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ABSTRACT 
 
The main purpose of this study was to determine differences in gene expression and allelic 

heterozygosity in two banana genotypes, Mbwazirume ‘AAA’ which is susceptible to drought 

stress and Cachaco ‘ABB’ which is tolerant when exposed to drought stress. This was achieved 

using data from 454 and Illumina sequencing platforms. Drought stress tolerance in bananas has 

been associated with the B genome but no linkage between gene expression and drought had been 

illustrated. This has been in part caused by lack of a reference genome/reference transcriptome 

making it hard to conduct gene expression studies. In this study a reference transcriptome was 

generated using 454-pyrosequencing technology that comprises of 21201 contigs of lengths 

ranging between 500-4000 bp. During the course of this project the DH Pahang genome from the 

CIRAD team was accessed, which together with the reference transcriptome enabled a 

comprehensive analysis of gene expression and allelic heterozygosity in the two genotypes. 

Mbwazirume and Cachaco share many genes but what differs is the expression level of these 

genes. Many genes that are associated with drought tolerance were up-regulated in Cachaco and 

down-regulated in Mbwazirume. In cases where both genotypes showed down-regulation such as 

expression of aquaporins, Cachaco maintained a higher level than Mbwazirume. Transcription 

factors such as MYB44, MYC4, NAC, bZIP, DREB1 and DREB3 were up-regulated in tissues of 

Cachaco and down-regulated in Mbwazirume. The same trend was observed for genes for 

antioxidant enzymes and cell cycle regulating proteins. The ability of Cachaco leaves to express 

high levels of SIC-SGP with reduced expression of LSRP and chlorophyll catabolic enzymes 

would help it retain more green leaves under dry conditions. Many SNPs were detected in 

Cachaco, with majority being heterozygous. This was attributed to the presence of two copies of 

the B genome. It is possible that some of these alleles affect gene activity and efficiency of gene 

transcription, which results in differences in response to drought stress.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background   

Banana (Musa spp) is a tropical and sub-tropical perennial giant herb on which many millions of 

people depend for their livelihood. Banana ranks number eight after wheat, rice, maize, potato, 

cassava, soybean, and barley as the world’s most produced crops (FA0STAT, 2009). Pests and 

diseases are a threat to banana production in many countries (Jones, 2000). In the tropics and 

sub-tropics, climate changes have caused unpredictable weather and have made it hard to forecast 

seasons for agriculture. Drought is one of the major banana production constraints in tropical 

regions. It has become paramount to breed for plants that can tolerate environmental stresses in 

order to have sustainable food production (CGIAR, 2003). In bananas, drought tolerance has 

been associated with the B genome (Stover and Simmonds, 1987; Nelson et al., 2006). Therefore, 

bananas with a B genome are known for their ability to withstand adverse environmental stresses 

such as drought and high salinity. These include the BB, AB, ABB, AAB, BBB and AABB 

genotypes. However, many cultivars, such as the East African highland bananas (EAHB-AAA) 

are sensitive to drought yet many farmers without irrigation commercially grow them. The yields 

of EAHB-AAA in Uganda are reduced by approximately 20-65% due to insufficient water (Van 

Asten et al., 2011). Physiological studies have been conducted in an effort to elucidate how 

bananas respond to drought stress. However, it is important to understand the genotype effect on 

these physiological responses by determining the variation in gene expression. Although there are 

many gel-based molecular markers that have been used to genotype and characterize bananas, 

there is still limited knowledge about the molecular mechanisms involved in banana responses to 

drought stress. This study focused on several important needs using next generation sequencing.  

The first output was a reference transcriptome from 454 sequencing of cDNA libraries from two 
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cultivars, ‘AAA’ Mbwazirume and ‘ABB’ Cachaco, since the banana reference genome was not 

yet available. Secondly SNPs that could be useful in other studies were mined from the common 

dataset generated from both 454 and Illumina (Solexa) technologies. Also differences in gene 

expression in these genotypes exposed to different water stress conditions were determined. This 

work is expected to also facilitate primer design for gene validation based on proteomics data 

from KU Leuven generated using the same cultivars exposed to water deficit stress to allow them 

have DNA sequences of their identified genes of interest. Relevant libraries were made from 

different tissues (root and leaf), of plants exposed to two water levels (well-watered, pF 1.8-2.1, 

and dry, pF 2.8-3.1). Additional libraries were generated from flower and fruit tissues of same 

genotypes but under field conditions for purposes of improving single nucleotide polymorphism 

(SNPs) detection. 

1.2 Problem statement  

Drought is one of the major production constraints affecting banana crop in tropics and 

subtropics. Breeding for resistance has been proposed as the only sustainable solution to 

production constraints. Before breeders attempt gene introgression to improve susceptible 

varieties, there is need to have a clear understanding on the physiology of different genotypes 

under different water stress levels and the molecular basis for differences observed. To date there 

are quite a number of physiological studies that have been conducted in an effort to understand 

how bananas respond to drought stress. However, there is limited knowledge about the molecular 

mechanisms involved in banana response to drought stress.  

1.3 Research hypothesis 

There is no difference in the gene expression profiles of Cachaco ‘ABB’ and Mbwazirume 

‘AAA’ bananas under drought stress. 
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1.4 Broad objective 

To determine differences in gene expression and allelic heterozygosity in Mbwazirume ‘AAA’ 

and Cachaco ‘ABB’ bananas exposed to drought stress using data from next generation 

sequencing technologies. 

1.4.1 Specific objectives 

i. To generate a reference transcriptome from 454 sequencing of cDNA libraries from two 

cultivars, Mbwazirume ‘AAA’ and Cachaco‘ABB’, improved by Illumina libraries. 

ii. To analyze differences in gene expression in the two genotypes exposed to different water 

stress conditions with respect to tissue, treatment and genotype.  

iii. To mine the 454 / Illumina dataset for single nucleotide polymorphisms (SNPs) that could 

be useful in other studies. 

1.5 Significance and Justification   

This study generated a reference transcriptome from cDNA libraries from Mbwazirume and 

Cachaco. This will be very useful for many scientists even with the presence of reference banana 

genome sequence. Single nucleotide polymorphisms (SNPs) have become commonly used 

molecular markers. The SNPs generated by this study could be useful in other studies such as 

genetic diversity of more homogeneous group of bananas (EAHB-AAA). This work adds to the 

available knowledge and gives insights on gene expression differences in the two genotypes 

under different water stress conditions, thus expanding molecular understanding for the basis of 

physiological responses. The key genes that seem to play significant role in drought stress 

tolerance in banana have been highlighted and this will assist breeders to genetically manipulate 

them and be able to quickly select the best hybrid genotypes via marker-assisted selection.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 The origin, domestication history and geographical distribution of bananas 

Bananas and plantains, collectively known as bananas, belong to the genus Musa, which is 

divided into five sections: Australimusa (2n=20), Callimusa (2n=20), Eumusa (2n=22) and 

Rhodochlamys (2n=22). The fifth section Incertae sedis that contains only three wild species is 

not well documented (Daniells et al., 2001). The present day cultivated edible bananas are 

believed to have arisen from intra- and inter-specific hybridization among Musa acuminata (A 

genome) and Musa balbisiana (B genome) both belonging to section Eumusa (Heuzé and Tran, 

2011). The two species are wild diploid bananas endemic in South East Asia, which stretches 

from India to Papua New Guinea including Malaysia and Indonesia. The present day cultivated 

bananas are believed to have originated from this area (INIBAP, 1995).  

 

In the area of origin of bananas, it is postulated that some diploids, possibly hybrids acquired the 

capacity to produce more pulp and progressively became parthenocarpic (INIBAP, 1995).  Later, 

female sterility developed such that even pollinated flowers produce seedless fruits (Simmonds, 

1962). As this took place, human intervention accelerated the process of banana evolution and 

domestication whereby hybrids that were seedless, palatable and had other good traits were 

selected and grown near human settlements. The wide spread of many popular cultivated bananas 

could have occurred by traders from Arabia, Persia, India and Indonesia who navigated the 

Indian Ocean from South East Asia. As they moved, they carried along with them suckers of 

different varieties with a broad mixture of genomic combinations such as AA, AB, AAA, AAB, 

ABB, AABB, AAAB, ABBB and delivered them to the coastal areas. Likewise, the Portuguese 



 
 

5 

and Spaniards between 16th and 19th century carried bananas to all over tropical America 

(INIBAP, 1995).  

 

East Africa is considered a secondary center of banana genetic diversity harboring a variety of 

cultivars that are not found elsewhere in the world but greatly believed to have been introduced 

by Arab traders at East African coast way back in 600 AD. These cultivars are called the East 

African Highland Bananas, comprising mostly triploid AAA bananas. The question that remains 

unanswered is, why are they not found in other parts of the world? A number of speculations 

about this question are made as compiled by Karamura, (1999). This subgroup of bananas is 

called Lujugira-Mutika (Shepherd, 1957).  The accessions in Uganda have been grouped into five 

clone sets (Nfuuka, Nakitembe, Nakabululu, Musakala and Mbidde) based on analysis of 

morphological characters (Karamura, 1999).  

 

Banana plants grow with varying degrees of success in diverse climatic conditions, but 

commercial banana plantations are primarily found in equatorial regions comprising of the humid 

tropics and subtropics. About 130 countries are known to grow bananas and these include South 

East Asian nations (Cambodia, Indonesia, Laos, Malaysia, Philippines, Singapore, Thailand and 

Vietnam). In these areas over 500 different banana varieties are grown alongside other wild 

uncultivated genotypes.  Other banana producing countries include; Ecuador, Costa Rica, 

Colombia, India, Brazil and China. In West Africa especially Nigeria and Cameroon, large fields 

of plantain cultivars are maintained (Ortiz and Vuylsteke, 1994) and the same also grow in Latin 

American. The Caribbean countries mostly grow the Cavendish bananas, which accounted for 

about 10% of world’s production two decades back (Daniells, 1990). Production of Cavendish 

bananas in Latin America and the Caribbeans in 1990s was estimated to be 56% of which 32% 

was for export and 24% for local consumption (INIBAP, 1999). 
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2.2 General overview about banana production constraints 

More than 70 million people in 15 countries in Sub-Saharan Africa depend on banana for their 

livelihood and food supply (FAO, 2010a). However, their livelihood is being threatened by a 

number of banana production constraints. These constraints are both biotic and abiotic. The biotic 

constraints include pests and diseases (Jones, 2000). Banana pests include the banana weevil 

(Cosmopolites sordidus) and the parasitic nematodes. Many nematode species have been 

associated with banana yield decline and amongst them are; Radophorus similis, Helictylenchus 

multicinctus and Pratylenchus Goodye. These attack and damage the banana root system that 

leads to toppling of plants hence, yield loss. Thus they are associated with rapid decline in yield. 

Many bacterial, fungal and viral diseases have been reported to affect banana and plantain and 

cause varying degrees of yield loss (Jones, 2000). For instance, banana bacterial wilt reduces 

crop yield by up to 100% (Biruma et al., 2007) whereas black sigatoka, a fungal disease that 

affects the leaves (ProMusa, 2002) reduces yield by 30-50% (Rowe and Rosales, 1996). Of late, 

banana bunchy top virus (BBTV) transmitted by Pentalonia nigronervosa (banana aphid) though 

first reported in 1889 in many Asian banana growing countries, is reported to affect areas of 

Rwanda, Burundi and parts of Democratic Republic of Congo including many other banana 

growing areas. It is said to be more significant on plantains than bananas (Kumar and Hanna, 

2010) causing significant yield decline in those areas. 

 

Rainfall is an abiotic factor that impacts on crop production in rain fed agricultural systems. East 

Africa has two rainfall seasons with an average of 900–1100 mm yr−1 in parts of Southwest 

Uganda, East Rwanda and the western Kagera region in Tanzania. This increases to above 1400 

mm yr−1 in the high altitude areas close to the Albertine rift, Mt. Elgon, and some patches 

bordering Lake Victoria. However, with a reported annual rainfall span of 600–2700 mm yr−1, 

variation between years and sites is considerable (Bouwmeester et al., 2009; Van Asten et al., 
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2011). Banana requires an average rainfall of 1300 mm yr-1 to give maximum yield. This means 

that any reductions in the amounts received impacts greatly on the crop’s yield. Looking at the 

last 20 years, drought in 1983/84, 1991/92, 1995/96, 1999/2001, 2004/2005 led to serious famine 

in various parts of the region (http://weadapt.org/knowledge-base/national-adaptation-

planning/climate-changes-in-east-africa).  

Due to the food crisis and environmental (abiotic) changes, it is becoming ever more important to 

breed environmentally stress-tolerant crops (CGIAR, 2003). Plant productivity is greatly affected 

by environmental stresses, such as drought and high salinity (JIRCAS, 2005). Since bananas and 

plantains are mostly cultivated in Tropics and Sub-Tropics, taking a global and long-term view, 

the availability of water is thought to be the most critical limiting factor for photosynthesis on dry 

land, and hence for agricultural production. Famine caused by drought has scourged humanity 

down the ages. Water stress causes stomatal closure and has deleterious effects on numerous 

plant processes, which not only reduce photosynthesis but also damage the photosynthetic 

machinery of the chloroplasts through a process known as photo-oxidation.  

 

The most productive plant communities are the ones best supplied with water (Öpek et al., 2005). 

However, water supply depends on environmental changes and as seasons have changed, rains 

are no longer predictable. This calls for high technology investments such as irrigation systems, 

but water is limited in many areas. With additional investments in technology and adaptation, the 

effect of climate change on actual agricultural production could be reduced, but because these 

inputs raise the cost of production, prices could also rise. Similarly, increased irrigation could 

help farmers cope with droughts and excessive heat, but water shortages and the high cost of 

irrigation systems limit the potential of irrigation to solve the problem (Cline, 2007). The need 
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for crop varieties that can tolerate drought stress with maximum yield potential would be very 

beneficial for rain-fed agriculture.  

 

To achieve the above, breeding strategies have to be geared towards drought tolerant genotypes 

amongst the breeding priorities. Successful breeding depends on understanding the genetic 

potentials of different genotypes. Many molecular tools exist to date that can be used to dissect 

the genome of an organism. However, next generation sequencing technologies are faster, robust, 

cost effective and high throughput compared to traditional Sanger technology and other gel-based 

methods (Imelfort and Edward, 2009). Understanding the genetics of bananas especially how 

genes are expressed in response to drought stress is an important step in molecular breeding 

strategy of tolerant banana genotypes. 

2.3 Plant response to water deficit stress 

Water deficit stress hereafter referred to as drought stress can be defined as the exposure of plant 

to low external water potential. A low plant water content results into several physiological 

responses that manifest as reduced plant growth and productivity. When plants are exposed to 

drought stress, abscisic acid (ABA) is produced that plays a central role in signal transduction. It 

induces stomatal closure, which leads to limited carbon dioxide (CO2) fixation and reduced 

NADP+ regeneration by the Calvin Cycle. Thus increasing the reactive oxygen species (ROS) 

such as: hydrogen peroxide (H2O2), superoxide (O2
-) and hydroxyl (OH) radicals. These ROS 

cause oxidative stress that plants have to deal with in order to survive (Abedi and Pakniyat, 

2010). Plants employ both non-enzymatic and enzymatic strategies to control the effects of 

oxidative stress resulting from reactive oxygen species (Xu et al., 2008). They respond and adapt 

to drought stress at both the cellular and molecular levels, for instance by the accumulation of 

osmolytes and proteins specifically involved in stress tolerance (Shinozaki and Yamaguchi-
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Shinozaki, 2007; Fleury et al., 2010). To the farmers, these responses are of great importance 

since they result in yield reduction for the drought sensitive crops. However, the extent of the 

effect greatly depends on the atmospheric conditions, type of crop and genotype (genetic 

makeup) and growth stage amongst others. It is known that most plants are unable to take up any 

water at pF≈4.2 and this point is referred to as the permanent wilting point (Koorevaar et al, 

1983). Banana plants respond to drought stress by reducing the leaf area through which 

transpiration takes place and by slowing down the transpiration rate through stomatal closure. 

