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Abstract 

The identification of drought tolerant Musa varieties normally takes place in the natural 

environment. However this process is time consuming and complicated by difficulties in field 

management, variation in phenotype and unexpected rainfall events. A technique that shortens 

the screening process would be of great importance. The general objective of this study was 

(i) to develop an alternative and rapid technique to screen the drought tolerant Musa varieties 

by an in vitro model and (ii) to get a first insight into drought tolerance via this model. 

 

In search of a good model, the effects of 0.09M sucrose, 0.09 M sorbitol and absence of sugar 

on growth of Musa species were compared. The results of this experiment proved that sorbitol 

is not a source of energy in the in vitro culture of Musa species and could be used in a model 

as a neutral osmotic inducer. The exploration of different levels of water stress induced by 0.1 

to 0.5 M sorbitol in the media and their effects on the growth of Musa plants proved that the 

concentration of 0.2 M sorbitol is the ideal concentration to reveal different growth 

characteristics. The application of this concentration on a broad range of Musa  cultivars 

(Mbwazirume (AAAh), Williams (AAA), Popoulou (AAB), Cachaco (ABB), Obino l'Ewai 

(AABp) and Lep Chang Kut (BBB) showed that all cultivars are affected by the sorbitol 

induced osmotic stress but the degree of sensitivity is different. Cachaco and Williams 

revealed a higher growth rate whereas the growth rate of Mbwazirume and Lep Chang Kut 

was very low under stress conditions. Lep Chang Kut does not perform well under in vitro 

conditions. The determination of the growth reduction due to sorbitol osmotic stress proved 

that the reduction of gain of dry weight was 5.56, 14.29, 20.00 and 25.00 % respectively for 

Cachaco, Lep Chang Kut, Williams and Mbwazirume. This study pointed out that the gain of 

fresh and dry weights of leafs; gain of leaf area and total gain of fresh and dry weights seem 

to be appropriate growth parameters to identify drought tolerant Musa cultivars under in vitro 

condition. The results of proteomics analysis showed a separation of different proteins but due 

to time constraints it was not possible to get a first insight into the drought tolerance of in 

vitro plantlets.  

 

Through this study, an in vitro technique to screen drought tolerant Musa cultivars was 

developed and the drought tolerance of Cachaco and and Lep Chang Kut and drought 

sensitivity of Mbwazirume were proved. 
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Outlines of thesis 

 

This thesis contains 4 chapters. Chapter one is a general introduction that contains the 

description of banana and plantain plants, the importance of banana and plantain crops and 

constraints of their production, drought and agriculture, statement of the research problem, the 

research hypothesis and objective. Chapter two is a literature review related to the research. It 

contains the information on the movement of water in plants, plant and drought conditions 

and current research on drought in banana and plantain production. This chapter also 

describes the plant cell and tissue culture technology and its application on banana and 

plantain crops and presents an overview on the proteomics science. The third chapter 

describes the experimental work. It contains the description of materials and methods, the 

results from the experiments and their discussion. The last chapter is a conclusion and 

provides recommendations.  

Research approach 

Question: Water is an issue in banana production systems and  

                  screening drought tolerant Musa cultivars is cumbersome  

Identify an    

osmotic inducer 

Verify the effectiveness of the osmotic inducer on different Musa 

cultivars 

Determine a concentration 

of osmotic inducer 

Alternative solution: Screening the in vitro collection  

Question: Why cultivars do differently 

                  react under drought stress? 

Proteome analysis 
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1. Chapter 1: General introduction 

 

1.1. Description of banana 

 

Bananas and plantains (Figure 1.1) are monocotyledonous plants in the genus Musa which 

belongs to the family Musaceae. The family Musaceae is one of the families of the order 

Zingiberales, which includes approximately 1000 specises (Wong et al., 2002; Heslop - 

Harrison and Schwarzacher, 2007). The family Musaceae contains three genera that are 

Ensete, Musella and Musa (Lassoudière, 2007). The genus Ensete has eight species and the 

genus Musella comprises the only one known species that is Musella splendia. The Musa 

taxonomy is confused by several factors including the sterility, ancient domestication and 

hybrid origins of the cultivated varieties (Nelson et al., 2006). Meanwhile, five sections have 

been recognized in Musa: species Eumusa, Australimusa, Rhodochlamys, Callimusa and 

Incertae sedis (Uma et al., 2005).  

 

 

Figure 1-1: Scheme of a banana plants 

 

The most important cultivar groups of bananas and plantains have arisen from two sections of 

Eumusa; Musa acuminata with AA genome and Musa Balbisiana with BB genome 
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(Lassoudière, 2007). The original bananas were seedy, not pulpy and not edible. The 

evolution of edible banana was initiated with the Musa acuminata ssp. that has undergone 

mutations that resulted to a slow decline in seed fertility. Different combinations of these wild 

species resulted in the development of a broad spectrum of genome groups from diploids to 

tretraploids; AA, AB, BB, AAB, ABB, AABB, ABBB, etc. (Simmonds, 1995; Uma et al., 

2005). Currently, precious cultivars of bananas and plantains belong to diploids and triploids 

(Lassoudière, 2007; Uma et al., 2005) 

 

The genus Musa has originated in the South-East Asia, where numerous wild species occur in 

an area stretching from Papua New Guinea to India. The Malaya region is considered to be 

the primary centre of origin and diversity of Musa acumunita. The origin of Musa balbisiana 

has been situated to the North of the Malaya region (Simmonds and Shepherd, 1955). 

However, the diversity of new forms derived through a combination of accumulation of 

somatic mutations and human selection has led to consider the Great lake region of East 

Africa as a secondary centre of banana diversity (Karamura et al., 2004). 

 

1.2. Importance of bananas and plantains 

 

After rice, wheat and maize; bananas and plantains are the fourth most important crop in 

developing countries, with an annual worldwide production of about 100 Mt. They provide a 

starch staple in the some poorest parts of the world and the dessert banana is a major cash 

crop in many countries (FAOStat, 2007). It is among the most exported fruits (15.9 x 109 kg 

in 2004) in the world and ranked second in terms of values (US $ 5.2 billion) after Citrus 

(FAO, 2007). Bananas and plantains present a significant source of income and employment 

in many tropical countries (Heslop - Harrison and Schwarzacher, 2007). 

  

According to the world production statistics of 2004, banana and plantains constituted the 

highest value commodity in seven countries of Africa; Burundi, Cameroon, Equatorial 

Guinea, Gabon, Rwanda, Sao Tome and Principe and Uganda. Approximately 10 % of total 

production is for export and the remaining 90 % is used for domestic consumption. The 

consumption is estimated up to 400 kg per person per year (FAO, 2006).  In Rwanda, bananas 
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and plantains are important food and cash crops. They cover 23 % of the total cultivated land 

and are grown by 90 % of households (Mpysi et al., 2000).   

 

Bananas and plantains are not only the source of food, they also have other purposes. They 

are the sources of beverages, feeds and technical, medical, ritual and ornamental materials 

(Rossel, 1998). Alcohol, beer, vinegar and wine are usually produced from fruits of banana. 

After harvesting, stems and leaves of the banana and plantain plants are made into silage and 

used as feeds (Nelson et al., 2006). The leaf fibres of Musa plants serve in a hand craft. The 

study to evaluate the alternative use of three Jamaican natural cellulosic fibres for the design 

and manufacture of composite materials demonstrated that the banana fibres have exhibited 

the highest ash, carbon and cellulose content, hardness and tensile strength (Jústiz-Smith et 

al., 2008). In different banana and plantain production regions, these fibres are used to 

fabricate baskets, mats, table mats, photo frames, ear rings, souvenir boxes, bags, wall 

hangings, trays, hats, hand bags, season cards,  folders, key holders, neckties, bow ties, waist 

coats, necklaces and other useful materials (African Handicrafts, 2006). The diuretic and 

disinfectant effects of Musa potash and the strong astringent effects Musa sap make its use in 

traditional medicine (Nelson et al., 2006). In Africa Musa plants has different and various 

uses in ceremonies related to birth, funeral rites and religious. Some Musa species are 

ornamentally used in many locations (Rossel, 1998).  

 

1.2. Constraints of banana and plantain production 

 

Like all agricultural crops, banana and plantain plants are subjected to strong pressure from 

biotic and abiotic stresses.   

 

1.2.1. Biotic constraints  

 

Banana and plantain plants are susceptible to a wide range of diseases and pests. Some pests 

and diseases are highly aggressive, very contagious and easily spread. Once established they 

are persistent and practically difficult to eradicate (Robinson, 1996; Nelson et al., 2006). 

These challenges can dramatically reduce the yield and have therefore a deep impact on food 
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availability and economical balance in many developing countries (Teycheney et al., 2007; 

Heslop - Harrison and Schwarzacher, 2007). 

 

1.2.1.1. Fungal diseases 

 

The fungal diseases are the main diseases in the banana and plantain plantations. Panama 

disease or Fusarium wilt, caused by Fusarium oxysporum f. sp. cubense has devastated the 

banana production. It is widely regarded as one of the most destructive plant diseases (Moore 

et al., 1995; Heslop - Harrison and Schwarzacher, 2007). When Fusarium wilt is established 

in an area, it cannot be controlled chemically by fungicides, soil fumigants or by cultural 

practices. The only long term option for continuing a banana production is a replacement of 

susceptible varieties with resistant varieties (Hwang and Ko, 2004). Black sigatoka leaf spot 

or black leaf streak disease (BLSD) caused by Mycosphaerella fijiensis is another fungal 

disease that has been serious in recent years (Lassoudière, 2007). Its infection commonly 

leads to 50% crop losses and its control requires environmentally undesirable and expensive 

fungicides (Heslop - Harrison and Schwarzacher, 2007). Anthracnose caused by Colletitricum 

musae, is postharvest disease of banana that often causes extensive losses. This disease is 

characterized by sunken brown-black lesions which develop on the banana peel and these 

lesions lower the quality of the fruit (Alvindia et al., 2000; Muirhead and Jones, 2000). 

 

1.2.1.2. Viral diseases 

 

Viruses are important constraints to the movement and propagation of plant germplasm, 

especially for vegetatively propagated crops such as bananas and plantains. Their control 

relies primarily on the use of virus-free plant materials, whose production and certification 

require sensitive and reliable detection methods (Teycheney et al., 2007). They are 

propagated by infected planting materials but the diseases could be transmitted by vectors 

(Lassoudière, 2007). Six viral species infecting Musa plants have been reported and 

characterized. These species are Banana bunchy top virus (BBTV), Banana streak viruses 

(BSV), Banana bract mosaic virus (BBrMV), Cucumber mosaic virus (CMV), and Banana 

mild mosaic virus (BanMMV) and Banana virus X (BVX) (Rodoni et al., 1999; Gambley and 

Thomas, 2001; Teycheney et al., 2005; Jaufeerally - Fakim et al., 2006). 
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1.2.1.3. Bacterial diseases 

 

Most bacterial diseases of banana and plantain crops can be grouped into two categories; 

vascular infections caused by Pseudomonas solanacearum and related organisms and diseases 

caused by Erwinia species. Among these diseases they are banana bacterial wilt, Blood 

disease, Rhizome rot, Bugtok, Finger tip rot and Javanese vascular wilt (Jeger et al., 1995). 

 

The Banana bacterial wilt disease (BBW) is caused by Xanthomonas campestris pv. 

Musacearum.  All banana cultivars in affected areas are susceptible to BBW and the disease is 

rapidly spread (Heslop - Harrison and Schwarzacher, 2007). It has been found that the BBW 

is a very destructive disease with an incidence of 70 - 80 % in many plantations and the yield 

losses of 90 % have been reported on some farms (Agrios, 2005).  

 

1.2.1.4. Pests of banana and plantain plants 

 

Musa plants have several and various pests. These parasites are sometimes sap feeding 

insects, root knot nematodes and others. They have wide host ranges and may cause a 

significant damage to crops (Nelson et al., 2006).  

 

The most important insect pests affecting the banana and plantain production are the banana 

aphid (Pentalonia nigronervosa), banana weevil (Cosmopolites sordidus), Hawaiian flower 

thrips (Thrips hawaiiensis), and sugarcane bud moth (Decadarchis flavistriata). Banana aphid 

has a major pest status because it is a vector of the banana bunchy top virus (Lassoudière, 

2007).  

 

The nematodes are other parasites of Musa plants. They are three major species of nematodes; 

the root knot nematode (Meloidogyne spp.), reniform nematode (Rotylenchulus reniformis) 

and burrowing nematode (Radopholus similis) which are economically important pests of 

banana However, the burrowing nematode Radopholus similis is the worldwide nematode of 

banana (Nelson et al., 2006). These microscopic roundworms attack the root systems of the 

plant and impair water and nutrient uptake. In extreme infection, root systems are so 

weakened that the banana plant cannot support the heavily bunch. In the period of the high 

wind these infected plants are uprooted (Lassoudière, 2007). The nematode control, in large 
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commercial plantations of banana, is still based on the application of two to four nematicide 

treatments per year (Gowen et al., 2005). 

 

1.2.2. Abiotic constraints 

 

Abiotic stresses affect the crop and lead to a large yield instability and fluctuation in the 

production and the price (Heslop - Harrison and Schwarzacher, 2007). The banana and 

plantain plants deal with the environmental changes (temperature, light, wind, humidity, water 

supply) and the variability of the soil structure (Jeger et al., 1995).  

  

The Photoperiod and the quality of light influence the developmental processes of plants. The 

leaves use an absorbed light to fix carbon dioxide which in combination with water and 

mineral nutrient from the soil, plants form the dry matters that are partitioned amongst their 

different organs (Turner, 1995).  

 

The severe winds are common in the major banana growing areas of the world and it was 

estimated to be a source of yield decrease in the banana production regions. The structure of 

the banana plant with large leaves, a heavy bunch of fruit and a shallow root system is 

vulnerable to destruction by moderate and high winds. Wind is also responsible for the 

exchange of energy, gases and water vapour between the leaves in the canopy and the 

atmosphere immediately above the crop. It has therefore, both mechanical and physiological 

effects on the plants (Turner, 1995). 

 

It was proved that temperature changes have two main effects on banana and plantain plants. 

They affect various physiological processes in the plant and can cause irreversible damages of 

tissues and cells when the plants have undergone a long exposure to low or high temperatures 

(Turner, 1995).  

 

The banana plant is very sensitive to water deficiency and this is reflected by reduced 

greenness of foliage. When the deficiency becomes severe, all the leaves fall prematurely and 

the pseudo-stem tissue collapses (Stover and Simmonds, 1987). Water deficit severely affects 

the plant growth and yield, because it deeply reduces the photosynthesis capacity of the 

banana plants (Lassoudière, 2007).  
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1.3. Drought and agriculture production 

The drought is a major environmental factor that determines the growth, the productivity and 

the distribution of plants. It is estimated to be one of the most serious yield reducing stresses 

in the agriculture. The drought affects more than 10 % of arable soil and desertification and 

salinization are rapidly increasing on a global scale (Zidenga, 2006; Bray et al., 2000). The 

drought condition is continually distressed by the explosive increase in the world population, 

the continuing deterioration of arable land and scarcity of fresh water. This increase of the 

environmental stress poses serious threats to global agricultural production and food security. 

It has been estimated that two-thirds of the yield potential of major crops are routinely lost 

due to unfavourable growing environments (Bray et al., 2000). In the maize production it was 

estimated that soil water deficit during critical growth stages may reduce potential yields by 

up to 62 %, depending on the length and severity of the moisture deficit (Magombeyi and 

Taigbenu, 2008). The water stress imposed during the reproductive stage of rice caused a 

yield reduction of 17 to 50 % (Lafitte et al., 2004). 

 

The reason that water is frequently a limiting factor is that plants use water in huge amounts 

because of the diffusion of CO2 for photosynthesis. A typical exchange ratio for healthy plant 

in well watered soil is on the order of 500 water molecules lost for every CO2 molecule 

gained. Therefore more that 97 % of the water absorbed by the plant’s root is carried through 

the plant and evaporates from leaf surfaces. In contrast, only a small amount of water 

absorbed by roots remains in a plant to supply growth (2 %) or to be used in the 

photosynthesis and other metabolic processes (1 %) (Taiz and Zeiger, 2006).  Physiologically, 

drought is a complex physico - chemical process, in which many molecules such as nucleic 

acids (DNA, RNA, microRNA), proteins, carbohydrates, lipids, hormones, ions, free radicals, 

mineral elements and others are involved (Hsiao et al., 1973; Wang et al., 2003). Moreover, 

the drought is also related to various stresses caused by high salinity, cold, high temperature, 

soil acidity and alkalinity, pathological reactions, senescence, growth, development, cell 

cycle, wounding, embryogenesis, flowering, signal transduction and so on (Mantyla et 

al.,1995; Shao et al., 2005). Therefore, drought is connected with almost all aspects of the 

plant biology. 

 

Indeed, the drought is a worldwide problem that constrains the global crop production and the 

recent global climate change has made this situation more serious. The effects of drought 
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stress to the productivity depend on climate and soil conditions that influence the total amount 

of water available and water use efficiency of plant. A plant that is capable to acquire more 

water or that has higher water use efficiency will resist better to drought (Taiz and Zeiger, 

2006). It is well known that drought stress is especially important in countries where the 

agriculture is essentially non-irrigated. This form of agriculture is possible only in regions 

where the rainfall distribution ensures the continuing availability of soil moisture during the 

critical growing periods for the crops. Currently, non- irrigated agriculture accounts for some 

60 percent of production in the developing countries (FAO, 2008).  

 

1.4. Statement of the research problem 

The Africa great lake region is one of the most important world banana production regions 

and the centre of the East African Highland bananas (AAA-h) (Karamura, 2004). However, 

the banana production system in this region is mainly rain fed. For banana production, the 

minimum amount of water for good growth was estimated up to 25 mm per week or 1500 – 

1800 mm per year (Purseglove, 1978). According to the precipitation data generated with 

New_LocClim local climate estimator, FAO, 2005 (Figure  1.2,  Appendix 1), it was realized 

that water deficit constitutes a big challenge in the four main Rwanda banana production 

regions (Cyangugu (longitude: 28.927°, latitude: -2.544°), Kibungo (longitude : 30.498°, 

latitude: -2.124°), Kigali (longitude : 30.107°, latitude: -1.965°) and Gisenyi (longitude : 

29.246°, latitude : -1.654°))  and particularly in the great lake region of Africa (longitude form 

26° to 45.8°, latitude : from -14° to 8°). The rainfall is not well distributed for along of the all 

year and in some months like June, July and August the rainfall produces water below to the 

requirement for a good growth of banana. 

