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SYNOPSIS 

Preamble 

Plant growth and development are adversely affected by different abiotic and 

biotic stress factors. In order to survive these stresses, plants have evolved the 

capacity to sense and react to these diverse external signals by means of specialized 

physiological and biochemical strategies. Upon stress perception, plants trigger a 

cascade of cellular events involving several parallel transduction pathways that 

eventually modulate the level of specific transcription factors resulting finally in the 

up or down regulation of genes coding for synthesis of effector proteins and/ or 

metabolites which participate in stress tolerance. Detailed investigations into the 

functions of each of these transcription factors and effector proteins are required in 

order to understand and modulate stress response pathways in important crop plants. 

Banana (Musa spp.) is one of the most important food and fruit crops in the world and 

is widely grown in many of the tropical countries. India is the highest producer of 

bananas in the world with a total production of 31.89 million metric tones, which is 

approx. 34.5% of total production of top 20 banana growing countries 

(http://www.fao.org). Like for any other important crop plant, the yield and 

productivity of banana is limited by the several abiotic stress factors to which the 

banana plant is continuously exposed. Among these, cold temperatures, drought and 

high salt conditions are most important in context of banana. Banana is a very cold 

sensitive plant, with its growth being severely curtailed in ambient temperatures of 

less than 8°C (Santos et al., 2009). For this reason, banana cultivation is mostly 

concentrated in the tropical regions of the world which do not experience severe cold 
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temperatures at any time of the year. Further, it is a water intensive plant owing to its 

shallow roots and a permanent green canopy. Due to this reason banana cultivation 

needs an abundant and steady supply of water and any level of drought imparts a 

severe effect on its yield and productivity (van Asten et al., 2011). Additionally, 

banana plant is known to be highly salt sensitive also and it has been reported 

previously that high soluble salt contents in the soil cause accelerated collapse of 

banana root system (Gauggel et al., 2005). Thus, there is an urgent need to study the 

genes involved in abiotic stress responses in banana plant and to further device 

suitable strategies to effectively mitigate the effects of abiotic stress through the 

development of abiotic stress tolerant transgenic banana lines.  

Chapter I [General Introduction] 

This is an introductory chapter that describes the literature related to the 

important abiotic stress related genes widely studied in plants. Since this study has 

been concentrated on genes coding for dehydrins, WRKY transcription factors and 

bZIP transcription factors, the roles and functions of these genes in plants have been 

dealt with in detail.  

Dehydrins are highly hydrophilic proteins involved in playing key adaptive 

roles in response to abiotic stress conditions having dehydration as a common 

component (Hara, 2010). Dehydrins, belonging to a broader class of late 

embryogenesis abundant (LEA) proteins, have been extensively studied in various 

plants owing to their affirmative association with abiotic stress tolerance. Several 

studies have shown induction of dehydrins in response to different abiotic stress 

conditions signifying their role in ameliorating the cellular effects of these stresses 
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(Richard et al., 2000; Bae et al., 2009). Arabidopsis thaliana overexpressing a wheat 

dehydrin demonstrated enhanced tolerance to salt and drought stress (Brini et al., 

2007). Several reports describe improved freezing tolerance in plants overexpressing 

specific dehydrin proteins (Hara et al., 2003; Puhakainen et al., 2004). WRKY 

transcription factors are specifically involved in the transcriptional reprogramming 

following incidence of abiotic or biotic stress on plants (Rushton et al., 2010). Several 

reports published recently indicate that overexpression of select specific WRKY genes 

in transgenic plants can lead to significantly improved stress tolerance in plants. 

