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Abstract

Background: Fusarium wilt, caused by the fungal pathogen Fusarium oxysporum f. sp. cubense tropical race 4 (Foc
TR4), is considered the most lethal disease of Cavendish bananas in the world. The disease can be managed in the
field by planting resistant Cavendish plants generated by somaclonal variation. However, little information is
available on the genetic basis of plant resistance to Foc TR4. To a better understand the defense response of
resistant banana plants to the Fusarium wilt pathogen, the transcriptome profiles in roots of resistant and
susceptible Cavendish banana challenged with Foc TR4 were compared.

Results: RNA-seq analysis generated more than 103 million 90-bp clean pair end (PE) reads, which were assembled
into 88,161 unigenes (mean size =554 bp). Based on sequence similarity searches, 61,706 (69.99%) genes were
identified, among which 21,273 and 50,410 unigenes were assigned to gene ontology (GO) categories and clusters
of orthologous groups (COG), respectively. Searches in the Kyoto Encyclopedia of Genes and Genomes Pathway
database (KEGG) mapped 33,243 (37.71%) unigenes to 119 KEGG pathways. A total of 5,008 genes were assigned to
plant-pathogen interactions, including disease defense and signal transduction. Digital gene expression (DGE)
analysis revealed large differences in the transcriptome profiles of the Foc TR4-resistant somaclonal variant and its
susceptible wild-type. Expression patterns of genes involved in pathogen-associated molecular pattern (PAMP)
recognition, activation of effector-triggered immunity (ETI), ion influx, and biosynthesis of hormones as well as
pathogenesis-related (PR) genes, transcription factors, signaling/regulatory genes, cell wall modification genes and
genes with other functions were analyzed and compared. The results indicated that basal defense mechanisms are
involved in the recognition of PAMPs, and that high levels of defense-related transcripts may contribute to Foc TR4
resistance in banana.

Conclusions: This study generated a substantial amount of banana transcript sequences and compared the
defense responses against Foc TR4 between resistant and susceptible Cavendish bananas. The results contribute to
the identification of candidate genes related to plant resistance in a non-model organism, banana, and help to
improve the current understanding of host-pathogen interactions.
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Background

Banana (including plantain) is the world’s principal fruit
crop, with a production of over 100 million tons annu-
ally (http://faostat.fao.org). However, the crop is threa-
tened by Fusarium wilt, a fungal disease considered to
be one of the most destructive in agricultural history
[1,2]. Fusarium wilt, also known as Panama disease, is
caused by the soil borne fungus, Fusarium oxysporum
f. sp. cubense (Foc) [3]. The pathogen infects banana
roots, colonizes and occludes the xylem vessels, and
causes a reddish-brown discoloration of the rhizome
and pseudostem. Leaves of infected banana plants even-
tually become bright yellow, before they wilt and col-
lapse around the pseudostem [3]. Diseased banana
plants often die before they produce bunches, thereby
reducing yields in affected fields. Once the soil is
infested with Foc, susceptible cultivars cannot be suc-
cessfully replanted for up to 30 years [3].

Fusarium wilt has destroyed many thousands of hec-
tares of bananas in tropical and subtropical countries
[2,3]. Since the 1990s a damaging new variant of Foc, re-
ferred to as Foc tropical race 4 (TR4), has affected Cav-
endish bananas in the tropics of Asia and is considered a
major threat to banana production worldwide [2]. Vari-
ous control approaches have been used to combat or
manage Fusarium wilt of banana. Among them, genetic
resistance is regarded as the most effective and sustain-
able management option [4].

Understanding the complexity of disease resistance
will contribute to the development of bananas that are
resistant to Fusarium wilt. The genome sequence of
banana is, however, largely unknown, as by April 24th,
2012 only about 118,277 banana EST sequences were
released by the Global Musa Genomics Consortium and
deposited in the NCBI databases. The publicly available
DNA data are also not sufficient to explain the molecu-
lar mechanisms underlying resistance to Foc in banana.
Therefore, extensive transcriptomic data are needed to
discover genes related to Foc resistance. Such data
could also serve as a good source for constructing high
density microarrays for further characterization of gene
expression profiles during banana/Foc interaction.

In this study, the transcriptome profiles of resistant
and susceptible Cavendish banana roots infected with
Foc TR4 were compared. Resistance was introduced into
the Cavendish plants through the process of somaclonal
variation [4]. More than 8 billion bases of high-quality
DNA sequences were generated using Illumina technol-
ogy, demonstrating the suitability of short-read sequen-
cing for de novo assembly and annotation of genes
expressed in non-model species without prior genome
information. In the process, 169,950 non-redundant uni-
genes were identified, including hundreds of resistance-
related, signaling, and metabolism genes. Furthermore,
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gene expression profiles of banana roots during different
pathogen infection stages were compared using a digital
gene expression (DGE) system.

Results

Determining the time-points for harvesting the samples
The differences in disease progression between a resist-
ant Cavendish banana mutant ‘Brazilian’ and its suscep-
tible wild-type ‘Nongke No 1’ were monitored after
infection with a GFP-tagged Foc TR4 isolate. Numerous
spores were attached to the roots of ‘Brazilian’ 48 h after
infection (hai), and most of these germinated and devel-
oped into hyphae 96 hai (Figure 1C and D). On ‘Nongke
No 1’ roots, however, only a few fungal spores were
found, and only a small number of these spores germi-
nated at 96 hai (Figure 1A and B). Therefore, two time-
points were selected to investigate the genetic basis
underlying the differential responses of the two cultivars
to infection, namely 48 and 96 hai.

