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Transcriptome Analysis of Musa and its
Applications in Banana Improvement

S Backiyarani, S Uma, M. S. Saraswathi and A Chandrasekar

1 Introduction

Banana and plantains are of great socio economic impertance being a staple food for
more than 400 million people with a global production of 129.0 million t. Bananas
are considered to be a high energy food and also rich in minerals and vitamins. They
are one of the earliest domesticated plant species (Denham et al. 2003) originated in
South East Asia and Western Pacific and are now widely distributed throughout the
tropical and subtropical regions. Although banana and plantains are best known as
a food-fruit crop, almost every part of the plant can be used in one way or another,
starting from banana sap to seed for the benefit of mankind.

The vast majority of cultivated bananas have evolved either from natural inter/
intraspecific hybridization between two wild species, M. acuminata and M. balbi-
siana. Cultivated bananas are sterile triploids or diploids, with parthenocarpic fruit
development and propagated through vegetative means. Asexual driven evolution
has resulted in a narrow genetic base which is currently threatened by major pests
and diseases. They include diseases like Mycosphaerella spp., Fusarium wilt, bac-
terial wilt, Moko, viral diseases etc. The pests include pseudostem borers, corm
weevils, aphids, nematodes etc. Although management of selected pests and dis-
eases is possible through chemical means, it often leads to environmental pollu-
tion and enhanced cost of cultivation. The ultimate solution for these threats is the
development of resistant varieties through introgression of resistant genes either
through conventional breeding or genetic engineering approaches. Understanding
the host-pathogen interaction is essential for developing pest and disease resistance
through the identification of signal transduction pathways in bananas. Isolation of
trait specific genes and markers and their application in marker assisted selection
(MAS) has accelerated both conventional breeding and genetic engineering meth-

S. Uma (>~) - 8. Backiyarani - M. S. Saraswathi - A. Chandrasekar
Crop improvement, National Research Centre for Banana, (ICAR), Thogamalai Road,
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ods for crop improvement. In the present day context, identification of trait specific Table 1 Principle. merits and demerits of banana transcriptome techniques

I
|
gene(s) has been made easier with the available data on genome sequencing. In ! Tech-  Principle Merits Demerits Reference
i
!
t
I

banana, team led by French Agronomic Research Centre, CIRAD has successfully niques
completed the whole genome sequencing of double haploid Pahang (W), of M. acu- SSH PCR-based amplification To compare two RNA is required in Diatchenko et

minata subsp. malaccensis (A genome) (D’Hont et al. 2012). It has genome cover- ofonly cDNA fragments mRNA populations  High quantities  al.1996
that differ between a con- and obtain ¢cDNAs

age of 472.2 Mb which ‘represen.ted '{0 %. of the DH-P_’ahang genome size. Similarly, i irol (driver) and experi-  representing genes ;’é‘a‘;’ etal.
whole genome sequencing of wild diploid M. balbisiana (BB) type ‘Pisang Klutuk i mental transcriptome that are either
Wulung (PKW)’ has been completed (Davey et al. 2013) with a genome coverage of : over-expressed in
341.4 Mb representing 78 % of the expected B genome size. The sequence informa- ! one popuiation as
tion on the ancestral genomes (A and B) of present day bananas will provide an idea ' o . Somparedtoother
about the genome structure, organization, allelic diversity and regulatory elements RDA — To find sequence differ- It simplifies analysis - Experiment js Lisitsyn et al.

. . . . . ences in two genomic or  of the subtracted expensive 1993
of the Musa species. Though genome sequencing provides the vital and voluminous ¢DNA samples fibrary S
information, it fails to give a clear picture about the expression of genes ina particu- ¢DNA  To distinguish clois;l;r Identif;é}aﬁér{bf;pﬁ f)N;\‘sequencing Althoff et al.
lar tissue for a particular physiological condition. To understand this relationship AFLP  related individuals at the and downregulated  and assembly of 2007
between the genome and the phenotype, it is essential to study the genome products sub-species level and can  genes in contrast complex, large,
like messenger RNAs. Transcriptome studies has an added advantage over whole | also map genes to subtractive polyploid, and/or

. . . . . . i hybridization repetitive genomes
genome sequencing with respect to the information on the mRNA variants which are , is still technically
the resultant products of alternative splicing, RNA editing or transcription initiation difficult .
and termination sites. Thus understanding the transcriptome is essential for inter- 'SAGE  Shortsequence tags are  Data accurate,  More sequencing  Velculescu
preting the functional elements of the genome, revealing the molecular constituents sufficient to identify a  quantitative and errors du to t'he et al, 1993
of tissues and also for understanding the resistance mechanism for a specific stress. gene transcript, provided - cumulative m151demlf.“lcat.lonh
T.ra.nscriptoxjne profiling has been made easy with the a{vailability of user friendly t;fﬁii;iﬂ?iﬁmhin Zgg;agzgslg:l::ni :
bioinformatic tools to understand the molecular mechanism of plants under various the gene -
physiological conditions. Musa improvement program through conventional ap~ EST The l:fS:l:sequences are 'li"oilden‘flfygene " “EST" to describe  Bortaluzzi and
proach is a slow process owing to its complex genetic structure. Moreover bananas generated by randomly  transcripts, which  genes for which . Danieli 1999
exhibit some unique characteristics such as different ploidy levels, parthenocarpy, picking the clones from  are instrumental lietle or no further
sterility, vegetative propagation and biparental cytoplasmic inheritance (Roux et al. | a Cr[f)NA_hbraW a'“]d n ;b’i“idlscoveﬁe L‘i‘;‘;::i‘hoe“;’:‘m
2008). Thus, transcriptome analysis and gene expression studies of Musa will be { §§quc:;:$§ :e::foi to EZte;iigai?g:e °
a powerful model for understanding the above mentioned fundamental aspects for ! produce 300-500 bp of

|

which the other two model species (Arabidopsis, Rice) use differently. | sequence per clone _ e
! DNA/  Hybridization between  Reduces the bias Experimental repli- Maskos and

i ¢cDNA  two DNA strands, the towards gene sets cation is expensive Southern 1992
J microar- property of comple- that are already
|

2 Global Approaches to Gene Expression Analysis ray mentary nucleic acid  known
sequences to specifically
pair with each other by

Various technologies have been developed to deduce and quantify the transcrip-
tome, including hybridization or sequence-based approaches. Over the years,
several techniques, such as suppression subtractive hybridization (SSH), represen- }
tational difference analysis (RDA), expressed sequence tags (EST), cDNA fragment i
\
|

forming hydrogen bonds
between complementary
. mucleotide base pairs

fingerprinting (cDNA AFLP), serial analysis of gene expression (SAGE), DNA
microarrays etc., which allow high throughput identification and/or quantifica-
tion of transcriptome components have been developed. The merits and demerits
of these techniques are mentioned in Table 1. The aforesaid techniques have been
successfully used to identify many differently expressed genes in various tissues ,
against various stresses/developmental stages (Table 2). The details of those tech- !
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Table 2 Transcriptorne techniques exploited in banana