VvWRKY1 overexpression in grapes activated the expression of jasmonic acid 

pathway-related genes and improved the tolerance to the downy mildew (Marchive et 

al., 2013). Overexpression of ZmWRKY33 in Arabidopsis induced RD29A known to 

be involved in stress-signaling and enhanced salt stress tolerance in the transgenic 

plants (Li et al., 2013). bZIP transcription factors have been implicated in several 

important cellular processes and hence investigations into the roles played by various 

members of bZIP gene family in plants is important. Many of these bZIP transcription 

factors have been in the past associated with abiotic stress responses wherein their 

overexpression has resulted in improved abiotic stress tolerance in the transgenic 

plants. ThbZIP1 gene from Tamarix hispida enhanced the salt stress tolerance in 

transgenic tobacco plants (Wang et al., 2010). Transgenic Arabidopsis plants 

overexpressing three soybean bZIP genes displayed better tolerance to salt and 

freezing stress as compared to respective controls (Liao et al., 2008). Transgenic 

tobacco plants overexpressing a wheat bZIP gene Wlip19 showed significantly 

improved freezing stress tolerance (Kobayashi et al., 2008). Arabidopsis bZIP gene 
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ABF3 improved abiotic stress tolerance in rice without stunting the growth of 

transgenic rice plants (Oh et al., 2005).  

Chapter II [Studies on MusaDHN-1, an SK3-type dehydrin gene from banana] 

Cellular mechanisms involved in responding to environmental stress 

conditions which generate reduced water potential typically include production of an 

array of different proteins to help the cells tide over unfavorable growth conditions. 

Specific hydrophilic proteins known as LEA proteins are the major proteins 

expressed in response to the water-deficit conditions. Group 2 LEA proteins, also 

called as dehydrins, are by far the most well studied putative dehydration protective 

proteins in higher plants. Dehydrins are characteristically rich in glycine and charged 

polar amino acids, whereas they lack cysteine and tryptophan. Dehydrins have 

conserved lysine-rich motifs called K-segments (EKKGIMDKIKEKLPG or its 

derivatives) which probably form amphiphilic α-helices. These α-helices interact with 

intracellular molecules, chiefly proteins and membranes by hydrophobic interactions 

thereby inhibiting their coagulation in water-stressed conditions. Other distinctive 

features of dehydrins include consensus motifs called Y-segment (T/VDEYGNP) and 

S-segment (a track of serine residues). A novel banana SK3-type dehydrin 

gene, MusaDHN-1 was identified from banana EST database (Genbank accession no. 

ES436956). The coding sequence of MusaDHN-1 consisted of 711 nucleotides 

encoding a protein of 236 amino acids. MusaDHN-1 protein is classified as a SK3-

type dehydrin as it possesses a single tract of characteristic serine residues, the S-

segment in the N-terminal half and three lysine-rich K-segments. Expression profiling 

in native banana plants (cv. Karibale Monthan) demonstrated that MusaDHN-
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1 transcript was induced in leaves and roots by drought, salinity, cold, oxidative and 

heavy metal stress as well as by treatment with signaling molecules like abscisic acid, 

ethylene and methyl jasmonate.  

To explain stress inducibility of MusaDHN-1 and to get clues for its possible 

functions in banana, a 1071-bp fragment present upstream of MusaDHN-1 coding 

sequence was amplified from banana cv. Karibale Monthan genomic DNA by 

employing TAIL-PCR. Several putative cis-acting elements demonstrated to be 

integral to stress-responsive gene regulation pathways were identified in the promoter 

region of MusaDHN-1 using online PlantCARE and PLACE software. Promoter 

characterisation carried out by making a MusaDHN-1 promoter::GUS fusion 

construct and its transformation in tobacco plants reconfirmed the abiotic stress 

inducibility of MusaDHN-1. To further characterize its functions in banana plants, 

banana embryogenic cells were transformed with an expression cassette designed to 

constitutively overexpress MusaDHN-1 in the transgenic plants. Transgenic nature of 

these plants was confirmed by genomic DNA PCR and Southern blotting and 

overexpression of MusaDHN-1 was confirmed by real-time quantitative RT-PCR. 