Comparative transcriptome analysis of ‘Brazilian’ and
‘Nongke No 1’

lllumina sequencing

Approximately 51.4 million and 51.9 million 90-bp clean
paired end (PE) reads (Accession No. SRA049253.1)
were generated for ‘Brazilan’ and ‘Nongke No 1] respect-
ively (Table 1). After the reads were assembled into con-
tigs, scaffolds and clusters successively, they were
analyzed for unigenes, of which more than 90,000 were
present in ‘Brazilan’ and more than 100,000 in ‘Nongke
No 1’ (Table 2). After the unigenes were merged for
DGE analysis, 88,161 non-redundant unigenes that par-
tially overlapped were removed (Accession No for B.
JV310321-378292; Accession No for NK. JV378293-
451650). During de novo assembly, small gaps within the
scaffolds containing the least number of unknown
nucleotides (Ns) were filled in, permitting more than
half of the gaps to be filled. The gap distribution for uni-
genes is shown in Figure 2.

Annotation of non-redundant unigenes

Among the 88,161 unigenes, 60,669 (68.82%) proved to
be similar to known protein sequences from Arabidopsis
thaliana, rice, maize, poplar, and Pharbitis nil. Annota-
tion of the 60,669 sequences using Gene Ontology (GO)
and Clusters of Orthologous Group (COG) databases
yielded good results for approximately 45,722 unigenes
and 50,410 putative proteins, respectively (Figure 3;
Table 3).

Annotation of defense genes and pathways

To gain a deeper insight into the molecular biology of
the defense system in banana, defense-related genes were
analyzed. Approximately 5,008 unigenes were found to
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Figure 1 Comparison of the colonization of Fusarium oxysporum f. sp. cubense tropical race 4 on the lateral roots of banana cv
‘Brazilian’ (susceptible wild-type) and cv ‘Nongke No 1’ (resistant mutant). Few chlamydospores attached and germinated on the roots of
cv ‘Nongke No 1" at 48 hai (A) and 96 hai (B), respectively. Significant attachment and germination of spores of chlamydospores on the surface of
the lateral roots of cv ‘Brazilian” at 48 hai (C) and 96 hai (D) respectively; A-D. Scale bar=50 pm.

be homologous to known defense-related genes in other
plants. KEGG analysis revealed that these unigenes were
significantly enriched in various known resistance-
relevant metabolic or signaling pathways (Figure 4; Add-
itional file 1: Table S1), which suggests a considerable
conservation of resistance-relevant genes and pathways
between banana and other plants. These genes and path-
ways are required for both local and systemic acquired
resistance. Thus, the involvement of these unigenes in
metabolic pathways provides a basis for the further iden-
tification of biological functions of candidate genes in the
banana responses.

Digital gene expression profile analysis after Foc
inoculation

Illumina DGE of B, B1 and B2 (from ‘Brazilian’), and NK,
NK1 and NK2 (from ‘Nongke No 1’) parallel sequencing
resulted in 12.40, 12.09, 12.55, 12.50, 11.69 and 11.94
million high quality non-redundant tags (Accession No.
SRA049253.1). Gene annotation by tag mapping analysis

showed that 62.72%, 57.16%, 44.23%, 66.04%, 58.58% and
42.83% of all distinct tags in the six groups could be
mapped to the reference database provided by the 88,161
non-redundant unigenes from the RNA sequence based
transcriptome analysis.

To analyze the global transcriptional changes in ba-
nana infected with Foc TR4, the method described by
Audic et al. [5] was applied to identify differentially
expressed genes from the normalized DGE data by pair-
wise comparisons between the wild-type (‘Brazilian’) and
mutant banana (‘Nongke No 1’) at different time points
after infection. To characterize the functional conse-
quences of gene expression changes associated with in-
fection with Foc in the resistant mutant, pathway
analysis of differentially expressed genes was performed,
based on the KEGG database using the two-side Fisher’s
exact test. Nine metabolic pathways that are related to
immunity were selected for further analysis. The selected
pathways included Perception of PAMPs by Pattern Rec-
ognition Receptors (PRRs), Effector-triggered immunity

Table 1 Output statistics of the transcriptome of ‘Brazilian’ (susceptible wild-type) and cv ‘Nongke No 1’ (resistant
mutant) inoculated with Fusarium oxysporum f. sp. cubense tropical race 4

Samples Total reads Total nucleotides Q20 percentage N percentage GC percentage*
B 51,447,154 4,630,243,860 92.82% 0.01% 52.86%
NK 51,943,226 4,674,890,340 93.12% 0.01% 52.03%

* Total Nucleotides = Total Reads1 x Read1 size + Total Reads2 x Read2 size, Q20 means base quality more than 20, N represents unknown nucleotides.
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Table 2 Output statistics of the Contig, Scaffolds and Unigenes of ‘Brazilian’ and ‘Nongke No 1’ bananas after
inoculation with Fusarium oxysporum f. sp. cubense tropical race 4

Cotigs Scaffolds Unigenes
Items Numbers Size distribution Mean size >100 bp(%) Numbers Mean size >1000 bp(%) Numbers Size distribution Mean size
(bp) (bp) (bp) (bp) (bp)
B 248,719 60 to 4,343 201 62.96 125,471 343 0.66 90,234 200 to 7503 425
NK 255,769 60 to 4,741 213 65.15 137,993 338 6.40 100,624 200 to 7503 414

(ETT), Ion fluxes, Transcription factors (TFs), Oxidative
burst, Pathogenesis-related proteins (PRs), Programmed
cell death (PCD), Plant hormones and Cell wall modifi-
cation (Figure 4). Fifty-two types of differentially
expressed genes with known or implicated functions
were identified (Additional file 2: Table S2). All differen-
tially expressed unigenes are involved in the recognition
of PAMPs, and the high accumulated levels of defense-
related transcripts may contribute to Foc TR4 resistance
in banana (Additional file 2: Table S2; Additional file 3:
Table S3). Transcriptomic comparison of two differen-
tially expressed unigenes between’Brazilian’ and ‘Nongke
No 1’ is shown in Figure 5. Based on the above results, a
schematic illustration of plant defense in Cavendish ba-
nana against Foc TR4 was constructed (Figure 6).