These physiological responses slow down photosynthesis and manifest as reduced leaf 

emergence and growth rate accompanied by delayed fruiting under field conditions (Robinson 

and Saúco, 2010). 

 

Drought stress results into significant changes in gene expression. While some genes are up-

regulated, others are down-regulated and a number of proteins and RNAs are produced that play 

significant roles in biosynthesis reactions. For instance, genes for the synthesis of the hormone 

abscisic acid (ABA) are up-regulated, leading to increased levels of this hormone (Xiong and 

Zhu, 2003; Moumeni et al., 2011). Abscisic acid transported into leaves induces stomatal closure 

in the early stages of drought stress. But ABA also forms a part of the signaling chain for the 

control of other genes responsive to drought stress (Öpik et al., 2005). Although some stress 

responsive genes are regulated by ABA, others are induced by stress only or a combination of 

stress and ABA (Luo et al., 1992).  

 

Studies on various plants have reported several stress responsive genes. Ideally one would think 

of improving stress sensitive plants by introducing some of these genes into plants of interest to 

confer tolerance to drought stress. However, plant tolerance to drought stress is a multifaceted 

process that involves many genes coding for products that are involved in diverse pathways. That 
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is to say drought tolerance is a quantitative trait (Fluery et al., 2010). This is a major drawback to 

plant breeders given the limited accessible germplasm with diverse genetic diversity. A solution 

to this problem is to transform a plant with drought stress-response transcription factors that can 

efficiently regulate many downstream genes involved in protecting the plant against drought 

stress (Hardy, 2010).  Therefore, a lot of literature is available on the expression profiles of 

transcription factors and several other genes involved in stress responses. These include: 

dehydration responsive element binding (DREB) transcription factor which binds DRE/CRT 

elements and are induced by both cold and drought stress (Zhou et al., 2010), stress sensor 

proteins such as calcineurin B-like (CBL) proteins together with calmodulin act as sensors for 

calcium concentration changes during drought stress, abscisic acid responsive elements (ABRE) 

and abscisic acid responsive element binding factor (AREB/ABF) are cis-acting elements at the 

promoter region induced by ABA (Cheong et al., 2003; Hardy, 2010), apetala2/ethylene 

responsive factor (AP2/ERF) is a transcription factor involved in ABA independent pathways 

during drought stress response (Hardy, 2010) , NAC proteins are induced by multiple stresses 

including drought (Fujita et al., 2004), zinc finger proteins, C-repeat binding factor (CBF), early 

responsive to dehydration (ERD) and late embryogenesis abundant (LEA) (Hu et al., 2006, 

Hardy, 2010). Other key genes that confer drought stress tolerance include those coding for 

antioxidant enzymes such superoxide dismutase, guaiacol peroxidase, catalase, ascorbate 

peroxidase and enzymes involved in the biosynthesis of non-enzymatic antioxidants such as 

tocopherol cyclase involved in tocopherol (vitamin E) synthesis (Vidi et al., 2006).   A study in 

Brassica napus (oilseed rape) showed up-regulation of antioxidant enzymes such as superoxide 

dismutase and guaiacol peroxidase in drought resistant cultivars (Abedi and Pakniyat, 2010) and 

this was consistent with other studies on poplar (Xiao et al., 2008), Sunflower (Gunes et al., 

2008) and cowpea (Manivannan et al., 2007). In cowpea plants, up-regulation of cystatin in 
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leaves of tolerant cultivars was indicated to confer drought stress tolerance by blocking cysteine 

proteinase activities. Cystatins are proteinaceous reversible inhibitors of cysteine proteinases, 

such as papain and cathepsin (Diop et al., 2004) 

2.4 Dissection of banana genome 

The most effective way of dissecting and fully understanding the genome of an organism is by 

having its entire genome sequenced. To date a number of plants have had their genome fully 

sequenced and the data is available to the public, for example Arabidopsis thaliana 

(http://www.arabidopsis.org), a model plant for dicots, and Oryza sativa, the first monocot and 

cereal plant to have its genome fully sequenced and annotated (Zhao et al., 2004; 

(http://rise.genomics.org.cn/)). Banana has been considered to be an ideal model for 

understanding genomic evolution in relation to biotic and abiotic stresses, among the polyploid 

and vegetatively propagated crops (http://www.musagenomics.org/). To this effect, Centre de 

Coopération Internationale en Recherche Agronomique pour le Développement (CIRAD) 

conducted a full genome-sequencing project for banana in 2009.  However, this reference 

genome is yet to be made available for public use. Nevertheless, molecular understanding of 

banana at the transcriptome level is not limited by availability of a reference genome sequence. 

Next generation sequencing such as 454 sequencing technology offers an opportunity for de novo 

assembly of reads to generate a reference transcriptome, against which gene expression studies 

can be referenced. This is because unlike other next generation sequencing technologies, the 454 

technologies gives longer reads, ranging on average from 400 to 600 bp thus making de novo 

assembly of reads into contigs much easier (Margulies et al., 2005). Indeed, the search for 

agronomically important genes such as those involved in disease resistance and drought tolerance 

can be done by cDNA sequence analysis. Tremendous research has been carried out in this 

direction. By using next generation sequencing, it is now clear that banana like other high 
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eukaryotes contains a large amount of repetitive DNA sequences that are known not to code for 

anything.  Such sequences constitute more than 50% of the so far sequenced genomic libraries of 

Musa acuminata and the most frequent repeats are Ty1/copia and Ty3/gypsy retroelements 

(Hřibová et al., 2010). Similarly, Cheung and Town, (2007), did a large scale BAC end 

sequencing which showed a great potential to anchor a small proportion of the genome of Musa 

acuminata to the genomes of Oryza sativa and possibly Arabidopsis thaliana. This means that 

even in the absence of reference genome it is still possible to get information from partial 

sequences because of macro- and micro-synteny. This can be detected by carrying out BLASTN 

match to fully sequenced and annotated species. Lescot et al., (2008), described the utility of 

comparative analyses between distantly related monocot species such as Oryza and Musa in 

improving the understanding of monocot genome evolution. They revealed the presence of 

micro-synteny regions that have persisted in the course of evolution between order Poales and 

Zingiberales over a long period.  Sequencing and deciphering of gene function in banana is very 

important in understanding how genes interact with each other and the environment to make a 

plant thrive or die for example under conditions of water deficit (INIBAP, 2005). It should be 

noted that plant tolerance to drought stress is a multifaceted process that involves synergistic 

effects of different genes that encode proteins involved in different metabolic pathways. 

2.5 Molecular analysis of gene expression 

When organisms are exposed to stressful conditions such as water deficit, they respond by 

switching ON some genes and switching OFF others or up-regulation and down-regulation of 

different genes. Transcript abundance can be measured to gain an understanding on how different 

genes participate in response to a given condition. Scientists have often employed microarray 

technology in the study of gene expression (Schena et al., 1995), but more recently this is being 

accomplished by RNA-sequencing technologies.  
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2.5.1 Micro-array technology 

Gene expression analysis by microarray technology involves isolating mRNA and converting it 

to cDNA by enzyme reverse transcriptase. Then the fluorescently labeled cDNA is hybridized to 

the chip to reveal the expression level for each gene, identifiable by its known location on the 

chip. Generally, two predominant microarray technologies are commonly used that is the cDNA 

microarray technology and the oligonucleotide microarray technology. The most commonly used 

oligonucleotide microarray technology is the Affimetrix Gene Chip.  However, there are other 

technologies like Affymetrix 23 000 ATH1 GeneChip and 22 000 Agilent oligoarrays that have 

been employed on Arabidopsis and rice respectively (Shinozaki and Yamaguchi-Shinozaki, 

2007).    

 

Microarray technologies have found wide use in the scientific research. They have been used to 

identify clusters of co-expressed genes (Eisen et al., 1998) and allowed inferences about 

biological processes implicated in plant development and environmental responses (Wullschleger 

and Difazio, 2003). The value of microarrays to elucidate the genetic control of gene expression 

variation was demonstrated in mice and Drosophila melanogaster (Karp et al., 2000; Eaves et 

al., 2002; Wayne and McIntyre, 2002). Microarrays have been used to determine gene expression 

levels in segregating populations and identify genomic regions (gene expression QTLs, or 

eQTLs) explaining transcript variation in co-regulated genes (Brem et al., 2002; Schadt et al., 

2003; Yvert et al., 2003). A number of stress-inducible genes have been identified using 

microarray analysis in various plant species, such as Arabidopsis and rice (Seki et al., 2002a; 

Seki et al., 2002b). 

 

The proteins identified by microarray analysis and thought to function in abiotic stress tolerance 

include molecules such as chaperones, late embryogenesis abundant (LEA) proteins, osmotin, 
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antifreeze proteins, mRNA-binding proteins, key enzymes for osmolyte biosynthesis, water 

channel proteins, sugar and proline transporters, detoxification enzymes, and various proteases. 

Also regulatory proteins such as protein kinases, protein phosphatases, enzymes involved in 

phospholipid metabolism, and other signaling molecules such as calmodulin-binding protein are 

involved in further regulation of signal transduction and stress-responsive gene expression 

(Shinozaki et al., 2003).  

 

Studies on drought-inducible genes in Arabidopsis and rice using microarrays indicated that more 

than half of the drought-inducible genes were also induced by high salinity and abscisic acid 

(ABA) treatments, implicating significant cross-talk between the drought, high salinity, and ABA 

response pathways as compared to only 10% of them that were also induced by cold stress 

(Shinozaki and Yamaguchi-Shinozaki, 2007). Similarly, studies to determine the role of proline, 

K/Na ratio and chlorophyll in wheat genotypes indicated that genotypes with higher proline, 

K/Na ratio and chlorophyll contents had higher grain yield (Khan et al., 2009). Chlorophyll is 

used to trap the solar energy used in photosynthesis hence, a key factor in crop yield. Increased 

concentration of sodium in the plant under conditions of high salinity disturbs many metabolic 

activities because it is known to be a toxic element (Akram et al., 2007). Plants that are able to 

restrict sodium in their roots and avoid its translocation are said to be tolerant to high salinity. 

Proline accumulation in plants under conditions of drought and salinity stress is a key strategy in 

ensuring tolerance to these stress conditions. It has been found out that this amino acid is 

involved in prevention of programmed cell death (apoptosis). Proline and glycinebetaine have 

been implicated in inducing antioxidant defense gene expression and suppression of cell death in 

cultured tobacco cells under salt stress (Banu et al., 2009). While in animals, prevention of 

programmed cell death results into cancers, in plants it is a survival strategy under conditions that 

lead to accelerated apoptosis such as drought and high salinity stress.    
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Despite the significant contributions micro-array technologies have made to gene expression 

studies, the technologies are quite laborious, the precision is not optimal due to cross 

hybridization of closely related genes and the technology is limited to the number of reference 

genes that can be spotted on the chip. Therefore, next generation sequencing technologies are 

evolving at a faster rate to try and close the loopholes in micro-arrays. 

2.5.2 The role of next generation sequencing technologies in research 

Sanger sequencing has been greatly utilized by scientist and up to date it still remains the gold 

standard because of its ability to produce longer reads with minimum errors (Sanger and 

Coulson, 1975). With this method genes can be analyzed at nucleotide level. However, it is very 

expensive with low throughput. The advent of next generation sequencing technologies also 

referred to as second and third generation sequencing or 2G and 3G technologies have 

revolutionized biological research. They have taken center stage because of high throughput and 

reduced cost and time of sequence generation. These methods produce millions to billions of 

relatively short reads, usually at the expense of read accuracy. They eliminate the use of in vivo 

bacterial cloning stage of the Sanger methodology by using either ‘emulsion PCR’ (Roche 454, 

Applied Biosystems-SOLiD) or ‘bridge PCR’ (Illumina) for target amplification to generate a 

polony thus speeding up sample preparation (Shendure and Ji, 2008).  

 

The first commercial next generation sequencing system was produced by 454 technologies and 

commercialized by Roche. It works on the principle of pyrophosphate detection that was earlier 

described by Nyren and Lundin, (1985). To date several other companies including 

Illumina/Solexa (Turcatti et al., 2008), Applied Biosystems, Helicos Biosciences and Pacific 

Biosciences have joined the competition (Imelfort and Edwards, 2009). The platforms offer a 

variety of experimental approaches for characterizing a transcriptome, including single-end and 
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paired-end cDNA sequencing, tag profiling, methylation assays, small RNA sequencing, sample 

tagging ("barcoding") to permit small subsample identification following multiplex sequencing, 

and splice variant analyses (Wall et al., 2009). Hřobiva et al., (2010) used low-depth 454 

sequencing to thoroughly characterize the repetitive part of banana (Musa acuminata cv. 

‘Calcutta 4’) genome such as the LTR-retrotransposons, DNA transposons, LINE-like elements, 

tandem repeats and simple sequence repeats. They found out that the LTR-retrotransposons were 

the most abundant repetitive sequences than the DNA transposons.  

 

Sequencing by 454-technology and de novo assembly of the transcriptome was done to identify 

genes and to reconstruct the metabolic pathways involved in the production of biofuel precursors 

in D. tertiolecta. This is a non-model microalgae species involved in biosynthesis and catabolism 

of fatty acids, triacylglycrols, and starch to produce biofuel (Rasmani-Yasdi et al., 2011). 

Cassava (Manihot esculanta) genome was sequenced by 454 sequencing technology using the 

whole genome shortgun strategy (http://www.phytozome.net/cassava#D1). Its availability to the 

public has sparked off several research projects geared towards improving the crop. For 

organisms whose reference genome sequence is available, next generation sequencing 

technologies are being used in resequencing, and genetic variations important for molecular 

breeding can now be detected and analyzed effectively (www.bgisequence.com). The main 

challenge of utilizing these new technologies was lack of bioinformatics tools to handle the data 

in areas of sequence quality scoring, alignment, assembly and data release (Shendure and Ji, 

2008) but currently many scientists in bioinformatics and computational biology are committed 

to developing tools that allow de novo assembly of sequence reads, discovery of sequence 

variations such as SNP and INDEL detection. It is now possible to sequence the genome of 

organisms at a lower cost, generate information on gene expression profiles even in organisms 

whose genome has not been fully sequenced.  
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2.5.3 Trends in bioinformatics  

When the basic structure of DNA, was discovered by Watson and Crick in 1953, it was 

elucidated to contain two chains that composed of four repeating nucleotides. The order of which 

determined the characteristics of an organism. This discovery stimulated scientists to find out the 

order of the nucleotides of the DNA and the variation that exists between different organisms. A 

significant breakthrough was achieved when Fredrick Sanger in 1975 developed the chain 

termination method using the dideoxynucleotides (Sanger and Coulson, 1975). After gel 

electrophoresis, the nucleotides would be ordered manually but this was very laborious exercise 

and time consuming. The introduction of dye-terminator technology using fluorescent-labeled 

dideoxynucleotides was a great improvement that allowed sequencing in a single reaction tube 

other than the four parallel reactions. This technology lent itself to automation increasing the 

speed of sequencing hence, the DNA sequence databases started to grow rapidly. Since then 

various sequencing technologies have continued to emerge with increased throughput, 

robustness, less time requirement and reduced cost such as the next generation sequencing 

technologies.  