Transgenic banana plants constitutively overexpressing MusaDHN-1 were 

phenotypically normal and displayed improved tolerance to drought and salt stress 

treatments in both in vitro and ex vitro assays. Better relative water content, enhanced 

accumulation of proline and reduced malondialdehyde levels in drought and salt 

stressed MusaDHN-1 overexpressing plants indicated their superior performance in 

stressed conditions.  
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Chapter III [Studies on MusaWRKY71, a WRKY transcription factor gene from 

banana] 

Plant stress responses are generally controlled by a network of specialized 

genes through intricate regulation by specific transcription factors. Among these 

transcription factors, members of WRKY family have been well known for their 

central roles in regulating the plant response to stress. WRKY transcription factors 

comprise one of the largest families of transcription factors in plants and are involved 

in a variety of physiological processes most prominent among them being biotic and 

abiotic stress responses. WRKY proteins possess a specific 60 residues long DNA 

binding domain which is named as the WRKY domain after the almost invariant 

WRKY amino acid sequence present towards the N-terminus. Most members of 

WRKY family have been implicated in transcriptional reprogramming linked with the 

plant immune responses where they serve as central components of the innate 

immune system. Additionally, specific WRKY proteins have been demonstrated to be 

involved in cold, heat, drought and salt tolerance thereby indicating that the WRKY 

web of signalling encompasses both biotic stress and abiotic stress responses.  

We identified a novel WRKY gene, MusaWRKY71, using in silico approaches 

from an abiotic stress-related EST library maintained at NCBI. Since this EST was 

incomplete at the 3’ end, 3’ RACE was employed to decipher the full sequence of 

MusaWRKY71 transcript. The 1299-bp long cDNA of MusaWRKY71, comprising of a 

76 nucleotide long 5’UTR, 843 nucleotide coding sequence and a 380 nucleotide 3’ 

UTR, encodes a protein with 280 amino acids and contains a characteristic WRKY 

domain in the C-terminal half. Among the characterized proteins, MusaWRKY71 
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showed the best homology with WRKY71 proteins of Oryza sativa, Zea mays and 

Triticum aestivum and hence by analogy this banana WRKY gene was designated as 

MusaWRKY71. Although MusaWRKY71 shares good similarity with other monocot 

WRKY proteins the substantial size difference makes it a unique member of the 

WRKY family in higher plants. The 918-bp long 5’ proximal promoter region 

determined using TAIL-PCR has many putative cis-acting elements and transcription 

factor binding motifs. Subcellular localization assay of MusaWRKY71 performed 

using a MusaWRKY71::GFP fusion protein construct confirmed its nuclear targeting 

in transformed banana suspension cells. MusaWRKY71 expression in banana plantlets 

was up-regulated manifold by cold, dehydration, salt, ABA, H2O2, ethylene, salicylic 

acid and methyl jasmonate treatment indicating its involvement in response to a 

variety of stress conditions in banana. When MusaWRKY71 was constitutively 

overexpressed in transgenic banana plants, the resulting transgenic plants were 

phenotypically normal. Stable integration and overexpression of MusaWRKY71 in 

these transgenic banana plants was proved by Southern blot analysis and quantitative 

real-time RT-PCR respectively. Transgenic banana plants overexpressing 

MusaWRKY71 displayed enhanced tolerance towards oxidative and salt stress as 

indicated by better photosynthesis efficiency (Fv/Fm) and lower membrane damage 

of the assayed leaves. Further, differential regulation of putative downstream genes of 

MusaWRKY71 was investigated by real-time RT-PCR expression analysis using the 

transgenic plants.  Out of a total of 122 genes belonging to WRKY, pathogenesis-

related (PR) protein genes, non-expressor of pathogenesis-related genes 1 (NPR1) 
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and chitinase families analyzed, 10 genes showed significant differential regulation in 

MusaWRKY71 overexpressing lines.  