Discussion

In this study, the plant defense response in banana fol-
lowing infection by the Fusarium wilt pathogen, Foc
TR4, was investigated. The expression patterns of patho-
gen triggered immunity (PTI)- and effector triggered im-
munity (ETI)-related genes in response to Foc TR4
infection in the susceptible (wild-type) and resistant (its
mutant) plant were compared using RNA-Seq. PTI con-
stitutes the first layer of the plant defense response that

restricts a pathogen from proliferating [6]. Most of the
genes related to PTI in banana exhibited different ex-
pression patterns and levels in the resistant mutant
(‘Nongke No 1) relative to its wild-type (‘Brazilian’). For
instance, the chitin elicitor-binding protein (CEBiP) and
the chitin elicitor receptor kinase (CERK1); both import-
ant components of the plant signaling pathway that
recognizes chitin oligosaccharides, a representative gen-
eral elicitor inducing defense responses in a wide range
of plant cells of both monocots and dicots [7], were up-
regulated in ‘Nongke No 1’ compared to ‘Brazilian’.
Knockout mutants of either of these genes should be
performed to elucidate their role in the defense of ba-
nana against Foc in future, as it was previously demon-
strated that their disruption resulted in the partial
impairment of the ability of rice to respond to the chitin
elicitor of an incompatible fungus, including MAPK acti-
vation, ROS generation, and disease resistance, [7].
Brassinosteroid Insensitive 1-Associated Kinase 1
(BAK1) acts in PTI via its interaction with Flagellin
Sensing 2 (FLS2). Most known PRRs require BAK1 for
function [8]; BAKI is known as Somatic Embryogenesis
Receptor-Like Kinase 3 (SERK3) [9] and does not have a
direct role in elicitor perception, but FLS2 rapidly forms
a complex with it after elicitation. This interaction
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results in phosphorylation of both proteins [10]. In Ni-
cotiana benthamiana, the BAK1/SERK homolog has a
direct role in elicitor perception of bacterial cold shock
protein, flagellin, and elicitin, but not chitin [8]. Al-
though we do not know whether similar elicitors exist in
Foc TR4, in the expression profile, both FLS2 and BAK1
had the same expression pattern in both cultivars. Both
of them were up-regulated upon inoculation in the mu-
tant, and their expression levels were several times those
of the wild-type, which indicated that the FLS2-BAK1
complex might interfere with the activation of banana
innate immunity.

A common prerequisite in plant innate immunity is
elicitor-stimulated activation of cyclic nucleotide gated
channels (CNGCs)-Ca*" influx, which initiates all subse-
quent defense reactions [11]. CNGC 2, CNGC 4, CNGC
11 and CNGC 12 mediate this influx after elicitor per-
ception in Arabidopsis [12]. However, in Musa, we found
that CNGC 1, CNGC 5 and CNGC 6 changed after
PAMP perception, which suggested that there is a funda-
mental difference in the Ca** influx mechanism between
banana and Arabidopsis.

Compared to the significant increase in the expression
of PTI genes in the resistant ‘Nongke No 1’ banana, the
expressions of most R genes, such as cc-nbs-lrr resist-
ance protein, NBS-type resistance protein, were very
low, except for the RIN4/RPM1 complex. In A. thaliana,
RPM1 conferred resistance to Pseudomonas syringae
expressing either avrRpml or avrB [13]. AvrB and

AvrRpml cause hyperphosphorylation of the RPM1
interacting protein 4 (RIN4) [14], and these modifica-
tions are perceived by RPM1, which subsequently trig-
gers disease resistance [15]. The different expression of
the RIN4/RPM1 complex in the resistant Cavendish ba-
nana compared to the susceptible wild type may be one
way of explaining the resistance in the mutant plant. .
This result is consistent with findings in the knockout
mutant of A. thaliana (REF). Although RPS2 was
expressed at a low level in banana, elimination of RIN4
or inhibition of the expression of RIN4 by unknown
effectors from Foc TR4 will activate the RPS2 pathway.
The effectors secreted by Foc TR4 remain unknown, and
the presence of a similar effector to AvrRpt2 requires
further investigation.

PAMPs and ETTI are known to induce rapid production
of ROS (Reactive oxygen species) in an oxidative burst
after treatment with a pathogen, which is largely derived
from the activity of membrane-localized NADPH oxi-
dases [15]. NADPH oxidases (or Respiratory burst oxi-
dase) were activated and up-regulated in the resistant
banana in response to Foc TR4 infection, which is in
agreement with previous observations in wheat, cotton,
and cucumber after infection by the Fusarium wilt fun-
gal pathogen [16]. We also investigated the expression of
ROS-scavenging systems, such as Catalase, Ascorbate
peroxidase and etc., and found that most of them had a
higher expression in the susceptible wild-type. This sug-
gested that there was a higher level of ROS in the
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Table 3 COG annotations of putative proteins in
Cavendish bananas following inoculation with Fusarium
oxysporum f. sp. cubense tropical race 4.

COG function classification Nurpber of  Percentage
unigenes
General function prediction only 6577 13.05%
Translation, ribosomal structure, 5585 11.08%
and biogenesis
Transcription 4649 9.22%
Posttranslational modification, 4266 8.46%
protein turnover, chaperones
Replication, recombination and repair 3278 6.5%
Signal transduction mechanisms 3196 6.34%
Carbohydrate transport and metabolism 2913 5.78%
Function unknown 2825 5.60%
Cell cycle control, cell division, 2522 5.00%
chromosome partitioning
Cell wall/membrane/envelope biogenesis 2359 4.68%
Amino acid transport and metabolism 1858 3.69%
Energy production and conversion 1598 3.17%
Intracellular trafficking, secretion, 1434 2.84%
and vesicular transport
Inorganic ion transport and metabolism 1271 2.52%
Lipid transport and metabolism 1252 248%
Secondary metabolites biosynthesis, 1167 232%
transport and catabolism
Cytoskeleton 879 1.74%
Coenzyme transport and metabolism 718 1.42%
Cell motility 434 0.86%
Nucleotide transport and metabolism 427 0.85%
Chromatin structure and dynamics 426 0.085%
Defense mechanisms 404 0.80%
RNA processing and modification 348 0.69%
Nuclear structure 13 0.03%
Extracellular structures 11 0.02%
Total 50410 100%

mutant, which inhibited the colonization of the patho-
gen on the root.