 

The sustainability of banana and plantain production will depend on the identification and 

development of new varieties that can resist to the current increasing production constraints 

and to new coming pressures (Cochard et al., 2008). In this orientation, a lot of breeding 

programs are focused on biotic stresses to develop banana and plantain varieties resistant to a 

wide range of diseases and pests. In the same way other researches are oriented in developing 

diseases diagnostic techniques and cheapest diagnostics tools (Rodini et al., 1997; Rodoni et 

al., 1999; Gambley et al., 2001; Teycheney et al., 2005 and 2007). 
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Figure 1-2: Estimated spatial average of precipitation for four Rwanda banana production 
regions (Cyangugu, Kibungo, Kigali and Gisenyi) and Africa great lake region. 

 (Source: New_LocClim local climate estimator, FAO, 2005). 

 

Concerning, the abiotic stresses, specifically drought, a lot of studies have been done in 

various crops such as rice, maize and others (Shinozaki et al., 2002; Bartels and Sunkar, 2005; 

Grene et al., 2008) but studies on banana are poorly documented. 

 

When an organism is subjected to extreme environmental conditions for extended period, 

their physiological and metabolic pathways are altered. These alterations lead to adaptive and 

tolerance responses. The rate of changes depends partly on the nature of the stress producing 

agent and partly on the mechanisms available to the plant (Turner, 1995; Jong - Ching et al., 

1999). Studies to identify cellular responses in stress environmental conditions have 

suggested that preferential protein expression has a critical role to counteract the 

environmental changes (Shinozaki et al., 2002; Bartels and Sunkar, 2005; Grene et al., 2008). 

However, there is a knowledge gap of cellular responses of the banana and plantain crops in 

various abiotic stresses. The causes that limit research in this area could be the fact that the 

banana and plantain are perennial crops with a long generation time. Specifically drought 

tolerance screening is complicated by difficulties in field management, variation in phenotype 

and unexpected rainfall events (Lafitte et al., 2004). Indeed, new techniques to identify the 

banana and plantain varieties tolerant to abiotic stress are needed to shorten the screening 

process. 
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1.5. Research hypothesis and general objective 

The study tried to explore a drought screening technique by investigating the effects of 

sorbitol induced osmotic stress and the evaluation of the water use efficiency of different 

Musa varieties. To get insights into how banana and plantain plants respond at molecular 

organelle level, the protein expression levels in parallel with the growth changes of in vitro 

banana and plantain plantlets will be investigated. 

  

Several stress proteins are synthesized and accumulated in plant tissues under drought 

condition. A comparative assessment of various polypeptides produced in response to 

drought, between sensitive and tolerant genotypes may be used in the identification of protein 

markers, which could help in producing transgenic drought resistant plants or could help in 

breeding (Jiban, 2001). We hypothesized that, the physiological and biochemical reactions of 

banana and plantain plants to water stress are quite variable. This variability could be 

associated with cultivar, duration of water deprivation and with intensity of stress. The main 

objective of the study was (i) to develop an alternative and rapid technique to screen the 

drought tolerant Musa varieties by an in vitro model and (ii) to get a first insight into drought 

tolerance via this model. 
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2. Chapter 2:  Literature overview 

 

2.1. Water and plant 

Water plays a crucial role in the life of plant. The water content of plant is estimated at 80 to 

95 % in mass of the growing tissues, 85 to 95 % in vegetative tissues and 35 to 75 % in wood 

with dead cells and at   5 to 15 % in dried seeds (Taiz and Zeiger, 2006). 

 

2.1.1. The movement of water through the plant  

 

The driving force for water movement through plants originates in leaves. The entire water 

transport system of the plant is ultimately driven by water vapour pressure gradient between 

the evaporating surfaces of leaf interior and the ambient air (Fscus, 1987). The energy input 

that powers the movement of water through the plants comes from the sun. This last one 

increases the temperature of both the leaf and surrounding air and drives the evaporation of 

water (Taiz and Zeiger, 2006).  

 

At cellular level, the rate of water flux into or out of cells is determined by the water potential 

gradient (∆Ψw) that acts as the driving force for transport and by the water permeability of the 

membrane. The water potential (Ψw) is the major factor influencing the movement of water in 

plant. It is determined by three main parameters which are effects of solutes, pressure and 

gravity (Taiz and Zeiger, 2006). By osmosis, water moves from areas with a high water 

activity (low solute concentration) to areas with a low water activity (high solute 

concentration). In the normal condition of water availability, the cytoplasm of a cell contains 

a higher concentration of solutes than the environment and water is taken up (Gerday and 

Glansdorff, 2007). Plants mainly absorb water by hair roots and it moves through the roots 

and xylem and reaches the leaves where it evaporates (Taiz and Zeiger, 2006). 
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2.1.1.1. The absorption of water by plant roots 

 

The water is transported predominantly by bulk flow in the soil. However when water comes 

in contact with the root surface, the nature of water transport becomes more complex. The 

water uptake into the plant is by osmosis into root hair cells. The presence of these cells 

massively increases the surface area of the root for absorption (Taiz and Zeiger, 2006). The 

permeability of roots to water depends strongly on the presence of aquaporins proteins that 

form water selective channels which facilitate the water transport through cellular membranes 

(Siefritz et al., 2002; Tyerman et al.,   2002). The presence of aquaporins increases the 

osmotic hydraulic conductivity of the membrane (Martre et al., 2002). Aquaporins are 

members of a large super-family of membrane spanning proteins. As described by the Figure 

2.1, during drought stress the plasma membrane intrinsic proteins (PIPs) close in response to 

the dephosphorylation of two highly conserved serine residues (Ser 115 and Ser 274) of PIPs, 

whereas during flooding they close in response to the protonation of a fully conserved 

histidine (His 193) of PIPs (Steudle and Frensch, 1996; Törnroth-Horsefield et al., 2006). 

Across different plant species aquaporins are highly conserved (Tyerman et al.,   2002). The 

down regulation of the aquaporin gene expression results finally in a reduced hydraulic 

conductivity of roots and can induce the extra growth of roots systems (Martre et al., 2002)  

 

 

Figure 2-1: Diagram of closure and opening mechanisms of aquaporin gating in plant plasma 
membranes. (Source: Törnroth-Horsefield et al., 2006). 

 

The roots generate positive hydraustatic pressure by absorbing ions from the dilute soil 

solution and concentrating them into the xylem. The build-up of solutes in the xylem sap 

leads to decrease in xylem osmotic potential (Ψs) and thus a decrease in the xylem Ψw. This 
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lowering of xylem Ψw provides a driving force for water absorption (Taiz and Zeiger, 2006). 

In roots there are three different pathways of radial water flow. These pathways are 

apoplastic, symplastic and transcellular (Steudle, 2000; Steudle and Peterson, 1998; Taiz and 

Zeiger, 2006) and the overall transport of water across the root is presented in the Figure 2.2. 

There is some experimental evidence that the apoplast pathway is particularly important for 

water movement across the root, but the three pathways of water flow across the root are 

connected with each other and there is a network of transport processes into which solute 

transport is also integrated (Frensch et al., 1996; Steudle and Peterson, 1998).  

 

 

Figure 2-2: Diagram of water flow across the root.   

 Violate colour: Transcellular pathway, Orange colour: Apoplastic pathway and red colour: Sumplastic pathway 
(Source: Steudle, 2000). 

  

The apoplast pathway is through the cell walls which are freely permeable to all small 

molecules. This pathway can be regulated by barriers which are Casparian bands and suberin 

lamellae in the exo - and endodermis (Schreiber et al., 2005; Taiz and Zeiger, 2006).  

 

2.1.1.2. The water transport within xylem 

 

In most plants, xylem constitutes the longest part of the pathway of water transport. About 

more than 99.5 % of water transport pathway through the plant is within the xylem where it 

flows between vessels and tracheids elements (Taiz and Zeiger, 2006). The xylem provides a 
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pathway of low resistance for water movement. Therefore it reduces the pressure gradients 

needed to transport water from the soil to the leaves. The active transport of mineral ions into 

xylem vessels by endodermal cells creates the root pressure. This makes the Ψw of the xylem 

more negative and causes water to enter the xylem by osmosis. Under this condition, a 

capillarity force is responsible for water creep up the xylem vessels (Steudle and Frensch, 

1996). The water at the top of plant develops a large tension which pulls water through the 

xylem. The negative pressure that causes water to move up through the xylem develops at the 

surface of the cell walls in the leaf (Taiz and Zeiger, 2006). 

 

2.1.1.3. The evapotranspiration of plant water from the leaves 

 

The plant water evapotranspiration drives the movement of water from the roots. This 

evaporation creates a ∆Ψw which is transmitted all the way of water movement within the 

same plant and creates the cohesion tension. On its way from the leaf to the atmosphere, water 

is pulled from the xylem into the cell walls of mesophyll where it evaporates into the air 

spaces of the leaf. The water vapour exits the leaf through the stomatal pore and the 

evapotranspiration depends on the difference in water vapour concentration between the leaf 

air and the external air (Taiz and Zeiger, 2006). 

 

2.1.2. The interaction of plant with drought stress 

 

In the dry soil, the Ψw becomes more negative and less than or equal to the Ψs of the plant. It 

is assumed that the rate of water flux into or out of cells is determined by the ∆Ψw that acts as 

the driving force for transport and the water permeability of the membrane (Taiz and Zeiger, 

2006). Plants can continue to absorb water only as long as their Ψw is lower than of the soil 

Ψw. Indeed, dehydration stress requires changes in plant cells and tissues to adapt to stress 

situations by osmotic adjustment (Bartels and Sunkar, 2005).  
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2.1.2. 1. The effects of drought stress on plants 

 

The exposure of plants to drought stress triggers various reactions. The drought stresses lead 

to cellular dehydration that causes osmotic stress and removal of water from the cytoplasm to 

the extracellular space (Bartels and Sunkar, 2005).  

 

The drought stress inhibits the photosynthesis of plants by causing changes in chlorophyll 

contents and components, damaging photosynthetic apparatus (Becana et al., 1998; Gong et 

al., 2005), reducing  the net CO2 uptake by leaves because of stomatal closure (Cornic, 2000) 

or by decreasing the activities of enzymes in the Calvin cycle. All these changes have 

negative effects on the plant growth (Monakhova and Chernyad’ev, 2002). The most 

important reason that environmental stress inhibits the growth and photosynthetic ability of 

plants is the breakdown of the balance between the production of reactive oxygen species 

(ROS) and the antioxidant defence (Becana et al., 1998). Consequently, there is an 

accumulation of ROS which induce oxidative stress to proteins, membrane lipids and other 

cellular components (Fu and Huang, 2001; Sairam et al. 1998; Zhang and Kirkham 1996). The 

ROS are molecules formed by the incomplete one electron reduction of oxygen and under stress, ROS 

formation is usually intensified. Drought stress causes the disruption of electron transport systems and 

changes in the concentration of antioxidant enzymes. Therefore, the main sites of ROS production 

in the plant cell are organelles with highly oxidizing metabolic activities or with sustained electron 

flows such as chloroplasts and mitochondria (Mundree et al., 2002). According to Gong et al., 

2005; Chai et al., 2005, high activities of ascorbate peroxidase (APX) and superoxide 

dismutase (SOD) were associated with greater protection against water stress induced 

oxidative injury. 

 

The drought-stressed plants exhibit a poor growth and yield (Bartels and Sunkar, 2005). The 

osmotic stress induces a rapid growth inhibition of leaves and stems but roots may continue to 

elongate (Westgate and Boyer, 1985; Sharp et al., 1988). The degree of growth inhibition due 

to osmotic stress depends on the duration and the intensity of drought stress and on the 

genotype of plant species (Bartels and Sunkar, 2005). 
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In a word, the effects of drought stresses on plants are various. They cause many changes in 

plant metabolism and some of which appear to be part of a general response and involve the 

expression of specific genes (Cornic, 2000). 

 

2.1.2. 2. The mechanisms of plants to overcome the drought stress 

 

The interaction and adaptation of plants to environmental signals and stresses is complex and 

need to be analysed in a network model (Pereira, 2007). The water stress occurs frequently 

and affects most plant habitats. Plants have developed several strategies to cope with this 

challenge. These strategies are either adaptation mechanisms which allow them to survive the 

adverse conditions or specific growth habits to avoid stress conditions (Zhu, 2001).  Plants 

respond to environmental stresses such as drought, excessive salinity and low temperature 

through a wide variety of biochemical and physiological adaptive changes such as the 

accumulation of compatible solutes and synthesis of many regulatory proteins (Wu and Garg, 

2003; Gong et al., 2005). The Figure 2.3 highlights the probable physiological, biochemical 

and molecular responses to drought-stress in higher plants.  

 

 

Figure 2-3:  Physiological, biochemical and molecular responses to drought stress in higher 
plants. (Source: Reddy et al., 2004). 
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However, no consensus has been reached in defining the key processes determining drought 

tolerance (Bartels and Sunkar, 2005). Within the range of relative water content (RWC) 

commonly occurring in nature, the stomatal closure may play the main role to decline the leaf 

photosynthesis so that the photosynthetic machinery remains intact.  Thereby it allows the leaf 

to respond rapidly to changes in the environmental water status (Cornic, 2000, Gong et al., 

2005). 

 

2.1.2.2.1. The accumulation of osmolytes 
 

One of the mechanisms that plants use to combat the detrimental effects of water loss is to 

synthesise compatible solutes like polyols, sugars, amino acids, betaines and related 

compounds (Bohnert et al., 1995; Ramanjulu and Bartels, 2002). The osmolytes or 

compatible solutes are involved in signalling and regulating plant responses to multiple 

stresses (Zidenga, 2006). Almost all organisms, ranging from microbes to animals and plants 

synthesize compatible solutes in response to osmotic stress (Burg et al., 1996). The 

compatible solutes are non-toxic molecules, do not interfere with normal metabolism and 

accumulate predominantly in the cytoplasm at high concentrations under osmotic stress (Chen 

and Murata, 2002; Taiz and Zeiger, 2006). These molecules may have a primary role of turgor 

maintenance but they may also be involved in stabilizing proteins and cell structures (Yancey 

et al., 1982).  

 

In plants, the common osmolytes are proline, fructan, mannitol and glycinebetaine. However, 

their accumulation varies within species and their types are specific to plant genotype 

(Zidenga, 2006). 

 

Depending on the plant tissues, the increase in sugars mostly results in increased starch 

hydrolysis that requires activities of hydrolytic enzymes. This sugar conversion is coupled 

with the increased expression of sucrose synthase and sucrose phosphate synthase genes 

(Bartels et al., 1997). The current hypothesis suggests that sugars act as osmotic adjustment 

and / or protect specific macromolecules and contribute to the stabilization of membrane 

structures (Bartels and Sunkar, 2005).  
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Water deficit enhances accumulation of proline in many plant species (Reddy et al., 2004) 

and proline is probably the most widely distributed osmolyte. It occurs not only in plants but 

also in many other organisms (Delauney et al., 1993). Various roles of proline have been 

proposed but the main roles could be the osmotic adjustment in osmotically stressed plant 

tissues, the protection of plasma membrane integrity (Verbruggen et al., 1996) and the source 

for carbon and nitrogen (Ahmad and Hellebust, 1988).  

 

Another important compatible solute in plant is a glycinebetaine. It is thought that the 

glycinebetaine protects the plant by maintaining the water balance between the plant cell and 

the environment and by stabilizing plant macromolecules (Chen and Murata, 2002).  

 

2.1.2.2.2. The ROS and their elimination 
 

The ROS are generally damaging of essential cellular components. Even under normal growth 

conditions many metabolic processes produce the ROS in plants such as superoxide (O2
°), 

hydrogen peroxide (H2O2) and the hydroxyl radical (°OH) but under stress conditions their 

production increases. Plants have evolved various ROS scavenging mechanisms in which 

include their efficient antioxidant defence systems (Zhu et al., 2005). It was pointed out that 

an efficient destruction of ROS requires the actions of several antioxidant enzymes acting in 

synchrony (Noctor and Foyer, 1998). The antioxidant defence system in the plant cell 

contains enzymes like superoxide dismutase (SOD), catalase (CAT),  peroxidases (POD), 

ascorbate peroxidase (APX), glutathione reductase (GR), oxidized and reduced glutathione 

(GSH) as well as ascorbic acid (Stepien and Klobus, 2005). The SOD removes superoxide 

anion free radicals accompanying the formation of hydrogen peroxide (H2O2), which is then 

detoxified by the CAT and the POD. The CAT catalyses the dismutation of hydrogen 

peroxide into water and oxygen. The APX is a hydrogen peroxide scavenging enzyme and the 

SOD catalyses the dismutation of superoxide radicals to hydrogen peroxide and water. 

Concerning the GR, it catalyses the reduction of oxidised glutathione (GSSG) to GSH which 

is an important endogenous antioxidant (McKersie and Leshem 1994).  

 

It was suggested that the higher activities of antioxydative enzymes are associated with 

greater protection against water stress (Chai et al., 2005). Resurrection plants such as 

Xerophyta viscosa can tolerate almost complete water loss in their vegetative parts. Their 
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vegetative tissues lose all free water under severe drought condition and then rehydrate once 

water becomes available again. These plants minimize a ROS formation by up regulating the 

expression of various antioxidants during drying and rehydration (Scott, 2000; Mundree et al., 

2002).  

 

2.1.3. The banana plant and drought stress  

 

The studies on relations of banana plants and water are not well developed. Most of the 

available studies are focused on agronomical fitness under drought in field conditions. These 

studies are mainly based on monitoring the performance of the crop during the dry season and 

the evaluation of production traits. 

 

The banana plants require a high amount of available soil moisture for normal development 

and growth. This high water requirement is the result of the large leaf area (Cayón et al., 

1998). The amount of water used by banana plants depends on the weather and physical soil 

conditions of the field. It was proven that an adult banana plant (Dwarf Cavandish) should 

have a daily water consumption of 25 litters in clear day, 18 litters in a partial covered day 

and 9.5 litters in a cloudy day (Santana et al., 1993). 

 

The banana plants submitted to water stress displayed a decrease in photosynthesis of 

approximately 50 % in comparison with the control plants not subjected to stress (Cayón et 

al., 1998). In banana production, it was observed that the growth and the yield decrease 

drastically when the intervals between watering are increased and when the soil moisture falls 

below 66 % total available soil moisture (Robinson and Bower, 1987). The sensitivity of 

banana plants to drought stress is reflected in the reduced growth, stomatal conductance and 

leaf size and increased leaf senescence (Kallarackal et al., 1990; Turner, 1995). The results 

from various studies of reactions of Musa genotypes to drought stress suggest that Musa 

genotypes have different mechanisms to cope with drought stress. Cultivars which present a 

small reduction in gaseous exchange and leaf area loss, high leaf water retention capacity and 

assimilation rate show more resistance to drought stress (Bananuka et al., 1999). Under field 

conditions it was revealed that the physiological constraints due to diverse climatic conditions 

which prevail during the growth of banana plants cause abnormal plant development and 
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flowering can be delayed up to 4 months. In addition to growth inhibition, the productivity of 

banana is severely reduced (Santana et al., 1993; Ismail et al., 2004).  