Chapter IV [Studies on MusabZIP53, a bZIP transcription factor gene from 

banana]  

Plant hormone abscisic acid (ABA) plays an especially vital role in the 

signalling processes associated with abiotic stress in plants. Generally, when a plant 

encounters adverse environment conditions, ABA levels increase and this leads to a 

chain of signal transduction events wherein multiple pathways are modulated to 

finally reorient the internal milieu of a plant cell such that it now has enhanced 

capacity to overcome the stress period. Most genes which are observed to respond to 

drought, high salt and cold stress treatments are also up-regulated by exogenous ABA 

application. Majority of such genes have a ABA-responsive element 

[(C/T)ACGTGGC] in their proximal promoter regions. Modulation of gene 

expression through ABA-responsive elements is predominantly regulated by basic 

leucine zipper proteins (bZIPs) transcription factors. bZIPs constitute a large family 

of transcription factor proteins having a highly conserved bZIP domain composed of 

two invariate structural features: a basic domain (rich in basic amino acids) required 

for sequence specific DNA binding, and the leucine zipper domain which contains at 

least 3 - 4 repeats of leucine at every 7
th

 position (heptad leucine repeat) that mediates 

dimerisation through hydrophobic bonding.  

We identified a bZIP gene, MusabZIP53, from banana EST database 

(Genbank accession no. DN239778) based on its differential abundance in contrasting 

sets of abiotic stress tissue derived EST sequences. Full length coding sequence of 
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MusabZIP53 consisted of 435 nucleotides coding for a 144 amino acid protein. A 493 

bp long 5’ UTR and a 225 nucleotide long 3’ UTR of MusabZIP53 gene were also 

identified. Expression profiling in native banana plants proved that 

MusabZIP53 transcript was strongly up-regulated by cold and drought stress and by 

ABA treatment in both leaf and root tissues. Cellular localization of MusabZIP53 

protein investigated via a MusabZIP53::GUS fusion protein construct confirmed its 

nuclear targeting. MusabZIP53 was overexpressed in transgenic banana plants using a 

constitutive promoter derived from Zea mays polyubiquitin gene. Transgenic banana 

plants constitutively overexpressing MusabZIP53 displayed growth retardation from 

early stages of transformation/ regeneration protocol. The embryos were slow to 

emerge from the transgenic tissues and they were significantly lower in numbers as 

compared to the equivalent controls. Further, multiple shoot induction and rooting of 

these putatively transgenic tissues was also slow. Subsequently, the hardened plants 

were observed to be severely dwarfed as compared to controls. The root growth was 

also severely stunted. The leaves of these transgenic plants showed a very typical 

morphology in that they were significantly thicker than the control leaves of the same 

length and were arranged to form a stiff rosette on top of the plant. Genomic DNA 

PCR and Southern blotting was performed to confirm the transgenic nature of these 

plants. Further, the overexpression of MusabZIP53 in transgenic banana plants was 

established by northern blotting. Genes belonging to several families known to be 

involved in abiotic stress perception and mitigation were found to be differentially 

regulated in these transgenic plants. These included genes coding for dehydration 

response element binding proteins, LEA proteins, anti-oxidant enzymes, aquaporins, 



_____________________________________________________________________ 

xi | Page 

polyphenol oxidases (PPOs), Aux/IAA proteins and proteins involved in amino acid 

metabolism. In total, 25 genes out of a total of 189 tested were found to be 

differentially regulated in MusabZIP53 overexpressing plants.  