Both BAGs and AIF had higher expression levels in
the susceptible cultivar than in the resistant mutant,
which indicated that PCD was increased by Foc TR4 at-
tack in the wild-type, which conflicts with the low con-
centration of ROS. Delledonne [17] reported that
Nitrogen Monoxide (NO) and ROS together, but not in-
dividually, are required to induce HR-mediated cell
death, and that the balance between NO and H,O,
needs to be further investigated [18].

The salicylic acid (SA), jasmonic acid (JA) and ethyl-
ene (ET) hormone pathways are important regulators of
defense-gene expression [19]. We first analyzed the SA
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signaling-related genes, and did not find significant dif-
ferences between the two cultivars, which indicated that
it did not play a role in the resistance response and was
in agreement with the suggestion that SA is not involved
in resistance to necrotrophic pathogens, such as Foc
TR4. The core JA-signaling component jasmonate ZIM-
motif (JAZ) proteins TIFY10B-like gene and a jasmonate
inducible protein, extracellular superoxide dismutase
[Cu-Zn]**, were induced in the mutant at all time
points, while it was expressed in the wild-type only in
trace amounts. Additionally, the expression levels of
Lipoxygenase (LOX)-like and Allene oxide synthase
(AOS)-like unigenes indicated that endogenous levels of
JA in the resistant mutant were much higher than in the
wild-type. For the ethylene signaling genes, such as tran-
scription factors Ethylene Insensitive 3 (EIN3) and Ethyl-
ene Insensitive 3-like 1 (EIL1), transcription levels in the
mutant plant were much higher than those in the wild-
type. This suggests that resistance to the necrotrophic
pathogen Foc TR4 is mediated by the JA and ET signal-
ing pathways, and not the SA pathway.

The plant cell wall not only serves as a physical barrier,
but also as a defense barrier against pathogen penetration.
Expressions of 3-Deoxy-d-arabino-heptulosonate-7-
phosphate synthase (DAHPS), 4-coumarate: CoA ligase
(4CL), polyphenol oxidase (PPO), glutathione S-transferase
(GST), UDP-glucuronic acid decarboxylase and cellulose
synthase, which act at different steps of the shikimate-
phenylpropanoid-lignin and cellulose biosynthesis path-
ways, were up-regulated in the compatible interaction
after infection of Foc TR4. Their expression, however,
was not affected in the incompatible interaction. This re-
sult is not consistent with previous reports [20], which
proved that the above pathways were induced in incom-
patible infection, but did not change or was repressed in
the compatible interaction. In wheat and watermelon, re-
sistance to necrotrophic fungus is executed after penetra-
tion, and the density of the intercellular hyphae and the
number of haustoria were greatly reduced in an incom-
patible compared with the compatible interaction (REF).
However, in banana, resistance to Foc TR4 appeared to
occur before colonization, as was demonstrated in the
current study where the amount of spores attached to
roots of the resistant mutant was substantially reduced.
In the susceptible ‘Brazilian’ banana, however, a large
amount of Foc TR4 spores colonized and germinated on
the roots.

Conclusions

In this study, we characterized the root transcriptome
of banana and provided a comparative DGE analysis of
the compatible and incompatible interaction between
banana and Foc TR4. These findings provide a substan-
tial contribution to existing sequence resources for
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Figure 4 Pathway assignment of defence-related genes in Cavendish banana following challenge with Fusarium oxysporum f. sp.
cubense tropical race 4, based on KEGG p-values <0.0001; false discovery rate (FDR) <0.001; estimated absolute |log,Ratio| > 1.

banana, and a strong basis for future genomic research.
The differentially expressed genes and putative signaling
pathways generated in the present study revealed that
the defense system of banana may be more complex
than previously believed. The findings of this study will
hopefully accelerate research on resistance in banana to
Foc TR4 and contribute to a better understanding of
the banana defense response to plant pathogens. Many
defense-related genes and pathways in banana differ
from those in model plants such as rice and Arabidop-
sis, suggesting that the mechanisms underlying host
defense in plants may be variable. To the best of our
knowledge, this is the first use of Illumina sequencing

technology for banana root transcriptome de novo se-
quencing and assembly without a reference genome.
Among the generated sequences, 2,691 unigenes were
specifically expressed in the incompatible interaction.
These genes could play an important role in the inter-
action of banana and Foc TR4, and their spatial and
temporal expressions require further study.

Methods

Plant material and inoculation

Micropropagated Cavendish banana plantlets of the Foc
TR4-susceptible variety ‘Brazilian’ and its resistant mu-
tant ‘Nongke No 1" were used. Plantlets with four or five
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lines and question marks represent uncertain and unknown pathways, respectively.

leaves and approximately 30 cm in height were trans-
planted into sterile medium that consisted of three parts
vermiculite, one part peat and 0.5 parts coconut coir. All
plantlets were kept in a greenhouse at 25-32°C with a
16-h light/8-h dark photoperiod.

For inoculation, a GFP-tagged Foc TR4 [21] and its
wild-type isolate (CGMCCC 3.12196, VCG 01213) with
the similar growth characteristics and similar virulence
were used. The GFP-tagged transformant was used to
observe the infection process and determine the time-
points for RNA extraction, while the wild-type isolate
was used to inoculate roots for RNA extraction. The
method used for plant inoculation was described before
[21], except that a final inoculation concentration 5000
conidia/g soil was used. Plants were sampled at 48 and
96 hai. The samples were marked as B, B1, B2, NK, NK1,
and NK2.