Variety/cultivar . Techl_nques Tissues Stage/stress. No.of

S. Backiyarani et al.

Reference Laboratory

expressed
genes
M. acuminata, cDNA Fruit Crownrot 10 Lassois University of
subgroup Caven- AFLP disease etal. 2011 Liege, Gem-
dish *Grand Nain® , - : . .. bloux Belgium_
M. acuminata cDNA Root Fusarium 76 Munro University
ssp. burmannicoi- AFLP 2008 of Pretoria,
des *Calcutta-4. Pretoria, South
cv. Rose. FHIA Africa
17, Williams® e
M. acuminata SSH Root Fusarium 83 Swarupa IIHR, Banga-
ssp. burmannicoi- etal. 2013 lore, India
des *Calcutta-4° o
M. acuminata SSH Leaf Eumusae 805 Uma et al. NRCB, Trichy.
cv. Manoran- leaf spot 2011 India
jitham (AAA) S R .
M. acuminaia SSH Root Nematede 256 Backiva- NRCB, Trichy,
cv. Karthobi- ranietal. India
umtham (ABB) 2014
M. acuminata SAGE Leaf 5292 Coemans Laboratory of
cv, Tuu Gia etal. 2005 Tropical Crop
Improvement.
Katholieke Uni-
versiteit Leu-
_ . o ven, Belgium
M. acuminata EST Hotand Fruit 220 Santos EMBRAPA,
ssp. burmannicoi- Sequencing cold ripening etal. 2005 Brazil
des *Calcutta-4° stress
exposed
leaf
- . tissues e
M. acuminata Combina~  Fruit Fusarium 79 Vanden  FABI. Univer-
“Cavendish tion of berg etal. sity of Pretoria,
Williams® SSH and 2007 South Africa
microarray L
M. acuminata, cv. Combina-  Fruit Early 84 Manrique- Centro de
Grand Nain tion of ripening of Trujillo [nvestigacion y
SSH and banana etal. 2007 de EstudiosA-
microarray vanzados del
| o TPN. México
M. acuminata Combina-  Fruit Early 265 Xuetal. Institute of
AAA group tion of ripening of 2007 Tropical
SSH and banana Bioscience and
microarray Biotechnology,

Chinese Acad-
emy of Tropical
Agricultural

_Sciences, China

Transcriptome Analysis of Musa and its Applications in Banana Improvement 279

Table 2 (g:()ntinued)

Vaniety/cultivar  Techniques Tissues Stage/stress No. of Reference Laboratory

expressed
genes
M. acuminata .. Combina-  Fruit Ethylene 22 Jinetal. Institute of
AAA group tion of biosynthesis 2009 Tropical
SSH and initiation in Bioscience and
microarray fruits. Biotechnology.
Chinese Acad-
emy of Tropical
Agricultural
) _ _ N o Sciences. China
M. acuminata. Combina-  Fruit Ethylene 37 Kesari NBRUI, Luc-
Dwarf Cavandish tion of biosynthesis etal. 2007 know, India
(AAA) SSH and initiation in
microarray fruits

2.1 cDNA-amplified Fragment Length Polymorphism Analysis
(cDNA-AFLP)

cDNA-AFLP is an improvement over traditional differential display techniques. It
is a PCR-based method, in which cDNA is digested with two restriction enzymes
(four-cutter and a six-cutter) and adapters are ligated to the ends of the fragments.
In the first step, only those fragments that are digested by both restriction enzymes
are thus have different adapters at the end. In the following amplification, the com-
plex starting mixture of cDNA is fractionated into smaller subsets by selective PCR
amplification using primers for the adapters with one or more extra nucleotides.
By increasing stringency of PCR amplification {with additional nuclectides to the
primers), the sensitivity of the analysis can be increased which allows the detection
of genes with low expression levels. Differences in intensity of the bands provide a
good measure of the relative difference in the levels of gene expression.

Munro (2008) examined the Fusarium oxysporum f. sp. cubense (FOC) resistant
(cvs. Rose and Calcutta 4 and tolerant hybrid FHIA 17) and susceptible (Cavendish
cv. Williams) to elucidate the genetic factors involved in banana defense response
against FOC. Transcriptome profile using cDNA-AFLP was carried out on tissues
collected at 6 and 72 h post inoculation of these cultivars with FOC ‘subtropical’
race 4 (VCG 0120). Seventy-six differentiaily expressed transcript derived frag-
ments {TDFs) were isolated, sequenced and annotation of these sequences resulted
in identification of defense-related genes such as S-adenosylmethionine synthase
(SAMS) and isoflavone reductase, which are potentially involved in the production
of cell wall strengthening compounds like lignin etc.

Crown rot disease, caused by Colletotrichum musae, is one of the main posthar-
vest diseases of banana that has a negative impact on the market value of fruits and
affects export. Lassois et al. (2008) tried to identify genes influencing the suscepti-

bility to crown rot disease, at distinct physiological growth stages of *Grande Naine’
Frritn Tha ATYATA ATCTT D Furamanimtima ~F tlhis ctradyr wacnltad jwm idantifiastian ~F
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genes involved in signal transduction, pathogenesis- related proteins, cellulose syn-
thase gene and dopamine-B-monooxygenase. Delgado et al. (2003} also evidenced
that reduction in cellulose synthesis leads to activation of defense responsive genes
through various signalling pathways. Identification of differentially expressed
genes like dopamine-monooxygenase, which play a key role in catecholamine bio-
synthesis pathway, suggested the possible involvement of these genes in resistance
mechantsm (Lassois et al. 2011).

2.2 EST Sequencing

Expressed sequence tags (ESTs) is a quantitative method to measure specific tran-
scripts within a cDNA library (Rudd 2003) and is achieved by single-pass sequenc-
ing of a large number of cDNAs traditionally yielding sequence tags of around 300—
500 bp in length. In a study to understand the function and regulation of the genes
involved in temperature stress, Santos et al. (2005), developed and characterized
two full length enriched cDNA libraries from the RNA isolated from cold (5-25 °C)
and hot (2545 °C) stress exposed leaves of M. acuminata ssp. burmannicoides var.
Calcutta 4. The global analysis of these two libraries indicated that only 10% of the
¢DNAs had common expression, while 42 and 48 % of cDNAs were unique to cold
and hot libraries respectively. From cold EST library, two genes related to the ABA
response to cold acclimation and one low -temperature responsive genes were iden-
tified. The data is in public domain of EMBRAPA, Brazil (http://www.cenargen.
embrapa.br/index.html} as a part of the DATA_Musa database (a genome database
for Musa spp consisting DNA sequences and sequence information).

