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Thesis Abstract 

Banana (Musa spp.) is one of the major staple foods grown in the subtropical and tropical 

parts of the world. Given the increasing drought occurrences in sub-Saharan Africa and 

high susceptibility of banana to water stress, the improvement of cultivars through 

breeding offers the most effective and long-term solution to protect the crop against the 

daunting effects of climate change. Therefore, the objectives of this study were: (1) to 

assess the effects of drought on banana production and identify management strategies 

deployed by farmers (2) to determine the response of a diverse set of Musa genotypes to 

water stress based on phenotypic and physiological traits and select promising genotypes 

for use in banana drought tolerance breeding (3) to analyse the hybridisation success of the 

two selected drought-tolerant candidate male parental lines based on pollination success, 

seed production, embryo recovery and embryo germination rates (4) to determine the 

genetic relationships and diversity among 55 banana genotypes using DArT-based SNP 

markers and (5) to determine the variability of water usage and assess the growth behaviour 

and transpiration responses of secondary banana hybrids and their parental lines to 

declining soil water content in function of vapour pressure deficit and light intensity.  

A baseline participatory study involving 120 banana farmers selected from eight major 

banana growing districts in the cattle corridor of Uganda showed that the majority of the 

farmers were small-scale holders utilizing intercropping systems and growing mostly East 

African Highland (EAHB) cooking-type bananas. Fifteen drought stress effects were 

reported, with reduced bunch weight (90%) being the most prevalent. Amongst the 

different drought mitigation practices, mulching (56%) was used the most, although 

irrigation (10%) was the most effective option, but the high cost of water pumps and water 

scarcity limited its deployment. The extent of deployment of mitigation practices was 

mostly low (72%), with farmers applying only 1-3 practices.  

The second study evaluated 16 genetically diverse banana genotypes in the screen-house 

at the National Agricultural Research Laboratories, Uganda, under well-watered and water 

stress conditions. Water stress significantly reduced the plant height (PH), total leaf area 

(TLA), number of functional leaves (FL), total dry matter (TDM), chlorophyll content 

(CC) and relative water content (RWC). Genotype by water treatment interaction effects 
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were significant for TLA, PH, FL, number of new leaf cigars (LC) and RWC (p < 0.01; p 

< 0.05). The water use efficiency (WUE) of 12 genotypes increased under water stress 

conditions. Stomatal conductance was also affected by the genotype x water treatment 

interaction (p < 0.05). ‘ITC.0987’ was the most tolerant, whilst among the improved 

diploids, ‘TMB2x9722-1’ had the least TDM reduction and the highest WUE, and 

‘TMB2x9172’ showed the least decrease in RWC and highest root-shoot ratio (RSR) under 

stress conditions. Thus, ‘ITC.0987’, ‘TMB2x9722-1’ and ‘TMB2x9172’ are essential 

drought-tolerant candidates that may be utilized in breeding. 

In the third study, pollination success, seed set rate, embryo recovery and germination 

success were determined for crosses between four tetraploid Musa hybrids, including 

‘660K-1’, ‘917K-2’, ‘1201K-1’ and ‘222K-1’ (female parents) with two diploid drought-

tolerant candidates, ‘TMB2x9722-1’ and ‘TMB2x9172’ (male parents). Seed set (p < 

0.05), embryo recovery (p < 0.001) and embryo germination (p < 0.001) were significantly 

affected by female-male parent interaction effects. Crosses with ‘TMB2x9172’ exhibited 

relatively higher pollination success, seed set, and embryo recovery than those with 

‘TMB2x9722-1’. Thus, ’TMB2x9172’ was the more ideal male parent for generating 

progeny populations for subsequent drought tolerance studies.  

The fourth study determined the genetic relationships and diversity among 55 Musa spp. 

genotypes using 1551 high-quality DArTseq-based SNP markers. The study population 

comprised breeding lines, Musa progenies, wild species and landraces. Neighbour-joining 

(NJ) cluster analysis divided the population into two major clusters, with one large cluster 

consisting of all the breeding lines, progenies, ‘Mpologoma’ (AAA) and ‘Calcutta-4’ (AA) 

and a smaller cluster consisting of ‘Musa balbisiana’ and three landraces, all with a ‘B’ 

genome. We zoomed into the genetic relationships of 16 selected Musa progenies and their 

drought-sensitive female (‘917K-2’) and tolerant male (‘TMB2x9172’) parents and 

identified sub-clusters of uniquely and genetically similar progenies. Principal component 

analysis was consistent with the NJ tree and predicted that three progenies, ‘NM101F1’, 

‘MNK-17-11’ and ‘MNK-17-12’, were more genetically identical to their male parent, 

while the rest of the progenies were more identical to the female parent. Analysis of 

molecular variance showed that 88% and 12% of the total genetic variation were within 

and between the gene pools, respectively. The SNP markers had a mean proportion of 
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polymorphic loci and observed heterozygosity of 0.65 and 0.36, respectively, indicating 

the existence of substantial genetic diversity across the study population.  

The fifth study investigated the water usage, plant growth and transpiration rates (Erate) of 

18 Musa spp. hybrids, including 16 progenies and their two parental genotypes. Traits 

recorded were duration of soil water content (SWC) decline from 2.1 g g-1 (-0.01 MPa) to 

0.7 g g-1 (-1.92 MPa), functional total leaf area (TLA), leaf damage, and transpiration rates 

(Erate). Erates were modelled in relation to SWC, vapour pressure deficit (VPD) and light 

intensity according to the Jarvis-Stewart model. The number of days taken for SWC to 

drop to 0.7 g g-1 (-1.92 MPa) differed significantly (p < 0.05) among the genotypes. The 

TLA, leaf damage and Erate were significantly affected by the genotype, water treatment 

and genotype x water treatment interaction effects. The female parent (‘917K-2’) and four 

triploid progenies, ‘MNK-16-3’, ‘MNK-16-16’, ‘MNK-16-8’ and ‘MNK-17-5’, exhibited 

good growth potential under optimum conditions, but their growth was significantly 

reduced during short periods of water stress (17-22 days). The male parent (‘TMB2x9172’) 

and two diploid progenies, ‘MNK-17-11’ and ‘MNK-17-12’’ took longer to deplete their 

soil moisture (28-35 days) and sustain relatively good growth under water stress 

conditions. ‘MNK-16-2’, ‘MNK-16-4’, ‘MNK-16-5’ and ‘MNK-17-6’ (all triploids) had 

relatively good growth under both well-watered and stress conditions but relatively fast 

soil water depletion. Genotype-specific critical thresholds (SWCcrit) were observed, 

implying varying stomatal and or hydraulic control levels. Based on the daily Erate model, 

‘MNK-17-6’ had the highest SWCcrit (4.92 g g-1, -0.0002 MPa), indicating a conservative, 

drought-avoiding response to a declining SWC. Among the eight genotypes assessed under 

gradual increase in VPD and light, ‘MNK-17-4’ and ‘MNK-17-12’ had the fastest and 

slowest Erate increases, respectively.  

In conclusion, drought is a major threat to sustainable banana production in the East 

African Great Lakes region. Therefore, there is an urgent need to develop and deploy 

varieties with improved tolerance to drought. Also, farmers need to prioritise preventive 

drought mitigation practices. The selected drought-tolerant candidate banana genotypes 

(diploids) are recommended for further field testing and future use in crosses as male 

parents to generate larger segregating populations and or improve drought tolerance in 

cultivars that are susceptible but possess desirable agronomic and taste attributes, e.g. the 
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EAHBs. The causes of low hybridisation success and poor embryo germination in crosses 

with the drought-tolerant candidate, ‘TMB2x9722-1’, should be investigated to enhance 

its utilisation in banana drought tolerance crossbreeding. The study also recommends 

crossing ‘TMB2x9172’and ‘TMB2x9722-1’ to generate even more drought-tolerant 

hybrids. Understanding the genetic relations of the progenies is valuable in providing 

insight into the genetic diversity underlying the phenotypic diversity, especially regarding 

their responses to water stress. The great phenotypic variation observed in the water usage, 

growth, and transpiration behaviour of the tested progenies in relation to the fluctuating 

environment suggests that the suitability of a given progeny will depend on the prevailing 

drought scenario. The relatively drought-tolerant diploid progenies, ‘MNK-17-11’ and 

‘MNK-17-12’, should be further evaluated for their growth and yield potential under 

optimum and drought field conditions. The contrasting phenotypic behaviour among 

genetically similar progenies highlighted the significance of the environmental impact on 

a plant’s phenotypic expression. Despite the challenges posed by the complexity of banana 

drought tolerance, this work illustrates that banana drought tolerance improvement through 

crossbreeding is possible.   
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Chapter 1: Introduction to thesis  

1.1 Background  

Banana (Musa spp.) ranks among the world’s top ten food commodities (Anders et al., 2021), 

with an estimated annual production volume of 135.1 million tonnes harvested from a total 

global acreage of 5.94 million ha (FAOSTAT, 2022). It is mainly grown in tropical and 

subtropical regions and consumed in various forms, including cooked (cooking banana), 

beverage (juice/beer banana), or eaten ripe and raw (dessert banana) (Karamura, 1998; Fungo 

and Pillay, 2011; Nansamba et al., 2022). Processed banana products include banana chips, 

starch and flour but their markets are still underdeveloped. Major banana exporting regions 

include Latin America (Ecuador, Costa Rica, Guatemala and Colombia), Asia (Philippines) 

and the Caribbean (FAO, 2023). In Africa, Côte d’Ivoire and Cameroon are the two leading 

exporters of bananas. Currently, all global banana export varieties belong to the Cavendish 

group and are valued at approximately US$12.8 billion (FAOSTAT, 2021). In developing 

countries, the crop is mainly grown for domestic consumption in both urban and rural areas.  