 

The leaf water retention capacity and the stomatal conductance were reported to be the 

indicators of drought resistance but the stomatal conductance is more sensitive to the 

depletion of soil moisture content compared to leaf water status. These both indicators decline 

when the banana plants face the drought stress (Ismail et al., 2004). Moreover the 

evapotranspiration rate drastically decreases in the banana plants subjected to stress (Cyon et 

al., 1998).  

 

The investigations of oxidative injury and antioxidant responses in the banana genotypes 

under water stressed condition revealed an increase of proline concentration in banana leaf 

tissues  (Ismail et al., 2004) and the enhancement of CAT, APX and GR activities and a 

decrease of the SOD activity (Chai et al., 2005). 

 

2.3. Plant cell and tissue culture technology 

 

2.3.1. Description of technology 

 

One of the most remarkable proprieties of plants is the totipotency of their cells. This property 

of plant cells attracted scientists to carry out various studies to establish efficient techniques to 

grow plant tissues and cells in the in vitro condition (Stewart and Dermen, 1970; Zryd, 1988). 

However it was shown that the degree of differentiation and specialization of cells as well as 

the impact of one tissue on gene expression in an adjacent tissue influences the totipotency of 

cells (Cassells and Gahan, 2007).   

 

Currently plant tissue culture refers to growing and multiplication of cells, tissues and organs 

of plants on defined solid or liquid media under aseptic and controlled environment 

(Ahloowalia et al., 2004). Both organized and unorganized tissue culture is possible under  in 

vitro condition. The in vitro cultures of unorganized tissue is in banana exclusively related to 
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the establishment of a somatic embryogenic cell culture, whereas the in vitro culture of 

organised tissue is limited to the embryo and shoot tip cultures (Vuylsteke and Swennen, 

1993). The tissue culture technology has opened the window of modern biotechnology and 

particularly the window of green biotechnology and offers various opportunities (Ortiz et al., 

1998). 

 

2.3.2. Application of tissue culture technology 

 

Tissue culture technology is used to produce plants with different levels of ploidy, secondary 

metabolites (e.g molecular farming) and transgenic plants, to propagate new plant varieties, to 

multiply planting materials at large scare and plants difficult to propagate, to conserve rare 

and endangered plant species, to screen and to select plants genotypes resistant to biotic and 

abiotic factors (Ahloowalia et al., 2004). Most of these tissue culture applications benefit 

from a highly efficient plant regeneration system. 

 

The tissue culture technology is currently applied on various plants ranging from food and 

cash crops to medicinal plants and trees and it results a major advance in mass propagation of 

various vegetatively propagated crops (Sutherland et al., 2005). This technology presents a 

high rate of multiplying clean (pest and disease-free) planting materials and a use of the small 

amount of space to multiply a large number of plants. Hence tissue culture technology 

increases the rate and improves the quality of seedling production (Teisson, 1989; Vuylsteke, 

1989).  

 

The tissue culture facilitates the exchange of planting materials and conservation of 

germplasm (Teisson, 1989). Tissue culture combined with disease indexing is a mean for the 

safe exchange of planting materials. It reduces the volume and the weight in transport 

compared to conventional methods and improves the phytosanitary status of germplasm 

(Drew et al., 1989). It was proven that the combination of tissue culture technology and 

cryoperservation techniques are powerful tools for short and long term storage and 

regeneration of various plants species (Panis et al., 2001, Panis and Lambardi, 2005). 

 

The tissue culture plays an important role in worldwide genetic improvement programs 

(Teisson, 1989). The embryo rescue has a critical role in generating hybrid plants (Ortiz et al., 
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1998). Transgenic technique based on embryogenic calli transformation was proved to 

facilitate and to shorten the breeding process (Ortiz et al., 1998).  

 

Plant tissues and cells cultured are used to produce secondary metabolites (enzymes, proteins 

and drugs) and as a model material in different studies. Plant cell and root cultures have 

demonstrated to produce a wide range of recombinant proteins (Doran, 2000). Scientists have 

successfully used plantlets of tissue culture or cultured cells as a model system to study 

cellular responses under various abiotic and biotic stresses (Su et al., 1999).  

 

In spite various advantages of tissue culture, some challenges have been identified. This 

procedure needs special attention and close observation to avoid infections that may continue 

through generations. The most intriguing constraint is the lack of a standard protocol for all 

plants because the regeneration is strongly genotype dependent. Indeed, advantages of tissue 

culture depend on the availability of optimised protocol for plant species of issue (Israeli et 

al., 1995). Somaclonal variations appear to be ubiquitous in tissue culture (Côte et al., 1992). 

According to Vuylsteke et al., 1991; Israeli et al., 1995, the rates of somaclonal variations 

derived from shoot tip culture of Musa species, vary from 0 to 70 % depending on the 

genotype. However this genetic instability may be a risk, it may also provide another source 

of novel and useful variability (Vuylsteke and Swennen, 1993).  

 

2.3.3. Tissue culture of banana and plantain 

 

Tissue culture of banana and plantain is one of the most advanced tissue culture techniques 

available. The in vitro multiplication of banana seedlings is applied in all continents of the 

world (Israeli et al., 1995). Banana shoot meristem culture is applicable to a wide range of 

Musa genotypes for banana transformation and breeding programme (Sagi et al., 1994; 

Vuylsteke 1989). According to the Musa Germplasm Information System (MGIS), 1250 

different accessions of shoot-tip cultures have been initiated in vitro, multiplied and 

maintained in the transit center of the International Musa Germplasm collection sited, in the 

Laboratory of Tropical Crop Improvement at K.U.Leuven, Belgium. The application of tissue 

culture has greatly improved Musa germplasm handling, production, breeding and 

conservation (Ortiz et al., 1998). 
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Banana is traditionally vegetatively propagated via suckers but the ability of corm to form 

suckers is a major constraint in large-scale cultivation and can not assure the production of 

clean planting material (Vuylsteke, 1989). In vitro multiplication of banana plantlets is an 

excellent alternative with many advantages over field-grown material (Ortiz et al., 1998). In 

vitro propagation of banana through shoot tip cultures is useful in the rapid multiplication of 

desirable disease free plantlets (Sutherland et al., 2005). Rates of multiplication by in vitro 

culture are very high compared to conventional propagation (Ortiz et al., 1998).  

 

Different studies have been carried out to develop the technology of banana embryogenic cell 

suspension (Ma, 1988; Escalant and Teisson, 1989; Khalil et al., 2002). It was proven that the 

banana embryogenic cell suspension could be obtained from immature flower buds or scalps 

(Sidha et al., 2007).  According to Strosse, 2006, the establishment of the embryonic cell 

suspensions (ECS) starting from proliferating meristem tissue culture involves four main 

steps:  (i) material preparation phase with development of multiple meristem culture, (ii) 

induction of embryonegesis resulting in an embryonic response, (iii) initiation of ECS and (iv) 

regeneration of suspension derived plants. The growth of ECS was classified into three main 

phases: cell releasing, proliferation and globularization and the morphology of cells in each 

phase was characterised (Georget et al., 2000).  

 

The cell suspensions with high regeneration capacity are commonly used for mass clonal 

propagation and these cells are also the only source to regenerate plant materials for inducing 

mutations and genetic engineering (Vuylsteke and Swennen, 1993; Strosse et al., 2006). 

Genes coding for antifungal proteins that show broad antifungal activity in vitro have been 

introduced into a plantain landrace (Remy et al., 1998) and the resulting transgenic plants are 

now in the field trial in Uganda (Dauwers, 2007).  

 

The dynamics of multiplication rates of banana during successive subcultures has been 

studied. In this study it was developed the approach to analyse the rate of multiplication, 

(tendencies towards a decrease or increase in shoot formation), the speed and the maximum 

peak of shoot formation (Mendes et al., 1999). Other studies showed that the rate of banana 

multiplication is genotype dependent (Israeli et al., 199) and highly variable behaviours have 

been observed among banana cultivars of the same genotype cultured in vitro (Drewa and 

Smith, 1990). To find an alternative way to optimize the banana and plantain 
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micropropagation, the temporary immersion system was tested. This study proved that the 

size of the bioreactor and the volume of medium per inoculum affect the multiplication rate of 

banana and plantain in temporary immersion bioreactor (Roels et al., 2005). 

 

In terms of production of banana and plantain, it was revealed that micropropagated plants 

establish faster, grow more vigorously, present a shorter and more uniform production cycle 

and have higher yield than conventional propagules (Drew and Smith 1990). When optimal 

crop husbandry was applied, maximum yield gains from in vitro derived plants should range 

from 20 % in bananas to 70 % in plantains (Vuylsteke and Ortiz 1996). Shoot-tip cultures 

maintained at low temperatures (15-18°C) are used for short term storage of Musa germplasm 

(Banerjee and De Langhe 1985; Van den houwe et al., 1995). Moreover, the technique of 

cryopreservation of tip meristems and scalps (3x3x5 mm3 sized explants consisting of 3-10 

closely packed tiny white meristems surrounded by only a minor amount of differentiated 

corm and leaf tissues) has been developed and is applicable for long term storage of Musa  

germplasm (Panis et al., 1996). 

 

2.4. Study of gene expression 

Understanding gene function and gene expression profile can be achieved with several 

approaches such as analysis of the genome, the transcriptome, the metabolome and the 

analysis of proteome (Carpentier et al., 2007).  

 

Analysis of the genome is the large scale study of an organism's genome“Genomics”. It is a 

discipline that emerged from genetics and attempts to understand the structure, the function 

and the evolution of genomes. This study is based on a complete genome analysis project 

involving large-scale DNA sequencing, assembly of sequences, and annotation and mapping 

of genes (The Arabidopsis Genome Initiative, 2000).  

 

The study of gene expression and its regulation “transcriptome” can be achieved at the level 

of transcripts (RNA). The most efficient tools to carry out such analyses rely on the use of 

microarrays analysis, cDNA fragment fingerprinting and serial analysis of gene expression 

(SAGE) (Schena et al., 1998, Brown et al., 1999). These approaches are extremely powerful 
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and allow massive screening of several genes. However, comparisons of mRNA expression 

and protein expression revealed a poor correlation between RNA transcription and protein 

abundance (Greenbaum et al., 2003). This observation was attributed to the fact that there are 

many complicated and varied post-transcriptional mechanisms involving the translation rate 

and proteins may differ substantially in their in vivo half lives (Giavalisco et al., 2005). 

 

The metabolome represents the collection of all metabolites in a biological organism, at a 

specific time point and under specific conditions which are the end products of its gene 

expression. The study of metablome “Metabolomics” is the comprehensive, qualitative and 

quantitative study of all the small molecules (less than or equal to about 1500 daltons (Da) in 

an organism participating in important metabolic functions and fulfilling critical roles such as 

signaling molecules or secondary metabolites (Oliver et.al., 1998). Different approaches to 

metabolome analyses have arisen hence depending on the goal of one’s experiment, the 

approach to use will differ. The three principal approaches for the analysis of the metabolome 

are metabolite profiling, metabolic fingerprinting, and metabolomics (Hall, 2006). 

 

Proteomics deals with the study and characterization of the cellular proteome which is defined 

as a set of protein species present in a biological unit at a specific developmental stage and 

under determined external biotic and abiotic conditions (Prescott et al., 2005, Jorrín et al., 

2006, Klug et al., 2006). It is a scientific discipline that merges protein biochemistry, genome 

biology and bioinformatics to determine the spatial and temporal expression of proteins in 

cells, tissues and whole organisms (Karr, 2008). Expression measurements of mRNA levels 

show the dynamics of gene expression and tell what might occur in the cell, whereas 

proteomics discovers what is actually happening (Prescott et al., 2005).  The study to evaluate 

in detail the advantages and pitfalls of both a proteomics approach (2-DE) and a 

transcriptomics approach (serial analysis of gene expression (SAGE)) in the functional 

genomics in a non-model crop (banana) showed that for both approaches a major part of the 

analysed transcripts and proteins remains unidentified. It was concluded that both approaches 

will benefit from a future increase in genomic sequences, each technique has its own 

advantages and disadvantages and both techniques are complementary (Carpentier et al., 

2008).  
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All these approaches to study gene expression (genomics, transcriptomics, metabolomics and 

proteomics), aim to reveal the changes of what might be happening in a cell, but each 

approach has its own strength and weakness.  

 

A genome project provides information about the number and kinds of genes present in an 

organism’s genome (Klug et al., 2006). Sequencing has revealed that the link between gene 

and gene product is often complex and one gene can produce several different types of 

transcripts thanks to the alternative splicing (Graveley, 2001). It is estimated that 40 to 60 % 

of human genes produce more that one protein because of the alternative splicing and post-

translational modification (Klug et al., 2006; Park, 2006).  

 

The transcriptomics and the proteomics studies are based on the available information of 

genome sequence. Until to day 2009, the full genome of banana is not sequenced. The banana 

genome is poorly characterized. The A genome is estimated at 638 Mb (11 chromosomes) and 

the B genome at 529 Mb (11 chromosomes) (Lysak et al., 1999). The Global Musa Genome 

Consortium (http://bioinfo.inibap.org/) reports that currently only 0.4% of the A genome and 

0.1% of the B genome are sequenced. Therefore transcriptomics studies are still hindered by 

the lack of full sequence of Musa genome. Gene sequences are rarely identical from one 

species to another and orthologous genes are normally riddle with nucleotide substitutions.  

Functional protein domains are well conserved making the identification of non-model gene 

products by comparison to well known orthologous proteins more efficient and is currently 

the most suitable approach for banana (Carpentier et al., 2008).  

  

2.4.1. Proteome analysis  

 

Proteomics is the large scale screening of the proteins of a cell, organs or biological fluid, a 

process which requires appropriate technology and stringently controlled steps.  

 

Different technologies such as surface-enhanced laser desorption ionization mass 

spectrometry (SELDI-MS), matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS), Two-dimensional gel electrophoresis (2-DE), differential two- dimensional 

fluorescence gel electrophoresis (DIGE), Isotope-coded affinity tag (ICAT), liquid 

chromatography and mass spectrometry (LC/MS) and so on, are in use for protein profiling 
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(Greenbaum et al., 2003). Even though different approaches for proteome analysis have been 

developed, up to now, a core technology of proteomics is 2-DE because there is no other 

technique that is capable of simultaneously resolving thousands of proteins in one sepation 

procedure (Berkelman and Stenstedt, 1998). 

 

Indeed, proteome analysis is generally performed in five main steps: (i) extraction of total 

protein from cells, (ii) separation of proteins by 2-DE, (iii) determination of peptide mass 

finger prints / amino acid sequences by MS, (iv) identification of protein / protein homologs 

using databases and (v) characterization of proteins of unknown function by amount, 

localization, structure, post-translational modification and enzyme activity (Hirano, 2007; 

Islam et al., 2004). The 2-DE technique is very effective to separate proteins based on 

isoelectric point in the first dimension and molecular weight in the second migration. It results 

a pattern of protein spots and can resolve thousands of proteins in mixture (Berkelman and 

Stenstedt, 1998). Nevertheless 2-DE is essentially a separation technique based on 

biochemical properties of polypeptide chains; amino acid sequences needed to identify 

proteins cannot be identified using only this technique. 2-DE is most useful when used in 

conjunction with MALDI-MS (Karr, 2008). More over 2-DE can not reveal information on a 

protein function which is a complicated process and many proteins work via protein-protein 

interactions or as part of large molecular complex and sometimes in network (Klug et al., 

2006).  

 

2.4.2. Role of proteomics in plant research  

 

Proteomics is used to reconcile the differences between the numbers of proteins observed in a 

biological unit. It also provides information about protein function, structure, post-

translational modifications, protein-protein interactions, cellular localisation, variants and 

relationships to other proteins for every protein encoded in genome (Klug et al., 2006). 

Proteomic approaches are powerful tools to examine changes in a variety of plant tissues and 

cellular compartments, such as the cell wall, plasma membrane, mitochondria and 

chloroplasts and to study plant pathogen interactions and symbiosis (Dani et al., 2005). The 

analysis of an organism’s proteome allows the detection of subtle changes at the level of 

individual proteins in response to environmental stressors. This potentially leads to the 

discovery of biomarkers of exposure and helps to gain insights into underlying mechanisms of 
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toxicity (Nesatyy and Suter, 2007). It was proven that proteome analysis can be used 

successfully to perform quantitative difference analysis and to characterize genetic variations 

in a recalcitrant crop (Carpentier et al., 2007). Proteomics allows to confront many of the 

problems related to phylogeny and its methodology (Navas and Albar, 2004). It has been 

successfully applied to phylogenetic analysis and its use is increasing so that could become a 

major player in these areas (Jorrín et al., 2006).  

 

Proteomics is expected to revolutionize plant research by bringing new opportunities to 

deepen knowledge in plant biology and crop improvement (Jacobs et al., 2000). It allows to 

characterize proteins from different tissues, organs or cells related to biotic or abiotic 

interactions. Therefore proteomics is considered to be relevant to many aspects of plant 

biology which can help in breeding program with marker-assisted selection (Thiellement et 

al., 1999; Jorrín et al., 2006). Proteomics facilitates to understand the specific early resistance 

mechanisms involved in plant defense. This property is a powerful tool for biocontrol 

investigation (Jorrín et al., 2006). 

 

Although proteomics presents enormous prospect; it may be hampered by practical 

limitations. It requires well trained personnel with skills and knowledge and sophisticated 

equipments (Jorrín et al., 2006). 

 

2.4.3. Proteomics on banana research 

 

It is worth pointing out that the proteomics research of banana is still on starting stage because 

it has been initiated in year 2004 at the Laboratory of Tropical Crop Improvement, 

K.U.Leuven.  In spite this infancy stage, the starting points to carry out the banana proteomics 

studies are available. The protocol to extract total proteins from banana (Musa species) tissues 

was optimized (Carpentier et al., 2005) and is current in use in various banana proteins 

analysis. A Musa meristem proteome database is under development, in the project between 

K.U.Leuven and University of Antwerp (http://www.pdata.ua.ac.be/musa/). A cheap and safe 

alternative technique for sampling and storage of plants tissues for proteomics analysis was 

proved by using banana tissues as plant model. It was confirmed that lyophilization could be 

used instead of freezing technique when cares of drying the samples to the lowest practicable 
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moisture content, transporting and storage them under water and airtight conditions avoiding 

heating of the sample were considered (Carpentier et al., 2007). 
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3. Chapter 3: Experimental work 

 

3.1. Introduction 

 

To develop an in vitro method to screen drought tolerance Musa cultivars, the study was 

carried out in three main and complementary steps. The first is to characterize the properties 

of sorbitol as a neutral osmotic inducer on Musa species. The next is to identify the effects of 

sorbitol induced osmotic stress on the plant growth. Then the last is to identify the effects of 

the sorbitol induced osmotic stress on the proteome.  