2.3 Serial Analysis of Gene Expression (SAGE)

SAGE is a method that generates sequences from ¢DNA fragments for the dis-
covery of new genes and the quantification of their expression levels. SAGE is a
strategy for extensive tag profiling of cDNA over EST sequencing { Velculescu et al.
1995) which is based on counting sequence tags of 10—15 bp from ¢DNA libraries.
Briefly, a short cDNA fragment or tag (13 bp) is extracted from a defined position
in each transcript by a series of linker ligations and restriction digestions. Tags are
then amplified once by PCR, concatenated, cloned in a vector and sequenced. These
tags, in most cases, contain sufficient information for unambiguous annotation to
EST sequences. The frequency of each tag directly reflects the abundance of the
corresponding mRNA (Velculescu et al. 1995). But annotation of the tags depends
largely on the availability of cDNA libraries or EST collections.

For the first time, M. acuminata gene expression pattern in youngest unfurled
leaf tissue of M. acuminata cv. “Tuu Gia™ (accession No. ITC.610) was analysed by
Coemans et al. (2005) through SAGE. A total of 10,196 tags were generated from
5292 expressed genes and abundantly expressed transcripts were annotated bv ho-
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mology to ¢cDNA or EST sequences. Analysis of the transcript profiles showed that
the majority of the abundant transcripts are involved in energy production, mainly
photosynthesis. However, the most abundant tag was derived from a type 3 metallo-
thionein transcript, which accounted for nearly 3% of total transcripts analysed. The
unknown tags were also identified by applying 3 rapid amplification of cDNA ends
(3’ RACE) which resuited in the identification of a novel NADPH protochlorophyl-
lide oxidoreductase, the key enzyme in chlorophyll biosynthesis. Limited availabil-
ity of banana genomic DNA and ¢cDNA/EST sequences at that time restricted the
use of classical SAGE yielding short tags.

2.4 Suppression Subtractive Hybridisation (SSH)

The principle of subtractive hybridization is commonly been used to analyze the
differences in gene expression between two samples. The selection of differentially
expressed sequences is performed by allowing the samples to cross-hybridize, fol-
lowed by isolation of hybridization products unique for one sample (termed the
tester) from sequences that are shared between the samples or unique for the other
sample (the driver). Suppression subtractive hybridization was developed for the
enrichment of differentially expressed genes of both high and low abundance (Di-
atchenko et al. 1996).

Swarupa et al. (2013) demonstrated the FOC resistance mechanism involved in
M. acuminata spp. burmannicoides var. Calcutta 4, using SSH approach. From this
library, a total 83 unique genes were obtained and homology comparison revealed
that nearly 17 % of genes were involved in stress and defense while 15% in signal
transduction. Based on RT-PCR studies in contrasting cultivars like Calcutta 4 and
Kadali for FOC, many genes which are involved in recognition of pathogens like,
transmembrane protein, receptor like protein kinase, mannose binding protein etc.
were confirmed based on their expression pattern in the resistant cultivar. Ravishan-
kar et al. (2011) has identified some differentially expressed genes (lipoxygenase,
rubiscoactivase, glycinedehydrogenease, catalase and ethylene responsive factor)
from drought stressed leaf samples of Bee Hee Kela (BB) through SSH approach.

Similarly, Uma et al. (2011) identified a total of 498 unigenes, which consisted of
78 contigs and 420 singletons from the SSH library obtained from M. eumusae chal-
lenged resistant cultivar (Manoranjitham AAA). Top BLAST hits of BLAST2GO
analysis resulted in a total of 89 hits, of which 13 defense related genes were cho-
sen for gene expression studies. It revealed that cytochrome oxidase, lipoxygenase,
metallothionein, flavin containing monoxygenase were upregulated only in the re-
sistant cultivar within 48 h post inoculation (HPI) and these genes could be involved
in M. eurmusae leaf spot resistance mechanism. Backiyarani et al. (2014) also identi-
fied 256 unique genes from the root lesion nematode ( Pratylenchus coffeae) chal-
lenged resistant cultivar (Karthobiumtham ABB) through SSH approach. Of these,
26.8 % were unigenes involved in defense and/or signal transduction including re-
sistant gene homologues, disease resistance response proteins and protein kinase
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signaling. 12.8% of the unigenes hit with unknown protein classes. These findings
imply that invasion of nematode could trigger multiple signaling pathways. Like in
many other methods, SSH also relies on restriction enzymes leading to the loss of
transcripts lacking restriction sites. Combining SSH technique with high through-
put screening of the harvested clones through the use of cDNA microarrays could
greatly reduce the tedious work of northern blot analysis and also the likelihood of
false-positive clones enriched via SSH (Yang et al. 1999).

2.5 Combination of SSH and Microarray

Combination of the suppressive subtractive hybridization and cDNA microarray
techniques has greatly improved the efficiency of fishing out of the differentially
expressed clones (Yang et al. 1999; Geschwind et al. 2001). Two possible cornbina-
tions are (i) using the subtracted cDNA clones as probes printed on chips and (ii) us-
ing the labeled and enriched amplicons. In the second method, instead of using the
subtracted clones as probes spotted on chips, enriched amplicons were labeled and
used as targets to hybridize the pre-made microarray chips for microarray analysis.

This combination technology, allowed not only the identification of genes with-
out extensive sequencing works in the subtracted amplicons regardless of many
redundant clones, but also to casily evaluate the subtraction efficiency and speci-
ficity. Moreover, the SSH/microarray approach made it possible to conduct a
transeriptome-wide identification of differentially expressed genes particularly for
those with low expression. It has been reported that the absolute expression level is
not a crucial determinant for identifying the genes, while the relative difference in
expression levels does impact on whether or not a gene is recovered by subtractive
hybridization.