Bananas are grown in nearly all tropical countries in Africa. Of particular interest is the East 

African Great Lakes (EAGL) region, which hosts some of the largest banana production 

systems on the continent.  In fact, in 2021, the EAGL region constituted about 51.1% of 

Africa’s banana production according to FAOSTAT estimates. Banana production in this 

region is dominated mainly by smallholder farmers who rely on the crop for their food and 

income source (Lynam, 2000; Gambart et al., 2020). In this region, the East African Highland 

Bananas (EAHBs, Musa AAA genome), believed to have originated from Southeast Asia and 

Indochina (Simmonds, 1962), comprise most of the bananas cultivated. For instance, in 

Uganda, EAHBs are a major daily energy source for over 13 million people (Bill and Melinda 

Gates Foundation, 2014) and are grown by at least 75% of the farmers (Gold et al., 2002; 

Tumuhimbise et al., 2018). Karamura et al. (2012) estimated the region’s banana annual per 

capita consumption to range between 250 and 600 kg. The EAHBs were introduced into the 

EAGL region around 2500-3000 years ago, and the region has since become the secondary 

centre of diversity for the EAHBs (AAA genome) (Simmonds, 1966). The current diversity 

originates from relatively few meiosis events, followed by somaclonal mutations and 

continuous selection by farmers (Sardos et al., 2016a).    
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Despite its importance, banana productivity in the EAGL region remains below (<30 t ha-1 

year-1) the potential (>70 t ha-1 year-1) (Tushemereirwe et al., 2001; van Asten et al., 2005) due 

to several biotic and abiotic constraints. Among the banana pests, the banana weevil 

Cosmopolites sordidus (Germar) and parasitic nematodes (Pratylenchus coffeae and 

Radopholus similis) are the most destructive (Gowen et al., 2005; Ocan et al. 2008). Major 

diseases of banana include fusarium wilt (Fusarium oxysporum f.sp. cubense) (Kangire et al., 

2000), banana bacterial wilt (Xanthomonas campestris pv. musacearum) (Tripathi et al., 2013; 

Ocimati et al., 2014) and black Sigatoka (also known as black leaf streak disease) 

(Mycosphaerella fijiensis) (Barekye et al., 2009). One of the key solutions to tackle some of 

the above biotic challenges is developing disease and pest resistant varieties through 

crossbreeding (Tenkouano et al., 2003; Tumuhimbise et al., 2019; Madalla et al., 2022a). For 

instance, the National Agricultural Research Organization (NARO) of Uganda bred and 

released four improved cultivars (‘NAROBan1’, ‘NAROBan2’, ‘NAROBan3’, and 

‘NAROBan4’) with resistances to black Sigatoka, banana weevil and nematodes, three of the 

country’s major pests and diseases (Tumuhimbise et al., 2018). Moreover, these banana hybrids 

produce high yields (54.9 - 68.8 t/ha/year) and possess desirable consumer taste attributes such 

as a soft, yellow and tasty pulp. The same breeding program released earlier a ‘matooke’ hybrid 

called ‘Kiwangaazi’, which is also resistant to nematodes, black Sigatoka and banana weevils 

(Nowakunda et al., 2015). Other efforts to improve host-plant resistance and key agronomic 

attributes have come from a joint research partnership between NARO and the International 

Institute of Tropical Agriculture (IITA) (Madalla et al., 2022a; 2022b).  

Regarding abiotic stresses, drought is the leading factor constraining banana production in the 

East African highlands (Taulya et al., 2006; van Asten et al., 2011; Uwimana et al., 2021; 

Nansamba et al., 2022). EAHBs have a high water usage, low water use efficiency, and a weak 

drought avoidance mechanism (van Wesemael et al., 2019; Eyland et al., 2021). While it is 

predicted that among all the roots, tubers and banana crops, bananas will exhibit the highest 

growth in demand and supply under future climates (Petsakos et al., 2019; Manners et al., 

2021), increasing rainfall variability and vapour pressure deficits caused by rising atmospheric 

temperatures pose a significant risk for its production and yield (Varma and Bebber, 2019; 

Abdoussalami et al., 2023). EAHB bananas have received much attention with respect to 

breeding for improved pest and disease resistance and high yield but much effort is still 

required to enhance the crop’s resilience to abiotic stresses (Nowakunda et al., 2015; Madalla 
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et al., 2022a), including drought stress. This calls for research efforts geared towards the 

development of improved banana varieties with adaptability to limited rainfall conditions. In 

the EAGL region and globally, recurrent and severe droughts associated with unpredictable 

rainfall patterns or seasonal rainfall variability, emanate from climate change and extreme 

weather changes (Hepworth and Goulden, 2008; Mohammed et al., 2022). To offset the 

devasting impacts of climate change on crop production (and hunger), investments in 

agricultural research, water management and rural infrastructure are required (Sulser et al., 

2021).  

1.2 Problem statement  

Drought occurs when the soil water supply (from rainfall and/or irrigation) is inadequate to 

meet the crop’s transpiration needs (Tuberosa et al., 2012). Depending on the variety and 

geographical location, the banana crop requires mean annual rainfall ranging between 1200 

mm and 2690 mm for optimal growth (Carr, 2009; Ravi et al., 2013). However, major banana 

production systems, such as the East African highlands, lie within marginal areas (characterised 

by seasonal droughts) where bananas are mainly grown by small-scale farmers with limited 

financial resources to set up irrigation systems. Given that crop production in this region is 

completely rainfed, banana cultivation is greatly threatened in the face of climate change 

phenomena, including water scarcity, increasing temperatures and erratic weather patterns 

(Sabiti et al., 2018; Girvetz et al., 2019; Vandamme et al., 2022). Agnolucci et al. (2020) have 

already reported the negative impacts of rising temperatures on the yields of several crop 

species across countries. With climate change, frequent and more severe droughts are expected 

in the Sub-Saharan African region (Owoyesigire et al., 2016; Sabiti et al., 2018; Chari and 

Ngcamu, 2022). It is also projected that rainfall variability and atmospheric vapor pressure 

deficits will increase due to increasing temperatures, thereby negatively impacting production 

potential and yield gains (Rippke et al., 2016; Varma and Bebber, 2019; Abdoussalami et al., 

2023). For instance, Sabiti et al. (2018) predicted that soil water deficits resulting from 

expected temperature rises and increased evaporative demand could retard future banana 

production in specific areas in Uganda. Moreover, in Central and Southwest Uganda, where 

banana is a major staple, drought reduces the bunch weight by 9% for every 100 mm yr-1 

reduction in rainfall (van Asten et al., 2011). Other studies have also shown how seasonal 
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drought contributes immensely to the crop’s failure to attain optimal growth and substantial 

yield losses (Wairegi et al., 2010; Uwimana et al., 2021).  

It is critical to note that bananas have a long crop cycle of 12-18 months (depending on the 

cultivar), which exposes the crop to longer and /or more drought events (Ravi et al., 2013). 

Moreover, drought affects various banana growth stages, including the early vegetative stage, 

floral primordial initiation, flowering and bunch/finger development (Robinson and Alberts, 

1986; Stevens et al., 2020). During the early stages, drought significantly reduces leaf 

production and the growth in plant height, plant girth and leaf area (Delfin et al., 2016; 

Uwimana et al., 2020; Eyland et al., 2022). In mature plants, drought stress delays the flowering 

time and bunch maturity and negatively impacts yield traits such as bunch weight, number of 

hands and number of fruits (Goenaga and Irizarry, 2000; Van Asten et al., 2011; Uwimana et 

al., 2020; Nkoulou et al., 2023).  Considering that EAHBs are a primary staple food and an 

income generating commodity for millions of people in the EAGL region, drought indeed, 

poses a major threat to sustainable banana production, food- and income security. So far, no 

breeding program has purposely developed and released EAHB hybrids that are tolerant to 

drought. 

Large collections of genetically diverse bananas are maintained ex-situ and in-situ by the 

International Musa Germplasm Transit Centre (ITC) and twelve banana breeding programmes 

spread across the world. The banana germplasm collection centre of East and Central Africa, 

hosted in Mbarara, Uganda, is one of the largest ex-situ conservation centres. The Musa 

Germplasm Information System (MGIS) indicates that over 440 accessions, including local 

and exotic types, are currently maintained in this germplasm collection. Among these 

accessions are diploids, some of which have been utilized in banana pest and disease resistance 

breeding (weevil, nematodes and black Sigatoka) (Nowakunda et al. 2015; Tumuhimbise et al. 

2018) but have not been assessed for their response to water stress and hence their potential 

use in banana drought tolerance improvement is yet to be established.  

The lack of banana cultivars in the EAGL region that are tolerant to drought conditions 

prompted several researchers to initiate screening and evaluation of different EAHB accessions 

under water stress conditions. (Taulya et al., 2006; Kayongo et al., 2015; Stevens et al., 2020). 

However, only a few accessions have been evaluated, given the huge investment (in time, 

space, financial and human resources) required to characterize a more extensive set of cultivars. 
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So far, over 115 different EAHB varieties consisting of a wide phenotypic diversity have been 

described (Tugume et al., 2002; Karamura et al., 2012; Perrier et al., 2019), and only a fraction 

of these accessions has been evaluated for their reaction to water stress. Therefore, the diversity 

(regarding drought tolerance) within several EAHB cultivars is not yet known. Further, 

literature on the inheritance of genomic regions controlling drought stress tolerance and 

phenotype–genotype associations in banana is very scanty. Sampangi-Ramaiah et al. (2023) 

identified five major quantitative trait loci (QTLs) on chromosomes 2, 5 and 8 for three drought 

tolerance-related traits, including leaf cuticular wax, adaxial stomatal density and leaf water 

retention capacity. Unfortunately, the F1 hybrids/ individuals used in this study were developed 

by crossing two wild banana relatives (M. acuminata ssp. burmannicoides Colla –'Calcutta-4' 

and M. balbisiana collection 'Bee hee kela'), which potentially harbour and most likely 

transferred several undesirable agronomic and taste attributes to their offspring. This has made 

their deployment and adoption by farmers difficult, despite some of them being drought 

tolerant. Although wild crop relatives naturally possess beneficial breeding traits, they also 

often contain undesirable agronomic traits which are inherited by the offspring (Iskra-Caruana 

et al., 2014; Prohens et al., 2017). Moreover, information on the transfer of favourable drought 

tolerance alleles/ genes from cultivars with desirable agronomic and taste qualities (e.g., 

EAHBs or hybrids with an EAHB genetic background) to their offspring is lacking.  