 

As more and more sequences were generated, challenges in handling large sequence datasets and 

getting meaningful information about them became evident. Therefore, various algorithms and 

statistical tools had to be developed to allow alignment, assembly, polymorphism detection and 

visualization of alignment and structural variants within the sequences and this led to the 

development of bioinformatics field  (Magi et al., 2010).  Basic local alignment search tool 

(BLAST) which was modified into BLAT (Kent, 2002) is a traditional alignment tool that is 

widely used for aligning sequences but it is limited in speed and accuracy when handling millions 

of short reads. The new tools that have been developed have the ability to quickly and efficiently 

align billions of short reads, align non-unique reads and reads that do not match exactly the 
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reference genome (Magi et al., 2010). These tools are compatible with different sequencing 

platforms such as Bowtie (Langmead et al., 2009) for Illumina, BWA (Li and Durbin, 2010) for 

Illumina, SOLiD and 454, SOAP2 (Li et al., 2009) for Illumina and Maq (Li et al, 2008) for 

Illumina and SOLiD. They put into consideration issues regarding sequence length of references 

and reads, quality of reads with respect to sequencing errors, sequence similarity to a reference 

sequence (SNPs, micro-indels), and the number of reads to be aligned with the reference (Malhis 

et al., 2009). The earlier developed alignment tools include; Exonerate (Slater and Birney, 2005), 

MUMer (Delcher et al., 2002; Kurtz et al., 2004) and MUMmerGPU (Schatz et al., 2007) among 

others. However, these tools have inherent problems such as stalling during program execution 

when reads are many, production of large number of reads that are misaligned and generation of 

large number of mismatches that would be considered sequencing errors which result into false 

positive SNPs. To solve the above problems, Slider algorithm was developed that uses not only 

the most probable base, but also all possible bases with a probability above a certain base 

probability threshold (baseMinPrb) provided by the Illumina probability files in order to generate 

all possible reads with probability above a certain read probability threshold (read_0_MinPrb). 

This reduced the level of alignment approximation needed and improved accuracy thus reducing 

the number of misaligned reads and the number of base mismatches (Malhis et al., 2009). 

In situations where the reference genome of an organism does not exist, de novo assembly of 

reads into contiguous sequences (contigs) and contigs into scaffolds is done. Newbler provides 

the tools used for de novo assembly of 454-reads. The algorithms that have been used in de novo 

assembly of bacterial genome are based on de Bruijn graphs and these include; Velvet (Zerbino 

and Birney, 2008), SOAPdenovo (Li et al., 2008) and Edena (Hernandez et al., 2008). Next 

generation sequencing technologies though they are of high throughput, they are prone to errors. 

The high number of reads generated and availability of tools that can resolve such errors during 
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assembly normally compensate this. Verified consensus assembly by K-mer extension (VCAKE) 

is a modified algorithm of simple K-mer that overcomes error by using high depth coverage (Jeck 

et al., 2007). Similarly, the short sequence assembly by K-mer search and 3' read extension 

(SSAKE) is another tool for aggressively assembling millions of short nucleotide sequences by 

progressively searching through a prefix tree for the longest possible overlap between any two 

sequences. The short sequence assembly by K-mer search and 3' read extension is designed to 

help leverage the information from short sequence reads by stringently assembling them into 

contiguous sequences that can be used to characterize novel sequencing targets (Warren et al., 

2007). The VCAKE and SSAKE assembly process are almost identical at the beginning but 

VCAKE uses, two multi-FASTA files to separately populate bin and set hash tables from a pool 

of reads. Great divergence from the SSAKE method occurs during extension of the seed 

sequences from set (Jeck et al., 2007).  

Following successful development of alignment or assembly tools for short reads user-friendly 

tools had to be developed for visualization of alignments or assemblies. Among the viewing tools 

are: Eagle View (Huang and Marth, 2008), Maq View (Li et al., 2008), Map View (Bao et al., 

2009) and Tablet (Milne et al., 2010).  

Detection of sequence variants such as single nucleotide polymorphisms (SNPs), insertion and 

deletion (INDEL) is easily done after alignment of reads with the reference sequence. All the 

available tools for SNP and INDEL discovery involve data preparation after which each 

nucleotide is called under a Bayesian framework (Magi et al., 2010). Some of the programs that 

provide variant detection tools include Maq (Li et al., 2008) and SSAHA2 (Ning et al., 2001). 

With advancement in computer technology and wide use of Internet, many bioinformatics 

software tools have been developed that incorporate sequence alignment, assembly, trimming, 
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mapping, translation, polymorphism detection, generation of restriction maps, gene expression 

profiling and primer designing. Many of the software programs are web-based and open source 

so that different users can modify them based on their requirements for example galaxy 

(http://galaxy.psu.edu/). Some of these web-based software tools are limited in their 

functionality. For instance Clustalw (http://www.genome.jp/tools/clustalw/) is useful in multiple 

alignment of sequences, Expasy (http://web.expasy.org/translate/) is used as sequence translation 

tool, SNP finder (http://snpsfinder.lanl.gov/) for detection of SNPs, webcutter 

(http://rna.lundberg.gu.se/cutter2/) for generating restriction maps, Primer 3 

(http://frodo.wi.mit.edu/) for primer designing. However, there are other patented (restricted 

access) software that are very key in analysis of next generation sequence data. These are 

maintained and upgraded to cope up with the dynamics of sequencing technologies. Such 

software include; Newbler and CLC Bio (CLC genomic workbench). They have many tools with 

different capabilities to handle data from various next generation sequencing platforms. They are 

user friendly compatible with graphical user interface programs.  

In functional genomics scientists are much interested in knowing what type of proteins do the 

sequences generated code for, are they structural protein, transcriptional factor or enzymes, 

where in the cell are the proteins located, what are their functions, if enzymes which metabolic 

pathways are they involved in and how do they interact with each other? The process of 

answering these questions is what is referred to as annotation of the sequences. Therefore, an 

efficient functional annotation of DNA sequences is a major requirement in biological research. 

An integrated and biologist-oriented solution that is based on gene ontology vocabulary is 

available known as Blast2GO (www.blast2go.com). It is different from the traditional Blast in 

that it combines various annotation strategies and tools controlling type and intensity of 

annotation, it has numerous graphical features such as the interactive GO-graph visualization for 
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gene-set function profiling or descriptive charts, it has general sequence management features 

and has high throughput capabilities (Götz et al 2008). It allows InterProscan to be done and 

assignment of enzyme codes to the sequences using gene ontology terms. It is also linked to 

Kyoto Encyclopedia of Genes and Genomes (KEGG) that allow metabolic pathways map 

retrieval. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study location  

The study was conducted in five locations. Screenhouse drought trials, extraction, purification 

and stabilization of total RNA was done at International Institute of Tropical Agriculture (IITA) 

research station at Namulonge, located 30 km North of Kampala in Uganda at 32° 27’ E 

longitude and 0° 32’ N latitude. Complementary DNA (cDNA) synthesis was done at Evrogen, 

Russia as instructed by J. Craig Venter Institute (JCVI) and sequencing by 454 technology to 

generate a reference trascriptome was done at JCVI in USA while cDNA synthesis and 

subsequent sequencing by Illumina was done at the DNA Core Facility laboratory of the 

University of Missouri in the USA. Data analyses requiring high computing power was done at 

Biosciences east and central Africa/International Livestock Research Institute (BecA-ILRI), 

Nairobi. 

3.2 Experimental design 

The study involved two banana genotypes that is: Mbwazirume “AAA” and Cachaco “ABB”. 

Young plantlets of approximately same age and uniform height were planted in buckets 

containing 30 kg of thoroughly mixed soil with manure (in the ratio of 3:1 respectively). The soil 

was fully saturated with water prior to planting. The experiment had two treatments; well-

watered (pF = 1.8-2.1) and dry (pF = 2.8-3.1) and plants were randomly assigned to these 

treatments. The experiment had two replications with two plants per genotype. Buckets with 

plants were covered with transparent polythene bags up to the lower pseudostem to ensure that 

water loss from the soil was only through the leaves by transpiration. Tensiometers filled with 

water were inserted into the soil to a depth of 15 cm in representative buckets to monitor the 
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changes in soil moisture content due to transpiration. The treatments were initiated three weeks 

later after planting but the dry treatment stabilized after 10 weeks from the time of planting. The 

biomass data were taken on weekly basis and the minimum and maximum bucket weights 

adjusted according to the adopted plant growth model developed by IITA to maintain the pF 

within the range. Plants were maintained in a screenhouse for four months to ensure stability of 

all treatments before sampling.  Also field-grown samples from these genotypes were included to 

provide a greater range of tissues for RNA extraction and analysis.  

3.3 Samples 

Root and leaf samples were obtained from both genotypes in each treatment. Fruit and flower 

samples were obtained from the same genotypes under field conditions. This was because 

bananas take long time to flower under screenhouse conditions. All samples were taken on a 

bright sunny day after 1:00 pm to ensure that optimal gene expression was captured. Samples 

were aseptically taken ensuring that no contamination with exogenous ribonucleases (RNases) 

occurred and quickly frozen in liquid nitrogen.  

3.4 RNA isolation  

Frozen samples were crushed into powder in liquid nitrogen without allowing them to thaw. 

Approximately 0.1 g of the powder were transferred into a 1.5 ml eppendorf tube pre-cooled in 

liquid nitrogen. Without allowing the sample to warm even slightly, the PureLink plant RNA 

extraction reagent from Invitrogen (Cat No. 12322-012) was added and mixed thoroughly with 

the frozen powder by vortexing. The process of RNA isolation was done following the small 

scale RNA isolation protocol from Invitrogen revised on 14th December 2005 (appendix I). The 

extracted RNA was run on a 1.2% agarose gel in 1x Tris Acetate Ethylenediaminetetraacetic acid 

(1x TAE) buffer to check its quality and concentration. Cleanup of the extracted RNA was done 
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using RNeasy mini kit (50) from QIAGEN (Cat No. 74904). During cleanup, on column 

digestion of contaminating DNA was done using DNase I enzyme from QIAGEN (Cat No. 

79254). For stability of RNA, all samples were transferred to GenTegra tubes (GTR5025-S), 

dried by high speedvac centrifugation for approximately 4 hours at 30oC, and stored at -20oC 

before complementary DNA (cDNA) library construction and sequencing. For samples intended 

for 454 pyrosequencing, approximately equal concentration of total RNA from different tissues 

and treatments for a particular genotype were drawn and pooled together to form single 

composite samples for each genotype. For Illumina sequencing, RNA from different tissues, 

genotypes and treatment were treated as independent samples during library construction and 

sequencing. 

3.5 Sample preparation for 454 sequencing  

3.5.1 Complementary DNA synthesis   

The pooled RNA from Mbwazirume and Cachaco tissues was used for complementary DNA 

(cDNA) synthesis following the switching mechanism at the 5’ end of RNA transcript (SMART) 

approach (Zhu et al., 2001). Normalization of cDNA involved denaturation/reassociation, 

treatment with duplex-specific nuclease (DSN), (Shagin et al., 2002) and amplification of 

normalized fraction by PCR. The sequences of primers used are shown in the appendix II. To 

synthesize the first cDNA strand, a primer annealing mixture (5 µl) containing 0.3 µg of total 

RNA, 10 pmol SMART-SfiIA oligonucleotide and 10 pmol CDS-SfiIB-GC T23 primer was 

heated and maintained at 72oC for 2 min and cooled on ice for 2 min. First-strand cDNA 

synthesis was then initiated by mixing the annealed primer-RNA with Reverse Transcriptase to a 

final volume of 10 µl, containing 1x First-Strand Buffer (50 mM Tris-HCl (pH 8.3); 75 mM KCl; 
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6 mM MgCl2), 2 mM DTT and 1 mM of each dNTP. The reaction mixture was incubated at 42oC 

for 2 h in an air incubator and then cooled on ice.  

 

To prepare the double stranded cDNA (ds cDNA), the first-strand cDNA was diluted 5 times 

with TE buffer, heated at 70oC for 7 min and used for amplification by Long-Distance PCR 

(Barnes, 1994). The 50 µl PCR reaction mixture contained 1µl diluted first-strand cDNA, 1 x 

Encyclo reaction buffer (Evrogen), 200 µM dNTPs, 0.3 µM SMART PCR primer and 1 x 

Encyclo Polymerase mix (Evrogen). Nineteen (19) PCR cycles were performed in MJ Research 

PTC-200 DNA thermocycler. Each cycle included denaturation at 95oC for 7 s, annealing at 65oC 

for 20 s and extension at 72oC for 3 min. Amplified cDNA PCR products were purified using 

QIAquick PCR Purification Kit (QIAGEN, CA) and concentrated by ethanol precipitation. DNA 

pellet was diluted by milli-Q water to a final cDNA concentration 50 ng/ul.  

3.5.2 Complementary DNA (cDNA) normalization and library construction 

Complementary DNA normalization involved three stages that included; hybridization, duplex-

specific nuclease (DSN) treatment and two PCR reactions.  

3.5.2.1 Hybridization  

Hybridization reaction contained 3 µl of purified ds cDNA and 1 µl of 4x hybridization buffer 

(200 mM HEPES-HCl, pH 8.0; 2 M NaCl). The reaction mixture was overlaid with one drop of 

mineral oil and incubated at 98oC for 3 min followed by 68oC for 5 h. 

3.5.2.2 Duplex-Specific Nuclease treatment 

Preheated 3.5 µl milli-Q water, 1 µl of 5x DNAse buffer (500 mM Tris-HCl, pH 8.0; 50 mM 

MgCl2, 10 mM DTT) and 0.5 µl DSN enzyme were added to the hybridization reaction at 68oC. 
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The mixture was further incubated at 67oC for 20 min. On completion of DSN treatment, DSN-

enzymes were inactivated by heating at 97 oC for 5 min. 

3.5.2.3 Polymerase chain reactions (PCRs) 

Complementary DNA samples were diluted by adding 30 µl milli-Q water and used for PCR 

amplification. The first PCR reaction (50 µl) contained 1 µl of diluted cDNA, 1x Encyclo 

reaction buffer (Evrogen), 200 µM dNTPs, 0.3 µM SMART PCR primer and 1x Encyclo 

Polymerase mix (Evrogen). Eighteen (18) PCR cycles were performed in a thermocycler and 

involved denaturation at 95oC for 7 s, annealing at 65oC for 20 s and extension at 72oC for 3 min. 

To perform the second PCR, 1 µl from ds cDNA preparation (non-normalized cDNA) and 1 µl of 

cDNA sample from the first PCR (normalized cDNA) was diluted by adding 19 µl of milli-Q 

water and used for PCR amplification. The PCR reaction (50 µl) contained 1 µl 20x diluted 

cDNA (first-PCR), 1x Encyclo buffer (Evrogen), 200 µM dNTP mix, 0.2 µM, CDS-SfiBI T19-

454 primer, 0.2 µM SfiIA PCR primer and 1x Encyclo polymerase mix (Evrogen). Three PCR 

cycles were performed in MJ Research PTC-200 DNA thermoycler for every sample. Each cycle 

included denaturation at 95oC for 7 s, annealing at 50oC for 20 s and extension at 72oC for 3 min. 

An additional 11 PCR cycles were performed on every sample and each cycle included 

denaturation at 95oC for 7 s, annealing at 63oC for 20 s and extension at 72oC for 3 min. Agarose 

gel electrophoresis was carried out on cDNA before and after normalization to check whether the 

process was effective. The normalized cDNA was used for library construction following the 

protocol from Roche 454 sequencing technologies. 