In banana, the differentially expressed genes during fungal and fruit ripening
stages were identified by this SSH/microarray approach. Van den berg et al. (2007)
constructed banana SSH library with 736 differentially expressed genes in FOC
tolerant Cavendish selection ‘GCTCV-218" at 6 HPI of FOC race 4 (VCG 0120).
Subsequently, this library was screened using glass slide microarray to identify and
discard housekeeping and rRNA genes that had escaped subtraction and to select
defense response-associated genes. As a result, out of 736, 79 clones were short-
listed and sequenced. Annotation of these sequences revealed that many showed ho-
mology to defense-associated genes, including cell wall-strengthening genes. These
genes were confirmed through quantitative RT-PCR based on up-regulation and
differential expression throughout a time-course, following FOC infection in the
tolerant GCTCV-218 compared with susceptible cv. Williams. It was confirmed that
genes coding for PR-1, PAE, xylanase inhibitor, peroxidase, catalase 2, metallothio-
nein, response regulator 6 and trypsin inhibitors were differentially expressed in the
tolerant cultivar GCTCV-218. This study also proved that tolerance of GCTCV-218
was linked to significantly increased induction of cell wall-associated phenolic
compounds.
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A better understanding of the mechanism of postharvest ripening is necessary
to manipulate postharvest management in banana. Xu et al. (2007) tried to identify
the differentially expressed genes during the early stages of fruit ripening through
SSH approach. SSH was performed along with ¢cDNA microarray analysis on the
day of harvest as the “driver” and ¢cDNA of the fruit, 2 days afters harvest (DAH)
as the “tester.” A total of 265 readable differentially expressed genes were obtained
through forward subtraction from tester and their expression levels were estimated
by overlaying images of cDNA microarrays screened by mRNA from 0 to 2 DAH.
Their expression level was confirmed through RT-PCR and the results were found
to be in accordance with the microarray data. Upregulation of endoglucanase and
cellulose synthase genes were generally associated with cellulose biosynthesis of
primary and secondary cell walls suggesting the importance of these proteins for the
biosynthesis of highly crystalline cellulose. The over expression of alcohol dehy-
drogenases { Adh) at both early and late stages of fruit ripening suggested that aroma
production begins at the beginning of postharvest and continues up to the late phase
of ripening. In order to gain an understanding of the genetic components responsible
for metabolic shifts associated with banana ripening, Manrique-Trujillo et al. (2007)
identified differentially expressed transcripts in a late stage of fruit ripening through
SSH approach. The differentially expressed SSH clones were confirmed through
hybridization with DINA arrays and genes involved in the processes associated
with fruit ripening, such as stress, detoxification, cytoskeleton and biosynthesis of
volatile compounds (orcinol O-methyltransferase, putative alcohol dehydrogenase,
ubiquitin-protein ligase, chorismatemutase etc.) were identified.

Davey et al. (2009) tried to profile the banana leaf transcriptome to drought
stress, pooled RNA of control and drought stressed leaves of the Musa cultivar
‘Cachaco’ were hybridized to Affymetrix Rice Genome Airay. This resulted in the
identification of 2910 transcripts displaying >2 fold difference in expression levels
in response to drought. These drought responsive transcripts included many func-
tional classes associated with plant biotic and abiotic stress responses, as well as
regulatory genes like ERF, DREB, MYB, bZIP and bHLH transcription factor fami-
lies. The outcome of this study proved that cross species (heterologous) microarray
studies using gDNA-based probe selection as a highly promising strategy to study
complex biological responses in a non-model species.

2.6 Next Generation Sequencing

Recent technologies of next generation sequencing {(NGS) provide a comprehensive
snapshot of the transcriptome. Transcriptome analysis through NGS is called as
RNA sequencing or RNA-seq, which enables simultaneous sequencing of millions
of molecules without involving any clening. Thus RNA-seq has become an attrac-
tive analytical tool in trancriptomics, due to minimum running cost and the possibil-
ity to uncover novel transcriptional-related events (Wang et al. 2011).
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* NGS transcriptome analysis is more accurate and highly sensitive over other
techniques.

* NGS technique offers true quantification in contrast to microarrays

* Simultancous data collection for genes with differential expression levels is pos-
sible only in transcriptome analysis

* This technique has the ability to distinguish isoforms of the same transcript and
to detect new splicing variants.

* Very effective for the discovery of novel splicing sites

* New transcripts could also be detected from NGS transcriptome techniques
which are not possible through microarrays.

* Transcriptome sequencing does not necessarily require prior knowledge of the
genome sequence whereas designing of microarrays needs a reference sequence.
Thus this methed is particularly attractive for non-model species.

* NGS transcriptome enables SNP discovery whereas it is not possible through
other transcriptome techniques

RNA-Seq techniques involve three major steps namely, library construction, DNA,
sequencing and sequence data analysis. Library construction includes isolation of
high quality RNA samples, fragmentation of RNAs, and reverse transcription of
RNA into cDNA followed by second strand synthesis and end modification by liga-
tion of oligonucleotide adapters. Optionally this cDNA library may be amplified
through PCR to selectively enrich the adapter molecules ligated to both ends. Then
their quality and quantity can be validated by capillary electrophoresis, spectropho-
tometry and gPCR prior to sequencing.

NGS platforms are ideally suited for the sequencing of RNA-Seq libraries. The
term NGS is used to collectively describe technologies other than Sanger sequenc-
ing that have the potential to process millions of sequence reads in parallel, rather
than 96 at a time. Also, next generation sequence reads are produced from fragment
libraries that have not been subjected to the conventional vector based cloning and
E. coli based amplification stages used in capillary sequencing. The length of next
generation sequenced reads is 35-250 bp (depending on the platform) (Table 3)
than capillary sequenced reads which is about 650800 bp. Of many NGS plat-
forms available, Roche 454, ABI SOLid, Illumina (Hiseq, Miseq) are the popular
platforms and lon Proton, PacBio RS, Oxford nanopore are some of the newer plat-
forms.

Million or billion reads obtained through this platforms will be filtered for ob-
taining high quality reads for further downstream analysis (Fig. 1). Initially, the
reads are mapped to the reference genome or transcriptome and the reads that align
to the same locus are assembled into transcripts. The expression leve] of that par-
ticular transcript is estimated by counting the number of reads that aligned to this
transcript. Mortazavi et al. (2008) proposed the quantification of transcript levels
is an accurate method, ie. reads per kilobase of exon model per million mapped
measures (RPKM). RPKM=10°x C/N.L where C is the number of mappable reads
that fall on to the gene’s exon, N is the total number of mappable reads and L is the
total length of exons.
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Table 3 Comparison of various NGS platforms

Platform Chemistry Read ~Run  Gb/Run Pr1mar5f Base Advantage Disad-

length time error error vantage
{bp) rates
454 GS  Pyro- 500 8h 0.04 Indel  1.00% Longread High
Junior sequencing length SITOr rate
(Roche) in homo-
- . e o __POlymer
454GS  Pyro- 700  23h 07 Indel 05%  Longread High
FLX+  sequencing : length error rate
(Roche) in homo-
o et e e e POlymer
‘HiSeq Reversible 2¥100 2days 120 Substi- ~1-2% - High Short
(Hlumina) terminator (rapid (rapid tution  over throughput/ reads
mode)} mode) 100bp  low cost long run
MiSeq  Reversible 2*150 27h 1Gb Substi- ~I-2% High Short

(lllumina) terminator tution  over throughput/ reads
.. 100bp  lowcost

'SOLID Ligation 83 8 days 150 A-Tbias 0.06%  Lowerror Short
(Life) rate reads
long run
. time
Ion  Proton 200 2h 100 indel  12%  ShortRun Higher
Proton detection over times error rate
PacBie  Real-time 3000  20min 3 CcG 13.00% Longread High
RS sequencing - (up to deletion Jength error rate
- 15,000) without

PCR

To enable comparison of two or more different transcriptome libraries, the values
are normalized by taking into account the fact that the number of reads per transcript
depends on the transcript length and the total number of reads obtained for a partic-
ular library (Mortazavi et al. 2008). Apart from quantification of transcripts, RNA-
Seq also permits isoform identification, detection of new splicing sites. Specific
softwares are available as free or open source programs for each analysis (Table 4).