1.3 Rationale of this study 

The increasing adverse effects of drought on banana productivity in the East African highlands 

pose a huge threat to sustainable banana production, food security and agricultural incomes. It 

is, therefore, crucial that more research efforts be directed towards enhanced drought stress 

management. Effective drought stress management solutions lie in breeding banana varieties 

that are adapted to drought stress and better cultivation and crop management practices. 

Therefore, involving farmers early in the breeding process in the form of participatory baseline 

studies will provide insight into the variability (in terms of drought sensitivity levels, i.e., 

highly sensitive, moderately tolerant, very tolerant, or not affected at all) within the genetically 

diverse banana gene pool (set of cultivars) that farmers maintain. Moreover, since participatory 

investigations require fewer financial resources, they offer a cheaper alternative for 

determining and documenting the variability within the large set of cultivars grown by farmers. 

The participatory baseline study will also be critical in identifying coping practices that banana 
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growers deploy to mitigate drought effects on-farm, the extent of deployment and the specific 

purpose for each practice. The knowledge from this systematic preliminary study will not only 

be crucial in supporting the improvement of farmer drought-coping practices but also inform 

more targeted research efforts geared towards improved banana drought tolerance and stress 

management.  

While proper cultural and crop management practices can narrow the gap between the actual 

and maximum crop yields, the genotype determines the potential under specific climatic 

conditions (Negin and Moshelion, 2017). Drought-tolerant genotypes will sustain growth and 

bring forth reasonable yield even during limiting water conditions. The introduction of drought 

tolerance genes into farmer-preferred cultivars through crossbreeding requires prior selection 

of appropriate male parent candidates. Screening of the genetically diverse set of banana 

accessions maintained at the ECAGC in Uganda will be critical in identifying drought-tolerant 

candidates that can be utilized as male parents in mainstream banana genetic improvement 

initiatives. Successful selection for drought-tolerant candidates could be achieved through 

selection for morphological and physiological traits, including attributes pertaining to plant 

growth, plant water status and plant function (Ravi et al., 2013).  

Selected candidates, particularly improved diploids, could be crossed with other accessions 

(e.g., improved EAHB tetraploids) to develop superior progenies with combined taste, 

agronomic and drought tolerance superiority. Utilization of improved diploid candidates in 

crosses will minimize the co-inheritance with poor taste and agronomic traits which are often 

harboured in wild banana relatives (Iskra-Caruana et al., 2014; Prohens et al., 2017). However, 

the usability of the selected diploid candidate in banana drought tolerance breeding will depend 

on the hybridization success after crossing it with a female fertile accession. Therefore, the 

efficiency of selected drought-tolerant candidates (used as male parents) in producing 

progenies through crossbreeding needs to be established in pre-breeding initiatives. This will 

facilitate the identification of the actual causes of low hybridization success due to the male 

candidate, if any, followed by the development of solutions for overcoming such breeding 

barriers to enhance its usability in future banana drought improvement.  

The progenies developed from Musa spp. crosses with tolerant candidates need to be 

thoroughly evaluated for their reaction to water stress conditions before deployment to farmers. 

Given that drought hardly ever occurs by itself in nature and varies over time and location, the 
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growth potential and transpiration responses of progenies to drought should be assessed in 

relation with prevailing environmental factors such as light and vapor pressure deficit (VPD) 

(calculated from temperature and relative humidity). Construction of genotype-specific 

transpiration response models in conjunction with VPD, light and soil water potential will 

contribute immensely to successful breeding for unpredictable field conditions and hence 

enable the identification of improved genotypes suited for specific drought scenarios i.e., short, 

medium, and long drought periods.  

Knowledge of plant genetic diversity and the association between the phenotype and genetic 

markers is critical for crop improvement. Diversity studies in banana have utilized both 

morphological and molecular markers (Sardos et al., 2016b; Nyine et al., 2017; Hinge et al., 

2022). However, morphological markers are greatly affected by environmental variance, which 

lowers the selection efficiency during the development of improved cultivars. On the contrary, 

molecular markers are stable and not affected by environmental conditions since their 

determination is largely automated. Among the several molecular markers that have been used 

in banana research over the years are Diversity Array Technology (DArT) markers (Jaccoud et 

al., 2001; Risterucci et al., 2009; Hippolyte et al., 2010; Mbanjo et al., 2012; D’Hont et al., 

2012; Sardos et al., 2016a). The DArT-based SNP markers not only provide an opportunity to 

assess the genetic diversity among EAHB populations and exotic banana germplasm (Sardos 

et al., 2016a; Nyine et al., 2019) but also offer sufficient variation to distinguish between 

closely related genotypes. As such, DArT markers will be very useful in determining the 

genotypic variation among Musa progenies sharing the same parental lines. Furthermore, 

understanding the relationship between the genotype and phenotype is crucial for identifying 

genotypes carrying favourable alleles/ genes that are correlated to drought tolerance as well as 

determine the potential of the drought-tolerant male candidate(s) to transfer favourable 

genes/alleles to their offspring(s).   

 1.4 Aim  

The overall goal of this research study was to contribute to the improvement of East African 

Highland bananas through identification and introgression of drought tolerance genes into the 

EAHB populations. 
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1.5 Specific objectives 

The specific objectives of the research were: 

i) To assess the effects of drought on banana production and identify management 

strategies deployed by farmers.   

ii) To determine the response of a diverse set of Musa genotypes to water stress based on 

phenotypic and physiological traits and select promising genotypes for use in banana 

drought tolerance breeding  

iii) To analyse the hybridisation success of the two selected drought-tolerant candidate 

male parental lines based on pollination success, seed production, embryo recovery and 

embryo germination rates and to generate genotypes for use in subsequent genetic 

drought tolerance analyses.  

iv) To determine the genetic relationships and diversity among 55 banana genotypes using 

DArT-based SNP markers.  

v) To determine the variability of water usage and assess the growth behaviour and 

transpiration responses of secondary banana hybrids and their parental lines to a 

declining soil water content in function of vapour pressure deficit and light intensity.  

1.6 Research hypothesis  

The hypotheses of this study were: 

i) Farmers in Uganda are aware of the impacts of drought on the growth and yield of 

locally grown banana varieties, variability within the cultivars and have devised 

management practices to mitigate the drought stress.  

ii) Phenotypic traits and physiological traits significantly vary among Musa spp. 

genotypes under well-watered and water stress conditions and depend on the plant 

growth stage.  

iii) The hybridisation success of two selected drought-tolerant candidate male parental 

lines varies significantly.  

iv) Despite the narrow genetic diversity within the EAHB gene pool, a meiotic 

recombination will lead to the segregation of reactions of transpiration responses and 

resulting growth to declining soil water content and fluctuating light and vapor pressure 

deficit.   
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v) Valuable genetic diversity exists within the study’s test Musa spp. genotypes for 

drought tolerance.  

1.7 Outline of the thesis 

This thesis consists of eight different but interconnected chapters. The first chapter (1) is a 

general introduction to the thesis while Chapter 2 is written as a separate review paper. Chapters 

3-7 are written as separate research papers, each with a journal paper format. Chapter 8 covers 

the general overview and implications of the study’s findings. There are some inevitable 

overlaps and repetitions of information and references throughout the chapters because they 

have been formatted as distinct journal research papers. The Crop Science Society of America 

(CSSA) referencing system was applied, except for the published chapters, which followed the 

specific journal’s recommended style.   

Therefore, the thesis outline is as follows: 

1. Chapter 1: Introduction to thesis. 

2. Chapter 2: A review of the literature.  

3. Chapter 3: Assessing drought effects on banana production and on-farm coping 

strategies by farmers – a study in the cattle corridor of Uganda.  

4. Chapter 4: Response of banana (Musa spp.) to water stress based on phenotypic and 

physiological traits.  

5. Chapter 5: Evaluation of hybridization success of two improved drought-tolerant 

diploid bananas (Musa spp.). 

6. Chapter 6: Genetic relationships and diversity analysis of banana germplasm using 

Diversity Array Technology (DArT)-based SNP markers: implications for banana 

drought tolerance breeding. 

7. Chapter 7: Differential growth and transpiration response among banana hybrids - hope 

for banana drought tolerance breeding? 

8. Chapter 8: General overview and implications of the study.  
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Chapter 21: A review of the literature 

Abstract 

Drought is a major abiotic stress affecting banana production worldwide, leading to yield losses 

of up to 65%. Consequently, numerous efforts to understand and mitigate drought effects that 

include developing tolerant crop varieties are ongoing in several banana breeding programs. 

The breeding efforts, however, have been greatly slowed down by inherent banana problems 

(polyploidy and male or female sterility) and complexity of drought tolerance (reportedly 

controlled by several genes). This review summarizes the pertinent research findings on water 

requirements of banana for its proper growth and productivity, symptoms of drought-sensitive 

varieties and field management strategies to cope with drought stress. The coping strategies 

deployed by drought tolerant cultivars include high assimilation rates and water retention 

capacity as well as minor losses in leaf area and gaseous exchange. Reduced bunch weight, 

leaf chlorosis, wilting and choking are underlined to be directly associated with drought 

susceptibility. Integration of conventional, molecular breeding and biotechnological tools as 

well as exploitation of the existing banana genetic diversity presents a huge opportunity for 

successful banana improvement. 

