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Abstract

Many banana cultivars (Musa spp.) are sterile triploids or diploids, evolving
only via somatic mutation. As a consequence, this crop can lack resistance to pests
and diseases. Numerous disease resistance genes (R-genes) have been characterised
in plants, conferring resistance to bacteria, viruses, fungi and nematodes.
Identification and cloning of R-genes in Musa will provide new opportunities for
genetic improvement. Our group has identified over 50 distinct NBS-LRR-type
resistance gene analogs (RGAs) in the resistant wild diploid Musa acuminata ssp.
burmannicoides ‘Calcutta 4°. Characterisation is ongoing in M. acuminata cultivars
contrasting in resistance to Mycosphaerella leaf spot diseases, focusing on both the
NBS-LRR R-gene family and cytoplasmic receptor-like kinases (RLKSs) with
extracellular LRRs. NBS-LRR class RGA probes applied to ‘Calcutta 4°, ‘Grande
Naine’ (AAA, Cavendish subgroup), and M. balbisiana ‘Pisang Klutuk Wulung’
BAC libraries have revealed many putative resistance loci. Sequence data for such
selected clones will provide insight into organisation and evolution of this R-gene
class in Musa. Candidate gene discovery is also ongoing via analysis of differential
gene expression from infected leaf cDNA during Musa-Mycosphaerella interactions.
Candidate R-genes will be applicable for banana genetic improvement via both plant
transformation and conventional breeding using marker-assisted selection.

INTRODUCTION

Commercial banana cultivars are grown across 130 countries in different tropical
and subtropical environments. Conventional breeding strategies for this crop are however
hindered by the fact that many cultivars are sterile and do not produce seeds. Asexually-
driven evolution via vegetative micropropagation or suckers has consequently resulted in
a restricted genetic base, lacking resistance to pests and disease. The industry has
witnessed numerous pathogen and pest outbreaks as a result. Nonconventional breeding
strategies, such as transformation and marker-assisted selection, offer an alternative
approach for introgression of resistance genes in commercial cultivars. However, given
the current limited number of studies conducted at the molecular level for Musa-pathogen
interactions, only very few banana genes have been isolated and characterised to date.

Gene-for-gene race-specific disease resistance in many plant-pathogen interactions
appears to result from the activation of dominant, allele-specific constitutive disease
resistance (R) gene protein products, or receptors, by dominant allele-specific pathogen
avirulence (Avr) gene products, or elicitors. Such resistance is often associated with rapid,
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localised cell death or the hypersensitive response (HR). Believed to be abundant across
plant species (Michelmore and Meyers, 1998), numerous R-genes from model plants and
crop species have now been characterised (Martin et al., 2003). Despite the broad range of
recognised pathogens, R-genes share significant homologies in amino-acid sequences and
structural protein motifs, suggesting common mechanisms controlling protein-protein
interactions. A number of distinct R-gene structural classes have been identified based
upon conserved protein domains, the most prevalent class of which encode proteins with
cytoplasmic nucleotide binding (NBS) and leucine-rich repeat (LRR) domains. Other
common R-gene classes include extracellular LRRs anchored by transmembrane domains
(receptor-like proteins), extracellular LRRs linked to cytoplasmic serine-threonine kinase
domains, intracellular serine-threonine kinases, and proteins with a coiled-coil domain
anchored to the cell membrane. Given the conservation across R-gene-coding protein
motifs, PCR-based conserved orthologous sequence (COS) marker strategies with
degenerate primers can facilitate isolation of resistance gene analogs (RGAs). Such work
has recently been reported in Musa, with large-scale analyses of NBS-LRR R-gene family
RGA diversity across the genus (e.g. Miller et al., 2008; Mohamad and Heslop-Harrison,
2008).