Sample preparation, cDNA library construction, and
lllumina sequencing

Total RNA was extracted from Cavendish banana roots
using the QIAGEN RNeasy plant mini kit (QIAGEN,
Valencia, CA), and treated with RNase-free DNAse I
(Fermentas Life Sciences, Hanover, MD). RNA integrity
was confirmed using the 2100 Bioanalyzer (Agilent
Technologies) with a minimum RNA integrated number
value of eight. Two mixtures of equal amounts of the
three banana root RNA samples for transcriptome analysis
was prepared for each cultivar respectively using Illumina’s
kit, following the manufacturer’s recommendations.
Briefly, mRNA was purified from 30 ug of total RNA using
Sera-mag Magnetic Oligo (dT) Beads (Illumina) and frag-
mented into small pieces using divalent cations under ele-
vated temperature. Double-stranded cDNA was then
synthesized using the SuperScript double-stranded cDNA
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Synthesis kit (Invitrogen, Camarillo, CA) with random
hexamer (N6) primers (Illumina). These cDNA fragments
then went through an end repair process, phosphoryl-
ation, and ligation of adapters. Products were subse-
quently purified and amplified by PCR to create the final
cDNA libraries. The insert size of the library was approxi-
mately 200 bp. The cDNA library was sequenced on the
[lumina HiSeq™ 2000, and both ends of the inserts were
sequenced. The 90-bp raw PE reads were generated by the
[llumina Genome Analyzer II system.

Data filtering and de novo assembly of the transcriptome

A stringent filtering process was carried out. The ori-
ginal image data were transferred into sequence data by
base calling, which was defined as raw data or raw reads,
and saved as fastq files. To obtain clean reads, dirty raw
reads were removed, such as reads with adaptors, reads
in which unknown bases were more than 10%, and low
quality reads (the percentage of the low quality bases of
quality value <5 was more than 50% in a read). De novo
assembly was carried out using SOAPdenovo. SOAPde-
novo first combined the high quality reads into contigs,
and then connected them into scaffolds. Finally, paired-
end reads were used for gap filling of the scaffolds to ob-
tain sequences with the least number of Ns and that
could not be extended on either end. These were defined
as unigenes. The sequences were used for blast search-
ing and annotation using BLASTx programs (e-value <
0.00001) against the NCBI non-redundant (nr) protein
database [22]. Functional annotation by gene ontology
terms [23] was analyzed by Blast2GO program (Conesa
et al., 2005 and 2008). The COG and KEGG pathways
annotation was performed using Blastall software against
Cluster of Orthologous Groups database [24] and the
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database [25].

Digital gene expression profiling

RNA was extracted from six banana samples; three from
Brazilian (B, B1, B2), and three from Nongke No 1 (NK,
NKI1 and NK2). A tag library was then constructed using
DGE. For Tag Profiling, the Nla III Sample Prep kit from
[lumina was used according to the manufacturer’s
instructions. In brief, mRNA was captured from 1 ug of
total RNA using magnetic oligo (dT) beads. Double-
strand ¢cDNA was synthesized and bead-bound cDNA
was subsequently digested with Nla III. Fragments other
than the 3’ cDNA fragments attached to oligo (dT) beads
were washed away and a GEX Nla III adapter was ligated
to the free 5° end of the digested bead-bound cDNA
fragments. The GEX Nla III adapter contains a restric-
tion site for Mme I which cuts 17-18 bp downstream
from the Nla III site, thereby releasing 21-22 bp tags
starting with the Nla III recognition sequence, CATG. A
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second adapter (GEX adapter 2) was ligated at the site
of Mme I cleavage, and the adapter-ligated cDNA tags
were enriched by linear PCR amplification. The resulting
85-bp fragments were purified from a 6% acrylamide gel.
The ¢cDNA was then digested, and the single-chain
molecules were fixed onto the Illumina sequencing chip
for sequencing.

For annotation, all tags were mapped to the reference
sequences and no more than one nucleotide mismatch
was allowed. All the tags mapped to reference sequences
from multiple genes were filtered and the remaining tags
were designated as unambiguous tags. For gene expres-
sion analysis, the number of expressed tags was calcu-
lated and then normalized to TPM (number of
transcripts per million tags); and the differentially
expressed tags were used for mapping and annotation.

Statistical analysis

A statistical analysis of the frequency of each tag in the
different ¢cDNA libraries was performed to compare
gene-expression in different stages. Statistical compari-
son was performed with custom written scripts using
the method described by Audic et al. [5]. The false dis-
covery rate (FDR) was used to determine the threshold
of P value in multiple test and analysis. A threshold of
FDR <0.001 was used to judge the significance of gene
expression difference. In this research, P<0.01, FDR<
0.1, and the absolute value of log2Ratio > 1 were used as
threshold to assess the significance of gene expression
difference.

Additional files

Additional file 1: Table S1. Immunity-related unigenes in the
transcriptome of ‘Brazilian” (susceptible wild-type) and cv ‘Nongke No 1’
(resistant mutant) bananas following inoculation with Fusarium
oxysporum f. sp. cubense tropical race 4.

Additional file 2: Table S2. List of metabolic pathways related to host
defense in banana following inoculation with Fusarium oxysporum f. sp.
cubense tropical race 4 [7,13,26-70].

Additional file 3: Table S3. Expression of unigenes in ‘Brazilian’
(susceptible wild-type) and cv ‘Nongke No 1" (resistant mutant) bananas
following inoculation with Fusarium oxysporum f. sp. cubense tropical race
4.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

CL and GY conceived and designed the study, and wrote the manuscript.
GD and JY inoculated the banana plantlets, extracted RNA and participated
in the bioinformatics analysis. YJ drew the picture of Figure 7. Altus Viljoen
took part in writing the paper. RK, CZ, ZL, QY, OS, YW, CH, TD drafted the
manuscript, designed the tables, reviewed the manuscript, and provided
guidance. All authors read and approved the final manuscript.

