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ABSTRACT. Commercial banana varieties are highly susceptible to 
fungal pathogens, as well as bacterial pathogens, nematodes, viruses, 
and insect pests. The largest known family of plant resistance genes 
encodes proteins with nucleotide-binding site (NBS) and C-terminal 
leucine-rich repeat (LRR) domains. Conserved motifs in such genes in 
diverse plant species offer a means for the isolation of candidate genes 
in banana that may be involved in plant defense. Six degenerate PCR 
primers were designed to target NBS and additional domains were tested 
on commercial banana species Musa acuminata subsp malaccensis and 
the Musa AAB Group propagated in vitro and plants maintained in a 
greenhouse. Total DNA was isolated by a modified CTAB extraction 
technique. Four resistance gene analogs were amplified and deposited 
in GenBank and assigned numbers HQ199833-HQ199836. The pre-
dicted amino acid sequences compared to the amino acid sequences of 
known resistance genes (MRGL1, MRGL2, MRGL3, and MRGL4) re-
vealed significant sequence similarity. The presence of consensus do-
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mains, namely kinase-1a, kinase-2 and hydrophobic domain, provided 
evidence that the cloned sequences belong to the typical non-Toll/in-
terleukin-1 receptor-like domain NBS-LRR gene family.
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INTRODUCTION

Banana is one of the most important fruit crops in the world. This fruit constitutes 
a major staple food for millions of people in developing countries, and it is also considered 
the highest selling fruit in the world market, making this crop a very important export com-
modity for the producing countries (Jones, 2000; FAO, 2005). At the present time, one of 
the most significant constraints of banana production that causes significant economic losses 
are numerous environmental challenges, particularly with fungal and bacterial pathogens as 
well as pests and abiotic stresses (Agrios, 1997; Carlier et al., 2000; Marín et al., 2003). This 
situation is exacerbated by the limited diversity of cultivars. Moreover, traditional breeding 
strategies are problematic due to a low female fertility, sterility, ploidy, and poor seed set. As 
a result, classical genetics is difficult and limited, as well as being extremely time-consuming. 
Taken together, the difficulty in conventional breeding, limited genetic diversity and poorly 
controlled diseases all point to the necessity of developing alternative strategies for banana 
improvement. With the development of an efficient banana transformation system, molecular 
breeding appears to be the most promising strategy to generate disease-resistant banana. The 
challenge lies with identifying, isolating and characterizing genes that confer the desired dis-
ease resistance traits.

Up to now, more than 50 resistance (R) genes have been cloned and characterized 
from both mono- and dicotyledonous plants through map-based cloning, transposon tagging 
and genome homologous analysis (Joshi et al., 2010). Although these R genes were isolated 
from different plants or through resistance to different pathogens, their encoding amino acid 
sequences have a high degree of similarity. According to the amino acid sequences of the 
cloned R genes, they can be divided into the following four classes: Class 1 encodes cytoplas-
mic receptor-like proteins that contain a leucine-rich repeat (LRR) domain and a nucleotide-
binding site (NBS). This class is the largest R gene class, such as Xa1 (Yoshimura et al., 
1998), Pib (Wang et al., 1999), RPM1 (Grant et al., 1995), L6 (Lawrence et al., 1995), Prf 
(Salmeron et al., 1996), RPS2 (Bent et al., 1994), N (Whitham et al., 1994), Bs2 (Tai et al., 
1999), M (Anderson, 1997), Dm3 (Thevissen et al., 2000), and I2C-1 (Ori et al., 1997). Class 
2 encodes putative transmembrane receptors with an LRR domain, including cf2 (Dixon et 
al., 1996), cf9 (Jones et al., 1994) and the HS1 gene (Yamanashi et al., 1993). Class 3 encodes 
a serine-threonine kinase domain (Martín et al., 1993). Class 4, including Xa2 (Song et al., 
1995) and Lr10 (Feuillet et al., 1997), encodes putative transmembrane receptors with a large 
extracytoplasmic LRR domain and an intracellular serine-threonine kinase domain. With the 
increase in R gene sequences in the database, homologous analysis has become a new strategy 
to unravel R genes (Michelmore, 2000). Although the overall sequence homology among dif-
ferent R genes is poor, short stretches of peptide sequences such as kinase-1a (MGGVGKTT) 
and domain 2 (GLPLAL) in the NBS-LRR class are highly conserved. Using the conserved 
motifs in the NBS-LRR class of R genes to design degenerate primers for amplifying similar 
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sequence fragments may facilitate positional cloning of new functional R genes (Aarts et al., 
1998; Xie et al., 1998; Leister et al., 1999; Wang et al., 1999). In Musa, progress in resistance 
gene analog (RGA) characterization has been recently made, and there are only about 10 
NBS-LRR disease resistance-like protein sequences currently deposited in GenBank. Most 
of them are non-TIR (Toll/interleukin-1 receptor-like domain) NBS-LRR genes, amplified in 
Gongjiao, Xinyiyejiao, Zhongshandajiao, Fenjiao, and Williams (Pei et al., 2007). In other 
groups, R genes include cf orthologs amplified in landrace Zebrina GF (Wiame et al., 2000), 
pto family RGAs amplified in M. acuminata (Peraza-Echeverria et al., 2007) and M. ornate, 
M. schizocarpa, M. textilis, and M. velutina (Robert et al., 2008).