3.5.3 454 sequencing 

After library construction, sequencing of clones was performed according to the optimized 

conditions of 454 sequencer in the JCVI laboratory, USA.       
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3.6 Sample preparation for Illumina sequencing 

Libraries were constructed following the manufacturer’s protocol with reagents supplied in 

Illumina’s TruSeq RNA sample preparation kit (#RS-930-2001).  Briefly, the poly-A containing 

mRNAs were purified from total RNA. The mRNA was fragmented and used to generate double-

stranded cDNA. The bar code containing adaptors were ligated to the ends of cDNAs to allow 

multiplex sequencing.   

3.6.1 Complementary DNA synthesis 

Total RNA (2 ug) was first incubated in a thermocycler for 5 minutes at 65oC in a total volume of 

50 µl in a 96-well PCR plate to linearize the RNA.  The plate was removed and incubated an 

additional 5 min at room temperature allowing RNA to bind to the poly-T oligo-attached 

magnetic beads.  Beads were washed by placing the PCR plate on the magnetic stand at room 

temperature for 5 min and the supernatant was discarded.  Bead Washing Buffer (200 µl) was 

added and returned to the magnetic stand for 5 min.  Supernatant was removed and discarded.  

The plate was removed from the magnetic stand and Elution Buffer (50 µl) added to each well.  

The plate was incubated at 80oC for 2 min and then placed at room temperature.  RNA bound to 

beads by adding 50 µl of Bead Binding Buffer and incubating for 5 min at room temperature.  

The beads were washed as previously described.   

3.6.1.1 First strand cDNA synthesis 

First strand cDNA synthesis was performed by adding elute, prime and fragment Mix (19.5 µl) to 

each well.  The mixture was incubated for 8 min at 94oC.  The plate was placed on the magnetic 

stand at room temperature for 5 min.  From the plate, 17 µl of the fragmented and primed RNA 

were transferred to a new PCR plate.  First strand Master Mix and Superscript II mix (8 µl) were 
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added to each well and gently mixed.  Incubation was performed in a thermocycler under the 

following program, 25oC for 10 min followed by 42oC for 50 min and finally at 70oC for 15 min.   

3.6.1.2 Second strand cDNA synthesis 

Second strand cDNA synthesis was performed by adding 25 µl of second strand Master Mix to 

each well.  Mixture was incubated at 16oC for 1 hr.  Aline PCR Clean beads (90 µl) were added 

to each well containing 50 µl of ds cDNA.  The plate was incubated at room temperature for 15 

min and placed on the magnetic stand for 5 min.  The supernatant (135 µl) was removed and 

discarded.  Each well was washed by adding of 200 µl of 80% ethanol and incubated at room 

temperature for 30 s before removing the supernatant.  Wash steps were repeated once and the 

plate was allowed to dry on magnetic stand for 15 min.  Re-suspension Buffer (52.5 µl) was 

added to each well.  The plate was returned to the magnetic stand at room temperature for 5 min 

and 50 µl of supernatant was transferred to a new PCR plate.   

3.6.2 Complementary DNA Library construction 

3.6.2.1 Repair of overhangs and addition of adaptors 

Fragment overhang ends were converted to blunt ends by the addition of the End Repair Mix (40 

µl) to each well and incubated at 30oC for 30 min.  Aline PCR clean beads (160 µl) was added to 

each well containing 100 µl of End Repair Mix.  The plate was incubated at room temperature for 

15 min.  Supernatant (127.5 µl) was removed and discarded.  Each well was washed with 80% 

ethanol as previously described.  The dried pellet was resuspended in 20 µl of resuspension 

buffer and 15 µl were transferred to a new PCR plate.  The 3’ ends of the fragments were 

adenylated with the addition of A-tailing mix (12.5 µl) to each well and then incubated at 37oC 

for 30 min.   DNA Ligase Mix (2.5 µl) and a single RNA adapter mix (2.5 µl) were added to each 

well and then incubated at 37oC for 10 min.  The ligation reaction was stopped by adding 5 µl of 
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Stop Ligase Mix.  Aline PCR Clean beads (42 µl) was added to each well.  The plate was 

incubated at room temperature for 15 min.  Supernatant (79.5 µl) was removed and discarded.  

Each well was washed with 80% ethanol as previously described.   The dried pellet was 

resuspended in 52.5 µl resuspension buffer and 50 µl were transferred to a new PCR plate.  Aline 

PCR clean beads (50 µl) was added to each well.  The plate was incubated at room temperature 

for 15 min.  Supernatant (95 µl) was removed and discarded.  Each was washed with 80% 

ethanol as previously described.  The dried pellet was re-suspended in 22.5 µl resuspension 

buffer and 20 µl were transferred to a new PCR plate.   

3.6.2.2 Polymerase chain reaction (PCR) and product purification  

Complementary DNA fragments were enriched by adding PCR primer cocktail (5 µl) and 25 µl 

PCR master mix to each well. Polymerase chain reaction amplification was performed as 

follows: initial denaturation at 98oC for 30 s followed by 15 cycles of denturation at 98oC for 10 

s, annealing at 60oC 30 s and extension at 72oC for 30 s then a final extension at 72oC for 5 min.  

The amplified cDNA constructs were purified by adding 50 µl of Aline PCR clean beads to each 

well.  The plate was incubated at room temperature for 15 min.  Supernatant (95 µl) was removed 

and discarded.  Each well was washed with 80% ethanol as previously described.  The dried 

pellet was re-suspended in 32.5 µl of resuspension buffer, incubated at room temperature for 2 

min, and then placed on the magnetic stand for 5 min.  Supernatant (30 µl) was transferred to a 

low binding microcentrifuge tube for storage.   

3.6.3 Illumina sequencing 

The final constructs of each purified library were evaluated using the BioAnalyzer 2100 

automated electrophoresis system, quantified with the Qubit flourometer using the quant-iT HS 

dsDNA reagent kit (Invitrogen), and diluted according to Illumina’s standard sequencing 
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protocol for sequencing on the HiSeq 2000. All bar-coded libraries from different tissues of the 

same genotype were pooled together for multiplex sequencing. In total two lanes were used, each 

with six different bar-coded libraries; i.e. one lane for Mbwazirume and the other for Cachaco. 

The libraries were diluted to 10 nM, and sequencing done as per optimized conditions at the 

DNA Core Facility laboratory University of Missouri in the USA. 

3.7 Data analysis  

A mixed assembly of Cachaco and Mbwazirume 454 reads was carried out using Newbler 

software v. 2.6 (20110517-1502) to form large contigs (≥500 bp long) that represented the gene 

transcript sequences and formed the reference transcriptome on which downstream analyses were 

based. The reference transcriptome was annotated and the expressed genes identified based on 

information from non-redundant databases. Annotation was done automatically using KEGG and 

blastx with blast2go (GÖtz et al., 2008). Pathway analysis was also carried out to determine the 

average number of transcripts involved in different metabolic pathways. In the course of 

undertaking this study, sequencing and annotation of a double haploid banana (DH) Pahang 

genome (AA), hereafter referred to as reference genome (RG) was completed and availed to IITA 

after signing the material transfer agreement with CIRAD. The reference transcriptome was 

mapped to the reference genome to determine the extent to which the reference transcriptome 

could be useful and the percentage coverage of the genes available in the reference genome.  

 

Reads from Illumina sequencing platform were trimmed using CLC genomic workbench 5.1 

tools basing on the quality control results generated by galaxy. For gene expression profiling, 

trimmed reads from the respective genotype tissues under the two treatments were separately 

mapped to the reference transcriptome and reference genome using RNA-Seq analysis under 

CLC high throughput sequencing tools. To ensure comparability the following conditions were 
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used when mapping reads to the references. The minimum length fraction was set at 0.8, 

minimum similarity fraction at 0.9 and number of hits for a read at 10. For the case of the 

reference genome, the exon discovery parameters were set as follow; the required relative 

expression level was set at 0.2, minimum number of reads was 10, minimum length was 50 and 

the gene expression values were calculated and reported as reads per kilo base of exon model 

value (RPKM). To demonstrate the difference in response to drought stress in the two genotypes 

based on differences in gene expression, two experiments were designed using RNA-Seq sample 

map files. Experiment 1 (CLRD vs MLRD) compared the two genotypes under drought stress 

and it had two groups where group 1 had Cachaco root dry (CRD) and Cachaco leaf dry (CLD) 

samples whereas group 2 contained Mbwazirume root dry (MRD) and Mbwazirume lead dry 

(MLD) samples. Experiment 2 (CLRW vs MLRW) compared the two genotypes under well-

watered conditions and also had two groups i.e group 1 had Cachaco root well-watered (CRW) 

and Cachcaco leaf (CLW) samples whereas group 2 had Mbwazirume root well-watered (MRW) 

and Mbwazirume leaf well-watered (MLW) samples. Quality control was performed on the two 

experiments. Due to variations between samples, log10 transformation of expression values was 

done so that the data follow a Gaussian distribution. An unpaired t-test analysis was carried out 

on transformed expression values to determine if a significant difference existed in gene 

expression levels between Cachaco and Mbwazirume tissues under well-watered and dry 

treatment in respect to the individual genes at 95% confidence level. Results were displayed as 

volcano plots with genes whose expression was significantly different at P < 0.05 presented as 

red dots. Finally, a comparison between Cachaco and Mbwazirume tissue specific gene 

expressions was done to identify the novel genes tightly linked to drought stress responses in two 

genotypes. The expression of genes in tissues under dry treatment was divided by the expression 

in tissues under well-watered conditions to get the relative expression. This was used to indicate 
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whether the gene was up-regulated or down-regulated. When the relative expression value was 

1.0, it meant that there was no difference in expression for the tissue under dry treatment as 

compared to that under well-watered conditions. A gene was considered to be up-regulated or 

down-regulated only when the relative expression value was >1.0 or <1.0 respectively.    

 

Single nucleotide polymorphisms (SNPs) were called for Mbwazirume and Cachaco using the 

SNP detection tool in CLC genomic workbench 5.1. To increase the validity of the detected 

SNPs, duplicate reads from trimmed 454 and Illumina reads were removed before mapping onto 

the references. Mapping was done under high stringency conditions to eliminate false positive 

SNPs. That is, the mismatch cost was set at 1, insertion/deletion was 3, length fraction was 0.9 

and similarity was 0.95. During SNP detection, the following parameters were set, window 

length was 11, quality of central base was 30, quality of surrounding bases was 25, minimum 

coverage was 10, variant frequency was 30% and ploidy level was set at 3 since the two 

genotypes are triploids. The total number of SNPs detected in Mbwazirume and Cachaco were 

reported. These were further categorized as homozygous or heterozygous SNPs. Only SNPs 

whose frequency was ≥ 95% were considered homozygous and heterozygous SNPs were 

assumed to be loci with variant base frequency ranging between 30-70%. The average distance 

between SNPs in the two genotypes was calculated based on the reference genome.  
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CHAPTER FOUR 

RESULTS 
 

4.1 Effects of drought stress on banana plants 

Following the four months of drought stress in screenhouse, significant differences in 

physiological responses were observed. Plants under dry treatment (pF 2.8-3.1) showed 

remarkable reduction in vigor and growth rate (Figure 1) 

     A     B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  C     D 

Figure 1: Physiological effects of drought stress on Mbwazirume 'AAA' and Cachaco 'ABB'. Images A and B are 
well-watered Mbwazirume and Cachaco plants while images C and D are the same genotypes under dry treatment 
respectively.  
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At the time of sampling, both Mbwazirume and Cachaco showed reduced plant height and leaf 

emergence under drought stress. There was reduction in leaf area with Mbwazirume showing leaf 

folding and loss of green color of leaves. The root mass of Mbwazirume was reduced under 

drought stress as compared to Cachaco under stress. Mbwazirume showed the least weekly 

weight gain under dry treatment but under well-watered treatment it had the most weekly weight 

gain (Figure 2). It was at this point when treatments and genotypes were showing clear 

differences that samples were taken for total RNA extraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Weekly weight gains for Mbwazirume and Cachaco under well watered and drought stressed 
conditions. Where A is Mbwa & Cach well watered and B is Mbwa & Cach drought stressed. 
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4.2 Sequencing and de novo assembly of 454 reads 

In this study, the 454 GS FLX platform was used to generate the reference transcriptome from 

cDNA libraries of Mbwazirume ‘AAA’, and Cachaco ‘ABB’ drought stressed and control tissues 

(Figure 1). The rationale of choosing 454 technology was based on its ability to generate longer 

reads which make de novo assembly much easier and as such does not require paired end reads.  

 

Sequencing of the two libraries yielded 656100 (201 Mb) and 571161 (172 Mb) reads with an 

average read length of 307 bp and 301 bp for Mbwazirume and Cachaco respectively. Mixed 

assembly of Mbwazirume and Cachaco reads using Newbler v.2.6 (20110517-1502) software 

yielded >25250 contiguous sequences (contigs) out of which 21201 (84%) were large contigs 

with lengths ranging between 500-4143 bp. These formed the reference transcriptome onto which 

downstream analyses were initially based. The remaining 4049 (16%) contigs were too short and 

were excluded from the reference transcriptome. Although the large contig lengths ranged from 

500-4143 bp, the majority of them were between 500 bp and 1000 bp long giving an average 

contig length of 734 bp based on 3 to 900 reads per contig. The distributions of contigs lengths 

that constitute the reference transcriptome are summarized in figure 3.  

 
 

Figure 3: Distribution of large contigs lengths in base pairs that constitute the reference transcriptome generated 

from sequencing of cDNA libraries of Mbwazirume and Cachaco drought stressed and control tissues using 454 

sequencing technology. 
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4.2.1 Mapping of 454 reads to the reference transcriptome         

To identify the number of large contigs that were unique to Mbwazirume and Cachaco, mapping 

of the respective 454 reads to the reference transcriptome under moderate stringent conditions 

using CLC genomic workbench 5.1 mapping tool was done and generated the results summarized 

in Tables 1. 

 

 
 

 Count Average length Total bases 
 Mbwa Cach Mbwa Cach Mbwa Cach 
Reads 656,100 571,161 307.21 301.53 201,559,538 172,221,640 
Matched 505,462 441,407 317.44 313.96 160,451,558 138,582,300 
Not matched 150,638 129,754 272.89 259.25   41,107,980 33,639,340 
References 21201 21201 734 734 15,577,909 15,577,909 
 
 
The number of reads that matched to the reference transcriptome (RT) for the two libraries was 

not different. Mbwazirume had 77% as compared to Cachaco with 77.3% of matched reads. 

Some of the unmatched reads are likely to be part of the short contigs (<500 bases) that were 

excluded from the reference transcriptome, or possibly were rare reads not represented in the 

alignments. When Mbwazirume reads were mapped to the RT, 2016 (9.5%) contigs had no 

Mbwazirume reads mapped to them suggesting that these contigs were unique to Cachaco. 

Similarly, when Cachaco reads were subjected to the above analysis 928 (4.4%) contigs had no 

Cachaco reads mapped to them suggesting that these contigs were unique to Mbwazirume. 

Therefore, the shared contigs were 18257 (86.1%) in both libraries.  

4.2.2 Automatic annotation of the reference transcriptome 

To understand the biological functions embedded in sequences comprising the reference 

transcriptome, further analysis was done. All large contigs were submitted to Kyoto 

Table 1: Summary statistics for the distribution of Mbwazirume and Cachaco reads 

after mapping to a reference transcriptome 
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Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server (KAAS). Out of the 

21201 contigs submitted only 3798 (17.9%) where annotated. The 17.9% of contigs that were 

annotated were distributed among 281 protein families involved in metabolism, genetic 

information processing, environment information processing and cellular processes. The number 

of large contigs that matched the KEGG biological processes ranged between 2 and 1000 contigs 

with an average of 2 large contigs for a particular process. Also the number of contigs that 

matched a particular biological molecule ranged from 1 to 10 with an average of 2 contigs. 