Acknowledgments
We are grateful for the technical support for lllumina sequencing and initial
data analysis that we received from the Beijing Genome Institute at


http://www.biomedcentral.com/content/supplementary/1471-2164-13-374-S1.doc
http://www.biomedcentral.com/content/supplementary/1471-2164-13-374-S2.doc
http://www.biomedcentral.com/content/supplementary/1471-2164-13-374-S3.doc

Li et al. BMC Genomics 2012, 13:374
http://www.biomedcentral.com/1471-2164/13/374

Shenzhen, China. This work was supported by the National Natural Science
Fund (U1131004 and 30971991), National Banana Industry and Technology
System Project (nycytx-33), the Guangdong Natural Science Fund
(10151064001000007 and 10451064001006121), the Commonwealth Industry
(Agriculture) Specific Fund (200903049-10), and the International
Collaborative Project between China and South Africa governments
(2010DFA32470) and the 948 Project of the Department of Agriculture
(2011-G16). The authors would also like to thank Dr. Guang-yan Zhong for
his valuable comments and suggestions during the preparation of the
manuscript.

Author details

'Institution of Fruit Tree Research, Guangdong Academy of Agricultural
Sciences, Guangzhou 510640, China. *Key Laboratory of South Subtropical
Fruit Biology and Genetic Resource Utilization, Ministry of Agriculture,
Guangzhou 510640, China. *The college of Life Science, South China
Agricultural University, Guangzhou 510640, China. *Department of Plant
Pathology, University of Stellenbosch, Private Bag X1, Matieland 7602, South
Africa.

Received: 19 January 2012 Accepted: 25 July 2012
Published: 5 August 2012

References

1. Moore NY, Bentley S, Pegg KG, Jones DR: Fusariumwilt of Banana, Musa
Disease Fact Sheet, Vol. 5. Montpellier, France: INIBAP; 1995:1-4.

2. Stover RH: Fusarial wilt (Panama Disease) of bananas and other Musa species.
Surrey: CM.I. Kew; 1962:117.

3. Ploetz RC: Fusarium wilt of banana is caused by several pathogens
referred to as Fusarium oxysporum f. sp. cubense. J Phytopathol 2006,
96:653-656.

4. Hwang SC, Ko WH: Cavendish banana cultivars resistant to Fusarium wilt
acquired through somaclonal variation in Taiwan. Plant Dis 2004,
88:580-588.

5. Audic S, Claverie JM: The significance of digital gene expression profiles.
Gen Res 1997, 7:986-995.

6. Zhang J, Zhou JM: Plant immunity triggered by microbial molecular
signatures. Mol Plant 2010, 3:783-793.

7. Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama C, Dohmae N,
Takio K, Minami E, Shibuya N: Plant cells recognize chitin fragments for
defense signaling through a plasma membrane receptor. Proc Natl Acad
Sci USA 2006, 103:11086-11091.

8. Heese A, Hann DR, Gimenez-lbanez S, Jones AME, He K; Li J, Schroeder JI,
Peck SC, Rathjen JP: The receptor-like kinase SERK3/BAK1 is a central
regulator of innate immunity in plants. Proc Natl Acad Sci USA 2007,
104:12217-12222.

9. Dodds PN, Rathjen JP: Plant immunity: towards an integrated view of
plant-pathogen interactions. Nat Rev Genet 2010, 11:539-548.

10.  Schulze B, Mentzel T, Jehle AK, Mueller K, Beeler S, Boller T, Felix G,
Chinchilla D: Rapid heteromerization and phosphorylation of
ligand-activated plant transmembrane receptors and their associated
kinase BAK1. J Biol Chem 2010, 285:9444-9451.

11, Garcia-Brugger A, Lamotte O, Vandelle E, Bourque S, Lecourieux D, Poinssot
B, Wendehenne D, Pugin A: Early signaling events induced by elicitors of
plant defenses. Mol Plant Microbe Interact 2006, 19(7):711-724.

12. Urquhart W, Chin K, Ung H, Moeder W, Yoshioka K: The cyclic
nucleotide-gated channels AtCNGC11 and 12 are involved in multiple
Ca®*-dependent physiological responses and act in a synergistic
manner. J Exp Bot 2011, 62:3671-3682.

13. Boyes DC, Nam J, Dangl JL: The Arabidopsis thaliana RPM1 disease
resistance gene product is a peripheral plasma membrane protein that
is degraded coincident with the hypersensitive response. Proc Natl Acad
Sci USA 1998, 95:15849-15854.

14. Mackey D, Holt BF, Wiig A, Dangl JL: RIN4 interacts with Pseudomonas
syringae type Il effector molecules and is required for RPM1-mediated
resistance in Arabidopsis. Cell 2002, 108:743-54.

15. Torres MA, Jones JDG, Dangl JL: Reactive oxygen species signaling in
response to pathogens. Plant Physiol 2006, 141:373-378.

16.  Dowd C, Wilson LW, McFadden H: Gene expression profile changes in
cotton root and hypocotyl tissues in response to infection with

20.

21,

22.
23.
24,
25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 10 of 11

Fusarium oxysporum f. sp vasinfectum. Mol Plant Microbe Interact 2004,
17:654-667.

Delledonne M, Xia Y, Dixon RA, Lamb C: Nitric oxide functions as a signal
in plant disease resistance. Nature 1998, 394:585-588.

Delledonne M, Zeier J, Marocco A, Lamb C: Signal interactions between
nitric oxide and reactive oxygen intermediates in the plant
hypersensitive disease resistance response. Proc Natl Acad Sci USA 2001,
98:13454-13459.

Bari R, Jones JDG: Role of plant hormones in plant defence responses.
Plant Mol Biol 2009, 69:473-488.