Given that R gene sequences so far studied represent only a small fraction of all re-
sistance genes in Musa, the objectives of this study were to identify NBS-LRR RGAs and to 
explore their diversity in Musa. We used degenerate oligonucleotide primers based on NBS 
and LRR domains of resistance genes, and obtained new RGAs from Musa by PCR amplifica-
tion, as well as studying the sequences and diversity of the NBS-LRR class of RGAs obtained 
from Musa by comparison with known resistance gene sequences.

MATERIAL AND METHODS

Plant material and DNA extraction

Musa acuminata subsp malaccensis and the Musa AAB Group were propagated in 
vitro and plants maintained in a greenhouse.

Total DNA was isolated by a modified cetyl-trimethyl ammonium bromide (CTAB) 
extraction technique. Approximately 0.2 g fresh leaf tissue was ground in liquid nitrogen and 
added to 700 μL extraction buffer (2% CTAB, 100 mM Tris-HCl, 20 mM EDTA, 1.4 M NaCl, 
0.2% β-mercaptoethanol, pH 8) and incubated at 60°C for 30 min. The aqueous solution was 
extracted with 600 μL chloroform:isoamyl alcohol (24:1) and centrifuged for 20 min at 12,000 
rpm. The extraction was repeated and 1 mL 96% cold ethanol was added to the aqueous phase 
and left at -20°C for 20 min to precipitate the nucleic acid. The samples were then centrifuged 
for 10 min at 12,000 rpm. The precipitated nucleic acid was washed with 1 mL 70% ethanol, 
left to air dry, rehydrated in 100 μL TE buffer and digested with 1 μL RNase (10 mg/mL; 
Fermentas, Germany) for 45 min at 37°C. The quality of genomic DNA was determined by 
agarose (1%) gel electrophoresis and quantified spectrophotometrically at 260 and 280 nm. 
Each sample was diluted to 50 ng/μL in TE buffer and stored at -20°C.

Degenerate primer sets

Six degenerate primers were designed in this study (Table 1). LF1, LF2 and LR1B 
were designed based on a conserved motif in non-TIR NBS-LRR domain-containing mono-
cotyledon sequences obtained from GenBank. Degenerate primer LR3B targeted the non-TIR 
NBS-LRR protein motif in dicotyledons, designed following the alignment of resistance pro-
teins Arabidopsis thaliana PRS2 (gi:548086) and PRS1 (gi:963017). Primer p-loop/kinase-
la and Not1 targeting non-TIR NBS-LRR R proteins were designed from motifs (Table 1) 
present in several dicotyledonous plant RGAs (A. thaliana, Solanum lycopersicon, Nicotiana 
glutinosa).
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PCR amplification

All reactions were carried out in a final volume of 25 μL containing 5 μL 10X PCR 
buffer, 0.2 mM dNTPs, 1.5 mM MgCl2, 0.5 mM each primer, 1.0 U Taq polymerase, and 1.0 
μL genomic DNA from banana per reaction. The final volume was adjusted to 25 μL with 
sterile Milli-Q water. Amplification was performed in thin-walled PCR tubes.