In a nutshell, the NGS transcriptomics aims at the detection of transcripts ex-
pressed under specific physiological conditions, determination of the transcription-
al structure of genes, splicing patterns and other post-transcriptional modifications
apart from quantification of varying expression levels of each transcript.

2.6.1 Transcriptome Profiling in Banana Through NGS
Understanding the complexity of the disease resistance will pave way for the de-

velopment of biotic stress resistant bananas. Many studies have been carried out to
understand the molecular mechanism of resistance/tolerance through RNAseq or
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Fig. 1 Methodology involved in transcriptomics using NGS

Fusarium wilt caused by FOC is affecting bananas in tropical and subtropical
countries (Ploetz 2006). Li et al. (2012) identified defense related transcripts which
are involved in FOC TR-4 resistance by comparing the root transcriptome profiles
of ‘Nongke No 1’ (resistant mutant of Cavendish) and susceptible variety ‘Brazil-
ian’. Study could generate 2691 differentially expressed unigenes including defense
and signal transduction in the resistant mutant. Most of the defense related genes
and pathways identified in this study differed from those in model plants such as
rice and Arabidopsis, suggesting that the mechanism of resistance in banana could
be highly variable. Based on this profiling study, they demonstrated that in mutant
variety, jasmonic acid (JA) and ethylene (ET) hormone signaling pathways are in-
volved in FOC resistance but not salicylic acid (SA) pathway.

Similarly Wang et al. (2012) also indicated that JA biosynthesis is regulated in
FOC TR-4 resistant cultivar. They performed a combination of DGE (Digital Gene
Expression) and RNA seq transcriptome analysis in M. acuminata AAA group ‘Bra-
zilian” which was challenged with GFP tagged FOC TR-4. Some of the genes like
peroxidases, 4-coumarate, cinnamate 4- hydroxylases and phenylalanine ammonia
lyases involved in phenylpropanoid biosynthesis were reported to be upregulated.
Costa et al. (2013) tried to identify the differentially expressed genes in contrasting
cultivars BRS Platina (R) and Prata-Ana (S) under Fusarium challenged condition
by profiling the global transcriptome. This result is worth mentioning as it enabled
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Table 4 Bicinformatics tools for transcriptome analysis

SL. N05 Quality control and i}re'—}rfr)ce's;iﬁgidata

| Toolname | Description - -
1 FastQC Quality control tool for high-
_| throughput sequence data

2 FASTX Toolkit is a set of command line
tools to manipulate reads in files

N ~ FASTA or FASTQ format

3 RNA-SeQC  Tool with application in experimen-

tal design, process optimization and
quality control before computational
_ analysis -
Generates statistics of sequence data
for sequence length, GC content,
quality scores, replicates, complex-
ity, tag sequences, poly-A/T tails,
. oddsratios |
5 FastQ Screen = Screens FASTQ format sequences to
a set of databases to confirm that the
sequences contain what is expected
(such as species content, adapters,
| vectors, etc)

4  PRINSEQ

Alignment tools — PO,
6 TopHat Fast splice junction mapper for
| |RNA-Seqreads = |
7 Bowtie Fast short aligner using an algorithm
based on the Burrows-Wheeler
e | transform and the FM-index
8 BWA Short aligner using an algorithm
based on the Burrows-Wheeler
| . transform ]
9 MAQ First aligns reads to reference

sequences and after performs a
— N | consensus stage '
Transcriptome assemblers (Genome-Guided assemblers)

10 Cufflinks Assembles transcripts, estimates
their abundances, and tests for dif-
ferential expression and regulation

_ in RNA-Seq samples

Website

l;lttp://wwwflrjii(r)rinrf;ar'ﬁ;atizsr.r

| babraham.ac.uk/projects/fastqc/

http://hannonlab.cshl.edu/
fastx_toolkit/

i'l-ttp://www.broadinstitute.org/
cancer/cga/rna-seqc

http://ed\rzvards.sdsﬁ.edu/crgi—bin/
prinseq/prinseq.cgi

hﬁp;//Ww.bi'o'informatics.
babraham.ac.uk/projects/
fastq_screen/

~http://tophat.cbeb.umd.edu/

Vhttip:/fb()-wtie-bib.sourceforge.net/
index.shtml

| http://bio—bWa.sourceforge.net/

| hﬁb;jfn;éq.;ourcegorge.neﬁ
mag-man.shtml

hup:;fé;ﬁ]_iﬁi{s:cbéb.umd.édu/

| RN.A_ekprgés To extract and annotate bﬂ)iegically
important transcripts from next gen-
eration RNA sequencing data

http://www.maigrzpress.org/ 7

Transcriptome assemblers (Genome-Independent assemblers)

12 SOAPdenovo  De novo Assembler

ht‘tp://soaﬁ.géﬁo-r-r_li.é-s..org.cﬁ/-
soapdenovo.html

13 | Velvet Sequence assembler for_v-e_r&_shcg
B WRNORCSS |- - - S SRR S
14 Trinity Novel method for the efficient and

robust de novo reconstruction of

__| transcriptomes from RNA-seqdata |

http://www.ebi.ac.uk/~ze;'biri;)_/-
velvet/

http://trinityrnaseq.sourceforge.
net/
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Tool name Description

Ouar;tttanve arza[ysas and dj ifferential éxpressaon _
I3 Cuffdiff

isoform expression. 1t performs

assembly of transcripts, estimation

of abundances and determines dif-
. ferential expression (Cuffdiff) and

Measure global de novo transcnpt '

_ Website

- hup://cufflinks.cbeb.umd.edw/

_ regulation in RNA-Seq samples

16 DESeq Bioconductor package to per-
form differential gene expression
analysis based on negative binomial
i distribution
[7 EdgeR R package for analy51s of differen-

tial expression of data from DNA

release/bioc/htunl/Deseq.htmi

BE;;;/fw;\k;:iﬂibcc;nductor.orgj7 o

packages/release/bioc/html/

sequencing methods, like RNA-Seq, edgeR.html

) SAGE or ChiP-S8eqdata
Workbench (analysrs pipeline/integrated so!unons)

18 Avadis NGS  The data mining and visualization
platform at the core of all bioinfor-

matics products developed by Strand-

Scientific Intelligence

19 CLC Genom- CLC bio deliver genomics seqﬁénc-

ics Workbench ing analytics solution

20 DNASTAR

DNASTAR’s Lasergene Genom-
ics Suite includes software that

hﬁp://;Ww.clcbio.cbr;:] 7

7 http://'M.dnastar.com/t;éﬁb-'

pJfl;i_bé-(;nductor.ofg/padkégéé/ﬂ

hnp://@i;;.;lﬁadis-ngs.cgﬁ'_l} o

nextgen-genome-selutions-
allows users to quickly and easily maseq.aspx.
align next-gen RNA reads against a

reference genome, and then perform

__in-depth analysis of the aligned data

21 NextGENe Perfect analytical partner for the

" analysis of desktop sequencing
data produced by the ION PGM™,
Roche Junior, llluminaMiSeq as

well as high throughput systems as

the lon Torrent Proton, Roche FLX,

Applied BieSystemsSOLID™ and

1llumina® GA. and HiSeq systems _

Open soz_(rce solunons -

22 ArmayEx-
pressHTS preprocessing, quality assessment
and estimation of expression of

RNA-Seq datasets

“hitp://bioconductor.org/
. packages/2.11/bioc/html/

BioConductor package that allows

NextGENe html

ArrayExpressHTS html

23 eiaVS)}RN ASeq Count summarization and normal-
ization for RNA-Seq data
 Galaxy is a general purpose work-
bench platform for computational
..biology