 

To identify the properties of sorbitol as an osmotic inducer, two experiments were carried out. 

The first was to prove that sorbitol is not a source of energy in the in vitro plantlets of Musa 

species. The next was to identify the suitable concentration of sorbitol to be used in the 

screening process. Prior to start all these experiments the stock of the in vitro plants were 

multiplied and maintained in the laboratory. 

 

3.2. Materials 

 

The study was carried out in the Laboratory of Tropical Crop Improvement, K.U.Leuven, 

Belgium. Plant materials were obtained from the International Musa Germplasm Collection. 

The in vitro plants of eight Musa varieties (table 3.1) were at ninth subculture when the 

experiment started. 
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Table 3-1: Description of Musa varieties under study 

Variety Genome ITC No 

Country  

donor 

Collection 

 date  Use 

Banksii AA 0466 Honduras 1988 Wild Musa species 

Laterita - 0627 Colombia 1989 Wild Musa species 

Cachaco ABB 0643 Colombia 1986 Cooking 

Lep Chang Kut BBB 0647 Thailand 1989 Cooking 

Mbwazirume AAA 0084 Burundi 1986 Cooking 

Obino l'Ewai AAB-P 0109 Nigeria 1986 Cooking/ Plantain 

Popoulou AAB 0335 Nigeria 1987 Cooking 

Williams AAA 0365 Australia 1988 Dessert 

Source: (mgis.inibap.org/.) 

 

3.3. Methods 

 

3.3.1. Culture media used in the study  

 

Description of the culture media: The culture media used in the study are the proliferation 

culture medium (P5 medium), the regeneration culture medium (P6 medium) as described by 

Strosse et al., 2003 and the modified regeneration media. The semi solid P5 medium (4.4 g x 

l-1 MS (Murashige and Skoog, 1962) salts with vitamins, 10 mg x l-1 L-ascorbic acide, 0.09 M  

sucrose, 10 µM benzyl amino purine (BAP), 1 µM indole acetic acid (IAA) and 2.5 g x l-1 

gelrite) was used to multiply the in vitro plantlets and to maintain the stock of plant materials. 

The liquid P6 medium (only differing form the P5 medium in its BAP concentration: 1 µM 

BAP) was used to prepare plantlets for experiment and as a control in the experiment. 

Modified P6 media (liquid P6 medium without sucrose, and liquid P6 medium supplemented 

with 0.09 M sucorse and 0.1 to 0.5 M sorbitol) were used as treatments in the experiments and 

to mimic drought stress conditions. All reagents for culture media, except gelrite acquired 

from Belgolabo, Belgium, were purchesed from Duchefa, the Netherlands. 
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Preparation of culture media: The quantities of all ingredients as described in the previous 

paragraph were weighted on the analytical balance and dissolved in the demi water. The pH 

of the solution was adjusted at 6.12 with a pH meter (pH meter 526 multical ® WTW) and 1N 

potassium hydroxide or 1N hydrochloridric acid respectively to increase or to decrease the 

pH. 5 ml of P6 and modified P6 media and 20 ml of P5 medium were distributed in tubes of 2 

cm of diameter and 15 cm of height. The tubes containing the culture media were covered 

with caps and the sterilization was carried out in the autoclave (purchased from Belimed 

Infectious Control) at 1210C for 20 minutes. The culture media were removed into the 

autoclave and kept until they became cold to start the inoculation.  

 

Determination of Ψw of culture media: The Ψw of liquid culture media was determined with 

Dewpoint Potentiometer WP 4 (acquired from Campbell Scientific).  

 

3.3.2. Inoculation procedures and growth conditions 

  

The inoculation was carried out under the laminar flow and all used materials were sterilized. 

To multiply and maintain the stock of plant materials, 2 or 3 plants or a cluster of plants were 

inoculated in the tubes containing the P5 medium and inoculated tubes were kept in a growth 

room (at 25 ± 2°C,  45 - 52 % humidity, long day periodism 16 hours - 8 hours and under 

continous light of 50 µEm-2S-2). After four weeks, well developed plantlets were selected and 

transferred individually to P6 medium. The remaining plantlets were subcultured to the new 

P5 medium. After four weeks, plants on the P6 medium developed nice roots and were ready 

to initiate an experiment. The plants were removed from the tube and explants of 3 cm of 

length with only three roots of 1 cm were excised. The weight of the explants was determined 

with an analytical µ-balance before their inoculation. For each cultivar under study, 5 to 10 

explants were inoculated on the control medium (P6 medium) and on the stress media 

(modified P6 media). The inoculated tubes were covered and their caps were wrapped with 

parafilm and kept in growth room. After two weeks of experiment, the culture media in every 

tube were refreshed. The duration of incubation was five, six, ten, fifteen and eighteen days 

and five or six weeks accordingly to the experiment.  
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3.3.3. Verification that sorbitol is not a source of energy in the in vitro 

plantlets of Musa species 

 

The tissue culture plantlets of Banksii (AA) variety was used in the experiment. Explants 

were grown on the P6 medium (Control), P6 medium without sucrose and on the P6 medium 

where sucrose was replaced by 0.09 M sorbitol (stress). The duration of this experiment was 

five weeks.  

 

3.3.4. Identification of a suitable concentration of sorbitol to induce osmotic 

stress to screen drought tolerance Musa cultivars 

 

Two wild Musa varieties; Banksii (AA) and Laterita (a presumed drought tolerant wildtype) 

were used in the experiment. Explants of these varieties were grown on the P6 medium 

(control) and on the P6 media supplemented with 0.1 to 0.5 M sorbitol (stress conditions). 

This experiment had duration of five weeks.  

 

3.3.5. Effects of sorbitol induced osmotic stress on the growth of different 

Musa cultivars 

 

After identification of the property of sorbitol as an osmotic inducer in Musa species and the 

suitable concentration of sorbitol to induce an osmotic stress in the in vitro condition, six 

Musa cultivars (Williams, Mbwazirume, Cachaco, Obino l'Ewai, Lep Chang Kut and 

Popoulou) were tested. Explants of these cultivars were inoculated on the P6 medium 

(control) and on the P6 medium supplemented with 0.2 M sorbitol (stress). The experiments 

had a duration of of six weeks.  

 

3.3.6. Determination of Ψw of leaves  

 

Two Musa culticars (Obino l’Ewai and Williams) were grown on P6 medium for developing 

big leaf area. After two months, the old P6 medium was sucked out and two treatments were 

applied. A half of plants for each cultivar received a new P6 medium and another half 
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received a P6 medium supplemented with 0.2 M sorbitol. Samples of leaves were harvested at 

days 6, 12 and 18 and the Ψw was determined with Dewpoint Potentiometer WP 4.  

 

3.3.7. Data collection of plant growth  

 

Photos of plantlets on the experiment were taken every week. When cultures were 5 or  6 

weeks old according to the experiment, various data were collected. The number of roots and 

leaves were counted, leaf area, gain in fresh and dry weights and water content were 

determined.  

 

Water content and dry weight: Plants were removed from the tubes and fresh weight (FW) 

was immediately determined with the analytical balance. The plant was rapidly dissected and 

leaves, roots and corm were separated and fresh weight for each component was measured. 

To determine the dry weight (DW), each dissected component was dried in the oven to 

constant weight at 70oC. The water content (WC) and gain of dry weight (GDW) were 

determined according to the following formula:   

 

WC (%) = [(FW-DW) x FW-1] x 100, GDW= FDW-IDW, with IDW= [IFW x (100-WCc)] x 

100-1 and GDW: Gain in dry weight, FDW: Final dry weight, IFW: Initiation fresh weight, 

WCc: Water content of control (%), IDW: Initiation dry weight. 

 

Leaf area: The area of leaf was determined by excising each leaf   and nicely drawing its 

surface on millimetre paper.  

 

3.3.8. Identification of effects of the sorbitol induced osmotic stress on genes 

expression 

 

Explants of Musa cultivars (Cachaco, Popoulu, Mbwazirume) were grown on the P6 medium. 

After four weeks, two treatments were applied. For a half of plants, the culture medium was 

refreshed with a new P6 medium (control) and the remaining plants; the old P6 medium was 

replaced by P6 medium supplemented with 0.2 M sorbitol (stress condition). After 5, 10 and 
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15 days, samples of leaves were harvested, frozen with liquid nitrogen and stored at - 80oC 

prior to proteomics analysis with 2-DE. 

 

3.3.8.1. Protein extraction  

 

The extraction of proteins from banana tissues (leaves) was performed with phenol extraction 

method as described by Carpentier et al., 2005. 300 to 500 mg of banana tissues was ground 

to a fine powder with a grind and a cooled mortar containing liquid nitrogen. The fine powder 

(50 to 150 mg) from banana tissues were transferred to the tube of 2 ml containing 500 µl of 

ice cold extraction buffer (50 mM Tris-Cl pH 8.5, 5 mM EDTA, 100 mM KCl, 1 % w/v DTT 

(Amersham Bioscences), 30 w/v sucrose, complete protease inhibitor cocktail (Roche Applied 

Science)). Tube was vortexed for 30 seconds and 500 µl of ice cold Tris buffered phenol (Ph 

8.0) was added and sample was vortexed for 10 minutes at 4oC. The phenolic phase was 

collected, re-extracted with 500 µl of extraction buffer, and vortexed for 30 seconds. After 

centrifugation (5 minutes, 8000 rpm, at 4oC) the phenolic phase was collected and precipitated 

overnight with five volumes 100 mM ammonium acetate in methanol at -20oC. The tubes 

were centrifuged at 13000 rpm for 60 minutes at 4oC. The supernatant was removed and the 

pellet was rinsed 2 times to obtain a clear supernatant in 2 ml of cold acetone / 0.2 % DTT. 

Between the two rinsing steps, the samples were incubated for 60 min at -20°C and the 

centrifugation was carried out at 13000 rpm for 60 minutes at 4oC. After washing, the 

supernatant was discharged, the pellet was briefly dried at room temperature and suspended in 

100 µl of lysis buffer (7 M urea (Amersham Bioscences), 2 M thiourea (Fluka Chemika), 4 % 

CHAPS, prior to use 0.8 % IPG-buffer pI 3-10 or 4-7 (Amersham Biosciences AB, GE-

Healthcare), 1 % DTT).  The tubes were vortexed for 10 to 20 minutes at room temperature 

and centrifuged at 13000 rpm for 30 minutes at 18oC and the clear supernatant of proteins was 

collected and transferred into a new tube of 1.5 ml. The collected solution was centrifuged at 

13000 rpm for 30 minutes at 18°C and clear solution of protein was stored at -80oC. 
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3.2.8.2. Protein quantification 

 

The concentration of proteins was determined using a 2-D Quant Kit and protocol defined by 

the manufacturer (Amersham Biosciences). The standard curve was prepared accordingly to 

the table 3.2 with the bovine serum albumin (BSA) standard solution provided with the kit. 

 

Table 3-2: Preparation of standard curve 

N°  Volume of BSA  Protein quantity 

1 0 µl 0 µg 

2 5 µl 10 µg 

3 10 µl 20 µg 

4 15 µl 30 µg 

5 20 µl 40 µg 

6 25 µl 50 µg 

 

Tubes containing 5-7 µl of samples were prepared and 500 µl of precipitant was added to 

each tube. The tubes were briefly vortexed and incubated at room temperature for 2-3 

minutes. 500 µl of co-precipitation were pipetted to each tube and the tubes were again briefly 

vortexed. The tubes were centrifuged at 13000 rpm for 10 minutes to sediment the proteins 

and after centrifugation all the supernatant was removed. 100 µl of copper solution and 500 µl 

of MQH2O were added in each tube and the tube were vortexed to dissolve the pellet of 

protein. 1 ml of working colour reagent was added in all tubes, mixed by inversion and 

incubated at room temperature for 15-20 minutes. The absorbance of each solution was read 

at 480 nm water as reference on the spectrophotometer (Pharmacia Biotech Navaspec® II). 

The standard curve was generated by plotting the absorbance of the standards against the 

quantity of protein and this standard curve was used to determine the protein concentration of 

the samples. 

 

3.3.8.3. Two dimension electrophoresis (2-DE) 

 

First dimension migration: A quantity equivalent to 50 µg of protein extracts was mixed 

with rehydration buffer (6 M urea, 2 M thiourea, 0.5 % CHAPS, 10 % glycerol, 0.002 % 
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bromophenol blue (Pharmacia Biotech) prior to use 0.5 % IPG-buffer pI 3-10 or 4-7, 0.28 % 

DTT) up to 125 µl and this solution was applied in a reswelling tray. The IPG gel strips 

(Amersham Biosciences) were placed so that their gel side facing the solution. 2 ml of dry 

strip cover fluid (Amersham Biosciences) were used to cover each IPG gel strip and 

rehydration was carried out for overnight. The dehydrated IPG gel strips were applied on the 

IPG phor tray, gel side upwards and acidic ends facing towards the anode. Two filter papers 

moistened with MQH2O were applied on the surface of IPG gel at the anodic and cathodic 

ends. 100 to 120 ml of cover fluid was used to cover the gels strips and the movable 

electrodes were positioned at the extremes of the IPG gel strips.  The isoelectric focusing 

(IEF) was carried out with EttanTM IPGphorTM II Isoelectric Focusing System machine, IPG 

phor program and 3-10 - 7 cm and silver protocols.  After IEF, each IPG gel strips were firstly 

equilibrated with 7 ml of equilibration buffer (6 M urea, 30 % glycerol, 2 % SDS, 0.002 % 

bromophenol blue , 50 mM Tris pH 8.8 prior to use 1 % DTT) and secondly with 

equilibration buffer prior to use 4.5 % iodoacetamide, each time for 20 minutes on a shaker. 

After equilibration the IPG trips were rinsed with running buffer of lower chamber to remove 

the excess of equilibration buffer before their applying to polyacrylamide gels. 

 

Second dimension migration: For each migration, 6 polyacrylamide gels of 12.5 % 

acrylamide were used. To prepare 600 ml of polyacrylamide gels: 250 ml 30 % acryl / 

bisacryl 19 : 1 : (5 % C) (Bio Rad laboratories, Inc), 150 ml Tris buffer p H 8.8, 1.5 M, 187 

ml MQ H2O, 300 µL TEMED (BioRad) , 6 ml 10 % SDS (biorad) and 2.4 mL, 10 % APS 

(BioRad) were mixed under continuous stirring. The polyacrylamide gels were casted, 

covered with water saturated isobutanol (mixture of equal volume of distilled H2O and 

isobutanol) and allowed to polymerize overnight. Next day, 1L of running buffer 3x (10x: 250 

Mm Tris base, 1.920 M glycine, 1 % SDS) for upper chamber (anode) and 5 L of running 

buffer 1x for lower chamber (cathode) were prepared. The isobutanol covered the 

polyacrylamide gels was removed and the gels were rinsed with demi water. The equilibrated 

IPG trips, rinsed with running buffer were applied in the gel cassette and sealed with 2 ml of 

hot (60°C) 0.5 % agarose solution. The gel cassettes were fixed in the DALT System. The 

running was carried out with the Ettan DALT System (Amersham Biosciences), for 45 

minutes at 12 W, 5 hours at 100 W. 

 



  Experimental work 

38 

 

Staining and scanning: When the migration has been completed, the gels were placed in the 

fixing solution (40 % ethanol, 10 % glacial acetic acid) overnight. Next day, the gels were 

washed three times for 20 minutes, firstly with 30 % ethanol, secondly with 20 % ethanol and 

lastly with MQH2O. After washing, the gels were applied in the sensitization solution (0.02 % 

Na2S2O3) for one minute. The gels were washed three times for 20 seconds with MQH2O and 

staining with silver staining solution (0.2 % AgNO3, prior to use 0.02 % formaldehyde) was 

applied for 20 minutes. After staining, the gels were again washed three times for 20 seconds 

with MQH2O and developing fluid (3 % Na2CO3, 0.0005% Na2S2O3 and 0.05 % 

formaldehyde) was applied for 3-5 minutes. Washing was again carried out for 20 minutes 

with MQH2O and the blocking solution (0.5 % glycine) was applied. The gels were washed 

three times each for 10 minutes with MQH2O and stored in 1 % acetic acid.  

 

3.3.8.4. Gel scanning and spot detection 

 

The gels were scanned with Image Scanner and labscan software (Amersham Biosciences). 

Spots were analyzed with Image Master software 5.0 (Amersham Biosciences). 

 

3.3.9. Data analysis 

 

The data were statistically analyzed by using the analysis of variance (ANOVA) and 

nonparametric statistics. Averages of the main effects and their interactions were compared by 

using the test Tukey HSD test and the nonparametric statistics and Kruskal-Wallis analysis of 

variance by ranks at 10 and 5 % level of probability. All statistical analyses were performed 

using STATISTICA software. 
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3.4. Results and discussion 

 

3.4.1. Osmotic inducer in Musa species 

 

The growth of plants under in vitro conditions depends on nutritional and environmental 

factors which interact to produce a plantlet with similar characteristics to those grown in the 

field (Zryd, 1988). Optimization of medium compositions was an important approach to 

fasten the micropropagation process and improve the quality of regenerated plantlets through 

culture of callus and shoot meristems (Tsu-Hwie et al., 2006). Plant cell, tissue and organ 

cultures require a carbohydrate supply in order to satisfy energy demands (Otoni et al., 2003) 

and different carbon sources such as sucrose, glucose, maltose, fructose, sorbitol and others 

were proven to have effects on in vitro plant growth (Tsu-Hwie et al., 2006). However, 

sucrose is the most commonly used carbohydrate in plant tissue and cell cultures and the 

majority of the in vitro studies have concluded that sucrose supports near optimal rates of 

growth (Fuentes et al., 2000; Petersen et al., 1999; Melo et al., 2001).  

 

The addition of medium components, especially macronutrients and carbon sources, represent 

considerable decrease in the medium ψs (George, 1993). Components of tissue culture media 

at different concentrations exert effects on growth and morphogenesis of the cultured plant 

cells, tissues and organs due to their nutritional value and to their imposing osmotic 

potentials. The substitution of the culture medium carbon source by osmotically active solutes 

has shown that sugars act as a carbon source and as osmotic regulators (Otoni et al., 2003).  

The choice of the osmotic inducer should be based on the target species, considering that in 

some cases the solute may be absorbed and metabolized by plants (Karhu, 1997; Otoni et al., 

2003). To study the behaviours of various plant species in water deficit conditions, several 

osmotic inducers have been used and the most frequently used solutes are permeate solutes 

unusually metabolized by plants like mannitol and sorbitol, long chain non permeating 

solutes, such as polyethylene glycol (PEG) (Al-Khayri et al., 2002, Gopal and Iwama, 2007) 

and sodium chloride (Legocka and Kluk, 2005; Shiminzu, et al., 2006).  