Representative pathways generated by KEGG are shown in Figure 4.   
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Number of large contigs 
 

Figure 4: Representative KEGG ontology terms assigned to the large contigs with more emphasis on those involved 

in stress response. The values in brackets represent the number of enzymes/proteins molecules matching the large 

contigs. 
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Further annotation was done by blastx via NCBI to non-redundant database using Blast2GO tools 

(GÖtz et al., 2008) with the threshold E-value set at 10-6. Out of the 21201 contigs blasted, 18146 

(85.6%) contigs were assigned gene ontology terms that corresponded to different plant species 

including monocots and dicots. There were more hits on Oryza sativa compared to other 

monocots like Zea mays and Sorghum bicolor (Figure 5). The remaining 3055 (14.4%) contigs 

could not be assigned any gene ontology term either by KAAS or Blast2GO because they did not 

contain an open reading frame (ORF). This was confirmed by translating some of these 

sequences with Expasy translation tool.   

 

 

 

 
 

                 

Figure  

 

 

 

 

 

Figure 5: Species distribution of blast hits of 18146 contigs obtained with blast2go 
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4.3 General comparison of total gene expression in Cachaco and Mbwazirume 

The comparison of all genes expressed in the different tissues and a hierarchical clustering of 

samples based on log10 transformed expression values was done. It was observed that Cachaco 

leaf well-watered (CLW) clustered together with Cachaco leaf dry (CLD) tissue, while Cachaco 

root dry (CRD) clustered with Cachaco root well-watered (CRW) tissue (Figure 6)  

 

 

 

 

 

 

 

 

 

When unpaired t-test statistic was performed on experiment 1 (CLRD vs MLRD) and experiment 

2 (CLRW vs MLRW), there was significant difference in gene expression within and between 

groups at P < 0.05. There were more genes that significantly varied in expression under 

experiment 1 compared to experiment 2 among the two genotypes as presented by the volcano 

plots in figure 7 (A and B) below respectively. 

 

Figure 6: Hierarchical clustering of different samples based on log10 transformation of gene expression values. 

Red color indicates maximum expression and blue minimum expression. 
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                                        A               B 

 

                      

4.4 Validation of reference transcriptome using DH Pahang genome 

In the course of undertaking this project, sequencing and annotation of DH Pahang genome ‘AA’ 

was completed by Centre de Coopération Internationale en Recherche Agronomique pour le 

Développement (CIRAD). Although the genome is not yet available in the public domain, the 

International Institute of Tropical Agriculture (IITA) signed a material transfer agreement to get a 

copy of the annotated reference genome. The genome assembly that is about 473Mbp contains 

36542 genes. When the reference transcriptome was mapped to the Pahang genome using CLC 

genomic workbench 5.1, 14225 out of 21201 454-large contigs (67.1%) matched the Pahang 

genome at moderately stringent conditions. That is, the mismatch cost was set at 2, 

insertion/deletion cost at 3, length fraction at 0.5 and similarity at 0.5. The matched contigs 

mapped to 12305 (33.7%) of the putative genes in the Pahang genome. With the availability of a 

reference genome, it was not necessary for us to improve the reference transcriptome using 

Illumina reads as planned earlier. To demonstrate the relevance and reliability of the reference 

transcriptome, a comparison was done on the expression profile of some genes. Many of these 

genes showed a similar trend in expression profile based on the reference transcriptome and 

reference genome in respect to treatments, genotypes and tissues. However, some genes showed 

Figure 7: Volcano plots for the t-test analysis on log10 transformed gene expression values showing significant 

differences between Cachaco and Mbwazirume expressions. Where A is for experiment 1 and B is for experiment 2. 

The red dots represent genes whose expressions were significantly different within and between genotypes. 



 
 

41 

tissue-specific expression variation with respect to the reference used (Figure 8). Therefore, the 

Pahang genome was used in expression analysis since it was more comprehensive than the 

reference transcriptome. 
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Figure 8: Graphical comparison of gene expression profiles in reads per kilo base of exon model value (RPKM) 

based on the reference transcriptome (RT) and DH Pahang genome (RG). Graphs A, C, E and G are based on RT 

whereas B, D, F and H are based on RG. Where A & B are for acidic endochitinase, C & D are for lipoxygenase, E 

& F are for aquaporin, G & H are for Catalase. CL=Cachaco Leaf, CR=Cachaco Root, ML=Mbwazirume Leaf and 

MR=Mbwazirume Root. Acidic endochitinase and Lipoxygenase show consistent expression with RT and RG. 
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4.5 Gene expression patterns in Cachaco and Mbwazirume tissues 

To understand the molecular basis for difference in physiological response to drought stress 

observed between Cachaco ‘ABB’ and Mbwazirume ‘AAA’, an expression analysis was done 

and the genes that have been reported to confer drought stress tolerance in various plant species 

examined. The genes considered include those coding for transcription factors, metabolic 

enzymes, antioxidant enzymes, Signal transduction molecules, channel proteins and cell cycle 

regulating proteins.  

 

4.5.1 Expression patterns of some of the transcription factors 

Transcription factors are biological molecules mostly proteins, that bind and interact specifically 

with certain motifs at the promoter or enhancer regions of a gene. The binding of such factors 

allows further binding of other transcription factors leading to formation of a complex, which 

attracts the RNA polymerase to bind the promoter region and initiates transcription. Therefore, 

various transcription factors are very important in regulation of gene expression. Of utmost 

importance are those transcription factors whose expression is regulated by environmental 

stresses such as drought and salinity. The expression profiles of such transcription factors are 

given in Table 2. The well-watered treatment was used as the reference expression to determine 

whether the gene was up-regulated (UR) or down-regulated (DR) under drought stress condition.  
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Table 2: Summary of relative expression patterns of transcription factors in Cachaco and 

Mbwazirume leaf and root tissues under drought stress 

 
Gene name 

 
Cachaco ‘ABB’ 

 
Mbwazirume ‘AAA’ 

Leaf Root Leaf Root 
DREB transcription factors 3.153 

(1.303) 
2.126 
(0.904) 

0.095 
(1.146) 

0.483 
(0.939) 

MYB transcription factor, putative 2.042 1.688 1.195 0.965 
MYB transcription factor 0.988 

(1.188) 
1.439 
(1.450) 

1.466 
(0.908) 

2.159 
(2.182) 

MYC transcription factor 2.354 1.262 0.482 1.314 
B3 domain containing protein, putative 1.308 1.087 1.515 0.495 
Ethylene responsive transcription factor 1.280 1.570 0.951 0.877 
Early responsive to dehydration stress related 
protein 

 
0.760 

 
1.541 

 
0.709 

 
0.483 

bZIP transcription factor domain containing 
proteins 

1.252 
(1.010) 

1.145 
(0.893) 

0.662 
(0.952) 

0.712 
(1.056) 

AP2-like ethylene responsive transcription 
factor 

 
1.017 

 
1.372 

 
0.705 

 
0.413 

NAC domain containing protein 1.638 
(1.047) 

2.835 
(2.170) 

0.400 
(0.871) 

0.490 
(1.416) 

 
Values in parentheses indicate relative expression based on reference transcriptome, where bolded values 
indicate deviation from the trend observed with the reference genome. 
 
 
Many MYB transcription factor isoforms were expressed but the one with significant increase 

under drought stress was MYB44. It increased in both Cachaco and Mbwazirume tissues with 

Cachaco presenting the highest expression. The putative MYB2 trancription factor was down-

regulated in Cachaco and up-regulated in Mbwazirume tissues. Among the MYC transcription 

factor isoforms, MYC4 showed increased expression in both leaf and root tissues of Cachaco 

while reduced expression was observed in Mbwazirume leaf and an increase in root tissues 

(Table 3). This may suggest that MYB44 and MYC4 isoforms have a significant contribution in 

response to drought stress amongst the MYB and MYC gene families. The up-regulation of 

MYB2 in Mbwazirume may require synergistic effects of other factors. 
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Table 3: Summary of the relative expression values for MYB44, MYB2 and MYC4 
transcription factors in Mbwazirume and Cachaco leaf and root tissue under drought stress 
 
Gene name MYB44, Putative MYB44  MYB2 MYC4 

Tissue Leaf Root Leaf Root Leaf Root Leaf Root 

CDRE 3.748 2.265 1.094 2.233 0.401 0.333 2.780 1.601 

MDRE 1.568 1.217 5.113 2.450 5.798 2.575 0.457 1.710 

CDRE = Cachaco dry relative expression and MDRE = Mbwazirume dry relative expression 

 

4.5.2 Expression profile of some of the antioxidant enzymes  

During drought stress, plants minimize water loss by lowering the rate of transpiration. This is 

achieved by limiting stomatal conductance, which is effected by stomatal closure due to response 

of guard cells to abscisic acid. In C3 plants such as banana, stomatal closure increases 

photorespiration, which is associated with oxidative stress, increased reactive oxygen species 

(Noctor et al., 2002). Increased reactive oxygen species damages the photosynthetic apparatus 

and increases cell deaths. Antioxidant enzymes such as superoxide dismutase, catalase, ascorbate 

peroxidase, guaiacol peroxidase, glutathione reductase and polyphenol oxidase remove these 

reactive oxygen species and prevent cell deaths due to oxidative stress (Noctor et al., 2002). The 

expression profiles of these enzymes were examined in the two banana genotypes (Table 4).  
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Table 4: Summary of relative expression profile of antioxidant enzymes in Cachaco and 

Mbwazirume leaf and root tissues under drought stress 

 
Gene name 

 
Cachaco ‘ABB’ 

 
Mbwazirume ‘AAA’ 

Leaf Root Leaf Root 
Catalase 1.073 

(1.103) 
1.110 
(1.126) 

0.458 
(0.967) 

0.955 
(2.219) 

L-ascorbate peroxidase 0.838++ 

(0.823) 
0.911++ 

(0.947) 
0.722 
(1.044) 

0.481 
(0.633) 

Superoxide dismutase 0.713 1.074 0.597 1.178 
Glutathione reductase 0.900++ 0.665++ 0.533 0.297 
Probable phospholipid hydroperoxide 
glutathione peroxidase 

 
0.967++ 

 
1.162 

 
0.915 

 
0.712 

Polyphenol oxidase, chloroplastic 1.440 1.529 0.086 0.026 
++ - Means that even if there was down-regulation, the expression was higher than that of comparable tissue 
in the other genotype. Values in parentheses indicate relative expression based on RT 
  

The enzyme catalase had two isoforms expressed that is catalase-2 and catalase-A but the former 

likely has a significant contribution in antioxidation activity due to its higher expression levels. 

Although there was a general down-regulation of L-ascorbate peroxidase under drought stress, 

there were differences in expression of different isoforms. Stromal L-ascorbate peroxidase 

decreased in the leaf and root of both genotypes but the thylakoid-bound L-ascorbate peroxidase 

increased in Cachaco leaf. Comparing the expression levels in both genotypes, Cachaco had 

higher expression levels compared to Mbwazirume even though both showed a decreasing trend. 

This was also observed in the expression of glutathione reductase. This probably gives Cachaco 

an additional survival advantage under drought stress. Three isoforms of superoxide dismutase 

were expressed in different patterns. Superoxide dismutase [Cu-Zn] increased in roots and 

decreased in leaves for both genotypes. Superoxide dismutase [Fe] was down-regulated in 

Cachaco leaf but up-regulated in Cachaco root, Mbwazirume leaf and root tissues while 

superoxide dismutase [Mn] showed a decreasing trend with stress in both genotypes (data 

presented in appendix III-B). Polyphenol oxidase increased with stress in Cachaco but was 

reduced in Mbwazirume tissues under stress.  
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4.5.3 Expression profile of some of the signal transduction molecules 

Plants respond to environmental changes through a number of chemical signaling pathways. 

Drought stress is associated with increase in abscisic acid (ABA). At transcriptome level, an 

increase in ABA can be examined by looking at the expression levels of enzymes that are 

involved in its biosynthesis such as 9-cis epoxycarotenoid dioxygenase (NCED), zeaxanthin 

epoxidase (ZEP), and ABA 8’hydroxylase, as well as receptors that bind ABA and allow 

downstream regulation of ABA-sensitive genes. Other signal transduction molecules include 

calcineurin B-like proteins (CBL), calmodulin and calcium-dependent protein kinase (CDPK). 

The relative expression of these signal transduction molecules are summarized below (Table 5). 

 

Table 5: Summary of relative expression profile of some of the signal transduction 
molecules 
 
Gene name 

 
Cachaco ‘ABB’ 

 
Mbwazirume ‘AAA’ 

Leaf Root Leaf Root 
9-cis expoxycarotenoid dioxygenase (NCED) 1.438 3.218 0.378 0.653 
Zeaxanthin epoxidase (ZEP) 1.474 1.601 0.886 2.191 
Calcineurin B-Like protein (CBL) 1.079 1.108 0.883 0.858 
ABA receptors  1.602 1.102 0.559 0.891 
Calmodulin 0.794 1.201 0.539 0.427 
Calcium-dependent protein kinase (CDPK) 1.096 1.366 0.536 0.481 
In this study, an increase in the expression of NCED_(chloroplastic), ZEP_(chloroplastic) and 

ABA 8’ hydroxylase was noted in the leaf and root tissues of Cachaco under drought stress 

whereas a down-regulation was observed in Mbwazirume tissues except ZEP_(Chloroplastic) 

which increased in the root tissues. Abscisic acid 8’ hydroxylase was much higher in roots while 

NCED_(chloroplastic) and ZEP_(chloroplastic) were more expressed in leaves. With increased 

biosynthesis of ABA, there was an increased expression of abscisic acid receptors in leaf and root 

tissues of Cachaco as compared to Mbwazirume. The isoforms of such receptors include PYR1, 

PYL2, PYL5, PYL6, PYL7, PYL8 and PYL10 amongst which PYL8 was the most highly 

expressed.  
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Calmodulins and calcineurin B-like proteins act as calcium sensors and their expression is 

induced by multiple stresses including drought stress. Changes in calcium concentration play a 

very important role in signal transduction that regulates transcription of certain genes. Drought 

stress increased the expression of CBL proteins especially CBL-1 and CBL-3 in Cachaco tissues 

whereas a decrease was observed in Mbwazirume tissues. Other isoforms expressed included 

CBL-4, CBL-6, CBL-7 and CBL-9. However, CBL-9 showed an increased expression in both 

genotypes but its levels were not as high as those of CBL-1 and CBL-3. The expression of 

calmodulin increased in Cachaco root only and decrease was observed in Cachaco leaf and in 

both tissues of Mbwazirume but the expression level in Cachaco leaf was higher than that of 

Mbwazirume leaf and root under drought stress.  

 

Calcium dependent protein kinases (CDPKs) are serine/threonine kinases that are critical for 

plant abiotic stress signaling; a number of isoforms occur in different plants. In this study there 

was a general increase in expression of CDPKs in the leaf and root tissues of Cachaco and a 

decrease in the tissues of Mbwazirume under drought stress. Sixteen main isoforms of CDPKs 

were expressed in the two genotypes at varying levels. Those with high expression levels 

included CDPK-2, CDPK-3, CDPK-13 and CDPK-28. The highest expression was recorded in 

Cachaco roots for CDPK-3 and CDPK-28 while in Cachaco leaf it was CDPK-13 and CDPK-28 

(for details see appendix III-C).   