Plants overexpressing close homologs of MusabZIP53 have been reported to 

have elevated sucrose levels in their leaves. Further, these homologs have also been 

reported to possess a highly conserved untranslated ORF (uORF) in their long 5’ 

UTRs. These studies have postulated that these bZIP genes possessing this uORF are 

involved in sucrose sensing such that their translation is slowed down if the amount 

of cellular sucrose increases and vice versa. In our studies also, we observed the 

levels of sucrose were higher by approx. 40 % in the transgenic leaves as compared to 

the equivalent controls. Further, to prove that sucrose indeed affects the translation of 

MusabZIP53 gene, we used banana embryogenic suspension culture cells growing in 

modified MS medium with 4.5 % (w/v) sucrose. When these cells were starved of 

sucrose for 24 hrs the transcript levels of two genes, which were up-regulated in 

untreated MusabZIP53 overexpressing leaves, were induced to significant levels 

indicating sucrose starvation indeed leads to elevated translation levels of 

MusabZIP53 protein in banana cells thereby inducing the expression of the above two 

genes. All four banana PPO sequences detected in EST and transcriptome databases 

were found to be up-regulated in MusabZIP53 overexpressing plants. Since all the 

four expressed PPO coding genes were up-regulated in the transgenic MusabZIP53 

overexpressing plants, we wanted to investigate whether the MusabZIP53 gene exerts 

a coordinated control of the total PPO activity in banana and whether these PPO 

genes are in any way related to abiotic stress response pathways in banana plant. 
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Hence, PPO coding gene transcript levels were determined in cold and ABA stressed 

banana leaves. All the four PPO coding transcripts demonstrated to be up-regulated in 

untreated MusabZIP53 overexpressing plants were found to be induced in ABA and 

cold treated banana leaves also. To validate the correlation between elevated 

transcript levels and increased protein activity, total PPO activity was determined in 

the leaves of four transgenic plants and in the untransformed controls and also in cold 

and ABA treated untransformed banana plants. Approx. 20 - 25 % higher PPO 

activity was noticed in all the four transgenic lines and stress treated leaves indicating 

that higher PPO coding transcript levels lead to increased protein activity.  

Chapter V [Conclusions and future work] 

The major conclusions of the present thesis are summarised as below  

1. Constitutive overexpression of a specific effector protein like dehydrin 

imparts multiple abiotic stress tolerance in banana plants without 

compromising on any important vital growth parameter. This study was the 

first to report characterization of a banana gene using transgenic banana 

plants. Further, MusaDHN-1 dehydrin gene characterized in this study can 

potentially be used to develop abiotic stress tolerant lines in other important 

crop plants. 

2. MusaWRKY71 is an important member of the WRKY gene family in banana 

and it possess the capacity to cross regulate other WRKY gene members as 

well as other genes involved in biotic stress signalling pathways. Since 

overexpression of this gene provides the transgenic plants with an improved 

oxidative and salt stress tolerance, it may well be a significant link in the 
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interface between abiotic and biotic stress pathways in banana. Further studies 

involving microarray experiments based on the newly uncovered banana 

genome sequence are warranted in future to fully establish the multi faceted 

roles played by MusaWRKY71 gene in banana stress responses. 

3. MusabZIP53 gene plays important roles in multiple cellular networks 

involved in abiotic stress related signalling in banana. Further, it also 

contributes to the maintenance of sucrose homeostasis in banana plant through 

a linked uORF present in its 5’UTR. Also, our findings pertaining to the 

coordinated induction of all four expressed PPO coding genes by MusabZIP53 

gene (in effect controlling the total cellular PPO activity) assign a hitherto 

unknown role for bZIP genes in plants. 

4. Among the three genes characterised as part of this study, the MusaDHN-

1dehydrin gene is the most suited to develop abiotic stress tolerant banana 

plants. Being an effector protein in contrast to the regulatory nature of 

MusaWRKY71 and MusabZIP53 transcription factor proteins, MusaDHN-1 

works as a molecular shield and directly protects the various cellular 

macromolecules from the effects of dehydration. As is evident from our 

results, MusaWRKY71 and MusabZIP53 transcription factor genes are 

involved in multiple regulatory pathways in banana plant and hence 

constitutive overexpression of these genes might not be the most appropriate 

way to develop stress tolerant banana plants. 
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