 

Sorbitol has been considered a non metabolite, because it is metabolically more inert than 

other saccharides (Jong-Ching et al., 1999). This property implies its intensively use as 
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osmotic inducer in various studies related to the identification of responses of biological 

livings in water deficit conditions (Jong-Ching et al., 1999); Al-Khayri and Al-Bahrany, 

2002; Shiminzu, et al., 2006). Concomitantly with this property, to identify an osmotic 

inducer to be used in the studies of responses of Musa species in drought conditions, sorbitol 

was investigated.  

 

3.4.1.1. Water potential (Ψw ) of culture media used in the study 

 

The Ψw of the culture media used in the study are presented in Table 3.3. The P6 medium 

omitted sucrose has a high Ψw compared to other culture media. The addition of sugars to the 

P6 medium leads to the decrease of Ψw of the culture medium. The P6 medium supplemented 

with 0.09 M sucrose presented a low Ψw compared to the Ψw of P6 medium where sucrose 

was replaced by 0.09 M sorbitol.  

 

Table 3-3: Ψw of culture media used in the study 

N° Treatments Ψw (MPa) 

A P6 without sugar - 0.09 

B P6 with 0.09M sucrose - 0.37 

C P6 with 0.09M sorbitol - 0.31 

D P6  with 0.09M sucrose and 0.1 M sorbitol - 0.63 

E P6  with 0.09M sucrose and 0.2 M sorbitol - 0.85 

F P6  with 0.09M sucrose and 0.3 M sorbitol - 1.17 

G P6  with 0.09M sucrose and 0.4 M sorbitol - 1.32 

H P6  with 0.09M sucrose and 0.5 M sorbitol - 1.72 

 

Our results showed a linear relationship between the Ψw and the concentration of sorbitol 

(Figure 3.1). 
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Figure 3-1: Relationship between Ψw and concentrations of sorbitol.  

The letters A, B, D to H correspond to treatments in Table 3.3.  

 

According to George, (1993) it was revealed that the contribution of inorganic salts in a MS 

based medium supplemented with 87.6 mM sucrose to to Ψw was approximately 50 % of the 

overall medium Ψw. Our results did not fit in this range, because the contribution of the MS 

salt to Ψw of the culture media is approximately estimated at 25 %.  

 

The degradation of sucrose and other di - and tri - saccharides after autoclaving can cause a 

decrease of Ψw (Otoni et al., 2003). This observation was also found by George, 1993; Khuri 

and Moorby, 1995, who showed that the autoclaving culture media containing sucrose as the 

only carbon source resulted in a 10 - 15 % carbohydrate hydrolysis and this hydrolysis is pH 

dependent. These findings can be linked to our results where a possible difference in the Ψw 

has been observed between P6 medium with 0.09M sucrose (- 0.37 Mpa) and P6 medium with 

0.09M sorbitol (- 0.31 Mpa). This difference could be due to the autoclaving that caused the 

hydrolysis of sucrose in its components; glucose and fructose.  To confirm this hypothesis 

more measurements are needed because during our study we have done only one 

measurement. 

 

Our results show that as the concentration of sorbitol in the P6 media increased (from 0.1 M 

to 0.5 M), the Ψw of the culture medium decreased (Figure 3.1). These observations correlate 

with the previous findings. It was reported that the addition of medium components, 

especially macronutrients and carbon sources represent considerable decrease of the medium 

Ψs (Otoni et al., 2003). The Ψw is estimated as a sum of the individual components denoted as 
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effects of solutes (Ψs) and pressure (Ψp) respectively on the free energy of water (Taiz and 

Zeiger, 2006). The increase of concentration of solutes in a solution results to more negative 

Ψs. Consequently the decrease of solution Ψs will deeply affects the Ψw. This is the case of our 

results in which the increase of sorbitol concentration affects the Ψs of the culture medium 

and results the decrease of Ψw of the culture medium. 

 

3.4.1.2. The property of sorbitol as osmotic inducer in Musa species 

 

Three different culture media; P6 medium (control), P6 medium omitted sucrose and P6 

medium where sucrose was replaced by sorbitol were used to verify if sorbitol could be 

metabolised by Musa species under in vitro culture.  

 

The plants grown on the P6 medium showed a higher growth rate than the plants grown on the 

other culture media (Figure 3.2, Appendix 2). These plants presented a high gain of fresh and 

dry weights (GFW and GDW), a high gain number of new roots and leaves (GNR and GNL) 

and a big gain of leaf area (GLA) compared to the plants grown on the P6 medium without 

sugar and on the P6 medium where sorbitol replaced sucrose. The variance analysis of data 

collected on plants of five weeks old showed a significant difference in terms of growth 

between plants grown on the control medium and the plants grown on other culture media. 

The comparison of means by the Tukey HSD test could not reveal a significant difference (P-

value < 0.05) between plants grown on P6 without sugar and P6 medium where sorbitol 

replaced sucrose.  This observation correlates with the previous findings where sucrose was 

showed the highest growth rate compared to other sugars. Sucrose is the most commonly used 

carbohydrate in plant tissue and cell cultures (Fuentes et al., 2000; Petersen et al., 1999; Melo 

et al., 2001). This is due to the widespread role of this particular disaccharide as a transport 

molecule, thanks to its high solubility in water, its electrical neutrality and its apparent lack of 

inhibitory effect on the majority of biochemical processes (Smith, 1995)  

 

 

The water content (WC) of plant tissues was inversely to the GDW and proportionally to the 

Ψw of culture medium (Figure 3.3, Appendix 2). The comparison of means of WC by the 

Tukey HSD test revealed a significant difference (P-value < 0.05) of WC between all the 

treatments. The plants grown on the P6 medium without sugar showed a higher WC compared 
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to plants grown on other culture media and the WC of plants grown on sorbitol presented a 

higher WC than plants grown on sucrose (Figure 3.3, Appendix 2). 

 

 

Figure 3-2: Growth of Musa plants (Banksii) on culture media with different sugars.  

Photo of plants of five weeks old.   

 

It is known that when the Ψw of the medium is higher (less negative) than the Ψw of the plant 

tissues, water flows freely from the medium to the plant tissues. Conversely, if the Ψw of 

plants is higher than the Ψw of the culture medium, plants can lose water because water can 

flow from plants to the culture medium. Our results showed similar phenomenon. The Ψw of 

the P6 medium without sugar is higher that the Ψw of the other culture media.  This implicates 

that the water of the culture medium freely flows from the medium to the plants. 

Consequently the WC of these plants becomes higher than the WC of plants grown on the 

culture media which have low Ψw.  

 

The lower water content of plants grown on P6 medium with sucrose could be justified by 

two hypothesises. The WC of plant can be decreased by accumulation of sugars and other 

compatible and incompatible metabolites. Sugars of culture media can be absorbed and 

metabolised by plants. The difference in WC observed between plants grown on P6 medium 

with sucrose and P6 medium where sorbitol replaced sucrose could also be linked to the speed 

of uptake of these sugars. Sucrose is actively taken up by the plants which causes an increase 

in DW. This increase in DW has in our way of calculation of WC: (FW-DW)/FW a big 

influence.  

P6 without sugar P6+0.09M sucrose  P6+0.09M sorbitol 
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Figure 3-3: Responses of Musa plants (Banksii) on culture media with different sugars.  

Data collected on plants of five weeks old, □: Mean of six plants,  : Mean + SE, I: Mean +2*SD, Bars marked 
with different letter are significantly different, Statistical analysis: Variance analysis and separation of means 
with Tukey HSD test, P-value < 0.05. 
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The results of this experiment revealed that although there is not a big difference in Ψw, 

between P6 medium with sucrose and P6 medium with sorbitol, a high decrease of plant 

growth was observed in the plants grown on the P6 medium with sorbitol. These findings 

point out that the high plant growth observed on the P6 medium is due to source of energy 

(sucrose) instead of the Ψw and that sorbitol is not a good source of energy in Musa species. 

 

Our results on P6 medium with 0.09 M sorbitol, agreed with the results of Melo et al., 2001, 

where sorbitol was unable to support cell growth of Bauhinia forficata Link, Curcuma 

zedoaria Roscoe and Phaseolus vulgaris.  It was suggested that the negative effects of sorbitol 

on the plant growth is that this sugar is not efficiently metabolized by cells of these crops. The 

inability to utilize sorbitol could be due either to its reduced uptake or the absence of 

sufficient sorbitol dehydrogenase activity in these species (Jain et al., 1997).  

 

The results of this experiment allow to confirm that sorbitol is not a source of energy in the in 

vitro culture of Musa species. Therefore it could be used as a neutral osmotic inducer to study 

these species.  

 

3.4.1.3. The suitable concentration of sorbitol to be used as osmotic inducer to screen 

drought tolerant Musa cultivars  

 

Effects of osmotic stress induced by different concentrations of sorbitol on the growth of 

Musa species (Laterita and Banksii) were investigated to identify the concentration of sorbitol 

that could be used to mimic the drought stress condition in the screening process. The P6 

media supplemented with 0.1, 0.2, 0.3, 0.4 and 0.5 M sorbitol were used as drought stress 

conditions and the P6 medium was a control medium.   

 

The Ψw of the P6 medium decreased from - 0.37 to - 1.72 Mpa, when the P6 medium was 

supplemented with 0.5 M sorbitol (Table 3.3, Figure 3.1). In terms of plant growth, our results 

showed that as the concentration of sorbitol increased, the plant growth decreased and at the 

concentrations of 0.4 and 0.5 M sorbitol, the plants did not show any growth (Figure 3.4). 

After five weeks, plants on the stress media presented a decrease in the all growth parameters 

measured compared to the plants on the control medium (appendices 3 to 5). These results 
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agree with findings of previous studies on effects of drought condition on a growth of various 

plant species.  

 

According to Gopal and Iwama, 2007, the addition of sorbitol or PEG to the MS medium 

decreases the Ψw of the media and induces an osmotic stress that adversely affects the plant 

growth. It was pointed out that the plant growth decreased with the increase of sorbitol 

concentration in the culture media. The osmotic stress induced by the water deficit affects the 

plant growth including stem height, foliage weight, root number and root dry weight and leads 

to the severe decline of yield (Deblonde and Ledent, 2001; Tourneux et al., 2003; Lahlou and 

Ledent, 2005). The growth of stress shocked cells was severely retarded and the growth of 

normal cells was greatly enhanced when the osmolality of medium decreased (Jong-Ching et 

al., 1999). The measurement of plant growth in the well watered and the water stressed plants 

of pea (Pisum sativum L.) showed a decrease in the water stressed condition (Jager et al., 

2008). Severe osmotic stress caused a significant reduction in the shoot length and shoot dry 

weight of all the genotypes of spring barley within the study compared with the untreated 

plants (Bálint et al., 2008).  

 

   

Figure 3-4: Growth of plants of Musa species on culture media with different concentrations 
of sorbitol.  

Left figure: Laterita, right figure: Banksii. a: Control medium (P6 medium), b to f: Stress media (P6 medium 
supplemented with 0.1 to 0.5 M sorbitol). Photos of plants of five weeks old. 

 

In both the Musa species within our study, plants grown on the P6 media supplemented with 

sorbitol presented a decreased of leaf number and a reduced leaf area compared to the plants 

grown on the P6 medium. The plants grown on the P6 media with 0.3 to 0.5 M sorbitol did 

not develop any new leaf (Figures 3.4, 3.5; Appendices 3, 4). The variance analysis with 

nonparametric statistics and the Kruskal - Wallis analysis of variance by ranks (α < 0.1) 

a       b        c        d       e       f    a         b       c       d        e        f 
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indicated that the growth on P6 medium significantly differs from the growth on the P6 

medium supplemented with 0.3 to 0.5 M sorbitol. Similar results were reported in the in vitro 

screening of potato against water stress mediated through sorbitol and PEG, the foliage 

growth was too little in media with 0.3 and 0.4 M sorbitol (Gopal and Iwama, 2007). The 

sorbitol at those concentrations induces a very high osmotic stress which surpasses the plant 

capacity to get water from the culture medium. Consequently, the plants grown on these 

culture media suffer from extremely water deficit. 

 

The negative effects of water deficit on the leaves growth were also reported on other banana 

cultivars and other crops. Banana plants (Musa spp. Cv Pisanga and Berangan) subjected to 

reduced water availability showed marked decreases in plant vegetative growth. The leaf 

number of water stressed plants was significantly lower compared to that of control plants and 

leaf elongation were markedly reduced  (Ismail et al., 2004). The measurement of plant 

growth parameters including  leaf size, plant height and stem thickness in well-watered and 

water-stressed plants of  pea (Pisum sativum L.), showed a decreased in the water stressed 

condition  (Jager et al., 2008). In evolution of effect of drought on water relations, growth and 

solute accumulation in two sesame cultivars (Sesaum indicum L. cvs), it was revealed that the 

leaf area, fresh and dry mass of leaves were significantly decreased in water stressed 

condition (Fazeli et al., 2006). By considering the results from these studies and the results of 

our study, leaf growth and emergence rate could be a good indicator to evaluated drought 

tolerance cultivars.  

 

It is well known that the capability to metabolize different types of carbohydrates differs 

within the plant kingdom and the response of shoot cultures to different carbohydrate 

treatments appears to be genotype dependent (Cuenca and Vieitez, 2000). Sorbitol, a six 

carbon alcohol is commonly regarded as an osmotic regulator. Results from different studies 

showed that sorbitol can only play an osmotic agent role and it can not be metabolized by 

plants (Melo et al., 2001), while others concluded that sorbitol can also act as a source of 

energy (Al-Khayri and Al-Bahrany, 2002; Geng et al., 2008). Our results revealed that 

sorbitol is poorly metabolised by Musa species and it can not act as a source of energy. 
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Figure 3-5: Effects of different concentrations of sorbitol on growth of Musa species:  
Induction of new leaves. 

 P6 medium: Control, P6 medium supplemented with 0.1 to 0.5 M sorbitol: Stress, Left figure: Laterita, Right 
figure: Banksii, □: Mean of four plants,  : Mean + SE, I: Mean +2*SD. Data collected on plants of five weeks 
old. Bars marked with different  letter were significantly different. Statistical analysis: Variance analysis with 
nonparametric statistics and the Kruskal - Wallis analysis of variance by ranks, α < 0.1. 

 

The efficiency of water uptake is an important determinant of drought resistance within plant 

species. It was reported that the water uptake depends on roots size (length or mass), activity 

and distribution (Huang and Gao, 2000). Our experiment showed that the plants on the 

drought stress medium presented a reduced root number compared to the plants on the control 

medium. The variance analysis with nonparametric statistics and the Kruskal - Wallis analysis 

of variance by ranks (α < 0.1) indicated that effects of the control medium (P6 medium) and 

the stress media (P6 medium with 0.3 to 0.5 M sorbitol) to induce new roots in the both 

species (Laterita and Banksii) were significantly different (Figure 3.6, Appendix 3). It was 

observed that almost all the plants grown on these culture media did not develop any new 
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root. In addition, we could not reveal a significant difference to induce new roots between 

these culture media and the P6 media with 0.1 and 0.2 M sorbitol.  

 

Our results agree with previous findings. It was pointed out that the water stress affects the 

root number and root dry weight (Lahlou and Ledent, 2005). The water stress condition 

caused significant reduction of the root volume of cowpea genotypes genotypes (Vigna 

unguiculata L.) (Hamidou et al., 2007).  The osmotic stress due to water deficit caused a 

shoot and root growth reduction in all the germinated seedlings of spring barley compared 

with the control plants (Bálint et al., 2008). In the potato plants, rooting was adversely 

affected by increase in sorbitol concentration and no rooting was observed in the medium 

with 0.4 M sorbitol (Gopal and Iwama, 2007).  

 

  

Figure 3-6: Effects of different concentrations of sorbitol on growth of Musa species: 
Induction of new roots. 

 P6 medium: Control, P6 medium supplemented with 0.1 to 0.5 M sorbitol: Stress, Left figure: Laterita, Right 

figure: Banksii, Left figure: Laterita, Right figure: Banksii, □: Mean of four plants,  : Mean + SE, I : Mean 

+2*SD.  Data collected on plants of five weeks old. Bars marked with different letter were significantly 

different. Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis of 

variance by ranks, α < 0.1. 

 

It was suggested that extensive deep rooting has been emphasised relation to drought 

resistant. The increase in rooting at deeper soil layers during drought stress have been 

reported in some species and have been considered as an important adaptation mechanism to 

improve efficiency of plant water uptake   (Huang et al., 1997). The results from the study of 

the regulation of in vitro bud formation of data palm (Phoenix dactylifera L.) by different 
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carbon sources showed that at a high sugar concentration, the root formation was enhanced at 

the expense of shoot and buds formation. According to this study it was suggested that, the 

tendency to form roots under the highest sugar concentration may indicate an increase in 

water demands of these tissues (Al-Khateeb, 2008). The results of these reports are divergent 

with the finding of our study where the rooting of Musa species decreases with the increase of 

sugar concentration (sorbitol). These results revealed that in the in vitro condition the water 

deficit reduces the number and the growth of roots of Musa species.  

 

We have found that the effects of the control medium and the stress media to induce the GFW 

and GDW in both Musa species (Laterita and Banksii) were significantly different (α < 0.1) 

(Figure 3.7; Appendices 4, 5). The plants grown on P6 media supplemented with 0.4 to 0.5 M 

showed a reduced fresh weight compared to the fresh weight of the initiation (Appendix 4). 

These plants faced a high osmotic stress imposed by these high sorbitol concentrations in the 

media. Consequently, the water flowed from them towards the culture media and this 

phenomenon could be the cause of the decrease of their fresh weight. 

 

The plants grown on the P6 medium showed a highest GDW compared to the plants grown on 

other culture media. The analysis of our data with nonparametric statistics and the Kruskal-

Wallis analysis of variance by ranks revealed that the GDW was significantly different (α < 

0.1) between plants grown on the P6 medium and those grown on the P6 medium 

supplemented with 0.3 to 0.5 M sorbitol for Laterita and with 0.4 and 0.5 M for Banksii 

(Figure 3.7, Appendix 5).  

 

Our results support previous findings suggesting that water deficit induces an osmotic stress 

which adversely affects the plant growth, fresh and dry weight of the plant (Tourneux et al., 

2003; Lahlou and Ledent, 2005). Severe osmotic stress due to water deficit caused a 

significant reduction of shoot dry weight of spring barley genotypes compared with the 

untreated plants (Bálint et al., 2008). It was proven that the type and concentration of sugars 

significantly affected culture dry weight. The in vitro plants of date palm under high 

concentration of sugar showed abnormal growth. This abnormal growth was attributed to 

osmotic stress due to high sugar concentration (Al-Khateeb, 2008).  
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Figure 3-7: Effects of different concentrations of sorbitol on growth of Musa species: GFW 
and GDW. 