LG G, Guo S, Zhang H, Geng L, Song F, Fei Z, Xu Y: Transcriptional profiling
of watermelon during its incompatible interaction with Fusarium
oxysporum f. sp. niveum. Eur J Plant Pathol 2011, 131:585-601.

Li C, Chen S, Zuo C, Sun Q, Ye Q, Yi G, Huang B: The use of GFP-
transformed isolates to study infection of banana with Fusarium
oxysporum f. sp. cubense race 4. Eur J Plant Pathol 2011, 131:327-340.
NCBI non-redundant (nr) Protein Database. http://www.ncbi.nlm.nih.gov.
The Gene Ontology. http://www.geneontology.org.

The Cluster of Orthologous Groups Database. http://www. ncbi.nlm.nih.
gov/COG.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway
Database. http://www.genome.jp/kegg.

Liao M, Li YF, Wang ZY: Identification of elicitor-responsive proteins in
rice leaves by a proteomic approach. Proteomics 2009, 10:2809-2819.
Shin-Han S, Bleecker AB: Expansion of the receptor-like kinase/Pelle gene
family and receptor-like proteins in Arabidopsis. Plant Physiol 2003,
132:530-543.

Lu D, Wu S, Gao X, Zhang Y, Shan L, He P: A receptor-like cytoplasmic
kinase, BIK1, associates with a flagellin receptor complex to initiate plant
innate immunity. Proc Natl Acad Sci USA 2010, 107:496-501.
Go'mez-Go'mez L, Boller T: FLS2: an LRR receptor-like kinase involved in
the perception of the bacterial elicitor flagellin in Arabidopsis. Mol Cell
2000, 5:1003-1011.

Santos MO, Romano E, Vieira LS, Baldoni AB, Aragdo FJL: Suppression of
SERK gene expression affects fungus tolerance and somatic
embryogenesis in transgenic lettuce. Plant biol 2009, 11:83-89.

Shiu S-H, Karlowski WM, Pan R, Tzeng Y-H, Mayer KFX, Li W-H: Comparative
Analysis of the Receptor-Like Kinase Family in Arabidopsis and Rice.
Plant Cell 2004, 16:1220-1234.

Ichimura K, Shinozaki K, Tena G, Sheen J, Henry Y, Champion A, Kreis M,
Zhang SQ, Hirt H, Wilson C, Heberle-Bors E, Ellisf BE, Morris PC, Innes RW,
Ecker JR, Scheel D, Klessig DF, Machida Y, Mundy J, Ohashin Y, Walker JC:
Mitogen-activated protein kinase cascades in plants: a new
nomenclature. Trends Plant Sci 2002, 7:301-308.

Belkhadir Y, Nimchuk Z, Hubert DA, Mackey D, Dangl JL: Arabidopsis RIN4
negatively regulates disease resistance mediated by RPS2 and RPM1
downstream or independent of the NDR1 signal modulator and is not
required for the virulence functions of bacterial type Il effectors AvrRpt2
or AvrRpm11. Plant Cell 2004, 16:2822-2835.

Wolfgang M, William U, Huoi U, Keiko Y: The role of cyclic nucleotide-
gated ion channels in plant immunity. Molecular Plant 2011, 4(3):442-452.
Snedden WA, Fromm H: Calmodulin as a versatile calcium signal
transducer in plants. New Phytol 2001, 151:35-66.

Oliver B, Jorg K: Plant calcineurin B-like proteins and their interacting
protein kinases. Biochim Biophys Acta 2009, 1793:985-992.

Eulgem T, Somssich IE: Networks of WRKY transcription factors in defense
signaling. Curr Opin Plant Biol 2007, 10:366-371.

Feller A, Machemer K, Braun EL, Grotewold E: Evolutionary and
comparative analysis of MYB and bHLH plant transcription factors. Plant
J 2011, 66:94-116.

Singh K, Foley RC, Onate-Sénchez L: Transcription factors in plant defense
and stress responses. Curr Opin Plant Biol 2002, 5:430-436.

Mikami K, Sakamoto A, lwabuchi M: The HBP-1 family of wheat
basic/leucine zipper proteins interacts with overlapping cis-acting
hexamer motifs of plant histone genes. J Biol Chem 1994, 269:9974-9985.
Wojtaszek P: Oxidative burst: an early plant response to pathogen
infection. Biochem J 1997, 322:681-692.

Chelikani P, Fita |, Loewen PC: Diversity of structures and properties
among catalases. Cell Mol Life Sci 2004, 61:192-208.

Karpinski S, Escobar C, Karpinska B, Creissen G, Mullineaux P: Photosynthetic
electron transport regulates the expression of cytosolic ascorbate


http://www.ncbi.nlm.nih.gov
http://www.geneontology.org
http:////www.%20ncbi.nlm.nih.gov/COG
http:////www.%20ncbi.nlm.nih.gov/COG

Li et al. BMC Genomics 2012, 13:374
http://www.biomedcentral.com/1471-2164/13/374

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

peroxidase genes in Arabidopsis during excess light stress. Plant Cell
1997, 9:627-640.

Rouhier N, Jacquot JP: The plant multigenic family of thiol peroxidases.
Free Radic Biol Med 2005, 38:1413-1421.

Ursini F, Maiorino M, Brigelius-Flohé R, Aumann KD, Roveri A, Schomburg D,
Flohé L: Diversity of glutathione peroxidases. Method Enzymol 1995,
252:38-53.

Thordal-Christensen H, Brandt J, Cho BH, Rasmussen SK, Gregersen PL,
Smedegaard-Petersen V, Collinge DB: cDNA cloning and characterization
of two barley peroxidase transcripts induced differentially by the
powdery mildew fungus Erysiphe graminis. Physiol Mol Plant P 1992,
40:395-409.

Stolf BS, loannis S, Lopes LR, Vendramin A, Goto H, Laurindo FRM, Shah AM,
Santos CXC: Protein disulfide isomerase and host-pathogen interaction.
The Scientific World Jo 2011, 11:1749-1761.