PCR amplification was performed using a PTC200 DNA thermal cycler (TM Research) 
with modification of the annealing temperature to optimize the reaction mixtures. Samples were 
denatured at 94°C for 5 min and subjected to 35 cycles of 1 min at 94°C, 1 min at 45°C, 1.5 min 
at 72°C, and a final extension step of 10 min at 72°C and eventually stored at 4°C.

Amplicons were electrophoresed on 1.5% agarose gels with 1X TAE buffer at 5 V/cm. 
Band patterns were photographed under UV light (302 nm) after staining with ethidium bro-
mide. The size of amplified fragments was estimated by comparison to DNA marker DL2000 
(Takara, Biotechnology Co. Ltd., Danlian, China).

Cloning of PCR products and sequencing

Following electrophoresis, amplicons of expected size were purified using Advan-
tage PCR-Pure kit (Clontech Laboratories, Inc.). Products were ligated into the pGEM-Teasy 
Vector Systems (Promega) and then transferred into DH-5α competent cells via a standard 
heat shock protocol. Recombinant plasmid clones were selected and manipulated follow-
ing standard protocols (Sambrook and Russell, 2001). We typically sequenced one to three 
clones from each fragment. Sequences were submitted to GenBank with accession numbers 
HQ199833-HQ199836.

Sequencing analysis

Sequences were processed to remove vector and poor-quality sequences using the 
Staden sequence analysis software package (Staden, 1996). Contig assembly was performed 
by manual editing. RGAs were identified on the basis of sequence similarity using the 
BLASTX program (Altschul et al., 1997). Further confirmation was obtained by checking 
for the Pfam NB-ARC domain (van Der Biezen and Jones, 1998), which is a protein domain 
characteristic of plant resistance genes, using the program HMMER (Eddy, 2007). Only intact 
reading frames between the NBS domain kinase 2 and GLPL motifs (a common sequence to 
all generated contigs) were retained. Amino acid sequences from resistance genes from other 
plant species were added to the set of NBS sequences, and cluster analysis was carried out 
using the CLUSTALX package based on the neighbor-joining method (Saitou and Nei, 1987) 
and drawn by TREEVIEW (Page, 1996). The reliability of tree topologies was tested by boot-
strapping 1000 times, with construction of a final majority rule consensus tree.

RESULTS

Degenerate primer design

Public databases at present contain only very limited numbers of Musa RGA sequences. 
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To enrich the fraction of RGA candidates in Musa recoverable by PCR, we designed degener-
ate primers from monocotyledon sequences and targeted NBS and additional domains. We 
began with HMMER-based selection of monocotyledon sequences from GenBank, containing 
a characteristic domain shared by R genes. Following removal of redundant sequences, about 
200 RGA candidates were obtained. Based on this subset, a search for conserved sequence 
motifs was conducted using the MEME program (Bailey and Elkan, 1994). NBS family mo-
tifs were observed across the sequence, as well as novel conserved motifs outside the NBS 
domain. Most of those identified served as candidates for degenerate primer design, with an 
additional constraint imposed, whereby motifs had to be present in at least 25% of sequences.

PCR amplification of targeted RGA fragment

Primer combinations 1-5 targeted conserved amino acid motifs in non-TIR NBS-LRR 
sequences in monocotyledon and dicotyledon plants (Table 1). Combination LF1/LR1B, LF2/
LR3B and p-loop/kinase-la/Not1 did not produce PCR amplification products. By contrast, 
primer combinations LF1/LR3B and LF2/LR1B consistently yielded products of approxi-
mately 650 bp. Four of 12 sequence fragments showed similarity to NBS sequences and were 
named MRGL1, MRGL2, MRGL3, and MRGL4. These fragments are deposited in GenBank 
and their accession numbers are HQ199833-HQ199836.