 

4.5.4 Expression profile of channel proteins 

Channel/transporter proteins located within the cell membrane or tonoplast are very crucial in 

moving materials in and out of the cell. Water is an essential requirement for proper plant 

growth, which must be taken in by plant cells and this occurs in channels called aquaporins. The 

expression of various aquaporins was examined and generally there was down-regulation of 
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aquaporins with stress in both Cachaco and Mbwazirume. The major classes of aquaporins 

expressed in banana included Plasma Intrinsic Proteins (PIP), Tonoplast Intrinsic Proteins (TIP), 

Small and basic Intrinsic Proteins (SIP) and the Nodulin Intrinsic Proteins (NIP). Under drought 

stress, Mbwazirume leaf tissue showed up-regulation of NIP, TIP and SIP. Only PIP was up-

regulated in Cachaco leaf tissues. In the root tissues, all classes of aquaporins were down-

regulated under stress in both genotypes.  When the four classes of aquaporins were compared in 

both leaf and root tissues under drought stress, Cachaco had a higher expression than 

Mbwazirume (Figure 8 A & B). It appears like PIP and TIP are the main aquaporin classes in 

banana plants given their high expression levels in both well-watered and dry treatments.  

 

 

 

 

Many other channels/transporters exist within the cell membrane such as potassium 

channels/transporters, magnesium transporters, sodium channels/transporters and amino acid 

transporters. Under drought stress, potassium channels/transporters were up-regulated in the both 

leaf and root tissues of Cachaco. Mbwazirume had these channels up-regulated in roots but 

down-regulated in leaves. The same trend of expression was noted for magnesium transporters in 

both genotypes. 

 

Figure 9: Expression levels of different classes of aquaporins in the leaves and roots of Mbwazirume and Cachaco 

under drought stress. Where A is expression in leaves and B is expression in roots. In both A and B there was a 

significant increase in expression levels in Cachaco than Mbwazirume especially for PIP and TIP. 

 



 
 

50 

4.5.5 Expression profile of some of the cell cycle regulating proteins   

In this study the effect of drought stress on the expression of some of the key cell cycle control 

genes was determined. These include genes encoding the mitogen-activated protein kinases 

(MAPKs) that are involved in cellular programs such as proliferation, differentiation, movement 

and death, the cyclin-dependent kinases (CDKs) that in the presence of cyclins drive the cell 

through the cell cycle, senescence proteins that are produced in response to cellular ageing and 

cytochrome c which plays a role in apoptosis (programmed cell death). There was an up-

regulation of MAPKs in Cachaco root and Mbwazirume leaf under stress while a down-

regulation was noted in Cachaco leaf and Mbwazirume root. Nine isoforms of these MAPKs 

were expressed at different levels within the tissues of the two genotypes. Cyclin-dependent 

kinase expression increased in both stressed leaf and root tissues of Cachaco but were reduced in 

Mbwazirume tissues, while programmed cell death protein genes were up-regulated in Cachaco 

tissues and down-regulated in Mbwazirume tissues. Up-regulation of leaf senescence related 

protein was observed in stressed Mbwazirume tissues, while in stressed Cachaco tissues down-

regulation was recorded. The expression of putative senescence associated protein was increased 

in stressed Cachaco root but reduced in stressed Cachaco leaf and leaf and root tissues of 

Mbwazirume. However, the expression of senescence inducible chloroplast stay green protein 

increased in stressed Cachaco leaf but was significantly reduced in stressed Mbwazirume leaf 

tissue. In Cachaco leaf tissues no significant change in the expression of enzymes involved in 

chlorophyll catabolism was observed under stress, but a significant increase was observed in 

Mbwazirume leaf. Examples of such enzymes include chlorophyllase-2 (chloroplastic) and 

chlorophyllide-a oxygenase (chloroplastic). Cytochrome c, a protein that is an integral part of the 

apoptosome was down-regulated in stressed tissues of both genotypes (appendix III).  
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4.5.6 Expression of other genes that are reported to be up-regulated under drought stress 

In several plant studies different genes have been reported to play a role in stress response either 

by being up-regulated or down-regulated. In this study we examined the expression of such genes 

(Table 6). 

 

Table 6: Summary of relative expression profiles of some of the genes that have been 

reported in various plant studies to be up-regulated in drought tolerant plants during 

drought stress 

 
Gene name 

 
Cachaco ‘ABB’ 

 
Mbwazirume ‘AAA’ 

Leaf Root Leaf Root 
Calchone synthase 0.338 1.733 0.172 0.477 

Calchone flavonone isomerase, putative 0.528 0.951 2.103 0.925 

Tocopherol cyclase chloroplastic, putative 2.122 2.080 0.603 2.529 

Multicystatin, putative 0.719 0.855 105.924^ 172.666^ 

Cysteine protease 1.072 0.994 0.905 0.863 

Cysteine protease inhibitor 1.991 2.200 0.516 0.911 

Patatin 0.694 1.034 0.131V 0.179V 

Epoxide hydrolase  1.236 1.371 0.972 0.972 

Sucrose synthase 0.332 0.520 0.318 0.161 

Glyceraldehyde-3-phosphate dehydrogenase 0782 0.936 1.664 1.004 

Phosphoenolpyruvate carboxylase 0.690 0.515 0.572 0.120 

Acidic endochitinase 3.308 6.257^ 5.426 71.302^ 

Fructose	  bisphosphate	  aldolase,	  cytoplasmic	  	   1.397 0.807 2.944 1.153 

Betaine aldehyde dehydrogenase, 

chloroplastic 

0.971 1.072 0.240 0.384 

Lipoxygenase 1.076 0.687 3.500 0.433 
Dehydrin 7.185^ 1.250 0.004V 0.010V 
Osmotin-like protein 5.076 1.053 0.029V 0.024V 
ZF-HD homeobox protein 1.554 0.935 12.909^ 3.876 
Putative Histone H1 2.142 1.766 0.647 4.008 
Putative Transducin beta-like protein 1.467 1.035 0.650 0.922 
Where ^ - there was a huge increase in expression under drought stress, V - there was a huge decrease in 
expression under drought stress 
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4.6 SNP detection  

Single nucleotide polymorphisms (SNPs) are common variations found in plant genomes. These 

occur by single base substitution and these can be used as markers to differentiate even closely 

related organism. To detect SNPs, trimmed Cachaco and Mbwazirume 454 and Illumina reads 

without duplicates were separately mapped to the reference transcriptome and reference genome 

under high stringent conditions. Based on the reference transcriptome, 100,053 SNPs were 

detected in Mbwazirume against 179,788 SNPs in Cachaco. However, based on reference 

genome 372,284 SNPs were detected in Mbwazirume against 949,761 SNPs in Cachaco. The 

trend in the number of SNPs detected was consistent between reference genome and reference 

transcriptome. Further analysis on detected SNPs was based on the reference genome. To classify 

the SNPs, some assumption were made; SNP variants with frequencies ≥ 95% were confidently 

reported as homozygous while those with frequencies approximately 30-70% were reported as 

heterozygous provided at least two alleles occurred at a locus, while SNPs with frequencies of 

70.1-94.9 with one allele called at the respective loci could not be confidently classified as either 

homozygous or heterozygous. This is because the algorithm set for SNP calling has several 

filters. One of them is minimum SNP variant frequency, if an allele has a frequency below the set 

threshold even though it is a SNP, it will not be called. For example, if the reference has a ‘T’ 

and the variants are ‘G’, ‘C’, and ‘T’ with frequencies of 70%, 20%, and 10% respectively, given 

that the minimum variant frequency is 30%, only a ‘G’ will be called and reported as a SNP. 

Alleles ‘C’ and ‘T’ are not reported because their frequencies are below 30%. The second filter is 

on the quality of central base and surrounding bases. For a base to be considered as a SNP variant 

and be included in the calculation of allele frequency it must satisfy this inclusion criterion or 

else it is not reported. Lowering the stringency of these parameters results into calling many 

SNPs and the number of false positive SNPs also increases. Based on the above assumptions, the 
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total number of SNPs detected in each genotype, the number of SNPs under the respective 

categories and the distance between SNPs are summarized (Table 7). 

 

Table 7: Summary of SNPs detected and the average distance between them in 
Mbwazirume and Cachaco 
 
Genotype Homozygous 

(≥ 95%) 
Heterozygous 
(30-70%) 

Unclassified 
(70.1-94.9%) 

Total Av. Distance 
btn SNPs 

Mbwazirume 168,125 135,150 69,009 372,284 945 

Cachaco 271,788 398,289 278,684 949,761 371 
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CHAPTER FIVE 

DISCUSSION 
 

5.1 The reference transcriptome 

The ability of some banana varieties to tolerate drought stress has been linked to the presence of 

the B genome (Stover and Simmonds, 1987; Nelson et al., 2006) based on the observed 

differences in physiological responses. No detailed study has been conducted to examine 

differences in gene expression as well as genome variations that could possibly account for these 

differences. Limited knowledge in this area has been partly caused by lack of banana reference 

genome. For an organism whose reference genome sequence is not yet publically available or has 

never been sequenced, next generation sequencing and de novo assembly of gene transcripts offer 

greater opportunities in studying the functional part of the genome. The high throughput and 

relatively low cost of sequencing with next generation sequencing (NGS) platforms have made 

significant revolution in transcriptomics research. The choice of platform to use is dependent on 

the objectives of the study. In this current study a reference transcriptome consisting of 21201 

large contigs (≥500 bp) was generated by de novo assembly of reads from next generation 

sequencing platform (454 GS FLX platform) while waiting for the availability of banana 

reference genome. Contigs below 500 bp were excluded from the reference transcriptome. In 

Musa acuminata, sequencing of two BAC clones revealed the average exon length as 234 bp 

with the average maximum exon length as 1682 bp and an average number of exons as 6.3 (Aert 

et al., 2004).  Therefore, it is likely that many gene transcripts in banana like other eukaryotic 

organisms on average have a length of approximately 1.0 kb. The algorithm for calculating gene 

expression report expression levels in reads per kilo base of exon model (RPKM) (Mortazavi et 

al, 2008). The aim was to generate insights about the best explanation for the differences in 
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physiological responses to drought stress observed between Cachaco ‘ABB’ and Mbwazirume 

‘EAHB-AAA’ at transcript level.  

 

In the course of undertaking this study the CIRAD team with support from the Global Musa 

Genomic Consortium (GMGC) was able to finish the sequencing and annotation of the DH 

Pahang genome ‘AA’ banana that was availed to me even though it was not yet available in the 

public domain. This gave me an opportunity to validate the reference transcriptome that was a 

mixed assembly of Cachaco and Mbwazirume reads and gain a better understanding on the 

expression profiles of genes in the banana genome. When the reference transcriptome (21201 

contigs) was mapped to the reference genome, only 67.1% of the contigs mapped to the reference 

genome representing 33.7% of the total genes present in the DH Pahang genome. The possible 

explanation for this discrepancy is that the reference transcriptome was generated from cDNA 

which contains only the coding regions of the genome while the reference genome contains both 

exons and introns. Also the reference transcriptome contains both A- and B-genomes yet the 

reference genome is made up of only A-genome.  These factors in addition to the mapping 

algorithms used lower the possibility of the contigs getting hit targets to the reference genome.   

 

The low percentage of gene representation in the reference transcriptome is attributed to the fact 

that in living organisms genes are divided into two categories; constitutive genes, which are 

always expressed to maintain life and the inducible genes, which are only expressed under a 

given set of conditions. Expression of some genes is tissue-specific or stage-specific, but also 

among those expressed, some are expressed at a low level thus reducing their probability of being 

represented in the reference transcriptome.  In the genome, some genes are silenced or may have 

become non-functional (pseudogenes), all these reduce the number of genes present in any given 

cDNA library. The factors that induce the expression of some genes could be internal or external 
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such as environmental stresses. Drought stress is an abiotic factor that evokes the expression of 

many genes involved in different pathways as the plant tries to adapt to the stress. Some of these 

genes are constitutively expressed but under drought stress, they are either up-regulated or down-

regulated. When blastx to non-redundant databases via NCBI using blast2go (GÖtz et al., 2008) 

was done the genes in the reference transcriptome were identified. Blastx allows the translation 

of nucleotide sequences into amino acid sequences, which are then used as queries to search non-

redundant protein databases such as SWISSPROT and InterPro. Base code degeneracy is a very 

big issue when the nucleotide sequences are used as queries because different organisms have 

preferential code words they use to code for different amino acids and this lowers the percentage 

similarity between nucleotide sequences. Therefore, when annotating de novo assembled 

sequences for a species whose reference genome is not yet available, a better understanding of 

the sequences is gained by aligning the query sequences to sequences that are fully annotated, 

and with blastx, chances of finding hits are increased.  

 

Among the monocot plants, banana gene sequences are much closer to those of Oryza sativa 

because the highest number of hits was observed here then followed by Zea mays as shown in 

Figure 4. These results supplement the findings of Lescot et al., (2008) and Arango et al., (2011) 

which indicated that microsynteny exists between Musa acuminata genome and Oryza sativa 

genome. Not only microsynteny exists between Musa acuminata but also there is high sequence 

similarity. The reference transcriptome was a mixed assembly of reads from the A and B 

genomes and this may suggest that not only Musa acuminata shows this microsynteny but also 

Musa balbisiana (B genome).  

 

The second reason why the reference transcriptome had low percentage gene representation is 

that many genes in the banana genome are duplicated as observed in the DH Pahang genome and 
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this is further increased by the polyploid nature of the plant. The expression levels of the different 

gene copies in bananas are not the same. Transcription factors and RNA polymerase easily access 

some copies than others and thus the expression of such copies is always higher. Accessibility of 

DNA by transcription factors and RNA polymerase depends on the extent of histone acetylation 

at the promoter regions. When the activity of histone acetyltransferase is high at the promoter 

region, the rate of transcription of the gene is increased (Choi et al., 2004). Also there are some 

chances of losing low-abundance gene transcripts in the total mRNA during library construction. 

In this study, the switching mechanism at the 5’ end of the RNA transcript (SMART) approach 

was used (Zhu et al., 2001). One limitation of this technique is that once premature termination 

of cDNA synthesis occurs, the incorporation of SfiIA restriction site does not occur. Prematurely 

terminated cDNAs are eliminated during cloning step and such transcripts cannot be represented 

in the cDNA library. The difference in gene copy-number observed between the reference 

transcriptome and reference genome possibly accounts for some differences that were observed 

between the expression patterns compared basing on reference transcriptome and reference 

genome. However, the reference transcriptome still remains valid and useful in the absence of a 

reference genome but in the presence of a reference genome a comprehensive analysis of gene 

expression can be achieved. 