 P6 medium: Control, P6 medium supplemented with 0.1 to 0.5 M sorbitol: Stress, Left figure: Laterita, Right 
figure: Banksii, Left figure: Laterita, Right figure: Banksii, □: Mean of four plants,  : Mean + SE, I: Mean 
+2*SD.  Data collected on plants of five weeks old. Bars marked with different letter were significantly 
different. Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal- Wallis analysis of 
variance by ranks, α < 0.1. 

 

In terms of WC, the plants grown on P6 medium with sorbitol presented a reduced WC 

compared to the plants grown on the P6 medium (Figure 3.8). According to the variance 

analysis of our data and the separation of means with Tukey HSD test (P-Value < 0.05), we 

found a significant difference between control and stress media. There was only a significant 

difference between Laterita plants grown on the P6 medium and plants grown on the P6 

medium with 0.4 and 0.5 M sorbitol. For Banksii, a significant difference was observed 

between plants on the P6 medium and plants on the P6 medium supplemented with 0.3 to 0.5 

M sorbiotol. 
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Figure 3-8: Effects of different concentrations of sorbitol on growth of Musa species: WC of 
plants. 

 P6 medium: Control, P6 medium supplemented with 0.1 to 0.5 M sorbitol: Stress, Left figure: Laterita, Right 
figure: Banksii, Left figure: Laterita, Right figure: Banksii, □: Mean of four plants,  : Mean + SE, I: Mean 
+2*SD.  Data collected after five weeks. Bars marked with the same letter were not significantly different. 
Statistical analysis: Variance analysis and separation of means with Tukey HSD test, P-value < 0.05. 

 

It is well known that the reduction of plant WC is a characteristic of water stress. The ψw and 

relative WC decrease with the increase of water deficit (Fazeli et al., 2006; Hsu et al., 2003).  

The water stress treatment resulted a change in the relative WC of the leaves and the ψs of the 

sap became more negative compared to the non-stressed plants (Bálint et al., 2008). Banana 

plants (Musa spp.Cv Pisanga and Berangan) subjected to reduced water availability showed a 

perturbation in the WC (Ismail et al., 2004).  

 

3.4.1.4. Partial conclusion  

 

The plants grown on the P6 media supplemented with 0.3, 0.4 and 0.5 M sorbitol did not 

develop any new leaves and roots for both species (Laterita and Banksii) (Figure 3.6, 

Appendix 3). It was observed that on these culture media, the plants showed decreased fresh 

weights compared to the initiation fresh weight (Appendix 4). These observations were 

highlighted by the reduced GDW and WC measured in the plants grown on these culture 

media (Figures 3.7, 3.8; Appendix 5). Our results showed that the P6 medium supplemented 

with 0.2 M sorbitol looks like the highest sorbitol concentration that the Musa species under 

our experiment can face so as to show some growth. It is well known that the screening 

process requires measuring the growth parameters. Therefore, the concentration of 0.2 M 
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sorbitol could be the suitable concentration to identify tolerant Musa cultivars under in vitro 

conditions. 

 

3.4.2. Effects of sorbitol osmotic stress on growth of Musa cultivars under in 

vitro condition 

 

3.4.2.1. Introduction 

 

Little research appears to have been conducted on phenotypic variations of various Musa 

cultivars in terms of plant growth under in vitro water limiting conditions. The preliminary 

results of our study showed that the culture medium supplemented with 0.2 M sorbitol was 

the best concentration to screen Musa cultivars tolerant to drought osmotic stress. 

Experiments to test this concentration were carried out on six Musa cultivars with various 

genomes. The specific objective of this experiment was to characterize the growth (emission 

of new organs, variation in biomass and WC) of the different Musa cultivars submitted to 

drought osmotic stress and to identify the growth parameters of drought tolerant Musa 

cultivars under in vitro condition. In the experiment the P6 medium was a control and the P6 

medium supplemented with 0.2 M sorbitol was a stress condition. According to previous 

results of studies of various osmotic stresses on Musa cultivars, it was revealed that Cachaco 

(ABB genome) is an osmotic stress tolerant cultivar and Mbwazirume (AAA- highland 

banana) is an osmotic stress sensitive cultivar (Thomas et al., 1998 and Panis et al., 2002).  

These cultivars were used as negative and positive control to classify other four Musa 

cultivars: Williams (AAA), Obino l'Ewai (AAB-P), Lep Chang Kut (BBB) and Popoulou 

(AAB).  

 

3.4.2.2. Results and discussion  

 

Our experiments showed a drastic decrease of plant growth on the stress medium. The growth 

evaluation in terms of number of newly emerged leaves and roots, leaf area and plant biomass 

(GFW and GDW) revealed that banana cultivars are affected by drought stress but the degree 

of sensitivity differs from one cultivar to another.  The results from this study indicated that 
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for all cultivars the plants grown on the stress medium presented a reduced growth rate 

compared to the plants grown on the control medium (Figure 3.9. and 3.10). 

 

  

  

  

Figure 3-9: Phenotype growth of Musa cultivars grown on control (P6 medium) and stress 
conditions (P6 medium supplemented with 0.2 M sorbitol): First experiment.  

 1: Mbwazirume 2: Williams , 3: Popoulou , 4: Cachaco , 5: Obino l'Ewai , 6: Lep Chang Kut. Photos of plants 
of six weeks old. 
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  Figure 3-10: Phenotype growth of Musa cultivars grown on contol (P6 medium) and stress 
conditions (P6 medium supplemented with 0.2 M sorbitol): Second experiment.  

 1: Mbwazirume  2: Williams , 3: Popoulou , 4: Cachaco , 5: Obino l'Ewai , 6: Lep Chang Kut. Photos of plants 
of six weeks old. 

 

The effects of the two culture media on the plant growth were different (Figure 3.9, 3.10). The 

cultivars within the study revealed a variability in the emission of new leaves and roots, gain 

of fresh and dry weight, growth of corms and WC. These two treatments differently affected 

the plant growth, the plant phenotype and the water status of the plant. Mahouachi, (2009) has 

reported similar results in his study to identify changes in nutrient concentrations and leaf gas 

exchange parameters in banana plantlets under gradual soil moisture depletion. It was 

   Stress    Control      Stress 

    Control      Stress    Control 

   Stress      Stress     Control 

     Stress 

   Control 

1 

5 6 

3 4 

2  Control 



  Experimental work 

56 

 

suggested that drought tolerance may be exhibited by plants through their ability to maintain 

physiological processes at lower ψw (Iturbe-Ormaetxe et al., 1998). 

 

3.4.2.2.1. Emission of new leaves and roots 
 

The emission of new leaves and roots by Musa cultivars grown on the stress medium was 

severely reduced compared to the plants grown on the control medium (Appendix 6). These 

observations correlate with the findings of Kallarackal et al., (1990) who found that in 

relation to plant growth, water stress negatively affected the emergence of new leaves. The 

plants of all cultivars within the experiment showed a reduced leaf area, fresh and dry weights 

of leaves on the stress medium (Figure 3.11, Appendix 7). A decrease of total dry matter, leaf 

area and number of living leaves of banana was previously reported under drought conditions 

by Firth et al., (2003) and Hund et al., (2009) found similar results in his study on water use 

efficiency of tropical maize inbred lines, differing in drought tolerance. 

 

The cultivars Cachaco and Williams showed the highest GLA, GFW and GDW of leaves 

compared to others cultivars on the stress medium. The cultivar Lep Chang Kut showed the 

lowest values of GLA, GFW and GDW of leaves. These values of Lep Chang Kut could be 

linked to its low growth rate under in vitro condition because this cultivar even showed a low 

growth rate on the control medium. 

 

The accumulation of root biomass was markedly reduced by the stress medium.  The plants 

on stress medium presented low fresh and dry weights of roots compared to the plants grown 

on the control medium (Appedix 8). Our results showed that there is not a correlation between 

number of roots and roots biomass (Figure 3.12). The cultivars Mbwazirume and Williams 

presented the highest roots biomass however their roots numbers are not the biggest. This lack 

of correlation between number of roots and fresh and dry weights is due to the size of roots. 
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Figure 3-11: Effects of sorbitol osmotic stress on growth of Musa cultivars: LA and FW and 
DW of leaves. 

Left figures: First experiment, right figures: Second experiment, Filled bars with capital letter: Control medium 

(P6 medium), empty bars with small letter: Stress medium (P6 medium supplemented with 0.2 M 
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sorbitol), □: Mean of five plants,  : Mean + SE, I : Mean +2*SD. Data collected on plants of six weeks old. 

Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis of variance 

by ranks, α < 0.05. Bars horizontally marked with different letter are significantly different.   

 

  

  

Figure 3-12: Correlation between number of roots and roots biomass. 

Left figures: First experiment, right figures: Second experiment. Values are means of roots,  FW and DW of 

roots of five plants grown on P6 medium (control) and P6 medium supplemented with 0.2 M sorbitol (stress) for  

six weeks. 
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Our results revealed differences in root number and size and this characteristic is genotype 

dependent. We have observed that as the A genome decreases in the genome constitution of 

the triploid Musa cultivars; the thickness of roots decreases (Figure 3.13). Therefore it could 

be that the development of roots in Musa species is associated to the A genotype. 

 

Under drought conditions, it was suggested that root length is an indicator of the plant ability 

to absorb water from the deeper layers of soil and is influenced by better root penetrability 

(Kulkarni and Phalke, 2009). The development of the roots system as an adaptive response to 

water deficit was reported by Xiong et al., (2006) and Kulkarni and Phalke, (2009). It was 

suggested that thick roots could have some advantages to increase water uptake and transport 

and could help to maintain plant water status under drought condition (Azhiri-Sigari et al., 

2000; Kato et al., 2006; Markesteijn and Poorter, 2009). According to our results we observed 

that in the in vitro condition the growth of root system is not well developed. Moreover the 

Cultivar Cachaco previously identified to be drought osmotic tolerant, showed a reduced root 

system growth on the stress medium compared to other cultivars within the study. Therefore 

the growth of root system is not an appropriate parameter to characterize drought tolerance of 

Musa cultivars under in vitro condition because cultivars have different ability to emit and 

develop new roots in this condition. 

 

3.4.2.2.2. Development of corms 
 

The growth rate of corms was reduced on the stress medium compared to the plants on the 

control medium (Appendix 9). The cultivars Chacaco and Williams presented high fresh and 

dry weights of corms on the stress medium. This could be associated with a high capacity of 

these cultivars to accumulate compatible solutes under drought stress condition or these 

cultivars were more active in taking and accumulating sugars from the culture medium than 

other cultivars within the same study.  
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Figure 3-13: Correlation between A genome constitution in the triploidy of Musa cultivars 
and roots biomass.  

Left figures: First experiment, right figures: Second experiment. Values are means of fresh and dry weight of 

roots of five plants. Control: P6 medium, Stress: P6 medium supplemented with 0.2M sorbitol. Data collected on 

plants of six weeks old. 
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In Musa species, the corm is an important organ which insures the perpetuation of plant by 

generating new suckers. In addition, all roots of Musa species are emitted by corms. These 

facts highlight the key role of this organ in the survival of Musa plants under normal and 

stress conditions. Indeed, in vitro plants of Musa species present very small corms therefore it 

is very difficult to precisely estimate so as to be used as parameter to characterize drought 

tolerant Musa cultivars with in vitro model. 

 

3.4.2.2.3. Total GFW and GDW 
 

Our results showed that the stress medium negatively affected the plants growth and the total 

GFW and GDW were reduced compared to the plants on the control medium (Figure 3.14, 

Appendix 10). The similar results were reported by Kulkarni and Phalke, (2009). They found 

that under drought condition, there was a decrease of plant anabolic pathways and 

consequently a reduction in the amount of metabolites and in the plant biomass. 

 

The cultivars Mbwazirume, Williams, Popoulou, Cachaco and Obino l'Ewai showed almost 

similar growth rate on the control medium. However, they presented a variability on the stress 

medium. The cultivars Cachaco and Williams showed the high total GFW and GDW and 

these cultivars were significantly different from others within the same study. We observed 

that Lep Chang Kut did not well perform in the in vitro condition and presented the lowest 

GFW and GDW on the control medium. The same low growth rate was found on the stress 

medium and this cultivar was the last in the total GFW and GDW on the stress medium. 

Therefore we can deduce that its low total gain of biomass is a consequence of its slow 

growth rate under in vitro condition.  

 

Under stress condition, it was proven that plants respond through a wide variety of 

biochemical, molecular and physiological adaptive changes such as the accumulation of 

compatible solutes and synthesis of many regulatory proteins (Wu and Garg, 2003; Gong et 

al., 2005; Reddy et al., 2004). The cultivar which is able to produce more compatible solutes 

will reduce its ψw and will become able to up take and use the small quantity of water 

available in its environment. Conversely the cultivar with less capacity to synthesise 

compatible solutes is sensitive to stress because its ability to have water from its environment 
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is very limited. Concomitantly we could hypothesize that the high total GDW of Chacaco and 

Williams (Figure 3.14, Appendices 10) is a result of accumulation of compatible solutes. 

 

  

  

Figure 3-14: Effects of sorbitol osmotic stress on growth of Musa cultivars: Total GFW and 
GDW.  

Left figures: First experiment, right figures: Second experiment. Filled bars with capital letter: Control medium 

(P6 medium), empty bars with small letter: Stress medium (P6 medium supplemented with 0.2 M 

sorbitol), □: Mean of five plants,  : Mean + SE, I : Mean +2*SD. Data collected on plants of six weeks old. 

Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis of variance 

by ranks, α < 0.05. Bars horizontally marked with different  letter are significantly different.   
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The estimation of plant growth reduction (Total GFW and GDW) due to sorbitol osmotic 

stress showed that Mbwazirume had the highest reduction growth and Chacaco and Lep 

Chang Kut presented the lowest growth reductions (Figure 3.15, Appendix 11). These 

reductions were evaluated up to 85 % of total GFW and between 25 and 36 % of total GDW 

of plants grown on the control medium for Mbwazirume. The reduction of growth of Chacaco 

and Lep Chang Kut was around 65% of total GFW and below 15% of total GDW of plants on 

the control medium.  

 

  

  

Figure 3-15: Estimation of growth reduction of Musa cultivars due to sorbitol osmotic stress 
under in vitro condition: % of reduction of GFW and GDW.  

Left figures: First experiment, right figures: Second experiment. Values: ((Differences of means of five plants 

grown on the control medium and on the stress medium) / means of five plants grown on control medium) X 

100. 

 

It is known that a cultivar presenting the small reduction of growth rate under stress condition 

is suggested to be resistant or tolerant. This was re-confirmed by our results where Cachaco, a 
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presumed drought tolerant cultivar, showed a low growth reduction and Mbwazirume, a 

drought sensitive cultivar presented the highest reduction of growth rate. Remarkable results 

were observed on the cultivar Lep Chang Kut. Its reduction of growth was close to the one of 

Chacaco. This observation reveals that Lep Chang Kut could be drought tolerant but its 

general growth rate under in vitro condition is very low compared to other cultivars within the 

same study. Consequently it was difficult to detect its ability to face drought stress because 

the used in vitro protocol appears to be not optimized for cultivar Lep Chang Kut.  

 

3.4.2.2.4. Water content 
 

The stress medium negatively affected the WC of the plant. The WC of leaves, roots, corms 

and the WC of the whole plant was reduced for plants of all cultivars grown on the stress 

medium (Figure 3.16; Appendices 12, 13). 

 

Two phenomena in which the WC content of plant can be reduced are known. The plant can 

lose its water if the ψw of the soil is more negative than the ψw of the plant.  The plant can also 

decrease its WC by accumulation of compatible solutes such as sugars and amino acids. 

According to the results of our study, the cultivars Cachaco and Lep Chang Kut presented the 

lowest WC on the stress medium. Considering the high growth rate of Cachaco on the stress 

medium (Figure 3.9, 3.10,  3.14) and the small reduction of the growth rate of Cachaco and 

Lep Chang Kut (Figure 3.15, Appendix 11), we hypothesize that the reduction of WC of these 

cultivars is a consequence of the accumulation of compatible solutes. 
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Figure 3-16: Effects of sorbitol osmotic stress on growth of Musa cultivars: WC.  

Left figures: First experiment, right figures: Second experiment. Filled bars with capital letter: Control medium 

(P6 medium), empty bars with small letter: Stress medium (P6 medium supplemented with 0.2 M 

sorbitol), □: Mean of five plants,  : Mean + SE, I : Mean +2*SD. Data collected on plants of six weeks old. 

Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis of variance 

by ranks, α < 0.05. Bars horizontally marked with different letter are significantly different.   
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3.4.2.2.5. Appearance of leaves 

 

The leaves of Musa cultivars grown on the stress medium presented a particular appearance. 

The leaves of plants on the control medium were thick and dark green. Conversely the leaves 

of plants on the stress medium were thin, light green and transparent (Figure 3.17). Iturbe-

Ormaetxe et al., (1998); Delfine et al., (2000); Kang et al., (2001), reported that this 

phenomenon could be linked to the reduction or damage of chlorophyll pigments by osmotic 

stress due to water deficit. Our results agree with the previous findings which revealed that 

the water deficit reduces the greenness of foliage of drought sensitive Musa cultivars 

(Purseglove, 1978; Stover and Simmonds, 1987).  

 

  

Figure 3-17: Phenotype of leaves of Musa species (Obino l’Ewai) grown on P6 medium 
(control) and on P6 supplemented with 0.2M sorbitol (stress).  

Photos of leaves excised on plants of six weeks old.  
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3.4.2.2.6. Water potential (ψw) 
 

The ψw of plants grown on the stress medium were more negative compared to the plants 

grown on the control medium. It was observed that the ψw decreases as the growth period 

increases in the both treatments (stress and control medium) (Figure 3.18). The variance 

analysis and separation of means with Tukey HSD test (P-value < 0.05) of determined ψw 

showed a significant difference between treatments (control and stress media) and between 

the periods of growth at which samples were collected (Appendix 15).  

 

 

Figure 3-18: Variation of ψw in leaves of two Musa cultivars (Obino l’Ewai and Williams) 
grown on two different culture media. 

 Filled bars: P6 medium (control), empty bars: P6 medium supplemented with 0.2 M sorbitol 

(Stress). Each bar was generated from measurement of three plants. 

 

The plant can absorb water from the soil only if its ψw is more negative that the ψw of the soil. 

The same condition was revealed by our results (Appendix 14). On the control medium with 

the ψw of - 0.49 Mpa, the highest ψw of leaves were -1.81 Mpa and -1.78 Mpa respectively for 

Obino l’Ewai and Williams. On the stress medium with the ψw of -1.03 Mpa the highest ψw 

were -1.99 Mpa for Obino l’Ewai and -2.00 Mpa for Williams. 