Expressed sequence tags (ESTs) are sequenced portions of complementary DNA
copies of mRNA, representing part of the transcribed region of the genome under given
conditions. EST characterisation has revealed that model plants such as Arabidopsis can
express hundreds of potential R-genes (Botella et al., 1997). In Musa, however, only a
limited number of such studies have analysed gene expression during host-pathogen
interactions (e.g. van den Berg et al., 2002; Lim et al., 2004).

This study describes ongoing work for candidate resistance gene discovery in the
Musa-Mycosphaerella interaction. Comparative transcriptome analysis is presented for
resistant and susceptible Musa acuminata cultivars, from leaf material in vitro-infected
with Mycosphaerella fijiensis. Continued RGA characterisation is also presented,
targeting two common R-gene structural classes, across M. acuminata clones contrasting
in resistance to black leaf streak disease (BLSD), also known as black Sigatoka.

MATERIALS AND METHODS

RGA Characterisation

Genomic DNA was extracted from M. acuminata ssp. burmannicoides ‘Calcutta
4> and AA cultivar ‘Lidi’ (resistant to BLSD), and AA cultivars ‘Pisang Berlin’ and
‘Niyarma Yik’ (susceptible to BLSD), using a standard CTAB approach (Rogers and
Bendich, 1988).

Degenerate primers were designed according to Miller et al. (2008), via a selection
of monocot-specific Genbank-derived sequences containing characteristic R-gene class
conserved domains. Protein sequences were aligned using the program MUSCLE (Edgar,
2004), and subgroups identified using CLUSS (Abdellali et al., 2007). Degenerate
primers were designed using CODEHOP (Rose et al., 1998), targeting R-gene
cytoplasmic serine-threonine (Ser/Thr) receptor-like protein kinases (RLKs) with
extracellular LRRs.

Together with primers previously designed for NBS-LRR RGAs (Penuela et al.,
2002; Bertioli et al., 2003; Miller et al., 2008), PCR products were amplified, purified
using a Qiagen QIAquick PCR purification kit, cloned using pGEM-T-Easy, DH5a
Escherichia coli cells transformed by electroporation, and plasmid DNA extracted by a



standard alkaline-lysis procedure. Single-pass sequencing of clones was conducted on an
ABI 377 sequencer. Sequences were cleaned of vectors using the Staden package (Staden,
1996), and contig assembly performed using CAP3 (Huang & Madan, 1999). RGAs were
identified on the basis of sequence similarity via the program BLAST (Altschul et al.,
1997), together with protein domain analysis using the program GENEWISE (Birney et
al., 2004).

Transcriptome Analysis

Analysis of differential gene expression was conducted on contrasting ‘Calcutta 4’
and AAA Cavendish-type ‘Grande Naine’ leaf material inoculated in vitro with M.
fijiensis. Unidirectional 5 sequencing was conducted on approximately 7700 randomly
selected clones per library, with data deposited in the Musa genome database DataMusa
(http://genoma.embrapa.br/musa/index.html/DATA_musa.html). Following EST
processing for sequence assembly and annotation, differential gene expression between
the contrasting cultivars was analysed using three statistical tests to provide P-values for
the null hypothesis that there is no differential expression based upon counts between the
two libraries, namely Stekel test (Stekel et al., 2000), Fisher exact test and Audic-Claverie
test (Claverie, 1999). A computational search for simple sequence repeats (SSRs) was
performed on EST consensi using the program mreps (Kolparov et al., 2003).