 

The relationship between Cachaco ‘ABB’ and Mbwazirume ‘AAA’ is that both are edible 

triploid varieties of banana that belong to the genus Musa. Edible bananas are believed to have 

arisen from intra- and inter-specific hybridization among Musa acuminata ‘AA’ subspecies and 

Musa balbisiana (BB) (De Langhe et al., 2010, Heuzé and Tran, 2011). A certain degree of 

homology in gene sequences is expected despite different evolutionary backgrounds. Cachaco 

contains one copy of the ‘A’ genome whose genes could be homologous to the ‘A’ genome in 

Mbwazirume.  The evolution of edible ‘AAB’ and ‘ABB’ bananas are believed to have passed 
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through an intermediary stage of edible ‘AB’. Backcrossing of the hybrid ‘AB’ to edible ‘AA’ 

and ‘BB’ could have resulted into the present day edible ‘AAB’ and ‘ABB’ (De Langhe et al., 

2010). It is also likely that backcrossing of hybrid ‘AB’ and edible ‘AA’ could have resulted into 

triploid ‘AAA’ and ‘AAB with chromosome segments transferred between the B and the A 

genomes. The high percentage of shared contigs between the two cultivars shows that random 

segregation of the A and B genome chromosomes during meiosis most likely generated gametes 

carrying a variable proportion of recombinant Ab and Ba genome chromosomes (the superscripts 

indicate B genome alleles in an A genome background, and vice versa). Therefore, it is likely that 

Mbwazirume exists as AAA while Cachaco as ABaB. The presence of ‘A’ and possibility of ‘Ba’ 

could probably explain the high percentage of shared contigs observed and edible quality of this 

‘ABB’ banana. It is also likely that acuminata and balbisiana are similar enough that homologs 

form common contigs. Although drought tolerance has been associated with the B-genome 

(Stover and Simmonds, 1987), the underlying mechanisms that give banana plants with B 

genome a survival advantage and to remain productive under drought stress have not been fully 

described at gene expression level. The reference transcriptome and the reference genome helped 

in understanding the expression profiles of genes especially those that are involved in drought 

stress response. 

 

5.2 Effect of drought stress on gene expression 

Drought stress tolerance is a quantitative trait that is controlled by many genes located at 

different loci thus referred to as quantitative trait loci (QTL). When banana plants are subjected 

to drought stress, their ability to survive and remain productive depends on the expression levels 

of genes and synergistic interaction of gene products that neutralize the detrimental effects of 

drought stress. Response to drought stress is a multifaceted process that requires many 
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interactions between different cellular pathways to make the plant survive and remain productive. 

In this study the expression profiles of transcription factors, metabolic enzymes, antioxidant 

enzymes, signal transduction molecules, channel proteins and cell cycle regulating proteins were 

examined. The findings indicated that majority of these genes were up-regulated in Cachaco and 

down-regulated in Mbwazirume under drought stress. In situations where down-regulation of 

certain genes was noted in both genotypes, the expression levels in Cachaco were significantly 

higher than those of Mbwazirume. This could probably explain why there are differences in 

physiological responses to drought stress between the two genotypes. Although differences in 

tissue expression profiles were observed, the trend of expression was the same in most cases that 

is when there was up-regulation in roots there was also up-regulation in leaves.  

5.2.1 Transcription factors 

Food security is one of the major concerns of the rapid growing world population. In 2010 the 

hungry population of the world was estimated to be 925 million people with majority (239 

millions) living in Sub-Saharan Africa (FAO, 2010b). Many factors lead to food insecurity 

among which drought stress is one of them. Breeding for drought tolerant crop varieties has been 

proposed as the most sustainable solution to address the decreasing food production (CGIAR, 

2003). Due to the complex nature of the trait, partial sterility of cultivated bananas and their 

polyploid nature, improvement via conventional breeding is difficult. In both Mbwazirume and 

Cachaco, the majority of the genes that have been reported to confer drought tolerance in various 

crops Oryza sativa (Moumeni et al., 2011), Arabidopsis (Cheong et al., 2003; Nakashima et al., 

2009), Alfalfa (Luo et al., 1992), and woody plants (Liu et al., 2011) are present. What differs 

are the expression levels of these genes under drought stress conditions, and possibly allele-

specific effects. Transcription factors are very important in regulation of gene expression. 

Transforming drought susceptible plants with transcription factors that are more efficient in 
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regulating downstream genes that confer tolerance is considered a good strategy in molecular 

breeding (Pardo, 2010, Hardy, 2010).  Of utmost importance are those transcription factors 

whose expression is regulated by drought stress. Several transcription factors are induced by 

drought stress. In Oryza sativa and Arabidopsis thaliana the cis-acting elements that have been 

identified include MYB2, MYC2, DREB2, ABRE, NAC, bZIP and AP2/ERF all of which are 

transcription factors induced by abscisic acid, drought stress or high salinity. Up-regulation of 

these genes has been observed in drought tolerant varieties (Shinozaki and Yamaguchi-

Shinozaki, 2007; Hardy, 2010). In the current study it was MYB44 and MYC4 which were up-

regulated in the drought tolerant Cachaco whereas MYB2 was up-regulated in the drought 

sensitive Mbwazirume and down-regulated in Cachaco. The former two genes occur in multiple 

copies within the banana genome indicating possible requirement for more tissue- or stage-

specific regulation of their products. This may suggest that banana’s MYB44 and MYC4 genes 

could be considered in plant transformation as a way of improving drought tolerance by 

regulating gene expression. This could be further investigated using paralog- and allele-specific 

differences in expression to identify which paralogs would be good candidates for 

transformation. 

5.2.2 Antioxidants  

During drought stress, plants minimize water loss by lowering the rate of transpiration. This is 

achieved by limiting stomatal conductance, which is effected by stomatal closure. In C3 plants 

such as banana, stomatal closure increases photorespiration, which is associated with oxidative 

stress due to increased reactive oxygen species (ROS) (Noctor et al., 2002). Increased ROS 

damages the photosynthetic apparatus and increases cell deaths. Plants respond to oxidative burst 

by increasing the expression of both enzymatic and non-enzymatic antioxidants that help to 

remove ROS (Abedi and Pakniyat, 2010). In Cachaco there was significant increase in catalase 
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and polyphenol oxidase. Conversely, the expression of glutathione reductase, superoxide 

dismutase, L-ascorbate peroxidase and probable glutathione peroxidase in the leaves of Cachaco 

showed a decrease but this was not significant as that observed in Mbwazirume. The high level of 

superoxide dismutase ensures efficient conversion of ROS to oxygen, hydrogen peroxide and 

hydroxyl ions. Hydrogen peroxide produced is itself detrimental to cells therefore it has to be 

removed quickly as soon as it is produced by enzymes that convert it to water and oxygen 

(Manda et al., 2009). Increased expression of catalase suggests that Cachaco is more efficient in 

dealing with reactive hydrogen peroxide thus preventing cellular deaths as compared to 

Mbwazirume. Although there was down-regulation of L-ascorbate peroxidase and probable 

phospholipid hydroperoxide glutathione peroxidase in both genotypes, the levels in Cachaco 

were higher than those in Mbwazirume. These contribute to the efficiency of removing hydrogen 

peroxide in Cachaco under drought stress. The role of glutathione reductase is to increase the 

levels of reduced glutathione that has multiple functions in antioxidant defense. Reduced 

glutathione directly scavenges the ROS and it is a co-substrate for peroxide detoxification 

(Manda et al., 2009). In the context of the results, Mn-SOD decreased in tissues of both 

genotypes under drought stress yet catalase increased in Cachaco tissues and decreased in 

Mbwazirume tissues.  

5.2.3 Signal transduction during drought stress 

Bananas like any other plants respond to environmental changes through a number of chemical 

signaling pathways. Drought stress is associated with increase in abscisic acid (ABA). At the 

transcriptome level, an increase in ABA can be examined by determining the expression levels of 

genes for enzymes that are involved in its biosynthesis such as 9-cis epoxycarotenoid 

dioxygenase (NCED) (Moumeni et al., 2011), zeaxanthin epoxidase (ZEP), and ABA 

8’hydroxylase (Xiong and Zhu, 2003) as well as receptors that bind ABA and allow downstream 
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regulation of genes that are ABA sensitive. Increased expression of the above genes suggested an 

increased production of ABA, which has multiple effects. Abscisic acid is also implicated in 

stomatal closure during water deficit that occurs during drought stress. Abscisic acid increase in 

leaves is one of the factors that induce photorespiration, which in turn triggers increased 

production of ROS (Noctor et al., 2002).  

 

Increased ABA concentration would enhance the activity of some transcription factors such as 

the abscisic acid responsive element binding proteins (AREB), MYC, MYB, AP2 and bZIP that 

bind to promoters of other genes and increase their expression.  Increase in ABA receptors 

increases the efficiency of signal transduction into the nucleus thus increasing the expression of 

downstream genes. In this study abscisic acid receptor PYL8 was up-regulated compared to other 

isoforms in Cachaco tissues but was significantly down-regulated in Mbwazirume. A study in 

Arabidopsis thaliana by Saavedra et al., (2010) showed that overexpression of PYL8/RCAR3 

increased tolerance to water stress in vegetative tissues, suggesting an important role in signaling 

and ABA-regulated genes involved in stress response. Increased levels of ABA and the high 

expression of PYL8 receptors may increase the ability of Cachaco to tolerate drought stress. 

Reduced expression of abscisic acid biosynthetic enzymes and its receptors in Mbwazirume may 

delay or diminish the relay of signals that alert the plant to prepare for and counteract the effects 

of drought stress.  

 

In addition to ABA, changes in calcium concentration in cell cytoplasm play a significant role in 

signaling pathways. These changes occur under conditions such as drought stress. Proteins that 

act as calcium sensors and initiate signal transduction include calcineurin B-like proteins (CBL), 

calmodulin and calcium-dependent protein kinase (CDPK). The expression of these proteins is 

induced by multiple stresses. The increased expression of CBL-1, CBL-3 and calmodulin in 
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Cachaco suggests that these proteins may be involved in signal transduction during drought stress 

and supports the observation made by Cheong et al., (2003). Calcium-dependent protein kinases 

are serine/threonine protein kinases that act by phosphorylation of other proteins such as 

phytohormone. Calcium-dependent protein kinases have been implicated to play a role in 

mediating signaling elicited by the phytohormones such as auxins, ABA, cytokinin and 

gibberellin (Botella et al., 1996; Urao et al., 1994; Mitra and Johri, 2000). Calcium_dependent 

protein kinases may play a role is regulating plant growth under drought stress. Out of the 16 

isoforms of CDPKs identified in banana genome, CDPK2, CDPK3, CDPK13 and CDPK28 were 

more responsive to stress, perhaps implying a significant role in signal transduction in both 

genotypes.    

5.2.4 Channel proteins 

Channel/transporter proteins are located within the cell membrane or tonoplast. These are very 

crucial in moving materials in and out of the cell. Homeostatic control of water balance in plant 

cells and the uptake/release of inorganic and organic molecules/ions depend on the regulatory 

activities of these channel proteins. Water is an essential requirement for proper plant growth and 

must be taken in by plant cells and this occurs in channels called aquaporins (Hamanishi and 

Campbell, 2011). The expression of various aquaporins was examined and generally there was 

down-regulation of aquaporins in stressed root tissues of both Cachaco and Mbwazirume, but the 

overall levels in Cachaco were higher than those in Mbwazirume. The major classes of 

aquaporins expressed in banana included Plasma Intrinsic Proteins (PIP), Tonoplast Intrinsic 

Proteins (TIP), Small and basic Intrinsic Proteins (SIP) and the Nodulin Intrinsic Proteins (NIP). 

Channel proteins are affected by drought stress through both transcriptional and post-

transcriptional changes, including conformational change that limits their ability to transport 
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specific molecules. When the expression of aquaporins is reduced in roots coupled with 

conformational changes in their proteins, plant water balance is severely affected and can affect 

both growth and wilting of the entire plant. When this happens in the leaf cells, the plant shows 

increased leaf folding due to low turgor pressure and eventual rapid senescence of leaves. For 

tolerant plants, the effects manifest as reduced growth rate as was observed in Cachaco. A study 

in Eucalyptus showed that PIPs are essential for normal growth and any reduction in PIPs 

resulted into suppressed growth (Tsuchihira et al., 2010). The results suggest that both PIP and 

TIP aqauporins are essential in normal banana plant growth because their expression in roots of 

drought tolerant Cachaco was not significantly reduced as compared to the drought sensitive 

Mbwazirume. Water as a biological solvent has a great impact on the physiology of the plant 

when its supply is reduced. Aquaporin activities display a rate-limiting step in biological 

processes such as photosynthesis, growth and development in plant species. Also cellular 

dehydration has a great impact on the activity of other channel/transporter through 

conformational changes. Significant reduction in the expression of aquaporins may be one of the 

contributory factors for poor adaptation to drought stress in Mbwazirume. 

5.2.5 Cell cycle regulating proteins 

Plant cells are like any other eukaryotic cells; they are born, they reproduce and die in a 

programmed manner. These events constitute what is termed the cell cycle. The cell cycle is 

divided into gap 1 (G1), gap 2 (G2), gap 0 (G0), synthesis phase (S-phase) and mitotic phase (M-

phase). The S-phase separates the G1 and G2 while G2 is a transition stage to M-phase. Several 

proteins control the progression of the cell through the cycle and these include the cyclins and 

cyclin-dependent kinases, CDKs (Murray et al., 2003). When conditions are not favorable for the 

cell to progress into G1 after mitosis, it becomes quiescent (G0) until favorable conditions are 
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available. Drought stress had an effect on cell cycles regulating gene expression. There was an 

increase in the expression of MAPKs in the root tissue of Cachaco and leaf tissue of 

Mbwazirume and a reverse was observed in Cachaco leaf and Mbwazirume root. Mitogen-

activated protein kinases (MAPKs) regulate cellular programs such as proliferation, 

differentiation, movement and death (Manda et al., 2009). Plant roots play a significant role in 

the survival of the plant (Yu et al., 2008). It is the site where water and nutrients are absorbed 

from the soil to the plant. Increased expression of MAPKs in the roots of Cachaco suggested their 

ability to undergo active cell cycle. In association with this was the increased expression of 

CDKs and programmed cell death proteins genes in the tissues of Cachaco. The reverse was 

observed in Mbwazirume. The reduced root mass of Mbwazirume under conditions of drought 

stress and the inability of the root cells to undergo normal cellular cycles with accelerated cell 

deaths may point to some of the reasons why this genotype is drought sensitive.  

 

In addition to MAPKs and CDKs, leaf senescence-related protein (LSRP) and senescence-

inducible chloroplast stay green proteins (SIC-SGP) are involved in the regulation of leaf cell 

cycle. In Cachaco leaf tissues, there was a down-regulation of LSRP with an up-regulation of 

SIC-SGP and the reverse was observed in Mbwazirume. This would tend to delay senescence in 

Cachaco but accelerate it in Mbwazirume. Senescence is the final stage of plant development 

during which plants reclaim the valuable cellular building blocks that have been deposited in 

leaves and other parts of the plant during growth (Buchanan-Wollaston, 2007). The results 

suggest that drought stress increases leaf senescence in drought sensitive plants by inducing up-

regulation of LSRP genes whereas in the drought tolerant banana it is the SIC-SGP genes, which 

are up-regulated. Senescence-inducible chloroplast stay green proteins are involved in the 

regulation of chlorophyll degradation by inducing light-harvesting chlorophyll binding protein II 

(LHCPII) disassembly through direct interaction, leading to the degradation of chlorophyll and 
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chlorophyll-free LHCPII by catabolic enzymes and proteases, respectively (Park et al., 2007). 

The visual marker for leaf senescence is yellowing due to loss of chlorophyll and eventual drying 

of leaves.  Chlorophyll is a key component in the photosynthetic apparatus. Drought stress 

destroys the photosynthetic apparatus in sensitive plants (Yordanov et al., 2003). Loss of green 

color in leaves is a sign of chlorophyll breakdown. Enzymes such as chlorophyllase-2 

chloroplastic and chlorophyllide-a oxygenase chloroplastic are involved in chlorophyll 

catabolism. Chlorophyllases are involved in the first step of chlorophyll catabolism during leaf 

senescence (Park et al., 2007). These enzymes genes were up-regulated in Mbwazirume and 

down-regulated in Cachaco leaf tissues. This possibly explains why Cachaco retained more green 

leaves than Mbwazirume under drought stress.  