24 Galaxy:

http://www.bioconductor.
org/packages/2.11/bioc/html/
easyRNASEq.html
hitp://galaxyproject. org/
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_ Toolname  Description
F_ z_mcnonal netwqu &_ pathway analysis & tools o
25 Blast2GO Tool for functional annotation of
(novel) sequences and the analysis
of annotated data

R V‘sual:zanorz s

26 GBrowse ‘Combination of database and

' http:/gmod.org/wiki/GBrowse

~ Website

 http://www.blast2go.com/
b2ghome

interactive web pages for manipulat-

ing and displaying annotations on
__genomes
Genome Browser and Annotatlon
" Tool

27. -, MArtemis

28 Integrated
Genome
Browser

ization and exploration of genomes

multiple data sources

RNA-Seq databases
29 Queryable-
ma-seq-data-  process of RNA-seq analysis by
base providing the ability to upload the
result data from RNA-Seq analysis

An ap;:{liéatlon intended for visual-

Systom is designed to simplify the

http://www.sanger.ac.uk/
__resources/software/artemis/

http:/fwww. ffymetm; com/

" estore/partners_programs/

and corresponding annotations from programs/developer/tools/
_.Jgbsource terms.affx

-i'_lft;;s:/-/_gft'ﬁub.cox:ri/fét?éflﬂacRer/
queryable-ma-seq-database

into a database, store it, and query it |

___in many different ways o
A reference database for gene

7h-ttp. //medical .gel-l-on.l-;lcs.ofg“/

Atlas expression profiling in normal tissue rna seq atlas
__by next generation sequencing

31 SRA The Sequence Read Archive (SRA) http //www.ncbinlm.nih. govisra
stores raw sequencing data from
the next generation sequencing
_platforms N e
SSR tdent!fca!ton tools L e
32 MISA MicroSAtellite identification tool http://perc.ipk-gatersleben.de/

SNP zdennf car:on rools

33 SNPsFinder

Primer designing

34 BatchPrimer3 Comprehensive web primer design
program using Primer3 core
program as a major primer design
engine to design different types of
PCR primers and sequencing prim-
ers in 2 high-through manner

Web-based pmvram developed o
facilitate the SNPs discovery process.

__misa/misa.html

http://snpsfinder.lanl.gov/

' http://].arobes.pvéf-.usda.gov/
batchprimer3/



200 S. Backiyarani et al.

the identification of unique genes, effectors of the immune response, in resistant
cultivar and many of which were validated through RT-qPCR.

Genus Mycosphaerelia is the most important foliar fungal pathogen on banana.
Three species of this genus, such as M. fijiensis, M. musicola and M. eumusae cause
black leaf streak disease (BLSD), Sigatoka leaf spot (vellow Sigatoka) and eumusae
leaf spot respectively. Passos et al. (2012) performed Roche 454 pyrosequencing of
expressed genes in contrasting genotypes Calcutta 4 (R) and Cavendish cv. Grand
Naine (S) for BLSD resistance. Many unigenes which are potentially involved in
signal transduction like receptor protein kinase containing LRR repeats, serine/thre-
onine protein kinase, mitogen activated protein kinase kinase, WRKY super family
transcription factors, which are typically associated with plant immunity mecha-
nisms were identified. More accumulation transeripts of OXOs (Oxalate oxidase)
only in incompatible interactions suggested their possible involvement in ROS (Re-
active Oxygen Species) and associated HR (Hypersensitive Response) compenents.
OX0O’s catalyse the conversion of ROS into hydrogen peroxide (H,0,). an impor-
tant component of hypersensitive response HR in plants. Similarly upregulation and
early expression of Glutathione S transferase, metallathionein families in incompat-
ible interactions revealed their involvement in cell protection like ROSscavenging
during HR re-sponses.

M. balbisiana, is one of the ancestors of the present day triploid banana cultivars,
harbouring many pest and disease resistant and drought tolerant genes (Vanhove
et al. 2012; Liu et al. 2010; Uma et al. 2013). Whole transcriptome profiling of M.
balbisiana has been completed by National Research Centre for Banana (NRCB),
India, using Ion-torrent platform. The quality reads obtained from these sequencing
were assembled with AA reference genome (M. acuminata DH Pahang). The anno-
tated results revealed that approximately 330] unigenes were found to be homole-
gous to known defense-related genes in other plants. Plant CYC database analysis
also stated that these unigenes were significantly enriched in various known resis-
tance related metabolic or signaling pathways. Overlaying of these transcripts with
the recently sequenced gene models of B genome (M. balbisana type Pisang Klutuk
Wulung) is in progress to identify the unique candidate genes, detection of SNPs
and SSRs in resistant/defense related genes.

Under the Network project of Transgenic crops—Functional Genomics com-
ponent, of ICAR, India, NRCB has carried out banana transcriptomic studies for
various biotic (Eumusae leaf spot and root lesion nematode) and abiotic (water de-
fecit) stresses. The experiment for each stress was carried out by constructing four
cDNA libraries in both resistant and susceptible cultivars with challenged and un-
challenged conditions. These libraries were subjected to next generation sequenc-
ing using IHlumina platform and quality reads were assembled with AA reference
genome. This project was initiated with an aim to have a near-complete snapshot
of transcriptome, including the rare transcripts that have regulatory roles in various
biotic and abiotic stresses in compatible and incompatible genotypes. Besides, the
DGE analysis of these transcriptome data of the contrasting cultivars under chal-
lenged and unchallenged conditions was also carried out to identify the differen-
tially expressed genes in resistant cultivars.
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By comparing the expression profiling of M. eumusae challenged and unchal-
lenged resistant and susceptible cultivars, 46 unique genes which are involved in
resistance related pathways were detected only in resistant genotype (cv. Manoran-
jitham). Similarly on KEGG analysis, it was observed that among all defense relat-
ed transcripts, 953 were involved in PTI (PTI is a branch of plant immunity which
involves interactions between host pattern recognition receptor-like kinases (PRRs)
and pathogen associated molecular patterns (PAMPs)), 816 transcripts in plant hor-
mones biosynthesis and signaling, 88 transcripts in pathogenesis—related and 346
in cell-wall modification. 54 transcripts in effectors triggered immunity (ETI} etc.