Keywords: banana water requirement, drought stress, drought tolerance, molecular markers, 

Musa spp., phenotyping 

  

 

1 This chapter was published in the journal, Plant Breeding: Nansamba, M., J. Sibiya, R. Tumuhimbise, D. 

Karamura, J. Kubiriba, and Karamura E. 2020. Breeding banana (Musa spp.) for drought tolerance: A review. 

Plant Breed. 139:685–696. https://doi.org/10.1111/pbr.12812. 
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2.1 Introduction 

Banana (Musa spp.) is a major staple and commercial crop with a global production of 113.9 

million tons (FAOSTAT, 2017). It is grown in several countries, mainly in the warm and humid 

tropical regions of the world with abundant rainfall, including Africa, Latin America, 

Caribbean, Asia and Pacific. In Africa, over 70 million people derive 25% of their dietary 

energy from banana and plantain (Edward and Fredy, 2012). Bananas are consumed in various 

forms including raw, cooked, baked, steamed, or fermented (Fungo and Pillay, 2011). 

However, their production in major growing regions is greatly affected by a complex of biotic 

and abiotic stresses, ultimately threatening the livelihoods of smallholder farmers in the 

developing world. Prominent biotic stresses include pests such as banana weevil (Cosmopolites 

sordidus) and nematodes (Pratylenchus coffeae and Radopholus similis) (Gold et al., 2004; 

Ocan et al., 2008; Speijer, 1999), while diseases include banana bacterial wilt (caused by 

Xanthomonas campestris pv. musacearum) (Tripathi et al., 2013; Ocimati et al., 2014), black 

leaf streak disease (caused by Mycosphaerella fijiensis) (Marín et al., 2003; Barekye et al., 

2009), fusarium wilt (caused by Fusarium oxysporum f.sp. cubense) (Ploetz, 2015) and banana 

bunchy top virus disease (causal agent, banana bunchy top virus), (Niyongere et al., 2012). 

Among the abiotic stresses, salinity (Ravi and Uma, 2011), heat, low soil fertility (Bekunda 

and Woomer, 1996; Wairegi et al., 2010) and drought (Taulya et al., 2006; van Asten et al., 

2011) are the most prevalent.  

As a result of climate change, adverse effects of drought have become more pronounced in the 

tropics and subtropics of the world (Ravi et al., 2013). Plants experience drought stress when 

the amount of water in the soil is insufficient to meet their transpiration demand (Tossi et al., 

2022). For optimal production, bananas require a minimum of 100 mm of evenly distributed 

rainfall every month (Robinson and Sauco, 2010). Bananas are very sensitive to drought, which 

may cause yield reductions of up to 65% when the annual rainfall falls below 1,100 mm per 

annum (van Asten et al., 2011). Therefore, banana varieties which can produce reasonable yield 

with less water offer the most promising alternative to protecting the banana crop against 

daunting drought effects.  

Drought tolerance is a complex trait whose expression is controlled by many genes and 

environmentally varies over location and time, which complicates the development of a 

standard for drought (Ravi et al., 2013). Despite these challenges, the banana gene pool is very 
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diverse and hence presents a great opportunity for the enhancement of complex quantitative 

traits, including drought tolerance. Currently, the Musa International Transit Centre (ITC) in 

Belgium hosts and maintains over 1,500 Musa accessions in vitro including cultivated banana 

varieties, wild relatives, and improved hybrids (Swennen et al., 2011). These accessions require 

screening as only a fraction of the collection has been assessed in vitro for reaction to drought 

stress (Vanhove et al., 2012). From this germplasm collection, appropriate male and female 

parents can be selected and crossed to produce segregating populations from which drought-

tolerant banana genotypes can be obtained. The challenge, however, is that banana is by nature 

a clonally propagated crop and every attempted successful cross results in new genotypes, often 

accompanied by co-inheritance with undesirable growth and fruit characteristics (Ramirez et 

al., 2011). Consequently, fixation of drought tolerance in banana through conventional 

breeding would require several generations of backcrossing. Co-inheritance of undesirable 

genes on the other hand can be minimized using genetic modification techniques, whereby only 

the desirable genes are inserted into the genome of the genotype which requires improvement 

(Tripathi et al., 2010). The objective of this review is to provide a summary of research efforts 

that have been directed towards understanding and breeding for drought tolerance in bananas. 

The following research questions will be addressed in the review: (a) “What are the 

physiological, biochemical and molecular changes that occur in banana under conditions of 

moisture stress?”, (b) “What is the molecular basis of drought tolerance in banana?” and (c) 

“What prospects do the current research findings, technology advancements and banana 

genetic diversity present for banana drought tolerance improvement?”.  

2.2 The banana root system 

The banana plant is a C3 monocotyledon plant that can grow up to 15 m in wild species and 2 

to 8 m in cultivated bananas (Karamura and Karamura, 1995; Swennen and Vuylsteke, 2001). 

The roots arise from the cambium layer of the corm (true stem) and emerge in bundles of four 

roots, forming an adventitious root system with no individual root as the primary root (Skutch, 

1932; Vásquez, 2003; Carr, 2009). These adventitious roots spread horizontally in the soil, 

reaching lengths of about 3 to 4 m (Swennen and Vuylsteke, 2001; Carr, 2009). However, 70 

% of these roots are found in the top 20 to 45 cm soil layers and grow within a radius of 1 m 

around the pseudostem (Draye et al., 2003; Sebuwufu et al., 2004; Carr, 2009). A previous 

report has shown that only 1.2% of these roots explore deeper soil layers (< 1 m) (Belalcázar 
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et al. (2003). Root hairs and lateral roots emerge at the tips of the adventitious roots, facilitating 

the uptake of water and nutrient uptake (Belalcázar et al., 2003; Draye et al., 2003). Although 

the banana root system is similar across genotypes, diversity in morphology exists amongst 

wild and edible bananas (Sebuwufu et al., 2004; Blomme et al., 2005).      

2.3 Water requirements for banana growth  

Banana is a large perennial fruit herb which requires at least 1,300 mm of rainfall per year for 

optimal growth (Mustaffa and Kumar, 2012). However, major production systems such as the 

East African highland banana are often small-scale, completely rainfed, and irrigation is not 

practiced. The area experiences bimodal rainfall patterns with an average of 900–1,100 mm 

per year and includes larger parts of Eastern Rwanda, south-western districts of Uganda and 

the western Kagera Region of Tanzania (van Asten et al., 2011). Moreover, such rains are 

unevenly distributed, which makes bananas prone to drought stress, thereby limiting production 

in large areas of Eastern Africa. In addition, with the changing climate, longer and more severe 

dry spells can be anticipated in eastern Africa (Hulme et al., 2001), and these will ultimately 

lead to increased moisture stress, which affects banana productivity and production. 

Accordingly, over 65 per cent of global commercial and /or export banana production is 

supplemented with irrigation (Carr, 2009).  

Irrigation needs may differ between locations due to environmental variations which are 

influenced by temperature, latitude and elevation, as well as seasonality and rainfall amounts 

and distribution during the growing season. Crop water requirements may also be influenced 

by the crop type and growth stage, with advanced stages requiring more water than the initial 

development stages (Brouwer and Heibloem, 1986). Irrigation requirements of horticultural 

crops like melon, green beans, watermelon, and pepper have been estimated using drainage 

lysimeters which measure evapotranspiration (Orgaz et al., 2005). Similarly, banana 

evapotranspiration has been estimated using the pan evaporation method (Goenaga and 

Irizarry, 2000).  

Table 2.1 summarizes the different irrigation treatments formerly investigated on banana, 

which can be used as references in drought tolerance studies. Although a substantial amount of 

research has been carried out to determine the water requirements of drip-irrigated bananas, 

specific information on the amount of irrigation to be applied is still lacking. Nonetheless, 
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Goenaga and Irizarry (1998) recommended a pan factor of 1.0 (100% evapotranspiration) as 

the adequate water consumption for optimum banana production after reporting a significant 

improvement in banana yield components of the mother plant and two ratoon crops.  

Table 2.1 Previously used irrigation regimes in banana 

Irrigation treatment Source 

0.25 to 1.25 ETa in increments of 0.25 Goenaga and Irizarry (2000) 

40%, 65%, 85% and 100% Standard maximum ET Shongwe et al. (2008) 

33%, 66%, 99%, and 120% (ET) Coelho et al. (2013) 

25%, 50%, 75%, 100%, 125% and 150% (ET) D'Albuquerque et al. (2013) 

0%, 50%, and 100% (ET) Fandika et al. (2014) 

0.5, 0.75 and 1 (ET)  Ali et al. (2015) 

aET, evapotranspiration from a class A pan  

2.4 Phenotypic symptoms of drought-sensitive banana cultivars 

Drought effects on banana are manifested at various growth stages including early vegetative 

stage, floral primordial initiation, flowering and bunch /finger development (Robinson and 

Alberts, 1986; Anon, 2008). However, the intensity of this damage depends on the growth stage 

of the plant and duration of stress (Ravi et al., 2013). Drought-sensitive banana cultivars exhibit 

characteristic symptoms both externally and internally (Uma et al., 2002; Mahouachi, 2007). 

Such symptoms may either be common across all sensitive genotypes or are genotype-specific. 