 

 

 



  Experimental work 

68 

 

3.4.2.3. Overview of the results of effects of osmotic stress on growth of cultivars under 

in vitro condition 

 

The two culture media have shown different effects on the plant growth. The plants on the 

control medium showed a high growth rate compared to the plants on the stress medium.  At 

the first impression, the cultivar Obino l’Ewai, looked like the best in the growth on the stress 

medium (Figure 3.9, 3.10) but by quantifying the growth parameters objectively (emission of 

new leaves and roots and plant biomass), we could obtain more accurate results. According to 

these growth parameters (total GFW and GDW), the cultivar Cachaco showed a high growth 

rate on the stress medium. This finding agrees with the expected results and previous results 

of studies on Musa cultivars under stress conditions (Thomas et al., 1998; Panis et al., 2002). 

Williams came as the second, Popoulu as the third, Obino l’Ewai as the fourth, Mbwazirume 

as the fifth and the last one was Lep Chang Kut.  

 

Our results correlate with the findings of Bananuka et al., 1999 who reported that the drought 

stress reduced pseudostem height and girth of banana cultivars. According to his results, Lep 

Chang Kut (BBB) recorded the highest pseudostem height reduction and indicated its high 

sensitivity to drought stress. The cultivar Nfuuka which belongs to the East African Highland 

bananas (AAA-h) like, Mbwazirume was found to be susceptible to drought stress. Lastly the 

cultivar Gros Michel (AAA) belonging to the same group of Cavandish with Williams has 

shown to be more drought tolerant compared to the AAA-h. The behaviour of the Lep Chang 

Kut (BBB cultivar) was not expected because this has a characteristic of Musa balbisiana 

which was reported to be drought tolerant (Stover and Simmonds, 1987). Therefore with the 

results of total GFW and GDW, no conclusion can be made on the Lep Chang Kut since also 

its control plants showed an abnormal and slow growth.  

 

We have observed that Williams perfoms better in terms of drought than Mbwazirume.  Even 

though Mbwazirume has at first sight the same genome constitution (AAA) as Williams, these 

two cultivars showed divergent performance in the drought stress condition.  Indeed, the 

cultivars with an A genome, evolved from Musa acuminata but the origin of the A genome of 

the cultivated clones could be maternally or paternally related to some subspecies. According 

to the study of ascertaining maternal and paternal lineage within Musa by chloroplast and 

mitochondrial DNA RFLP analyses by Carreel et al., (2002), it was revealed that Williams 
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and Mbwazirume did not originate from the same wild type lines and the classification based 

on the chloroplastic and mitotype pattern showed that these two cultivars are significantly 

different. The nuclear data confirmed that the East African AAA Mbwazirume (Lujugira or 

Mutika) came from a cross between clones related to in vitro acuminata subsp. banksii, with 

pollen related to Musa acuminata subsp. Zebrina. Williams and other AAA Cavendish clones 

are paternally related to in vitro acuminata subsp. errans clone. These different origins of A 

genomes of Williams and Mbwazirume could be linked to their different phenotypes under 

water deficit. 

 

It was observed that the relative growth of Lep Chang Kut was very low on the control 

medium compared to other cultivars (Figure 3.9, 3.10, 3.14). The evaluation of reduction of 

growth due to sorbitol osmotic stress revealed that Lep Chang Kut was the second in the 

drought tolerance after Cachaco with a low reduction of growth compared to other cultivars 

(Figure 3.15, Appendix 11). In terms of production, it is well known that a cultivar with good 

growth rate produces a higher yield than a cultivar with a low growth rate. Indeed the low 

grow rate of Lep Chang Kut implicates its yield. Consequently its ability to cope the drought 

conditions would not be noticeable by farmers because of its usual low yield.  Based on these 

findings we can suggest that the identification of drought tolerant in vitro cultivar should 

consider both parameters the growth rate (accumulation of plant biomass: GFW and GDW) 

and the reduction of plant growth rate due to drought osmotic stress. 

 

Various growth parameters (GNR, GNL, FWL, FWR, DWL, DWR, LA, FW and DW of 

corm, WCL, WCR, WC of corm, total GFW, total GFW and total WC) were evaluated. It was 

observed that not all these parameters are relevant to identify cultivars tolerant to water deficit 

by in vitro screening. According to our results, the stress medium decreases the emission of 

new roots of Musa species under in vitro condition (Appendix 6). However cultivars have 

different capacity to generate new roots in that condition. It was suggested that the cultivar 

which has a well developed root system in the drought stress conditions could be tolerant or 

resistant to drought because they are able to absorb the possible maximum water from deep 

soil (Hund et al., 2009). Our model did not support this finding because Cachaco, the in vitro 

cultivar tolerant to drought stress did not show a well developed root system. Therefore this 

parameter and others linked to it (GNR, FWR, DWR and WCR) are not relevant in the in 

vitro model to identify the drought tolerant Musa cultivars. 
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Like other plant organs, the growth rate of corm was reduced on the stressing medium 

(Appendix 9). We suspect that an in vitro cultivar with a well developed corm in stress 

condition could be resistant or tolerant to drought stress. We observed a good growth of the 

corm for Cachaco and Williams on the stress medium compared to other cultivars. However 

these results do not clearly show the degree of tolerance for other cultivars within the 

experiment. Moreover the in vitro plants have extremely small corms and we do not 

specifically measure the initiation state precisely to identify its growth rate.  

 

The WC of plants grown on the stress medium was reduced compared to the WC of plants 

grown on the control medium (Figure 3.16; Appendices 12, 13). It was suggested that the 

cultivar able to maintain its internal water status under drought condition, is drought tolerant 

(Thomas and Turner, 2001). We could not confirm this finding because the cultivars Cachaco 

and Williams which presented a good growth rate on the stress medium had the lowest WC 

via our way of calculation (Figure 3.16). The WC of corm and the total WC presented 

variability (Figure 3.16, Appendix 13) and Cachaco and Lep Chang Kut showed the lowest 

WC. It could be that these cultivars have a high ability to accumulate compatible solutes 

under the drought osmotic stress. 

 

Our results revealed that the growth parameters of leaves (gain of leaf area, gain of fresh and 

dry weights of leaves) of plants grown on stress medium are correlated to the total plant 

biomass (Figure 3.19).  

 

 

 

 

 

 

 

 

 

 

 



  Experimental work 

71 

 

  

  

Figure 3-19: Correlation of leaf growth parameters (FWL, DWL, LA) and total GFW and 
GDW of Musa cultivars grown on stress medium under in vitro condition.  

Left figures: First experiment, right figures: Second experiment. 

 

The outcome of these experiments point out that for all measured growth parameters, the gain 

of leaf area, gain of fresh and dry weight of leaves, total gain of fresh and dry weights are 

relevant to rapidly identify or classify drought tolerant Musa  cultivars by in vitro screening.  
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3.4.2.4. Partial conclusion 

 

The results of these experiments highlight the complexity of drought tolerance within banana 

cultivars. The hypothesis that a drought tolerant cultivar develops a good root system under 

water limited conditions is not hold within this in vitro model to screen drought resistant 

Musa cultivars. Cachaco which is a drought tolerant cultivar did not develop a good root 

system. This behavior is due to its high endogenous cytokinine/auxine ratio which inhibits the 

emission of roots (Unpublished laboratory results) but there is not any information about 

hormones uptake by in vitro plants. Only parameters related to leaves (FW, DW, LA) and to 

total GFW, GDW were identified to be relevant to identify Musa cultivars tolerant to water 

deficit by in vitro model. 

 

According to Blum , (2002), the efficient drought screening should consider constitutive and 

stress adaptive traits. The constitutive traits such as such as flowering time, the emission of 

new roots and leaves, leaf area, leaf senescence, root depth; can be regularly screened without 

a drought challenge and their role towards drought resistance is very important. The stress 

adaptive traits are those that are expressed only under drought. Such traits include active 

cellular accumulation of compatible solutes, antioxidant agents, heat shock proteins, osmotic 

adjustment, membrane stability, etc. The results from these experiments were only focused on 

the constitutive traits. Therefore the adaptive traits are needed to complement the identified 

constitutive data. 

 

Information about genes expression in roots, leaves and corms, the variation of metablomes of 

these plants tissues under the drought stress, their relationship to drought tolerance and water 

uptake are scarce. Knowledge about the genomic and proteomics to precisely localize the 

gene and gene products which control traits of drought resistance could be a short way to 

identify tolerant Musa cultivars. 
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3.4.3. Effects of sorbitol osmotic stress on the proteome of Musa species 

 

3.4.3.1. Introduction 

 

It was reported that the drought tolerance trait of Musa species is a particular traits of B 

genome. Our results on the effects of sorbitol osmotic stress on the growth of Musa cultivars 

in the in vitro condition revealed that the Williams (AAA genome) is little affected by sorbitol 

induced osmotic stress and the cultivar Mbwazirume which has a more similar genome as 

Williams was severely sensitive. The cultivars Popoulou and Obino l’Ewai with genome 

(ABB) did not perform as nicely as Williams. Moreover Cachaco with ABB genome 

performed better on the stress medium than Lep Chang Kut (BBB genome). These 

observations give rise to design new experiments so as to explore molecular markers of 

drought tolerance of Musa species and to understand effects of sorbitol osmotic stress at 

proteome level.  Plants of three cultivars Mbwazirume, Popoulou and Cachaco grown on P6 

medium for five weeks received two treatments. A half of plants of each cultivar received a 

new P6 culture medium. The other half received the P6 medium supplemented with 0.2 M 

sorbitol. At days 5, 10 and 15 samples were harvested frozen with liquid nitrogen and stored -

80oC. 

 

Proteins from these samples were extracted and analyzed with 2-DE. Experiment with six big 

strips and gels (24 cm, p H 4-7) on Cachaco protein samples was carried out to understand the 

drought tolerance. Experiments with 18 small strips and gels (7 cm, p H 3-10) were performed 

to understand drought tolerance differences between cultivars Mbwazirume, Popoulou and 

Cachaco. 
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3.4.3.2. Results 

 

Both experiments (big and small gels) showed a separation of proteins. However all three 

experiments that have been carried out faced some troubles (Figure 3.20, 3.21). 

 

The big gels (Figure 3.20) showed an empty region at the positive side of the strip and some 

proteins were precipitated at the end of the strip which is a consequence of the thick vertical 

line on negative side of the gels. Moreover it was noticed an empty region at the starting of 

positive side and this indicates that our protein samples could have a pH problem.  

 

According to 2-D Electrophoresis Principles and Methods of GE Healthcare (2004), it was 

reported that when the sample is applied using cups, the contamination of protein samples 

prevent protein entry into the IPG strip. If it enters these impurities clog gel pores and result 

in poor focusing. The entry of those impurities could be the contamination of phenol phase by 

interphase components and these contaminations affected the results of these experiments. 

Contaminations of protein samples disrupt the electrophoresis process because during IEF 

proteins will not properly focus in the strips and this affects the appearance of gels at the end 

of experiment.  

 

The gels presented horizontal streaking (incompletely focused spots) (Figure 3.20, 3.21). 

According to 2-D Electrophoresis Principles and Methods of GE Healthcare (2004), the main 

cause of horizontal streaking is the impurity of protein samples. This could be the case of our 

samples where some interphase components could be collected with the phenol phase. The 

presence of impurities (interfering agents) in protein samples has negative effects on 2-DE 

results. Interfering agents which have negative charges can complex with proteins by 

electrostatic interactions and this complex interrupt the focusing times and results the 

horizontal streaking. Insoluble materials and other impurities avoid a complete solubilization 

of protein samples and this leads to appearance and increase of horizontal streaking. 
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Figure 3-20: Big gels (24 cm) of Cachaco grown on control medium and on stress medium for 
ten days.  

 

It is recommended that developing takes 3 to 5 minutes with silver staining. However in all 

experiments carried out the first spot on a gel under developing step came after more than five 

minutes and the time of developing have to be extended to have more spots. Consequently, 

the background of gels became dark (figure 3.21) and the uniformity between gels is reduced.  

 

The main causes reported within the handbook of 2-D Electrophoresis Principles and Methods 

of GE Healthcare (2004), are insufficient sample, insufficient sample entered the IPG strip gel 

due to poor sample solubilization, impurity of sample preventing IEF, incorrect oriented of 

pH gradient, wrong side down of IPG strip on second-dimension gel, insensitive detection 

method and failure of detection reagents. Among all these highlighted causes of no distinct 

sports, the ones that could affected our results could be insufficient samples caused by a 

wrong quantification and insufficient sample entering the IPG strip gel due to impurities of 

protein samples.  
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Figure 3-21: Small gels (7 cm) of Popoulu, Mbwazirume and Cachaco grown on control 
medium and on stress medium for ten days. 

 

Results of these experiments can be improved in avoiding any contamination in protein 

samples and carefully carry out protein quantification. 

 

3.4.3.3. Partial conclusion  

 

The objective of his experiment to understand why cultivars do differently react under sorbitol 

induced osmotic stress was not achieved because the results from three experiments carried 

out presented troubles which blocked extra analysis of gel spots and the time did not allow to 

go ahead with further experiments. 
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4. Chapter 4: General conclusion and recommendations 

 

The general objective of this study to develop an in vitro model to screen for drought tolerant 

banana varieties was achieved. This study identified that sorbitol is a neutral osmotic inducer 

to study the drought tolerance of Musa species and showed that the concentration of 0.2 M 

sorbitol is suitable to screen for drought tolerant Musa cultivars under in vitro conditions. 

Moreover the growth parameters of gain of leaf area, gain of fresh and dry weight of leaves, 

total gain of fresh and dry weights proved to be relevant to identify drought tolerant Musa 

cultivars.  

 

The in vitro model to screen drought tolerance Musa cultivars has been developed but it has 

its next to its advantages also limitations. In addition to laboratory facilities, it requires to be 

applied on cultivars which have an optimized in vitro culture protocol. Some parameters of 

drought tolerance such as photosynthesis capacity and transpiration rate are not hold with this 

model. Sugar culture media inhibit the photosynthesis capacity and the transpiration rate is 

very difficult to measure because stomata of in vitro plants are always open because the 

humidity is saturated.  However, the in vitro model to screen drought tolerant Musa cultivars 

allows to control and to limit interfering elements such as unwanted environmental 

conditions. Moreover it provides results in a short period (3months) compared to a field trial.  

 

The study highlights the constitutive traits of Musa species to be considered in the screening 

of drought tolerant Musa species under in vitro conditions. No adaptive traits could be 

revealed via proteomics because of time constraints. Therefore the stress adaptive traits of 

Musa species under in vitro screening need a broad exploration to identify biomarkers of 

drought tolerance.  

 

Moreover, this study has raised new phenomena that require a detailed study to get 

explanations. It was observed that Cachaco and Lep Chang Kut could have accumulated 

compatible solutes but those solutes are unknown. The characterization of these compatible 

solutes under osmotic stress in the in vitro condition is needed and could assist in the drought 

tolerance screening of Musa species. It was observed that the leaves of plants grown under 

stress conditions were light green, fine and transparent whereas the ones of plants on control 
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medium were dark green and thick. Causes of this change of leaf status under drought osmotic 

stress need to be understood. Finally field, greenhouse and in vitro screening trials have to be 

carried out in parallel to confirm that the identified growth parameters characterize the 

drought tolerance of Musa species. 
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6. Appendices  

 

Appendix 1: Estimated spatial average precipitation (mm /month) of four Rwanda banana 

production regions and of the African High land bananas (AAA-h) region (Source: 

New_LocClim local climate estimator, FAO, 2005). 

Months 

Cyangugu Kibungo Kigali Gisenyi 
Africa AAA-h  
region High Low High Low High Low High Low 

January 180 160 100 80 80 60 80 60 102.8 

February 180 160 100 60 100 80 80 60 98.80 

March 200 180 160 100 160 100 140 120 124.1 

April 200 180 160 140 180 140 100 80 134.9 

May 120 100 100 80 120 80 100 80 89.31 

June 40 30 20 10 30 10 60 40 52.10 

July 28 24 12 0 16 0 28 20 53.24 

August 30 20 30 0 30 10 60 40 60.87 

September 120 100 60 20 60 20 120 80 58.46 

October 160 140 140 60 140 80 140 100 77.53 

November 180 60 140 80 140 100 140 80 95.84 

December 220 200 120 100 100 60 140 100 108.20 

 

Appendix 2: Effects of different sugars (sorbitol and sucrose) on growth of Musa species 

(Banksii) in the in vitro condition: Gain of new leaves (GNL), gain of new roots (GNR), gain 

of leaf area (GLA), gain of fresh weight (GFW), water content (WC) and gain of dry weight 

(GDW). Values: Mean ± SD of six plants. Values horizontally marked with the same letters are not 

significantly different. Statistical analysis: Variance analysis and separation of means with Tukey HSD test, P-

value < 0.05. 

Parameters P6 without sucrose P6 with 0.09 M sucrose P6 with 0.09 M sorbitol 

GNL (Number) 0.50±0.50 b 2.83±0.37 a 0.67±0.75 b 

GNR (Number) 0.33±0.75 b 5.33±1.49 a 0.50±0.76 b 

LA (mm2) 86.67±87.55 b 366.83±119.20 a 90.33±117.40 b 

GFW (gram) 0.18±0.12 b 0.87±0.29 a 0.24±0.08 b 

WC (% of FW) 94.99±0.54 a 91.48±0.82 c 93.33±0.88 b 

GDW (gram) 0.01±0.01 b 0.09±0.03 a 0.02±0.01 b 
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Appendix 3: Effects of different concentrations of sorbitol (0.1 to 0.5 M) on growth of Musa 

species (Laterita and Banksii) in the in vitro condition: GNL and GNR. Values: Mean ± SD of five 

plants. Values vertically marked with the same letters are not significantly different Statistical analysis: Variance 

analysis with nonparametric statistics and the Kruskal - Wallis analysis of variance by ranks, α < 0.1. 

Treatment 

  

GNL (Number) GNR (Number) 

Laterita Banksii Laterita Banksii 

P6 2.50±0.50 a 2.75±0.43 a 3.50±0.50 a  5.25±0.83 a 

P6+0.1M 1.50±0.50 ab 1.25±0.83 ab 2.00±0.00 ab 3.50±1.12 ab 

P6+0.2M  1.25±0.43 ab 0.50±0.50 ab 1.00±0.71 ab 1.50±1.66 ab 

P6+0.3M 0.00±000 b 0.00±000 b 0.25±043 b 0.00±000 b 

P6+0.4M 0.00±000 b 0.00±000 b 0.00±000 b 0.00±000 b 

P6+0.5M 0.00±000 b 0.00±000 b 0.00±000 b 0.00±000 b 

 

Appendix 4: Effects of different concentrations of sorbitol (0.1 to 0.5 M) on growth of Musa 

species (Laterita and Banksii) in the in vitro condition: GLA and GFW. Values: Mean ± SD of 

five plants. Values vertically marked with the same letters are not significantly different. Statistical analysis: 

Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis of variance by ranks, α < 0.1. 