Similarly, 16 genes which are expressed only in root lesion nematode challenged
resistant cultivar (Karthobiumtham-ABB) were considered as unique genes and in-
depth study on these putative genes is in progress to confirm their role in on resis-
tance mechanism. The digital gene expression analysis also revealed that the genes
involved in phenylpropanoid pathway, flavanoid and lignin biosynthesis pathway
are over expressed in resistant genotypes under challenged condition compared to
unchallenged resistant genotype and challenged susceptible genotype (cv. Nendran).
Portal et al. (2011) studied the compatible interaction of M. fijiensis with banana
through the construction of suppression subtractive hybridization. Upon infection,
it was found that, jasmonic acid and ethylene signaling transduction dependent de-
fense mechanisms, such as production of membrane damaging PR proteins and
GDSL like-lipase were induced only in later stages. However, activation of the JA
and ET pathways have not prevented BLSD development in the compatibie interac-
tion of cultivar ‘Grand Naine’, probably because the defense mechanisms induced
were repressed again at very late stages of infection. At this stage, plant defense
mechanisms appear to be actively suppressed, while the fungal UGPase encoding
gene with a possible role in membrane protection as an osmoprotectant is induced.

3 Databases and Tools for Musa Transcriptome Analysis

Till date (2013), 55854 Musa EST sequences have been submitted in the Ex-
pressed Sequence Tags database (dbEST) (hitp://www.nebinlm.nih.gov/dbEST).
The dbEST contains sequence data and other information on single-pass cDNA
sequence or Expressed Sequence Tags. The number of ESTs with respect to each
Musa genomic group submitted in the dbEST is given in Table 5.

The Musa transcriptome database maintained by Global Musa Genomics Con-
sortium has 91,041 banana cDNA sequences till date in public domain. To support
post-genomic efforts, Droc et al. (2013) improved existing systems (eg. web front
end, query builder), by integrating available Musa data into generic systems (e.g.
markers and genetic maps, synteny blocks). They have made inter operable with the
banana hub (http://banana-genome.cirad.fr/) and other existing systems containing
Musa data (e.g. transcriptomics, rice reference genome, workflow manager) and
generated new results from sequence analyses (e.g. SNP and polymorphism analy-
318). Thus studv of the banana eenome has been enhanced bv a number of tools and



292 S. Backiyarani et al.

Table 5 Number ofMus_{;_:_ ESTs available in the NCBI public domain

Musa species, hybrids “No. 6f ESTs

M. acuminata (AA group) o ) 29,525
Musa x paradisiaca e 11,154 )
Musa (ABB Group) o - 11,070 i
M acuminata (AAA Group) e oTest

M. balbisigna (BB group) ... 528

M. acuminata subsp. burmannicoides (AAgroup) 2289

Musa (AAB Group) - o
Musa hybrids and cultivars o 6 o
o e o

The Banana Genome Hub is supported by the Scuth Green Bioinformatics Plat-
form (http://southgreen.cirad.fi/), which provides access to original bioinformatics
methods and toels to manage genetic and genomic resources of tropical plants. The
comparative genomics is critical for the generation of reliable gene function annota-
tions. The Banana Genome Hub relies on a robust comparative genomics database
called GreenPhyIDB (http://greenphyl.cirad.fr), which is now added with the Musa
protein coding genes. This database comprises complete proteome sequences from
the major plant phyla. The clustering of these proteomes was performed to define a
consistent and extensive set of homeomorphic plant families. Based on this, lists of
gene families such as plant or species specific families and several tools are provid-
ed to facilitate comparative genomics within plant genomes. Comparison involves
two main steps; gene family clustering and phylogenomic analysis of the generated
tamilies. Once a group of sequences (cluster) is validated, phylogenetic analyses
are performed to predict homolog relationships such as orthologs and ultraparalogs.
GreenphylDB is linked to Uniprot DB to access M. acuminata proteormne.

TropGeneDB (htip://tropgenedb.cirad.fr) is a database that manages genomic,
genetic and phenotypic information about tropical crops. Banana markers, maps,
germplasm and genotypes data module are included in this DB. Genotyping 546
accessions of Musa germplasm with 22 SSR markers data are included in this DB.

Expressed Sequence Tag Treatment and Investigation Kit {Esttik) (http://esttik.
cirad.fr) is a tool for editing and assembling of raw data of cDNA to form unigenes.
The pipeline executes a series of programs to assess quality and nucleotides from
chromatograms, then edits and assembles the input DNA sequence information into
a non-redundant data set. This unigene is then searched for SSRs and SNPs. It is
used as input for annotation against public databases including an extraction of
Gene Ontology terms (Argout et al, 2007).

HarvEST: Musa displays EST sequences from 13 ¢cDNA libraries from M. acum-
inata, M. balbisiana and related species. All sequences were derived from trace files
received from various sources. Although HarvEST contains BLASTX hits from
UniProt it needs updating (Close et al. 2007).

GNPAnnot (http://www.gnpannot.org/) is a project on green genomics which
intends to develop a community system of structural and functional annotation sup-
ported by comparative genomics and dedicated to plant, insect and fungal genomes
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allowing both automatic predictions and manual curations of genomic objects.
Community annotation system for M. acuminata is also provided in this website.

4 Application of Transcriptome Analysis in Banana
Improvement

Gene-derived SSRs can be associated with functional genetic variation, as they are
located in transcribed regions potentially influencing the gene function, transcrip-
tion or translation (Tranbarger et al. 2012). Consequently, these EST SSRs offer
potential tool for marker assisted breeding, with markers either originating from a
gene for a desirable phenotypic trait, or co-localizing with a particular quantitative
trait locus. With such markers isolated from coding regions, conservation is also
potentially greater, increasing transferability to related species (Gupta et al. 2003).
Amorim et al. (2012) and Wang et al. (2007) used EST-SSR markers for banana
germplasm accessions and revealed that these markers are highly informative SSR’s
which can be used to accelerate the banana breeding programs, improve the studies
on genetic diversity and leading to the development of saturated genetic linkage
maps.

Passos et al. (2013) tried to develop defense related gene derived SSR loci, se-
lected on the basis of BLAST similarities and KOG (eukaryotic orthologous groups
of proteins). A total of 4068 genic-SSR loci were identified in Calcutta 4 and 4095
in Cavendish cv. Grande Naine. A subset of 95 potential defense-related, gene-de-
rived S5Rs loci was validated for specific amplification and polymerphism across
M. acuminata accessions. This result evidenced that only 14.7 % of markers showed
polymorphism ameong 20 M. acuminata accessions with alleles per polymorphic
locus ranging from 3 to 8. In spite of limited diversity observed while using gene
derived markers, the polymeorphic markers were applicable for association with trait
loci and down stream marker assisted selection, as well as evolutionary analysis,
parentage assessment and general genotyping applications in breeding programs.