Internal symptoms are manifested as physiological and biochemical changes which occur at 

cell level (Surendar et al., 2013b). The most prominent external symptoms include leaf folding 

(Stevens et al., 2020a), wilting and /or drying of leaves resulting from overheating and 

dehydration of cells (Ravi and Vaganan, 2016) and a significant reduction in bunch yield (van 

Asten et al., 2011). For instance, when banana plants were deprived of water at flowering for 

four weeks, a reduction in the bunch weight, fruit length and circumference was observed at 

harvest in cultivars ‘Robusta’, ‘Karpuravalli’ and ‘Rasthali’ (Anon, 2008). Such significant 

decline in crop yield may be attributed to water stress at flower initiation which reduces the 

number of fruits and hands, whereas if drought stress occurs after flower initiation, only fruit 
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filling will be affected (Goenaga and Irizarry, 1998; Stevens et al., 2020; Uwimana et al., 2020). 

A significant reduction in the plant’s photosynthetic rate (during water stress conditions), 

which is greatly influenced by the leaf chlorophyll content as well as the closure of the stomata 

also contributes to the crop yield reduction (Flexas and Medrano, 2002). On the other hand, 

drought stress imposed at the juvenile stage was shown to cause significant reductions in 

transpiration rates and plant growth traits, including leaf area, pseudostem height, pseudostem 

girth, fresh and dry biomass, and leaf emergence (Ravi et al., 2013; van Weasel et al., 2019; 

Eyland et al., 2020; 2022; 2023; Thingnam et al., 2023). In field-grown plants, seasonal drought 

significantly slowed vegetative growth (i.e. plant height, number of suckers produced and plant 

girth), delayed flowering time and bunch maturity and had a negative impact on the yield traits 

(Uwimana et al., 2020).    

Water stress results in reduced production and increased breakdown of chlorophyll in leaves, 

which is manifested as leaf senescing or chlorosis (Dekov et al., 2000). Moreover, a correlation 

between leaf area and yield suggests the importance of leaf area and chlorophyll content as 

major determinants of the harvestable yield (Surendar et al., 2013a). A decline in 

photosynthesis also results in reduced biomass production and allocation (Mahouachi, 2009; 

Delfin et al., 2016) to major plant tissues like the pseudostem, which weaken and eventually 

snap or collapse. Other drought susceptibility symptoms such as stunted growth, choking, and 

formation of leaf petiole rosette (Figure 2.1) become more apparent when severe water stress 

occurs throughout the entire crop cycle. Screening banana germplasm in the field is important 

as it unveils the reaction of assessed genotypes under stress conditions which are consistent 

with reality in nature. However, this requires the use of large rainout shelters, screening in 

multiple locations, lengthy observations due to the long crop cycle (10–12 months), controlled 

water application as well as large human and monetary resources required.  
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2.5 Cultural practices for management of drought stress 

Drought tolerance in plants could be achieved by incorporating research technologies such as 

genetic engineering, screening of large amounts of germplasm (followed by identification of 

tolerant genotypes and breeding for tolerance), marker-assisted selection, and exogenous 

application of hormones and osmoprotectants to seed or growing plants (Farooq et al., 2009). 

Banana farmers, on the other hand, cope with drought stress by practicing the following 

management practices to replenish and maintain soil moisture to levels optimum for banana 

production. 

 

Figure 2.1 Symptoms of drought stress on banana: (A) wilting and drying of leaves (B) 

reduced bunch and finger size (C) stunted growth (D) snapping of weak pseudostem (E) 

choking and (F) formation of petiole rosette  
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2.5.1 Mulching  

Mulching, as a cultural management option, is often practiced in semi-arid regions and rainfed 

agricultural systems as a water-saving technique that regulates soil temperature, maintains soil 

moisture and reduces soil evaporation (Zegada-Lizarazu et al., 2011; Li et al., 2013; Zribi et 

al., 2015; Shaikh et al., 2023).  Mulching also improves the soil structure and porosity, thereby 

enabling increased root development, which allows more water and nutrient uptake by the plant 

(El-Beltagi et al., 2022). Additionally, mulch insulates the soil, protecting soil organisms and 

preventing damage and desiccation of plant roots (Krader et al., 2019). When organic mulch 

degrades, it enhances the soil’s organic matter and consequently increases the water-holding 

capacity of that soil (Kader et al., 2017, 2019; El-Beltagi et al., 2022). Common mulch options 

used in East African highland banana systems include dried weeds, grass (Pennisetum 

purpureum) and other crop or banana plant residues, e.g. banana peelings, pseudostems and 

pruned dry or fresh leaves (Bekunda, 1999; Wairegi et al., 2010; Kisakye et al., 2022; den 

Braber et al., 2024).  

2.5.2 Irrigation  

As indicated in Section 2.2 above, banana plantations require a large amount of water for 

irrigation. Supplementary irrigation is particularly vital during floral primordial initiation and 

development, flowering, and one-month post-flowering to ensure successful bunch emergence 

and fruit filling (Ravi and Vaganan, 2016). Moreover, increased irrigation boosts banana yield 

and quality (Fandika, et al., 2014; Stevens et al., 2020b). Large-scale commercial banana 

farmers supplement the available rainfall with drip or sprinkler irrigation, while for small-scale 

growers (form the majority and are often resource-limited), irrigation is often constrained by 

water scarcity and cost of water (Blum, n.d.; Nansamba et al., 2022) as well as limited access 

to irrigation facilities (Kabunga, et al., 2012). Even those smallholder growers that irrigate their 

plantations, the irrigation intensity remains rather low and less frequent (Kabunga et al., 2012). 

Supplementary irrigation, in many environments, can be made more effective if the water is 

applied before planting (Blum, n.d.). Pre-planting irrigation allows the crop to have a sufficient 

water supply early in the season, thereby ensuring its proper establishment and growth in spite 

of unexpected rainfall variations. As the atmospheric conditions become warmer and drier, 
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irrigation is required to maintain a high moisture content while ensuring free movement of 

water molecules within the soil for easy uptake by plant roots (Robinson, 2000). 

2.6 Phenotyping under drought stress conditions 

2.6.1 Physiological analyses 

Considering that drought is becoming more and more prevalent in various parts of the world, 

several authors have demonstrated the physiological changes which occur in banana during 

such water stress conditions (Bananuka et al., 1999; Surendar et al., 2013b). These 

physiological changes affect processes such as stomatal conductance, water retention capacity, 

water-use efficiency (WUE) and photosynthesis. Drought-sensitive cultivars show significant 

reductions in plant dry mass due to reduced biomass production (Mahouachi, 2009), whereas 

their tolerant counterparts have inbuilt mechanisms for drought tolerance such as high 

assimilation rates and water retention capacity with minor losses in leaf area and gaseous 

exchange (Bananuka et al., 1999). Similar findings were reported from an experiment 

conducted under glasshouse conditions in the Philippines (Delfin et al., 2016). The study 

concluded that genotypes with the highest WUE, root volume, total plant biomass production 

and root dry weight were drought-tolerant. On the other hand, stomatal conductance and 

photosynthesis are significantly reduced under limiting moisture (Thomas and Turner, 2001). 

Inasmuch as prolific vegetative growth is a good indicator of better tolerance to drought stress, 

it is not satisfactory as a sole parameter since a healthy plant absorbs more moisture from the 

soil and will at times forfeit its inner water balance to allow growth, which ultimately intensifies 

the stress and reduces development of the final yield (Passioura, 2012). Therefore, one 

approach is to take both plant growth and efficient use of water during water stress into account. 

Transpiration efficiency (TE) has been assessed and found to be a useful indicator of drought 

tolerance in cereal crops including barley, rice and wheat (Anyia et al., 2007; Cabrera-Bosquet 

et al., 2007; Haefele et al., 2009). In banana, however, only a few studies have assessed the 

correlation between TE and growth. For instance, Kissel et al. (2015) demonstrated an increase 

and clear genotypic variation in the transpiration efficiency for six banana cultivars 

(‘Mpologoma’, ‘Mbwazirume’, ‘Sukali Ndiizi’, ‘Kayinja’, ‘Cachaco’ and ‘Yangambi Km5’) 

when stressed. Nonetheless, selection for high transpiration efficiency did not result in 

selection of cultivars with slower vegetative growth under watered and mild moisture stress 
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imposition. Therefore, selection of banana cultivars based on the TE during stress conditions 

could serve as a quick tool for selecting drought-tolerant candidates under controlled 

conditions, thereby reducing the amount of time required for screening and selection under 

field conditions. There is, thus, a need to evaluate TE for more genotypes which are currently 

maintained by different banana breeding programmes. It is important, though, to note that a 

high TE during moisture stress does not necessarily imply drought tolerance for that cultivar 

or crop (Jones, 2014). A cultivar is only regarded as drought-tolerant if it has a high water-use 

efficiency accompanied by a minor reduction in growth and yield. 

Several studies have reported banana genotypes with the “B” genome such as AAB and ABB 

to be more drought-tolerant than those entirely based on the “A” genome, for example 

‘Cavendish’ AAA (Robinson, 1996; Robinson and Sauco, 2010). This drought tolerance has 

been imputed to the belief that the Musa balbisiana (M. balbisiana) originated from drier parts 

of South Asia including lower Himalayan ranges (Tenkouano, 2006; Janssens et al., 2016; 

Mertens et al., 2021) unlike Musa acuminata (M. acuminata), whose origin is the humid forest 

regions of South-East Asia (Kissel et al., 2015). In a field study by Ravi and Uma (2011), 

several M. acuminata diploids exhibited high susceptibility to drought, which was manifested 

by bunch choking, fewer hands, ill-filled fruits and no seed set. Conversely, water deficit 

conditions had little impact on fruit and seed development of M. balbisiana cultivars. Under 

controlled conditions, Thomas et al. (1998) reported a higher sensitivity to leaf-air vapour 

pressure deficit in the cultivar ‘Williams’ (AAA) than cultivars ‘Bluggoe’ (ABB) and ‘Lady 

Finger’ (AAB). Likewise, an in vitro assessment of banana varieties showed that ABB varieties 

had the least reduction in growth under slight osmotic stress (Vanhove et al., 2012). As such 

the B genome may contain drought tolerance genes which can be identified, isolated and 

introduced in drought-sensitive farmer preferred cultivars.  