Degenerate primer  Target motif name/plant origin  Primer sequence (5' to 3')

LF1 (forward) p-loop-GKTT/monocotyledon GGCGGGGTGGGCaaracnacnht
LF2 (forward) Kinase 2/monocotyledon GAGGTACTTCCTGGTGCTGgaygayrtbtgg
LR3B (reverse) GLPL/dicotyledon AIITYIRIIRYIAGIGGIAGICC
LR1B (reverse) LRR/monocotyledon CGGCCAAGTCGTGCAyvakrtcrtgca
p-loop/kinase-la (forward) GVGKTT/dicotyledon GGIGTIGGIAARACIAC
Not1 (reverse) CFLYCALFPED/dicotyledon CYTCIGGRAAIARIGCRCARTAIARRAARC

Degenerate code: I = inosine; R = A/G; Y = C/T; M = A/C; K = G/T; W = A/T; S = C/G; B = C/G/T; D = A/G/T; 
H = A/C/T; V = A/C/G; N = A/C/G/T. LRR = leucine-rich repeat.

Table 1. Degenerate primer sequences and target motifs used for resistance gene analog isolate in Musa.

Most sequences that were not RGAs showed similarity to retroelements. These can con-
stitute a large fraction of the plant genome (SanMiguel et al., 1996) and many R gene loci have 
been reported to contain interspersed transposable elements (Song et al., 1995; Noel et al., 1999).

BLASTp for identical protein sequences

The nucleotide sequences of the cloned fragments were translated into amino acid 
sequences using the ExPASy (Expert Protein Analysis System) Translate Tool and the amino 
acid sequences of RGAs were compared with protein sequences deposited in GenBank using 
the BLASTp algorithm (Table 2). The NBS analog MRGL1 showed 97% identity (E value = 
0.0) with resistance protein gene of M. acuminata subsp malaccensis (GI: EU163981). MRGL2 
showed 96% identity ((E value = 0.0) with resistance gene candidate NBS-LRR protein of 
Musa AAB and Musa ABB Groups, followed by 96% identity (E value = 0.0) with Musa ABB 
Group NBS resistance protein (RGA-I) gene. MRGL3 showed 68% identity (E value = 2e-15) 
with Phaseolus vulgaris NBS-LRR-type putative disease resistance protein gene and 97% 
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identity (E value = 0.0) with M. acuminata subsp malaccensis NBS-type resistance protein 
RGC5. MRGL4 showed 93% (E value = 6e-123) and 67% (E value = 2e-14) with Musa ABB 
Group NBS resistance protein and Elaeis guineensis resistance protein, respectively.

Sequence analysis for conserved motif

The amino acid sequences of RGAs cloned in the present investigation were com-
pared with other known R genes, N, RPS2, RPM1 of A. thaliana in the NBS region using the 
CLUSTALX multiple alignment program (Figure 1). The various motifs of NBS, i.e., kinase-
1a, kinase-2 and kinase-3a, were conserved in the four selected Musa RGAs. The hydrophobic 
region represented by the GLPL domain was also observed in all four RGA sequences. High se-
quence homology of the RGAs with NBS motifs of N, RPS2 and RPM1 clearly establishes that 
the RGAs cloned in the present investigation belong to the NBS-LRR class of R genes. Four 
Musa NBS analogs also have a conserved tryptophan residue at the end of the kinase-2 domain, 
further confirming their similarity to the non-TIR subfamily of the NBS-LRR class of R genes.

Figure 1. Multiple alignment of deduced amino acid sequence of resistance gene analogs with known NBS class 
R genes RPS2 (GenBank accession No. U12860), RPM1 (GenBank accession No. NM_111584) and N (GenBank 
accession No. U15605), using CLUSTALX. Motif identified are given at the top of the panel.