Similarly at NRCB, SSR. database containing 5362 SSRs with primer details,
product size, annealing temperature ete. has been developed using the Musa ESTs
available at NCBI. This assisted in the identification of two putative candidate
markers which could differentiate the nematode resistant and susceptible banana
cultivars.

Based on transferability studies Backiyarani et al. (2012) reported that SSR
markers developed from Musa ESTs could be used across different genera of the
family Zingiberaceae. These transferable Musa EST-SSR markers could also be
used in cardamom improvement program as the availability of cardamom specific
primers are very meager. Fatokun et al. (1992) reported that different plant spe-
cies often share orthologous genes for very similar functions. This suggested that
Musa EST-SSR markers have potential to develop conserved erthologous set (COS)
markers, which facilitate comparative genomic studies between species and mem-

hare Af tha Ardar Zinatharalace
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Table 6 Number of S3Rs and SNPs developed from various cDNA libraries of Musa cultivars

Libraries M cumusae ~ Nematode {P. coffeae) Water deficit stress

SSR SNP SSR SNP SSR SNP
Unchal- 4825 83 11,650 432 9692 451
lenged
resistant . G
Challenged 9153 355 3408 287 8128 351
resistant ) o ) o
Unchal- 5008 79 8250 143 8478 92
lenged
susceptible e - e -
Challenged 9239 271 7512 303 3775 334
susceplible. e . e o
Total 28225 788 30,820 _He7 - 30073 1228

The transcriptome data on 12 cDNA libraries available at NRCB were subjected
to in silico analysis to predict the SSR and SNP markers and resulted in the identi-
fication of a maximum of 11,650 and 355 SSRs and SNPs respectively (Table 6).
Musa SNP database is being developed with all associated information.

Wan and Pentecost (2013} suggested that identification of multiple components
involved in the chitin-mediated defense pathway (chitin degradation and signal
generation; signal perception and amplification and downstream signaling com-
ponents) is an important strategy to develop resistance to diverse biotic stresses.
Hence, efforts were made to identify the chitinase isoforms from the available tran-
scriptome data. DGE analysis of M. eumusae challenged resistant cultivar and P
coffege challenged resistant cultivar indicated that the class II chitinase belonging
to PR3 protein family was found to be commonly over expressed in both nematode
and M. eumusae resistant genotypes. This information could be used for sefection
of genes to develop multiple resistances in banana through transgenic approach.

Shekhawat et al. (2011a) identified a novel SK3 type dehydrin (MusaDHN-1)
from banana leaf cDINA library {Gene bank accession No. ES 436956) and found
that this gene is significantly upregulated in abiotic stresses like cold, drought and
high salinity int a robust and hardy cultivar ‘Karibale’ (Monthan, ABB). This gene
is being used to improve drought and salt stress tolerance in cv. Rasthali through
genetic transformation. Shekhawat et al. (2011b) also identified a banana EST se-
quence corresponding to a WRKY gene based on comparative analysis of stressed
and non-stressed tissue derived EST data sets obtained from cv. Cachaco, a drought
tolerant variety. Shekhawat et al. (2013) developed a transgenic Rasthali by incor-
porating this novel WRKY gene through transgenic approach and displayed en-
hanced tolerance towards oxidative and salt stress. Although MusaWRKY71 is
induced in response to elicitor molecules of biotic stress response pathways like
ethylene, salicylic acid, MusaWRKY71 over expressing plants were found to be
equally susceptible to the infection of Fusarium oxysporum f. sp. cubense as the
untransformed control plants. These results indicated that AfzsaWRKY71 is an im-

portant constituent in the transcriptional reprogramming involved in diverse stress
resnnnses in hanana.
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Conclusion

Transcriptome analysis of various tissues exposed to different stresses enables the
identification of differentially expressed genes. Among various methods available,
genome wide expression profiling would allow the measurement of the activity of
majority of genes and to understand the molecular mechanism involved. In 1990s
EST sequencing was the best approach for rapid identification of expressed genes,
or at least fragments of those genes. Although at that time EST sequencing was
considered a very high-throughput technique, both costs and technical limitations
prevented the development of a complete transcript catalog. As a consequence,
much of our knowledge on the protein-coding region of the transcriptome relied on
different computational gene prediction methods. Other technologies like tag based
methods (SAGE and MPSS) are the best methods over ESTs as these approaches
have the capability to quantify the level of gene expression, but fail to distinguish
the isoforms. In addition, most of them are based on traditional Sanger sequencing
technology, which is expensive to apply on a large scale. A hybridization-based
approach like microarray is one of the inexpensive ways to detect and quantify the
transcripts on a large scale. Though this technique has some advantages like high
throughput and ability to quantify distinct spliced isoforms, it has some disadvan-
tages too. Because of differences in hybridization strength, cross-hybridization and
other experimental variables, microarrays provide a noisy output signal. They can
measure only the genes for which the sequence and the precise exon-intron bound-
aries are known, thus failing to identify novel genes or novel splicing events. Re-
cently, RNA-seq technologies provide unprecedented opportunities for character-
izing the set of RNA transcripts produced in tissues. Many platforms are available
to sequence the RNAs, the choice of platforms varies with the objectives (de novo
sequencing and resequencing) and budget availability. Unlike hybridization-based
methods, it is not limited to the detection of known transcripts, but can also measure
a broader range of expression levels. Among its other advantages, RNA-seq data
has relatively low background noise, achieves base-pair resolution, allows precise
identification of exon and intron boundaries, detecta single nucleotide polymor-
phisms (SNPs) and other variants within transcripts.

In banana, transcriptome analysis has been carried out to understand the mo-
lecular mechanisms involved during fruit ripening and various biotic and abiotic
stress conditions using different approaches like SSH, ¢cDNA-AFLP. ESTs and mi-
croarray. After the development of next generation sequencing, many have been
carried out to understand the Musa-pathogen interactions and to identify the unique
genes responsible for inducing resistance. The generation of enormous amount of
sequence data from these transcriptome analyses has resulted in development of ge-
netic markers like EST-SSRs, SNPs ete. These have led to the development of trait
specific markers being used in conventional breeding for the selection of parents
and progenies economising the time and resources needed for field evaluation. Be-
sides these markers are valuable resources for comparative mapping in evolutionary
studies.
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It is evidenced from previous studies that there are differences in expression
levels across homeologous chromosomes suggesting independent contribution of
the two genomes to banana metabolism. This emphasises the need of both A and B
genome as reference sequences for the transcriptome mapping of any banana and
plantain cultivar imrespective of its genomic group (AAA, AA, AAB, ABB, BB).
The fact that nearly 20% of the transcripts do not hit with any known functional
genes emphasise the need to study the function of uncharacterized genes either
through RNAi and/or knockout gene approaches. This may lead to the identification
of novel genes for important traits like parthenocarpy, sterility etc. The outcome of
the research will not only be useful for improving banana but also paves way to de-
velop seedlessness in other fruits crops.
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