2.6.2 Biochemical analyses 

Drought stress elicits a series of biochemical responses including mechanisms of susceptibility 

to osmotic or moisture stress, transformation of stress signals to cellular signals, transfer of cell 

signals to the nucleus and transcriptional control of moisture stress-induced genes, resulting in 

tolerance to the water deficit (Bray, 1997; Blum, 2017). For instance, drought stress specifically 

induces the synthesis and build-up of organic solutes such as proline, free amino acids, total 
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soluble proteins, and carbohydrates, which act as osmolytes (Lacerda et al., 2001; Surendar et 

al., 2013b). Such osmolytes, for example proline, may regulate the osmotic balance of the cell 

thereby countering the osmotic stress induced by drought (Hayat et al., 2012). Osmotic 

adjustment safeguards major plant cell structures such as chloroplasts and cell membranes 

(Martıǹez et al., 2004). This was corroborated by Surendar et al. (2013c), who concluded that 

the higher yield observed in tolerant banana genotypes may have been due to higher water and 

osmotic potential, resulting from increased epicuticular wax, proline, and free amino acids 

during stress conditions. On the other hand, accumulated total sugars serve as an important 

energy source under severe stress in corn (Pimentel, 1999). These biochemical compounds can 

be used as suitable indices to rapidly select drought-tolerant candidates among existing banana 

cultivars and hybrids. 

Drought stress enhances the production of reactive oxygen species (ROS) (including alkoxy 

radicals, OH, HO2 and O2
−), which impair proteins, lipids, carbohydrates, and DNA, and 

thereby causing oxidative stress (Gill and Tuteja, 2010). To maintain the integrity of cellular 

structures, such active species of  O2
− are eliminated by a catalase (an antioxidant enzyme), 

which in turn eliminates the hydrogen peroxide produced during plant metabolic processes 

(Surendar et al., 2013a). Literature sources have reported the continuous production and 

scavenging of ROS molecules by many antioxidative defence mechanisms during drought 

stress (Foyer and Noctor, 2000). In fact, a close association between drought tolerance and an 

increment in antioxidant enzyme activity under conditions of drought stress has been observed 

in wheat genotypes by Sairam et al. (1997). Considering ROS scavenging reduces oxidative 

stress caused by moisture deficit, we presume that the enhancement of such antioxidative 

processes would improve drought tolerance in banana. 

2.6.3 Molecular analyses for drought tolerance in bananas 

Drought stress triggers the expression of several genes and transcription factors influencing 

different plant resistance mechanisms including escape, avoidance, tolerance, and 

acclimatization (Farooq et al., 2009). Such molecular factors are responsible for the production 

of biochemical compounds which maintain or restore the integrity of plant cells during 

moisture deficit conditions. Several studies provide insight into the molecular basis of drought 

tolerance in important cereal crops such as wheat (Ibrahim et al., 2012; Ahmad et al., 2014), 
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rice (Shim et al., 2018) and maize (Liu et al., 2013; Wang et al., 2016). In bananas, 

transcriptomic changes in drought-tolerant (cv. ‘Saba’) and sensitive (cv. ‘Grand Naine’) 

cultivars have been monitored and compared using mRNASeq under well-watered and water 

stress conditions (Muthusamy et al., 2016). Among the upregulated and /or downregulated 

differentially expressed genes (DEGs), several genotype-specific gene expression patterns 

were observed for drought stress in both cultivars. Such unique gene expression profiles 

observed in tolerant cultivars could represent candidate drought stress tolerance genes 

considering their stress association in plants is already known. Also, notable are transcription 

factors, namely the banana NAC transcription factor (MusaSNAC1) which imparts drought 

tolerance by regulating stomatal closure and hydrogen peroxide content after binding to the 

CGT[A/G] motif in regulatory region of many stress-related genes (Negi et al., 2018). Table 

2.2 summarizes the different protein /gene families that have been associated with tolerance to 

drought and other abiotic constraints through molecular characterization and genome wide 

analysis. Understanding the molecular basis for drought tolerance will provide required genetic 

information influencing drought resilience in banana.  

2.7 Breeding for drought tolerance in banana  

Crop improvement involves the creation, selection and fixation of resistance or tolerance 

against biotic and abiotic constraints into superior plant phenotypes, which meet the needs of 

farmers and consumers. The wide genetic diversity within Musa germplasm is an important 

source for disease and pest resistance genes, good agronomic performance and tolerance to 

abiotic stresses, hence an indispensable resource for banana enhancement. However, 

identification and characterization of this genetic diversity and putative resistance genes, and 

utilization of this genetic variation to improve the inherently female and /or male sterile and 

clonally propagated crop can be a challenge (Ssali, 2016). For banana improvement, 

conventional crossbreeding and non-conventional breeding approaches including molecular 

breeding techniques have been deployed (Chen et al., 2011).  
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Table 2.2 Protein families and their role in drought and other abiotic stresses affecting banana. 

Protein /Gene 

family  

Specific protein 

/Gene  

Tolerance to 

which abiotic 

stress 

Role during stress Source  

Heat shock protein 

(HSP) 

HSP20 Drought, 

oxidative 

stress 

Maintains homeostasis 

by suppressing protein 

aggregation 

Vanhove et al. 

(2012) 

Aquaporin (AQP) MaPIP1;1  Drought, salt  Reduces membrane 

injury, improves ion 

distribution and 

maintains osmotic 

balance 

Xu et al. (2014) 

 MaPIP1;2 Drought, cold, 

salt  

Lowers malondialdehyde 

levels, elevated proline 

and relative water 

content and higher 

photosynthetic efficiency 

Sreedharan et al. 

(2013) 

 MaTIP1;2 

(Promoter) 

Drought, salt  Controls the flow of 

water and other small 

molecules through 

biological membranes 

Song et al. 

(2018)  

Copper Chaperone 

Gene 

MaCCS gene Drought, 

copper, heat, 

cold and light 

Delivers copper to its 

target Cu/ZnSODs. 

Function is not yet so 

clear.  

Feng et al. 

(2016)  

Calmodulin-

binding 

transcription 

activator 

(CAMTA)  

M. acuminata 

CAMTA1 

(MuCAMTA1) 

transcription factor 

Drought  No systematic study has 

been conducted yet on 

MuCAMTA transcription 

factors to identify their 

role in drought stress in 

banana plants. 

Meer et al. 

(2019)  

Leucine zipper 

(bZIP) 

transcription 

factor gene family  

MabZIP genes Drought, cold, 

salt 

They participate in stress 

signalling, but their 

function is yet to be 

confirmed in banana 

Hu et al. (2016) 

Sugars Will 

Eventually be 

Exported 

Transporters 

(SWEET)  

M. acuminata 

MaSWEET genes 

Drought, cold, 

salt 

Promote early sugar 

transport to improve fruit 

quality and enhance 

stress tolerance in 

banana. 

Miao et al. 

(2017) 

Constitutive 

Banana cDNA 

M. acuminata root 

hair defective 3 

(MaRHD3)  

Drought  ROS scavenging 

enhanced lateral root 

branching and root hair 

density. 

Wonga et al. 

(2018)  

 ATPase and heat 

shock proteins  

Drought  Involved in metabolism, 

responses to stress, 

growth and development.   

Mattos-Moreira 

et al. (2018)  



29 

2.7.1 Genetic diversity in banana 

The two principal progenitors of present-day edible bananas are M. acuminata Colla, (AA) and 

M. balbisiana Colla, (BB), whose centre of origin is believed to be in South and South-East 

Asia and Pacific countries (Simmonds, 1962; Ravi and Uma, 2011). These were later 

introduced to the tropical and subtropical climatic zones, where the crop is now a major food 

crop. The existing large diversity of banana is a result of natural interspecific hybridization of 

M. acuminata and M. balbisiana species, thus forming various genomic groups like diploids 

(AA, AB, BB), triploids (AAA, AAB, ABB, BBB) and tetraploids (such as AAAB and AABB) 

(Simmonds, 1966). Over the years, humans have domesticated, selected and perpetuated useful 

banana genotypes. Such useful diversity includes good agronomic performance as well as 

resistance or tolerance to several biotic and abiotic stresses (Singh and Uma, 2000). Large 

collections of banana germplasm including progenitors, wild relatives, landraces and hybrids 

are currently assembled and maintained in situ and ex-situ by twelve banana breeding 

programmes spread all over the world. Although only a few species have been domesticated, 

wild relatives of banana consist of at least 75 species, which originate between India and the 

Pacific, specifically in the humid tropical forests (Manimaran et al., 2018). From these 

germplasm collections, drought-tolerant candidates can be selected and used to introgress 

drought tolerance in commercially important but susceptible bananas.  

2.7.2 Screening banana germplasm for drought tolerance 

For a long time, breeders have focused on breeding for resistance to banana pests and diseases 

(Aguilar-Morán, 2013; Nowakunda et al., 2015), with drought tolerance only considered an 

important trait along with these traits. Currently, drought is gaining importance and has been 

considered a primary production constraint by both farmers and researchers. Intrinsic crop-

based challenges such as long crop cycle, large green canopy and shallow root system 

predispose banana to drought stress (Robinson, 1996). Consequently, breeding programs like 

that of India, the National Research Centre for Banana (NRCB), Mexico, the Centro de 

Investigacion Cientifica del Yucatan (CICY) and Australia (Turner, 2005) have initiated the 

screening of germplasm for drought. For instance, NRCB has screened 112 out of 340 

genotypes for their response to soil moisture shortage under field conditions (Ravi and Uma, 

2011). On the other hand, researchers at Katholieke Universiteit, Leuven, Belgium, have 
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focused on developing models for in vitro screening of Musa diversity for drought tolerance 

via proteomics (Vanhove et al., 2012), after which, candidates need to be validated at plant 

level. Large amounts of germplasm have been screened for specific phenotypic traits related to 

plant growth (plant height, dry matter content, leaf emergence rate, leaf area index, root: shoot 

ratio), plant water status (water-use efficiency, relative water content, water retention capacity) 

and plant function (such as stomatal conductance, quantification of photosynthetic pigments) 

(Uma and Sathiamoorthy, 2002; Delfin et al., 2016). However, there is need for more 

experimentation at different ecological sites to obtain more reliable information regarding 

drought-sensitive and tolerant accessions. Thereafter, crossbreeding could be utilized to 

produce drought-tolerant genotypes. To date, the utilization of identified tolerant candidates in 

banana drought tolerance improvement using conventional crossbreeding has not yet been 

reported.  