Van Loon LC, Rep M, Pieterse CMJ: Significance of inducible defense-
related proteins in infected plants. Annu Rev Phytopathol 2006,
44:135-162.

Ashraf E, Islam E, Rengasamy R, Ali T, Deena E, Prakash K, Subramanian J:
Prunus domestica pathogenesis-related protein-5 activates the defense
response pathway and enhances the resistance to fungal infection. PLoS
ONE 2011, 6:¢17973.

Collinge DB, Kragh KM, Mikkelsen JD, Nielsen KK, Rasmussen U, Vad K: Plant
Chitinases. Plant J 1994, 3:1057-1083.

Passarinho PA, De Vries SC: Arabidopsis Chitinases: a genomic survey. The
Arabidopsis Book 2002, 28:1.

Dafoe NJ, Gowen BE, Constabel CP: Thaumatin-like proteins are
differentially expressed and localized in phloem tissues of hybrid poplar.
BMC Plant Biol 2010, 10:191-203.

Naishiro Y, Adachi M, Okuda H, Yawata A, Mitaka T, Takayama S, Reed JC,
Hinoda Y, Imai K: BAG-1 accelerates cell motility of human gastric cancer
cells. Oncogene 1999, 18:3244-3251.

Tang D, Ade J, Frye CA, Innes RW: A mutation in the GTP hydrolysis site of
Arabidopsis dynamin- related protein 1E confers enhanced cell death in
response to powdery mildew infection. Plant J 2006, 47:75-84.

Cyrelys C, Osmani C, Orlando B: Programmed cell death in plants
resembles apoptosis of animals. Biotecnologia Aplicada 2006, 23:1-10.

Gao H, Yang H, Wang J: Arginine metabolism in roots and leaves of apple
(Malus domestica Borkh.): The tissue-specific formation of both nitric
oxide and polyamines. Sci Hortic 2009, 119:147-152.

Maier F, Zwicker S, Hickelhoven A, Meissner M, Funk J, Pfitzner AJP, Pfitzner
UM: Nonexpressor of pathogenesis-related proteins1 (NPR1) and some
NPR1-related proteins are sensitive to salicylic acid. Mol Plant Pathol 2011,
12:73-91.

Song JT: Induction of a salicylic acid glucosyltransferase, AtSGT1, is an
early disease response in Arabidopsis thaliana. Mol Cells 2006, 22:233-238.
An C, Mou Z: Salicylic acid and its function in plant immunity. J Integr
Plant Biol 2011, 53:412-428.

Mosblech A, Feussner |, Heilmann I: Oxylipins: structurally diverse
metabolites from fatty acid oxidation. Plant physiol biochem 2009,
47:511-517.

Sivasankar S, Sheldrick B, Rothstein SJ: Expression of allene oxide synthase
determines defense gene activation in tomato. Plant Physiol 2000,
122:1335-42.

Pauwels L, Goossens A: The JAZ proteins: a crucial interface in the
Jasmonate signaling cascade. Plant Cell 2011, 23:3089-3100.

Charng YY, Chou SJ, Jiaang WT, Chen ST, Yang SF: The catalytic
mechanism of T-aminocyclopropane-1-carboxylic acid oxidase. Arch
Biochem Biophys 2001, 385:179-185.

Zhao J, Herrmann KM: Cloning and Sequencing of a Second cDNA
Encoding 3-Deoxy-d-arabino-Heptulosonate 7-Phosphate Synthase from
Solanum tuberosum L. Plant Physiol 1992, 100:1075-1076.

Mariam MG, Helge S, Hussein R, Till B, Ludger B: 4-Coumarate: CoA ligase
family members from elicitor-treated Sorbus aucuparia cell cultures.

J Plant Physiol 2011, 168:944-951.

Kuvalekar A, Redkar A, Gandhe K, Harsulkar A: Peroxidase and polyphenol
oxidase activities in compatible host-pathogen interaction in Jasminum
officinale and Uromyces hobsoni: Insights into susceptibility of host. New
Zealand J Bot 2011, 49(3):351-359.

Dean JD, Goodwin PH, Hsiang T: Induction of glutathione S-transferase
genes of Nicotiana benthamiana following infection by Colletotrichum

Page 11 of 11

destructivum and C. orbiculare and involvement of one in resistance.
J Exp Bot 2005, 56:1525-1533.

68. Ma QH, Xu Y: Characterization of a caffeic acid 3-O-methyltransferase
from wheat and its function in lignin biosynthesis. Biochimie 2008,
90:515-524.

69. Wei G, Shirsat AH: Extensin over-expression in Arabidopsis limits
pathogen invasiveness. Mol Plant Pathol 2006, 7:579-592.

70.  Donofrio NM, Delaney TP: Abnormal callose response phenotype and
hypersusceptibility to Peronospoara parasitica in defence-compromised
arabidopsis nim1-1 and salicylate hydroxylase-expressing plants. Mol
Plant Microbe Interact 2001, 14:439-450.

doi:
Cite this article as: Li et al: . BMC Genomics 2012 13:374.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Determining the &b_k;time-&e_k;&b_k;points&e_k; for harvesting the samples
	Comparative transcriptome analysis of &lsquo;Brazilian&rsquo; and &lsquo;Nongke No 1&rsquo;
	Illumina sequencing
	Annotation of &b_k;non-&e_k;&b_k;redundant&e_k; unigenes
	Annotation of defense genes and pathways
	Digital gene expression profile analysis after Foc inoculation


	Discussion
	Conclusions
	Methods
	Plant material and inoculation
	Sample preparation, cDNA library construction, and Illumina sequencing
	Data filtering and de novo assembly of the transcriptome
	Digital gene expression profiling
	Statistical analysis

	Additional files
	Competing interests
	Authors´ contributions
	Acknowledgments
	Author details
	References