Musa NBS GenBank protein accession showing the highest similarity GenBank ID Amino acid identity (%) E value

MRGL1 Musa acuminata subsp malaccensis resistance protein gene EU163981 97 0.0
MRGL2 Musa AAB Group partial nbs gene for NBS-LRR  AM931335 96 0.0
    disease resistance protein, cultivar Pisang-Mutiara
 Musa ABB Group NBS resistance protein (RGA-I) gene EU855839 96 0.0
 Musa ABB Group partial NBS gene for NBS-LRR  AM931366 68 4e-36
    disease resistance protein, cultivar Pelipita
MRGL3 Phaseolus vulgaris NBS-LRR-type putative disease  EU856772 68 2e-15
    resistance protein CNL-B16 gene
 Musa acuminata subsp malaccensis NBS-type  EU616674 97 0.0
    resistance protein RGC5 (RGC5) mRNA
MRGL4 Musa ABB Group NBS resistance protein (RGA-H) gene,  EU855838 93 6e-123
    partial cds 
 Elaeis guineensis resistance protein (RGA4) AF197924 67 2e-14

E value refers to the number of matches expected by chance. The lower the E value, the greater the similarity is and 
the stronger match is. NBS = nucleotide-binding site; LRR = leucine-rich repeat.

Table 2. Results of the search for similarity between Musa NBS sequences and GenBank accessions carried out 
using the BLASTp algorithm.
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Phylogenetic analysis

Phylogenetic analysis of Musa RGA sequences with already characterized R genes 
was done by constructing a BLOSUM62 average distance tree in the Jalview Java editor 
of CLUSTALX. All four Musa RGA were clustered together with well-characterized non-
TIR-NBS-LRR genes RPS2 (U12860), XA1 (AB002266), RPP8 (AF089710), while the TIR-
NBS-LRR genes N (U15605) and L6 (U27081) were grouped as a separate cluster (Figure 2). 
Another average distance tree was constructed for the RGAs cloned in this study and those 
isolated from other plants. 

Figure 2. Average distance tree using % identity showing relationship of Musa NBS analogs with NBS-LRR class 
of R genes. For abbreviations, see legend to Table 3.

TIR-NBS-LRR
   Arabidopsis thaliana RPP1, At.23854, NM001084768, At.22810, NM105280, At.28151, At.27102, 
    At.30211, Ak229329, At.29667, At.29956, At.31047, RPP5
   Glycine max AF175395, AF175399, AY308656, AF502079
   Helianthus annuus AY154299
   Nicotiana glutinosa N
   Solanum tuberosum AY196151
Non-TIR-NBS-LRR
   Avena sativa AAC31552, AAC31553
   Musa  MRGL1, MRGL2, MRGL3, MRGL4
   Phaseolus vulgaris AAK50042
   Solanum tuberosum Gpa2, ABO93001
   Arabidopsis thaliana AY057522, RPM1, RFL1, RPS2, RPS5, RPP8
   Oryza sativa AK110307, AAL79344, XA1
   Hordeum vulgare AJ507089
   Triticum aestivum Lr1

TIR = Toll/interleukin-1 receptor-like domain; NBS = nucleotide-binding site; LRR = leucine-rich repeat.

Table 3. Distribution of NBS sequences by group based on phylogenetic analysis.
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Figure 3. Phylogenetic tree for plant NBS-LRR-type resistance genes and their homologues based on amino acid 
sequences in the NBS region. This tree was constructed by the neighbor-joining method (Saitou and Nei, 1987) as 
implements in the MEGA 4.1 software. The length of each branch is proportional to the average substitutions per site 
as indicated by the scale. Numbers on the branches represent the percentage of bootstrap replications (1000), which 
support that particular branch point (only number above 50% are shown here). For abbreviations, see legend to Table 3.