2.7.3 Application of molecular markers to improve drought tolerance in banana 

Over the years, research programs have deployed several methods for banana improvement, 

including conventional crossbreeding, marker-assisted selection, genetic engineering, induced 

mutation breeding, protoplast fusion and selecting somaclonal variants (Chen et al., 2011). 

Marker-assisted selection is a molecular breeding technique which is becoming popular 

because it offers the possibility of significantly reducing the amount of time taken for banana 

improvement when using conventional crossbreeding, which requires one and a half years for 

the crop to complete its growth cycle and produce new plantlets (Pillay et al., 2002). In major 

cereal crops, genetic markers which co-inherit with specific target traits have been linked to 

drought tolerance (Agrama and Moussa, 1996; Courtois et al., 2000; Galeano et al., 2012; 

Sabouri et al., 2018). For instance, various genetic analyses have linked several markers to 

major effect quantitative trait loci (QTLs) of grain yield, root morphology, leaf rolling and 

withering degree, under conditions of drought stress (Champoux et al., 1995; Yue et al., 2006; 

Han et al., 2018; Tabkhkar et al., 2018). In common bean, QTL mapping revealed twenty-two 

QTLs responsible for leaf temperature, chlorophyll production, days to flowering as well as 

traits related to yield and biomass production under stress and watered conditions (Briñez et 

al., 2017). Such phenotypic traits are often associated with drought tolerance in plants. 
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In banana, however, molecular markers have mostly been used for germplasm characterization. 

For example, assessment of genetic diversity within Musa genotypes has been done using 

random amplified polymorphic DNA markers (RAPDs) (Pillay et al., 2001; Poerba and 

Ahmad, 2010; Hasan and Khasim, 2018; Singh et al., 2021; Karuwal et al., 2024; Pillay, 2024), 

restriction fragment length polymorphism markers (RFLPs) (Raboin et al., 2005; Singh et al., 

2021), microsatellites / simple sequence repeats (SSRs) (Karamura et al., 2016; Pierre et al., 

2019; Šimoníková et al., 2020; Mertens et al., 2021; 2022), amplified fragment length 

polymorphism markers (AFLPs) (Ude et al., 2003; Ahmad et al., 2014; Safhi et al., 2023) and 

diversity array technology markers (DArTs) (Risterucci et al., 2009; Ssali, 2016; Sardos et al., 

2022; Martin et al., 2023). To our knowledge, no banana breeding programme has developed 

or screened existing mapping populations with such molecular markers and linked them to 

drought tolerance. Despite its potential to enhance and hasten banana improvement, the 

application of molecular markers remains largely unexplored because of the intricate genetics, 

high genetic similarity and high polyploidy nature of bananas as well as the difficulty in 

developing segregating populations attributable to either male or female sterility (Pillay et al., 

2002; Ortiz and Swennen, 2014). Such screening would permit tagging of specific molecular 

markers to drought tolerance in bananas. Moreover, marker-assisted selection eliminates 

environmental effects during selection, especially when screening for multigenic traits like 

drought tolerance (Mwadzingeni et al., 2016).  

The Banana Genome Hub developed by the French Agricultural Research Centre for 

International Development (CIRAD) and Bioversity International centralizes databases of 

genetic and genomic data for the M. acuminata crop (https://banana-genome-

hub.southgreen.fr). It is a valuable resource in banana research as it provides data on the whole 

genome sequences coupled with gene structures and families, gene product information 

metabolism, transcriptomics (expressed sequence tags (ESTs), RNASeq), molecular markers 

(SSR, DArT, SNP) and genetic maps (Droc et al., 2022). The ESTs can be used in finding 

genes, mapping the genome and identification of coding regions in genomic sequences (Fulton 

et al., 2002; Passoss et al., 2012; Nahas et al., 2020; Haq et al., 2023) as well as developing 

genetic maps and markers, or to detect functional genes (Pillay et al., 2012; Satrio et al., 2019; 

Saha et al., 2020; Kumar et al., 2022). The increasing number of EST databases in different 

plant species, including Musa, is important for developing genetic markers based on ESTs 

(Ssali, 2016; Jiang et al., 2023). Furthermore, genetic markers and maps developed from useful 
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sequences can be used in identifying and potentially cloning QTLs and genes of agricultural 

and biological significance.  

2.7.4 Integration of biotechnology to improve drought tolerance 

Molecular biology and plant tissue culture techniques are applied to enhance the improvement 

of banana. As such, biotechnology utilizes applications of cell biology such as embryo culture 

for in vitro seed germination (Uma et al., 2011; Kaya et al., 2020; Kallow et al., 2020, 2022), 

micropropagation for rapid multiplication of banana germplasm (Khaskheli et al., 2021; 

Subrahmanyeswari and Gantait, 2022) and genetic engineering using cell suspensions (Tripathi 

et al., 2017; Dong et al., 2020; Uma et al., 2023; Handayani et al., 2024). However, the 

application of genetic engineering requires prior identification and isolation of valuable genes. 

Since the beginning of the 21st century, beneficial genes have been instituted into banana with 

focus on genes conferring resistance to Fusarium wilt (Paul et al., 2011; Sunisha et al., 2020; 

Rocha et al., 2021; Wang et al., 2021), black leaf streak disease (Vishnevetsky et al., 2011; 

Portal et al., 2012; Kovács et al., 2013; Onyilo et al., 2018), nematodes (Roderick et al., 2012; 

Tripathi et al., 2013) and Xanthomonas wilt (Namukwaya et al., 2012; Tripathi et al., 2014, 

2017; Adero et al., 2021) and genes responsible for improved provitamin A content in the 

banana fruit (Paul et al., 2017; 2018; Dale et al., 2020) and modulation of fruit ripening (Wu 

et al., 2023). So far, genetic modification techniques, including Agrobacterium-mediated 

transformation and particle bombardment/ biolistic-mediated transformation of banana, have 

yielded stable transgenic lines (Becker et al., 2000; Daniels et al., 2018; Tripathi et al., 2019; 

Namanya et al., 2020; Dale et al., 2020) and hence can now be deployed to introduce drought 

tolerance genes in cell lines of drought-sensitive banana cultivars. Similarly, advancements in 

the efficiency of transformation and regeneration of embryogenic cell suspensions (Wong et 

al., 2008; Dale et al., 2020) could be exploited to ensure effective banana drought tolerance 

improvement. However, the above traditional transgenic approaches have been argued to pose 

potential adverse risks on non-target organisms, food safety concerns like allergenicity and 

toxicity, unintended antibiotic resistance, evolution of pest and weed resistance and 

environmental risks connected to possible gene flow (Yaqoob et al., 2016; Mackelprang et al., 

2020; Zhao et al., 2022; Caradus, 2023). 



33 

Modern transgenic approaches such as RNA interference (RNAi) and genome editing 

technologies, specifically CRISPR/Cas9, have been deployed in crop research to potentially 

address the numerous biosafety concerns of genetic engineering (Petrick et al., 2013; Tripathi 

et al., 2022; Feng et al., 2023). RNAi technology is considered a safe option given that it is 

based on host-delivered double-stranded (ds)RNA, and hence, no new protein is produced in 

the transgenic plant (Casacuberta et al., 2015; Fletcher et al., 2020). In banana, RNAi 

technology has been demonstrated in multiple disease resistance studies (Paul et al., 2011; 

Shekhawat et al., 2012; Magambo et al., 2016; Tripathi et al., 2019). More recently, Mwaka 

and colleagues (2023) reported enhanced resistance to nematodes (Radopholus similis) through 

host-delivered RNAi. Transgenic EAHB plants with dsRNA constructs against five nematode 

genes, including Rps13, chitin synthase (Chs-2), Unc-87, Pat-10 or beta-1,4-endoglucanase 

(Eng1a), on average, showed less root damage and lower nematode multiplication than the 

non-transgenic controls. On the other hand, CRISPR/Cas9 technology has been used to knock 

out, silence and activate genes of interest (Tripathi et al., 2022). For instance, CRISPR/Cas9 

has been applied to improve resistance to banana bacterial wilt and banana streak virus (BSV) 

by inactivating the endogenous banana streak virus (eBSV) found in the ‘B’ genome of plantain 

(Tripathi et al., 2019; 2021). In addition to enhancing disease resistance, CRISPR/Cas9-

mediated genome editing has also been used to increase the shelf life (Hu et al., 2021) and 

banana fruit quality (Kaur et al., 2020).        

The utilization of genetic modification and genome editing in banana research could ameliorate 

a deeper understanding of the morphophysiological and genetic bases of drought tolerance in 

banana and enable the identification of useful putative QTL/gene sequences influencing 

drought tolerance. Failure to incorporate such biotechnology approaches may not only delay 

the introgression of drought tolerance genes into banana germplasm but also hinder further 

understanding of the molecular factors influencing drought tolerance in banana.  