RESULTS AND DISCUSSION

RGA Characterisation

A total of 756 novel sequences with significant sequence similarity to RGAs were
amplified across the genotypes contrasting in resistance to BLSD. Primers targeting NBS-
LRR R-genes generated 194 sequences with similarity to RGAs from this class (Table 1).
Clustered into 31 distinct contigs, a total of 19 displayed best Blast hits with members of
the genus Musa. The overall percentage of clones displaying similarity to NBS-LRR
RGAs varied between the three primer combinations, with greater numbers observed
using primer combinations exclusively targeting NBS motifs, rather than a combination
spanning NBS and LRR motifs. Differentiation of RGA contigs on the basis of genotype
origin was not observed, with positive contig-member clones originating from both
BLSD-resistant and -susceptible genotypes. Sequence similarity analysis of amplification
products generated using degenerate primers for protein-kinase R-genes (RLKs) identified
562 sequences with significant similarity to R-gene and RGA sequences for this class
(Table 2). Out of a total of 66 contigs, 26 showed best Blast hits to Musa protein kinase-
like proteins. High percentages of sequenced clones displaying similarity to this R-gene
class were observed across all primer combination products tested. As with NBS-LRR
targeting primers, no differentiation of protein-kinase RGA contigs could be made on the
basis of genotype and resistance to BLSD.

Analysis of RGA-containing BAC clones

Using two NBS-LRR RGA probes, a total of 86 unique NBS-LRR class RGA-
containing BAC clones have been identified to date across BAC libraries representing the
‘Calcutta 4° and ‘Grande Naine’ genomes, together with the Musa balbisiana ‘Pisang
Klutuk Wulung’ genome (Miller et al., 2008). Clustering of multi-copy R-genes together
with RGAs is commonly observed across plant genomes. Our work also reflected this
observation, with multiple copies frequent in positive BACs. Considered to be a result of



tandem duplications of paralogs (Meyers et al., 2003), within such clusters different R-
genes have been hypothesised to confer resistance to different strains of a pathogen or to
diverse pathogens (van der Vossen et al., 2000). Such clustered RGAs may also facilitate
genetic variation for evolution of new R-genes (Michelmore and Meyers, 1998). In
relation to R-gene cloning, although BAC clone isolation is facilitated by the presence of
multiple RGAs at an R-gene locus, distinction between a candidate R-gene and non-
functional sequences is complex, with implications in terms of specific genetic marker
development and R-gene mapping (Xiao et al., 2007).

Given that 33 contiguous Musa NBS-LRR RGAs were identified in our first study
(Miller et al., 2008), with further NBS-LRR and RLKs characterised in this current work,
continued application in BAC identification will provide a useful approach for general
identification and characterisation of putative resistance loci across Musa genomes.

Transcriptome Analysis

To better understand the molecular basis of the resistance and defence response
against the BLSD pathogen, an EST approach was used to identify genes differentially
expressed during infection stages in ‘Calcutta 4’ and ‘Grande Naine’ contrasting in
resistance. In-silico analysis revealed statistically significant differential expression in
220 genes. Amongst these, a total of 24 genes were identified as related to resistance or
defence, including type-3 metallothioneins, germin-like proteins, ferredoxin and
glutathione S-transferase, pathogenesis-related proteins, thioredoxin, glycolate oxidase,
putative ethylene-responsive small GTP-binding protein, superoxide dismutase (SOD),
putative stress enhanced protein, and an auxin-repressed protein-like protein (arpl).

Next Generation Sequencing approaches are ongoing to increase the resolution of
differential gene expression analysis in this host-pathogen interaction and to enable large-
scale genetic marker development.

Confirming Function of Candidate Genes and Prospects for Durable Resistance

Disease-resistance genes in plants share significant homologies in amino-acid
sequences and structural motifs, suggesting common protein-protein interactions as
components of receptor systems and common roles in signal transduction signalling
events in plant defence systems. Although numerous R-genes and RGAs have now been
cloned, determination of activity and specificity against a given pathogen remains a
bottleneck for development of durable resistance in important crop species (Michelmore,
2003). Recent advances, however, in map-based cloning approaches that involve RGA
mapping and BAC sequencing, indicate that together with optimisation of transformation
protocols, transfer of R-gene candidates to elite cultivars is now becoming an available
technology to complement breeding programmes.