Forty-one full- and partial-NBS disease resistance domains were detected in the cur-
rent GenBank database and shown in Table 3. Two major branches designated as TIR-NBS-
LRR and non-TIR-NBS-LRR were revealed. A further significant subdivision can be noticed 
in Figure 3. The internal stability of these two major branches is strongly supported by the 
bootstrapping experiment (99% for the two branches). Branch length between group members 
is generally shorter in non-TIR-NBS-LRR than TIR-NBS-LRR, indicating accelerated diver-
sification in the TIR-NBS-LRR group. MRGL1, MRGL2, MRGL3, and MRGL4 were grouped 
in non-TIR-NBS-LRR (Figure 3).
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DISCUSSION

The PCR approach designed for RGA discovery in monocotyledon species was ef-
fective in Musa. Four cloned RGAs belonged to the non-TIR-NBS-LRR subfamily, with con-
siderable divergence observed at the amino acid level (Figure 3). RGAs could be obtained 
with two primer sets targeting universal non-TIR NBS motifs. A number of factors may have 
contributed to the success rate of the primers. Our design strategy for monocotyledons took 
into account the number of degeneracies, primer length, nucleotide composition, degeneracy 
position within each primer, and prevalence of putative targets in the sequences analyzed. 
Universal primer combinations designed for both TIR and non-TIR NBS motifs in dicot se-
quences were relatively inefficient, with a maximum of 29% of sequences homologous to 
RGAs when amplified with the primer combination (LF2/LR1B). Amplification was most 
efficient using non-TIR targeting primers, where both NBS and LRR domains have only been 
described in plant resistance genes so far. Given that the primer combination (LF2/LR1B) 
produced amplicons from the NBS kinase 2 to a conserved motif within the LRR domain, effi-
ciency in amplification of targets involved in disease resistance is therefore potentially greater. 
We also found that numerous pseudogenes were also co-amplified. These likely arise through 
point mutations, insertions or nucleotide deletions, acting as reservoirs for variation and of-
fering the potential for recombination or gene conversion between R gene alleles or paralogs 
(Michelmore and Meyers, 1998).

Multiple-sequence alignment of the Musa RGAs and known R genes showed sig-
nificant homology to the kinase-1a and hydrophic GLPL motifs of the NBS domain of the 
known genes. All four Musa RGAs were also classified into the non-TIR-NBS-LRR sub-
family of the known genes. The NBS-LRR genes are usually grouped into two different 
subfamilies (Meyers et al., 1999; Pan et al., 2000): subfamily I contains the TIR element and 
has been found only in dicots, while subfamily II lacks the TIR domain and has been found 
in both dicots and monocots. The partial sequence of the NBS portion is usually sufficient 
to assign a given gene to either subfamily I or II. The last residue of the kinase-2 domain 
can be used to predict with 95% accuracy whether an RGA belongs to the TIR-NBS or to 
the non-TIR-NBS family; conservation of tryptophan (W) at this location is tightly linked 
to non-TIR R genes (RPS2, RPS5 and RPP8 of A. thaliana), whereas conservation of aspar-
tic acid (D) or its uncharged derivative aspartate (N) is characteristic of the TIR class of R 
genes (N and L6) (Meyers et al., 1999; Pan et al., 2000; Jeong et al., 2001; Peñuela et al., 
2002). This clearly supports the hypothesis that Musa has resistance genes of the non-TIR-
NBS-LRR class.

The cluster analysis of the NBS analogs identified their group based on similarity. The 
phylogenetic tree based on neighbor joining using % identity of the deduced amino acid se-
quence of Musa NBS analogs identified their relatedness with other non-TIR-NBS-LRR genes 
RPS2, XA1, while TIR-NBS-LRR genes N and L6 were placed in the other group. Another 
distance tree was made relating the Musa NBS analogs and RGAs from other plants. MRGL1, 
MRGL2, MRGL3, and MRGL4 were grouped to non-TIR-NBS-LRR, in agreement with the 
hypothesis that the TIR subfamily is restricted to dicotyledonous taxa (Pan et al., 2000). The 
existence of the TIR motif has now been reported in the rice genome, albeit in reduced num-
bers (Bai et al., 2002; Meyers et al., 2002). Lack of detection in the Musa monocotyledon 
genome may therefore reflect limitations in PCR amplification.
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