 Treatment 

  

GLA (mm2) GFW (gram) 

Laterita Banksii Laterita Banksii 

P6 492.00±41.8 a 658.75±57.48 a 1.00±0.15 a 1.59±0.42 a 

P6+0.1M 185.00±82.30 ab 259.50±153.32 ab 0.55±0.15 ab 0.69±0.21 ab 

P6+0.2M 111.00±46.61 ab 31.00±36.41 bc 0.26±0.06 ab 0.28±0.08 bc 

P6+0.3M 0.00±000 b 0.00±000 c 0.05+0.07 b 0.02±0.04 c 

P6+0.4M 0.00±000 b 0.00±000 c -0.06±0.04 b -0.01±0.02 c 

P6+0.5M 0.00±000 b 0.00±000 c -0.06±0.01 b 0.00±0.02 c 
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Appendix 5: Effects of different concentrations of sorbitol (0.1 to 0.5 M) on growth of Musa 

species (Laterita and Banksii) in the in vitro condition: WC and GDW. Values: Mean ± SD Of five 

plants. Values vertically marked with the same letters are not significantly different. Statistical analysis: 

Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis of variance by ranks, α < 0.1. 

Treatment 

  

WC (%) GDW (gram) 

Laterita Banksii Laterita Banksii 

P6 90.90±0.67 a 93.17±0.49 a 0.09±0.01 a 0.11±0.02 a 

P6+0.1M 89.04±0.95 ab 90.67±0.44 ab 0.07±0.02 ab 0.08±0.02 ab 

P6+0.2M 87.11±1.52 ab 89.64±2.21 ab 0.06±0.02 ab 0.05±0.02 ab 

P6+0.3M 86.00±0.96 ab 85.55±3.96 b 0.04±0.00 b 0.04±0.02 ab 

P6+0.4M 82.79±2.23 b 87.19±0.79 b 0.04±0.01 b 0.03±0.00 c 

P6+0.5M 83.72±2.46 b 84.22±0.59 b 0.04±0.02 b 0.03±0.01 c 

 

Appendix 6: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa cultivars (Williams, Mbwazirume, Cachaco, 

Obino l'Ewai, Lep Chang Kut and Popoulou): GNL and GNR. Data collected on plants of six weeks 

old.  Values: Mean ± SD of five plants. Values vertically marked with different letter aresignificantly different.  

Statistical analysis: Variance analysis and separation of means with Tukey HSD test, P-value < 0.05. 

Experiment I: 

Cultivar  

GNL GNR 

Control Stress Control Stress 

Mbw 3.00 ± 0.00 ABC 0.60 ± 0.57 bc 5.00 ± 0.40 BC 3.60 ± 0.48 ab 

Will 3.80 ± 0.32 A 2.60 ± 0.57 a 6.60 ± 0.72 AB 4.00 ± 0.40 a 

Pop 3.80 ± 0.32 A 2.40 ± 0.57 a 6.40 ± 0.88 B 4.20 ± 1.44 a 

Cach 3.40 ± 0.48 AB 2.60 ± 0.57 a 4.40 ± 0.88 CB 3.60 ± 0.48 ab 

Obi 2.60 ± 0.48 BC 1.60 ± 0.57 ab 8.80 ± 1.44 A 4.20 ± 0.32 a 

Lep  2.40 ± 0.48 C 0.40 ± 0.57 c 4.00 ± 0.80 C 2.60 ± 0.48 b 
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Experiment II: 

Cultivar  

GNL GNR 

Control Stress Control Stress 

Mbw 3.00±0.71 A 1.00±0.00 b 3.20±0.84 C 2.20±0.84 b 

Will 3.60±0.55 A 2.40±0.55 a 6.00±0.71 B 3.40±0.89 b 

Pop 3.50±1.14 A 2.20±0.84 a 6.00±1.41 B 3.20±0.84 b 

Cach 3.80±0.84 A 2.20±0.45 a 5.40±1.14 BC 1.80±1.10 b 

Obi 2.80±0.45 A 1.80±0.45 ab 8.40±1.67 A 5.20±0.84 a 

Lep  2.60±0.55 A 1.40±0.55 ab 3.40±0.55 C 2.80±0.84 b 

 

Appendix 7: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa: LA, GFW and GDW. Data collected on plants of six 

weeks old.  Values: Mean ± SD of five plants. Values vertically marked with different letter aresignificantly 

different.  Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal - Wallis analysis 

of variance by ranks, α < 0.05. 

 

Experiment I 

Cultivars 

GLA  (mm2) GFWL (Grams) GDWL (Grams) 

Control Stress Control Stress Control Stress 

Mbw 1809±543.80 A 0±0 b  1.54 ± 0.32 A 0.38 ± 0.09 cd 0.08 ± 0.02 A 0.04 ± 0.01 cd 

Will 2682.2±579.81 A 754.8±248.80 a 1.99 ± 0.15 A 0.69 ± 0.09 ab  0.10 ± 0.01 A 0.07 ± 0.01 abc 

Pop 2024±250.40 A 125±114.02 b 1.70 ± 0.13 A 0.50 ± 0.07 bc 0.09 ± 0.01 A 0.05 ± 0.01 cd 

Cach 2359.4±430.04 A 689.6±276.80 a 1.67 ± 0.25 A 0.83 ± 0.06 a 0.10 ± 0.02 A 0.08 ± 0.01 a 

Obi 2524±1066.09 A 389.4±207.31 ab 1.70 ± 0.36 A 0.61 ± 0.06 b 0.09 ± 0.02 A 0.06 ± 0.01 bc 

Lep  290.6±54.64 B 0±0 b 0.39 ± 0.05 B 0.24 ± 0.06 d 0.03 ± 0.01 B 0.03 ± 0.01 d 

 

Experiment II 

Cultivars 

GLA (mm2) GFWL (Grams) GDWL (Grams) 

Control Stress Control Stress Control Stress 

Mbw 1112.60±237.34  BC 0.00±0.00 c 0.98±0.12 C 0.47±0.10 bc 0.06±0.01 C 0.05±0.01 bc 

Will 3039.60±422.17 A 603.20±141.06 a 1.74±0.13 AB 0.71±0.18 b 0.09±0.01 AB 0.07±0.02 ab 

Pop 1227.20±444.32 BC 252.80±228.39 b 1.47±0.17 B 0.55±0.20 bc 0.08±0.01 BC 0.05±0.02 bc 

Cach 2387.80±653.42 A 609.60±114.48 a 2.04±0.16 A 0.80±0.25 a 0.11±0.01 A 0.08±0.02 a 

Obi 1593.00±299.78 B 370.60±76.74 ab 1.42±0.35 B 0.59±0.06 bc 0.08±0.02 BC 0.06±0.01 abc 

Lep  703.60±86.41 C 0.00±0.00 c 0.47±0.08 D 0.27±0.11 c 0.03±0.01 D 0.03±0.01 c 
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Appendix 8: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa cultivars: FW and DW of roots. Data collected on 

plants of six weeks old.  Values: Mean ± SD of five plants. Values vertically marked with different letter 

aresignificantly different.  Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal - 

Wallis analysis of variance by ranks, α < 0.05. 

 

Experiment I 

Cultivars 

GFWR (Grams) GDWR (Grams) 

Control Stress Control Stress 

Mbw 1.04 ± 0.21 A 0.27 ± 0.07 a 0.05 ± 0.01 A 0.03 ± 0.00 a 

Will 0.80 ± 0.09 AB 0.18 ± 0.02 ab 0.05 ± 0.01 A 0.02 ± 0.00 b 

Pop 0.59 ± 0.18 ABC 0.13 ± 0.06 bcd 0.04 ± 0.01 AB 0.01 ± 0.00 bc 

Cach 0.42 ± 0.31 BC 0.04 ± 0.01 d 0.02 ± 0.01 C 0.00 ± 0.00 d 

Obi 0.48 ± 0.16 BC 0.14 ± 0.03 bc 0.03 ± 0.01 BC 0.01 ± 0.00 bc 

Lep  0.18 ± 0.05 C 0.06 ± 0.02 cd 0.02 ± 0.00 C 0.01 ± 0.00 cd 

 

Experiment II 

Cultivars 

FWR (Grams) DWR (Grams) 

Control Stress Control Stress 

Mbw 1.07±0.09 A 0.17±0.04 ab 0.07±0.00 A 0.02±0.01 a 

Will 0.76±0.08 B 0.19±0.02 a 0.05±0.00 A 0.02±0.00 a 

Pop 0.53±0.17 C 0.14±0.06 ab 0.03±0.01 BC 0.01±0.01 a 

Cach 0.40±0.08 C 0.01±0.01 c 0.03±0.00 BC 0.00±0.00 b 

Obi 0.26±0.12 CD 0.13±0.05 ab 0.02±0.01 C 0.02±0.01 a 

Lep  0.18±0.10 D 0.10±0.04 b 0.02±0.01 C 0.01±0.00 a 
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Appendix 9: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa cultivars: FW and DW of corms. Data collected on 

plants of six weeks old.  Values: Mean ± SD of five plants. Values vertically marked with different letter 

aresignificantly different. Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal- 

Wallis analysis of variance by ranks, α < 0.05.  

 

Experiment I 

Cultivats 

FW corm (Grams) DW corm (Grams) 

Control Stress Control Stress 

Mbw 0.56 ± 0.07 AB 0.37 ± 0.07 bc 0.05 ± 0.00 C  0.06 ± 0.01 bc 

Will 0.84 ± 0.20 B 0.40 ± 0.03 b 0.08 ± 0.01 B 0.07 ± 0.00 b 

Pop 0.48 ± 0.07 CD 0.30 ± 0.04 cd 0.04 ± 0.00 C 0.05 ± 0.01 cd 

Cach 0.87 ± 0.16 A 0.57 ± 0.06 a 0.11 ± 0.02 A 0.13 ± 0.02 a 

Obi 0.42 ± 0.09 BD 0.18 ± 0.02 d 0.05 ± 0.01 C 0.03 ± 0.00 d 

Lep  0.27 ± 0.05 CD 0.24 ± 0.04 cd 0.04 ± 0.01 C 0.05 ± 0.01 cd 

 

Experiment II 

Cultivars 

FW corm (Grams) DW corm (Grams) 

Control Stress Control Stress 

Mbw 0.54±0.08 AB 0.44±0.20 ab 0.051±0.01 BC 0.07±0.02 b 

Will 0.53±0.13 AB 0.39±0.13 ab 0.054±0.01 A 0.08±0.02 ab 

Pop 0.45±0.06 AB 0.39±0.07 ab 0.039±0.01 BC 0.06±0.01 b 

Cach 0.88±0.16 A 0.52±0.15 a 0.087±0.02 A 0.12±0.05 a 

Obi 0.68±0.53 AB 0.20±0.02 b 0.052±0.02 C 0.03±0.01 b 

Lep  0.32±0.07 B 0.35±0.13 ab 0.053±0.01 B 0.08±0.03 ab 
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Appendix 10: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa cultivars: Total GFW and GDW. Data collected on 

plants of six weeks old.  Values: Mean ± SD of five plants. Values vertically marked with different letter 

aresignificantly different. Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal- 

Wallis analysis of variance by ranks, α < 0.05.  

 

Experiment I 

Cultivars 

Total GFW (Grams) Total GDW (Grams) 

Control Stress Control Stress 

Mbw 2.50 ± 0.38 A  0.35 ± 0.08 bc 0.14 ± 0.23 AB 0.09 ± 0.02 c 

Will 2.91 ± 0.23 A 0.71 ± 0.10 a 0.19 ± 0.01 A 0.12 ± 0.01 b 

Pop 2.20 ± 0.35 A 0.47 ± 0.05 b 0.13 ± 0.03 BC 0.08 ± 0.00 c 

Cach 2.18 ± 0.34 A 0.78 ± 0.05 a 0.18 ± 0.03 AB 0.16 ± 0.02 a 

Obi 1.60 ± 0.66 A 0.49 ± 0.08 b 0.13 ± 0.03 C 0.07 ± 0.01 cd 

Lep  0.54 ± 0.07 B 0.19 ± 0.05 c 0.056 ± 0.01 D 0.05 ± 0.01 d 

 

Experiment II 

Cultivars 

Total GFW (Grams) Total GDW (Grams) 

Control Stress Control Stress 

Mbw 1.82±0.18 B 0.24±0.03 c 0.12±0.01 BC 0.09±0.02 bc 

Will 2.41±0.23 AB 0.62±0.13 ab 0.15±0.02 AB 0.12±0.02 ab 

Pop 1.83±0.34 B 0.47±0.20 abc 0.11±0.01 CD 0.08±0.02 bc 

Cach 2.67±0.48 A 0.72±0.20 a 0.18±0.04 A 0.17±0.05 a 

Obi 1.87±0.35 AB 0.52±0.07 ab 0.11±0.01 CD 0.08±0.01 bc 

Lep  0.67±0.16 C 0.20±0.10 c 0.07±0.01 D 0.06±0.03 c 
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Appendix 11: Estimation of growth reduction of Musa cultivars due to sorbitol osmotic stress 

under in vitro condition: % of reduction of total GFW and GDW weights. Values: ((Differences of 

means of five plants grown on control medium and on stress medium) / means of five plants grown on control 

medium) X 100. 

 

Cultivars 

First experiment Second experiment 

Total GFW (%) Total GDW (%) 

Total GFW 

(%) 

Total GDW 

(%) 

Mbw 86.00 35.71 86.81 25.00 

Will 75.60 36.84 74.27 20.00 

Pop 78.64 38.46 74.32 27.27 

Cach 64.22 11.11 73.03 5.56 

Obi 69.38 46.15 72.19 27.27 

Lep  64.81 10.71 70.15 14.29 

 

Appendix 12: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa cultivars: WC of leaves and roots. Data collected 

on plants of six weeks old.  Values: Mean ± SD of five plants. Values vertically marked with different letter 

aresignificantly different. Statistical analysis: Variance analysis with nonparametric statistics and the Kruskal- 

Wallis analysis of variance by ranks, α < 0.05.  

 

Experiment I 

Cultivars 

WCL (% of FW) WCR (% of FW) 

Control Stress Control Stress 

Mbw 94.66±0.2 AB 87.43±3.73 a 94.81±0.47 A 88.76±2.72 a 

Will 94.88±0.4 A 90.34±0.57 a 93.62±0.2 AB 89.46±0.94 a 

Pop 94.53±0.11 AB 89.89±0.74 a 93.47±0.98 AB 86.66±0.33 a 

Cach 93.73±0.44 B 89.84±0.17 a 93.79±2.71 AB 87.80±0.62 a 

Obi 94.61±0.18 AB 90.17±0.53 a 94.36±0.82 A 89.92±0.75 a 

Lep  91.22±0.89 C 86.80±1.15 a 91.06±1.24 B 87.39±0.61 a 
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Experiment II 

Cultivars 

WCL (% of FW) WCR (% of FW) 

Control Stress Control Stress 

Mbw 94.04±0.31 AB 89.40±0.40 ab 93.78±0.53 A 88.73±2.50 a 

Will 94.55±0.14 A 89.72±0.53 ab 92.85±0.57 A 88.71±0.91 a 

Pop 94.77±0.33 A 90.51±0.49 a 93.52±0.87 A 89.29±0.26 a 

Cach 94.70±0.14 A 89.48±0.65 ab 93.48±0.25 A 85.34±4.07 a 

Obi 94.60±0.24 A 90.18±0.45 a 93.31±0.85 A 86.82±1.07 a 

Lep  92.68±1.83 B 88.77±0.94 b 89.45±3.88 B 87.02±1.11 a 

 

Appendix 13: Effects of P6 medium (Control) and P6 medium supplemented with 0.2 M 

sorbitol (Stress) on growth of different Musa cultivars: WC of corms and total WC. Data 

collected on plants of six weeks old.  Values: Mean ± SD of five plants. Values vertically marked with different 

letter aresignificantly different. Statistical analysis: Variance analysis with nonparametric statistics and the 

Kruskal- Wallis analysis of variance by ranks, α < 0.05.  

 

Experiment I 

Variery 

WC of corm (% of FW) WC total (% of FW) 

Control Stress Control Stress 

Mbw 91.77±0.91 A 83.79±0.89 a 94.28±0.34 A 87.03±0.89 b 

Will 90.21±1.4 B 82.33±1.16 a 93.67±0.33 A 87.88±0.4 ab 

Pop 91.33±0.92 A 84.02±3.3 a 93.94±0.17 A 88.35±0.81 ab 

Cach 87.12±1.24 BC 78.01±0.78 b 91.66±0.75 B 85.21±0.67 bc 

Obi 88.95±1.16 AB 83.92±1.44 a 93.72±0.14 A 89.11±0.27 a 

Lep  84.95±1.88 C 80.52±1.24 ab 89.35±1.42 C 84.43±0.74 c 

 

Experiment II 

Variery 

WC of corm (% of FW) WC total (% of FW) 

Control Stress Control Stress 

Mbw 90.55±0.66 A 83.72±1.60 a 93.40±0.29 A 87.28±0.76 a 

Will 89.75±1.00 A 80.11±1.86 b 93.61±0.17 A 87.12±0.52 a 

Pop 91.33±1.18 A 85.31±0.75 a 93.95±0.39 A 88.76±0.44 a 

Cach 90.26±1.29 A 76.73±2.12 c 93.47±0.32 A 85.03±1.21 b 

Obi 91.07±2.22 A 83.49±1.56 a 93.99±0.53 A 88.43±0.90 a 

Lep  83.42±1.40 B 78.23±1.44 bc 89.13±0.64 B 83.67±1.05 b 
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Appendix 14: Variation of ψw in leaves of two Musa cultivars (Obino l’Ewai and Williams) 

grown on two different culture media: P6 medium (control) and P6 medium supplemented 

with 0.2 M sorbitol (stress).  

Days Treament Obi Will 

6 days 

Control (- 0.49 Mpa) -1.81±0.08 -1.78±0.01 

Stress (-1.03 Mpa) -1.99±0.05 -2.00±0.15 

12 days 

Control (- 0.49 Mpa) -1.90±0.13 -1.88±0.05 

Stress (-1.03 Mpa) -2.08±0.03 -2.175±0.1 

18 days 

Control (- 0.49 Mpa) -2.05±0.05 -2.03±0.04 

Stress (-1.03 Mpa) -2.21±0.11 -2.29±0.02 

 

Appendix 15: Statistical analysis of variance of ψw of two Musa cultivars (Obino l’Ewai and 

Williams) grown in two different conditions: P6 medium (control) and P6 medium 

supplemented with0.2 M sorbitol (stress medium). 
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