Gene Pyramids

Crop monocultures with single R-genes typically provide strong selection pressure
for mutation of corresponding Avr genes, where a single loss-of-function mutation results
in only ephemeral interactions of R-genes with Avr elicitors, with subsequent loss of
resistance in the plant (Pink, 2002). Such mutation in Avr genes is likely to occur with no
fitness cost incurred in the pathogen because single Avr genes probably make small
contributions to virulence individually. Incorporation of numerous R-genes (or pyramids)
into plant cultivars is likely to result in a more durable resistance, as mutation in multiple
Avr genes would likely result in a cumulative negative effect on pathogen virulence



(McDowell and Woffenden, 2003). Success of such an approach has been observed in
rice, with the introduction of four R-genes conferring resistance to Xanthomonas oryzae
pv. oryzae (Li et al., 2001). However, suitable promoters are critical, as ectopic
expression of pyramids of R-genes has been reported to activate defence in the absence of
pathogen elicitors, which can reduce fitness and ultimately crop yield (Mindrinos et al.,
1994). Planting of multiple plant lines, each with a different R-gene, as well as
simultaneous limited planting of a susceptible line, can also reduce selection pressure for
Avr gene mutation (Mundt, 2002).

Restricted Taxonomic Functionality

In any attempt to utilise R-genes between distant plant taxa, restricted taxonomic
functionality (RTF) must be considered (Tai et al., 1999). Altered or loss of function of a
particular gene when expressed in a different plant host can occur (e.g. Tai et al., 1999),
perhaps reflecting inabilities in interaction with signal transduction mechanisms present
in each host. If we consider the guard hypothesis for R-protein and Avr protein
interactions, RTF may reflect absence or incompatible guardee proteins. As our
understanding of signalling mechanisms in resistance and defence response components
continues to be broadened, such incompatibility may be overcome.

CONCLUSIONS

Candidate resistance and defence gene discovery is ongoing via transcriptome
analysis during Musa-Mycosphaerella interactions, COS marker approaches for RGA
discovery, and whole BAC shotgun sequencing. In addition to increasing our
understanding of the molecular processes involved in disease resistance in Musa,
candidate genes offer potential for the development of effective disease management
based upon genetic improvement via both plant transformation and conventional breeding
using marker-assisted selection.
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Tables

Table 1. Primer combinations, target motifs and NBS-LRR RGA isolation in Musa acuminata.

Degenerate Primer Target conserved Target Total number of Total Total number Total number
Combinations motifs Domains insert-containing number  of contigs with  and percentage
plasmids-producing of contigs homology to R- of sequences with
high-quality genes or RGAs  homology to R-
sequences genes or RGAs
1. PIB- RNBSD P-loop and RNBS- TIR and non- 92 11 6 83 (90.2%)
D non-TIR TIR NBS
2. 1F-P3B P-loop and GLPL  non-TIR NBS 109 32 9 53 (48.6%)
3. 3F2-13R1 Kinase 2 and LRR  non-TIR NBS- 213 41 16 58 (27.2%)
LRR

Table 2. Primer combinations, target motifs and protein-kinase RGA isolation in Musa acuminata.

Degenerate Primer Combinations Target Total number of Total Total number Total number
Domains insert-containing number  of contigs with  and percentage
plasmids-producing of contigs homology to R- of sequences with
high-quality genes or RGAs  homology to R-
sequences genes or RGAs
RLK S1 K F-RLK S1 ID R Protein kinase 184 27 16 137 (74.5%)
and inter-domain
RLK S3 K F-RLK S3 ID R Protein kinase 178 41 19 119 (66.9%)
and inter-domain
RLK S4 K1 F-RLK S4 ID R Protein kinase 140 17 6 124 (88.6%)
and inter-domain
RLK S4 K2 F-RLK S4 ID2 R (Ia) Protein kinase 150 37 19 125 (83.3%)
and inter-domain
RLK S4 K2 F-RLK S4 ID2 R (Ib) Protein kinase 100 16 6 57 (57.0%)

and inter-domain






