-point mutation in sense 
orientation; AS1, complete Rep gene in antisense orientation; PR1, partial Rep 
gene with stem-loop region in antisense orientation; R/PR1, sense orientation of 
complete Rep gene with stem-loop region fused to construct PR1 in antisense 
orientation. Figures not to scale. 
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Fig. 2. The presence of the Rep transgene in putatively transformed banana detected by 
polymerase chain reaction. Lane numbers correspond to transgenic lines. H: DNA 
from healthy banana plant. +: DNA from BBTV-infected banana plant. C: water 
only control. M: molecular weight markers. Approximately 20 ng DNA sample 
was loaded in each lane. 
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Fig. 3. Southern hybridization analysis of transgenic banana lines. Lane numbers 

correspond to transgenic lines. M: molecular weight markers. NT: non-
transformed line. Transgenic lines with constructs as in Fig. 1 are: construct M1, 
line 27; construct AS1, lines 19, 26, 30 and 32; construct PR1, lines 1, 5, 8, 10, 
and 15; construct R/PR1, lines 6, 7, 12, 17, 29, 31, 34, 37, 39, 40, and 43. 
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