Cytochrome c is an evolutionary stable biological molecule that is at the heart of aerobic life. It 

shuttles electrons in the narrow spaces between the two-mitochondrial membranes so that the last 

step of aerobic respiration takes place. However, cytochrome c is also involved in apoptosis 

(Goodsell, 2004).  When the expression of cytochrome c was examined, down-regulation was 

observed in tissues of both genotypes under stress. Apoptosis is referred to as programmed cell 

death which is regulated by proteins. Cytochrome c and mitochondria play an important role in 

initiating apoptosis in response to signals such as DNA damage that likely occurs during drought 

stress. Cytochrome c acts by associating with apoptotic protease activating factor 1 (Apaf-1) to 

form the seven-armed apoptosome a complex that finally activates the protein-cutting caspases 

that begin the heavy work of cell deaths (Goodsell, 2004). Reduced expression of cytochrome c 

may be associated with delayed apoptosis. In animals delayed apoptosis is associated with cancer 

cells but in plants it is a survival strategy during unfavorable conditions. The efficiency of this 

strategy is dependent on the effectiveness of other strategies.  
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5.3 Detection of SNPs  

Single nucleotide polymorphisms (SNPs) are common variations found in plant genomes 

(Grattapaglia et al., 2011). These occur by single base substitution (Jehan and Lakhanpaul, 2006) 

and these can be used as markers to differentiate even closely related organism. Based on the DH 

Pahang genome ‘AA’, there was a 2.6 fold difference in detected SNPs between Mbwazirume 

‘AAA’ and Cachaco ‘ABB’ under highly stringent conditions. The high number of SNPs 

detected in Cachaco may be explained by the presence of two copies of B genome in this 

genotype whereas the lower number of SNPs detected in Mbwazirume may be explained by the 

high degree of sequence homology with the DH Pahang genome. The high number of 

heterozygous SNPs observed in both Cachaco and Mbwazirume could be attributed to the 

polyploid nature of the plant, and the fact that even Mbwazirume ‘AAA’ is derived from 

different subspecies of M. acuminata. Differences in gene expression, possibly affected by 

epigenetic differences, could lead to detection/not of heterozygosity. Single nucleotide 

polymorphisms are categorized as silent SNPs or functionally active SNPs. Silent SNPs do not 

affect amino acids when they occur within the coding region of genome, whereas functionally 

active SNPs result in amino acid change thus potentially affecting the functionality and activity 

of the gene.  Although many SNPs in protein-coding regions are silent, some result into amino 

acid substitution, which manifest by phenotype change (Jehan and Lakhanpaul, 2006).  

 

The number and validity of SNPs detected depends on the SNP calling tool used and these vary 

based on the algorithms used. There are many tools that can be used for SNP detection, among 

which are SNPServer, PolyBayes and PolyFreq (Souche et al., 2007). In this study, CLC 

genomic workbench 5.1 was used. It has user-friendly high-throughput sequence analysis tools 

that include SNP detection tool.   The availability of large number of sequences generated by 

high-throughput sequencing technologies allows for in silico detection of candidate SNPs. Not all 
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in silico detected candidate SNPs are true SNPs. Therefore, there is need to validate these SNPs 

before using them as genetic markers for studying polymorphisms in organisms. To validate 

SNPs, primers are designed that target candidate SNPs. A PCR based assay is then carried out to 

generate products that are re-sequenced and remapped on the reference sequence for SNP 

detection or the amplicons are used for high resolution melting curve analysis. Han et al., (2011) 

used these strategies to discover and validate SNPs in tetraploid alfalfa. The relatively large 

average distance between SNPs observed based on the DH Pahang genome could possibly be 

explained by the large introns in the genome since the reads used were from cDNA and the high 

stringency conditions used to call SNPs. The distance between SNPs ranged from1 bp to several 

thousand base pairs.  

 

Mbwazirume belongs to a group of bananas commonly known as the East African highland 

bananas (EAHB). They are triploid ‘AAA’ and the members in this group are highly 

homogenous at genomic level but morphologically diverse. In Uganda, 84 distinct clones of 

cultivated EAHB were identified among which 238 accessions were grouped under five clone 

sets based on morphological characteristics (Karamura, 1999) but no gel-based molecular marker 

characterization has been able to fully confirm this classification (Onyango et al., 2010,). This 

ambiguity could be resolved by the application of next generation sequencing technologies for 

detection of unique SNPs that are specific for identification of EAHB cultivars. Also genotyping 

by sequencing (Elshire et al., 2011) could be carried out, which is a far much easier and robust 

way to discern the long-term ambiguity that has always existed between morphological and 

molecular markers in characterization of this group of bananas.  

 

 



 
 

69 

5.4 Banana response to drought stress 

Bananas like other plants respond to different environmental stresses such as drought stress, cold 

stress and high salinity. Under field conditions plants are subject to multiple stresses that require 

an integrated coordination of protective mechanisms within the cell and plant systems that aim at 

reducing the effects of the stress to enhance survival and performance. It is evident that no single 

pathway is sufficient enough to control the effects of environmental stresses but cross talk is the 

main strategy employed by the tolerant varieties. As observed from the different plant studies, 

drought stress leads to production of abscisic acid (ABA) in both roots and leaves. The first 

impact of drought stress is to reduce growth, a highly-sensitive process requiring turgor pressure. 

Abscisic acid in leaves induces stomatal closure by acting on the guard cells (Xiong and Zhu, 

2003; Luo et al., 1992; Noctor et al., 2002). The plant does this to limit water loss, but as a result 

photorespiration is increased and results in production of reactive oxygen species (ROS) that are 

detrimental to the plant. In response to increased ROS, plants need antioxidant enzymes and non-

enzymatic antioxidants such as tocopherol, β-carotene and ascorbic acid (Abedi and Pakniyat, 

2010; Liu et al., 2011; Yordanov et al, 2003; Noctor et al., 2002; Bartoli et al., 1999 and Vidi et 

al., 2006) that help disable ROS that are capable of destroying cells. For transcription of genes 

coding for antioxidant enzymes and other genes to take place certain proteins known as 

transcription factors must be expressed and bind the promoter region so that RNA polymerase is 

recruited to carry out transcription (Hardy, 2010, Fujita et al., 2004). Some known transcription 

factors are expressed in response to ABA. Transcription factors may not access the promoter 

region of the gene and even RNA polymerase may not be able to progress unless the DNA is 

somehow loosened from the histone proteins. Loosening of DNA from the histone protein 

requires the activity of an enzyme histone acetyltransferase (Murray et al., 2003). This shows that 

even though histone acetyltransferase is not specifically linked to drought response its activity 
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has great impact on the plant response to environmental stress. In a broad perspective, genomes 

of organisms respond to changes in the environment via chemical reactions such as DNA 

methylation, histone acetylation, and RNA interference. These epigenetic mechanisms do not 

alter the DNA sequence but have effects in gene expression. Although similar strategies to 

respond to drought stress are available in different plant species, variation in the combination of 

strategies does exists. This may be attributed to variation in gene structure, gene copy number 

and stage of growth. For example in the leaves of cowpea plants (Vagna unguiculata L.) higher 

expression of multicystatin proteins, which act as inhibitors of cysteine proteinases was 

associated with drought tolerance (Diop et al., 2004). However, in the present study on banana 

this did seem not to be the case; low expression of these genes was observed in drought tolerant 

Cachaco. A similar trend was observed with regard to expression of patatin-like genes. Increased 

expression of osmotin, and dehydrins as well as proline has been associated with drought stress, 

cold stress and disease infection as defensive mechanism (Zhou et al., 2010; Shinozaki and 

Yamaguchi-Shinozaki, 2007 and Moumeni et al., 2011). In drought tolerant Cachaco, increased 

expression of these genes was observed (Table 6). The good cooking qualities and organoleptic 

appeal (sensory perception) presented by the East African highland bananas such as Mbwazirume 

acts as the driving force for the need to improve these plants in terms of drought stress tolerance 

and disease resistance.  
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATIONS 
 

6.1 Conclusions 

Mapping of Cachaco and Mbwazirume 454 and Illumina reads to the reference genome revealed 

that both cultivars share many genes that were annotated in the DH Pahang genome but what 

differed was the expression levels of some genes when subjected to drought stress. Cachaco in 

many cases had an up-regulation of genes that are involved in diverse pathways associated with 

drought tolerance. There was an increased expression for transcription factors such as MYB44 

and MYC4, NAC, bZIP, DREB1, DREB3 and AP2 that are known to be drought-induced via the 

ABA signaling pathway and that control downstream genes. The same trend was observed for the 

cell cycle regulating genes, genes for antioxidant enzymes, and biosynthetic enzymes for ABA 

and related signal transduction molecules. In Mbwazirume, these gene sets were down-regulated. 

Though the aquaporins were down-regulated in roots of both genotypes under drought stress, 

Cachaco maintained a significantly higher level of PIP and TIP compared to Mbwazirume, 

suggesting the reduced ability of Mbwazirume to respond to limited water supply.  The increased 

expression of chlorophyll catabolic enzymes and leaf senescence-related protein genes in the 

leaves of Mbwazirume might explain its more rapid loss of green leaves under dry conditions. 

The concept of B genome conferring drought tolerance to some banana cultivar may be explained 

by difference in expression of genes associated with drought tolerance in Cachaco compared to 

Mbwazirume. Additionally, Cachaco shows greater divergence from the reference DH Pahang 

genome as compared to Mbwazirume.  

 

It is no longer an excuse to have limited information about the dynamics of gene expression in 

the absence of reference genome for any given organism. Next generation sequencing 
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technologies allow de novo assembly of transcripts into a reference transcriptome which is 

sufficient enough to study the gene structure, behavior and variation in different organisms under 

any given set of conditions. In banana genomics research, more is still desired and this study just 

opens an opportunity for research in transcriptomics.  

6.2 Recommendations 

A fruitful area of follow-up research might be to investigate silent vs. functional SNPs in 

candidate genes. This may shed light as to why cultivars with B genome are drought tolerant. 

Since the reference genome is now available, genotyping by sequencing can be increased to gain 

more understanding on banana genetic diversity and allow breeders accelerate the banana and 

plantain improvement programs. As the cost of sequencing is reducing on the next generation 

sequencing platforms, it is recommended that similar studies be repeated with many cultivars 

representing different subgroups of bananas, using different tissues at different stages of growth 

and also increase biological replications to get a comprehensive understanding of banana 

response to drought stress. This will help contribute to sustainable food production through 

providing drought tolerant and disease resistant banana varieties. 
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APPENDICES 
 

Appendix I: Small scale RNA isolation from plant tissue 

 
A protocol adopted from Invitrogen, revised on 14th December 2005 

Materials needed 

• Liquid nitrogen 

• Mortar and pestle 

• RNase-free microcentrifuge tube 

• 5M NaCl  

• Chloroform 

• Isopropyl alcohol 

• 75% ethanol 

• RNase-free water 

Sample preparation 

i. Cool RNase-free micro-centrifuge tubes in dry ice before transferring frozen tissue into 

the tube 

ii. Grind fresh or frozen plant tissue in liquid nitrogen to a powder using mortar and pestle. 

Grind dry seed samples at room temperature. 

iii. Store all ground plant material at -70oC until further use. Frozen tissue must remain 

frozen at -70oC prior to extraction with plant RNA reagent. Accidental thawing may 

result in RNA degradation. 
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Procedure 

i. Add 0.5 ml cold (+4oC) PureLink Plant RNA Reagent to up to 0.1 gram of frozen, ground 

plant tissue. Mix by brief vortexing or by flicking the bottom of tube until the sample is 

thoroughly re-suspended. 

ii. Incubate the tube for 5 minutes at room temperature. 

a. Note: Lay the tube down horizontally during incubation to maximize surface area. 

iii. Clarify the solution by centrifuging at 12000 x g in a micro-centrifuge tube for 2 minutes 

at room temperature. Transfer the supernatant to a clean RNase-free tube. 

iv. Add 0.1 ml of 5 M NaCl to the clarified extract. Mix by tapping the tube. 

v. Add 0.3 ml chloroform to the sample. Mix thoroughly by inverting the tube. 

vi. Centrifuge the sample at 12000 x g for 10 minutes at +4oC to separate the phases. 

Transfer the upper, aqueous phase to a clean RNase-free 1.5 ml eppendorf tube. 

vii. Add to the aqueous phase an equal volume of isopropyl alcohol. Mix and let stand at 

room temperature for 10 minutes. 

viii. Centrifuge sample at 12000 x g for 10 minutes at +4oC. 

ix. Decant the supernatant, taking care not to lose the pellet, and add 1 ml of 75% ethanol to 

the pellet. 

Note: Pellet may be difficult to see. 

x. Centrifuge at 12000 x g for 1 minute at room temperature. Decant the supernatant 

carefully, taking care not to lose the pellet. Briefly centrifuge to collect the residual liquid 

and remove it with pipet. 

xi. Add 10-30 µl RNase-free water to the RNA pellet. Pipet up and down over the pellet to 

re-suspend RNA. If any cloudiness is observed, centrifuge the solution at room 

temperature for 1 minute at 12000 x g and transfer the supernatant containing RNA into a 
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clean 1.5 ml eppendorf tube and store at -70oC. OR add 0.1 Volume of 3 M Sodium 

acetate and 2.5 volumes of 96% Ethanol, mix thoroughly and store at -20oC for years. 
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Appendix II  
 
Names and sequences of oligonucleotides used during the study 
 
SMART-Sfi1A 
oligonucleotide 

 
5’-AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCrGrGrG-3’ 
 

CDS-SfiIB-GC T23 
primer 
 

 
5’-AAGCAGTGGTATCAACGCAGAGTGGCCGAGGCGGCCTTTTGTTTTTTCTTTTTTTTTTTTTVN-3 
 

SMART PCR 
primer 
 

 
5’-AAGCAGTGGTATCAACGCAGAGT-3’ 
 

CDS-SfiBI T19-454 
primer 
 

 
5’-ACGCAGAGTGGCCGAGGCGGCCTTTTGTCTTTTCTTCTGTTTCTTTTVN 
 

SfiIA PCR primer  
5’-CAACGCAGAGTGGCCATTAC 
 

SfiIB PCR primer  
5’-ACGCAGAGTGGCCGAGGCG 
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Appendix III 
 
Tables showing absolute RPKM values of different genes and their relative expression under 
drought stress 
 
A: Transcription factors 
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B: Antioxidant enzymes 
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C: Signal transduction molecules 
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D: Channel proteins (aquaporins) 
 

 
E: Cell cycle regulating proteins 
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F: Other genes 
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Relative expression value of 1.0 = no difference in expression between well-water and drought stressed tissue, >1.0 

= up-regulation in stressed tissue and <1.0 = down-regulation in stressed tissue. CDRE = Cachaco dry relative 

expression, MDRE = Mbwazirume dry relative expression, DREB = dehydration responsive element binding 

protein, AP2 = apetala 2, NAC = NAM, ATAF1,2 and CUC2, ABA = abscisic acid, CBL = calcineurin B-like, 

CDPK = calcium-dependent protein kinase, NIP = nodulin intrinsic protein, PIP = plasma intrinsic protein, TIP = 

tonoplast intrinsic protein, SIP = small and basic intrinsic protein, MAPK = mitogen-activated protein kinase, CDK 

= cyclin-dependent kinase, LSRP = leaf senescence related protein, SIC-SGP = senescence-induced chloroplast stay 

green protein and ZF-HD = zinc figure homeodomain. 

 

 