2.8 Concluding remarks and future directions 

Global banana production is threatened by recurrent drought spells due to its long growth 

duration. Minimal efforts have been directed towards developing drought-tolerant banana 

cultivars as most research has only gone as far as understanding physiological changes which 

occur in banana during drought stress, with fewer biochemical and molecular analyses done. 
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Screening efforts have stopped at assessing and reporting drought-tolerant and sensitive 

cultivars under controlled and field conditions. Therefore, there is a need to develop drought-

tolerant cultivars through conventional breeding or identifying candidate genes and integrating 

them in susceptible cultivars. Systematic studies are required to confirm the role of already 

identified putative genes and transcription factors such as M. acuminata CAMTA1 

(MuCAMTA1) and MabZIP genes in banana drought tolerance. Such molecular factors have 

potential applications in the genetic improvement of susceptible banana cultivars. Similarly, 

further refining of phenotypic tools and methodologies to be followed in the field and under 

controlled conditions is still required. Recent technological developments such as genetic 

engineering, high-throughput precision phenotyping and marker-assisted selection should also 

be exploited to hasten improvement of drought tolerance in banana as they permit thorough 

and precise selection of drought-tolerant candidates. Moreover, genome editing using the 

CRISPR/Cas9 technology, a type of genetic engineering, can be used to activate drought 

tolerance genes in the banana genome and silence or knock out genes associated with drought 

susceptibility. 
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Chapter 32: Assessing drought effects on banana production and on-farm 

coping strategies by farmers – a study in the cattle corridor of Uganda 

Abstract  

Drought is a major threat to banana production in Uganda, leading to large yield losses. This 

study documented drought effects on banana production and identified farmers’ coping 

strategies to mitigate the impact of droughts. Interviews were conducted in eight districts, 

randomly selected from banana-growing districts in Uganda’s cattle corridor, characterised by 

frequent droughts. Data were collected from 120 respondents/farms. Banana production in the 

study area was dominated by small-scale farmers, growing mostly a combination of cooking 

and dessert banana types.  Among the 15 identified effects of drought stress on banana growth, 

reduced bunch weight, wilting and drying of leaves, reduced leaf production and reduced 

number of fingers and clusters were the most reported.  ‘Mpologoma’ and ‘FHIA 17’ cultivars 

were reported as the most and least affected by drought stress, respectively. Although the cattle 

corridor is prone to recurrent droughts, the deployment of drought coping strategies was mostly 

low, with farmers using one to three strategies. A total of 12 drought mitigation practices were 

used across the cattle corridor, with mulching being the most common option. Irrigation was 

perceived as the most effective mitigation option though its deployment was limited by water 

scarcity and the high cost of water pumps. This study suggests the need to strengthen data 

collection and climate information systems and development of drought-tolerant cultivars by 

breeders. Additionally, farmers need to prioritise preventive coping strategies like planting 

drought-tolerant cultivars, irrigation, mulching, and manure application and ensure timely 

deployment of mitigation practices.   

Keywords: banana production, cattle corridor, coping strategies, drought stress, Uganda  

 

2 This chapter was published in the journal, Climatic Change: Nansamba, M., J. Sibiya, R. Tumuhimbise, W. 

Ocimati, E. Kikulwe, et al. 2022. Assessing drought effects on banana production and on-farm coping strategies 

by farmers — a study in the cattle corridor of Uganda. Clim. Change 173:21. https://doi.org/10.1007/s10584-022-

03408-w  
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3.1 Introduction 

Banana (Musa spp.) is a major food and cash crop worldwide, particularly in the tropical and 

subtropical regions. The crop has a global production of 116.8 million tons harvested from an 

area of 5.16 million hectares (FAOSTAT, 2019). The East and Central African subregion, 

including Uganda, Tanzania, Kenya, Burundi, Rwanda, and the eastern part of the Democratic 

Republic of Congo is home to a unique group of bananas well-known as the East African 

Highland Bananas (EAHBs, Musa AAA genome). Moreover, this region is also considered to 

be a secondary centre of diversity for the EAHBs and plantains (AAB genome) (Simmonds, 

1966), with an annual production of 17.31 million tons cultivated on 1.7 million hectares 

(FAOSTAT, 2019). In Uganda, EAHBs are the main staple food for over 13 million people, 

with cultivation mostly concentrated in the central and southwestern regions (BMGF, 2014). 

The crop is grown either as a sole crop or intercrop with other perennial or annual crops, 

offering additional benefits to the ecosystem in addition to animal feed, fibre, and food (van 

Asten et al., 2015; Ocimati et al., 2018). Although EAHBs are an important staple and 

commercial crop to many Ugandans (Bagamba, 2007), actual production remains low (< 30 t 

ha-1 year-1) compared with the potential yield (> 70 t ha-1 year-1) (van Asten et al., 2005) due to 

a combination of biotic and abiotic stresses. 

Several studies in Uganda have reported on biotic stresses such as banana bacterial wilt 

(Xanthomonas campestris pv. musacearum) (Ocimati et al., 2014a), banana weevil 

(Cosmopolites sordidus) (Gold et al., 2004; Ocan et al., 2008) parasitic nematodes 

(Pratylenchus coffeae and Radopholus similis) (Speijer, 1999), fusarium wilt (Fusarium 

oxysporum f.sp. cubense [FOC]) (Kangire et al., 2000) and black leaf streak disease 

(Mycosphaerella fijiensis) (Barekye et al., 2009). Prominent abiotic stresses include low soil 

fertility (Wairegi et al., 2010) and drought (inadequate soil moisture) (van Asten et al., 2011a). 

Drought is a serious constraint to banana production in Uganda, particularly in the cattle 

corridor where the country’s largest banana production is based. With most of the farmers 

depending on seasonal rainfall patterns, there is an immediate effect of climate variability 

(manifesting as drought and unreliable rainfall) on crop production, food security, income, and 

livelihoods in general (NAPA, 2007; Anwar et al., 2013). The National Environment 

Management Authority (NEMA) (2016) reported that Uganda’s cattle corridor is vulnerable to 

climate change impacts such as floods, erratic rains, high temperatures and prolonged droughts. 
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Climate models predicted that temperature and rainfall changes would most likely result in wet 

regions becoming wetter and dry areas becoming drier (Christensen et al., 2007; MWE 2007), 

as well as an increase in drought incidences (Hepworth and Goulden 2008). General circulation 

models projected that mean temperature increases ranging from 0.3°C to 0.5°C would occur 

every decade, especially in the semi-arid areas (Republic of Uganda, 2010). Moreover, 

McSweeney et al. (2008) reported a 1.4°C mean temperature increase in Uganda since the 

1960s. Although contrasting annual rainfall trends have been reported in Uganda (Hepworth 

and Goulden 2008; McSweeney et al., 2008), significant seasonal rainfall distribution changes 

are anticipated. For instance, IGAD (2010) reported less, unreliable, and unevenly distributed 

rainfall, which was linked to more severe and frequent droughts. According to CRED (2022), 

Uganda has experienced nine drought events since 1961 to date, affecting almost 5 million 

people. 

Drought effects on several sectors (including agriculture) within Uganda’s cattle corridor have 

been reported (Nimusiima et al., 2013; Kilimani et al., 2015; Owoyesigire et al., 2016; Branch, 

2018). Twongyirwe et al. (2019) evaluated farmers’ perceptions of how drought affects 

household food security, existing coping responses and their determinants. They found that 

households were most vulnerable to drought-induced food insecurity and hence access to 

financial services and other sources of livelihood may offer resilience to such drought effects. 

In another study by Mfitumukiza et al. (2017), large crop losses and damages per household 

due to drought were reported.   

However, the above studies did not consider the impact of drought on banana production in 

isolation but rather on crop production in general. There are gaps in literature regarding the 

daunting effects of drought stress on banana production and yield. Numerous studies focussing 

on phenotypic and physiological changes of selected banana genotypes to drought stress (also 

termed as moisture stress) have been conducted, but most of these have been carried out on-

station under controlled conditions (Bananuka et al., 1999), with few studies conducted in the 

field (Wairegi et al., 2010; Taulya et al., 2014; Uwimana et al., 2021). One of the field studies 

found that drought results in crop failure and reduced bunch yield (up to 65% losses) when the 

rainfall falls below 1,100 mm per year (van Asten et al., 2011a).  

While several efforts have been made or are being undertaken to increase the resilience of 

bananas to drought conditions through research and agronomic or crop management (van Asten 
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et al., 2011a; Nansamba et al., 2020), knowledge of how specific farmer-preferred cultivars 

respond to drought stress and holistic on-farm adaptive strategies by banana farmers is still 

limited. Drought effects, particularly on the production of locally grown banana cultivars, have 

not been systematically documented as a basis for use in banana improvement research. 

Understanding the impact of drought on different banana varieties and associated management 

measures by farmers is critical in managing drought effects on production across a scale and 

supporting the improvement of farmer coping practices. The purpose of this study was to assess 

the effects of drought on banana production and identify management strategies deployed by 

farmers. Specifically, the study aimed to (i) document drought effects on all locally grown 

varieties in terms of impact on plant growth characteristics, yield and yield-related parameters 

(ii) establish the variability within the set of cultivars maintained by farmers i.e. identify which 

cultivars are highly sensitive, moderately tolerant, very tolerant or not affected by drought (iii) 

identify on-farm coping practices employed by farmers for mitigating such adverse effects and 

(iv) determine the specific purpose(s) for each coping strategy in mitigating drought effects on 

bananas.  

3.2 Methodology 

3.2.1 Study area and site selection  

This study was conducted in eight districts lying within the cattle corridor of Uganda (Figure 

3.1). The cattle corridor dominated mostly by pastoral rangelands covers an area of 84,000 km2 

stretching from North-east to South-west Uganda. In this predominantly semi-arid region, local 

communities rely mainly on rain-fed crop and livestock production for their livelihood 

(McGahey and Visser, 2015; FAO, 2019). The annual daily average minimum and maximum 

temperatures in the region are 21.5°C and 30°C, respectively (Nimusiima et al., 2018). The area 

receives poorly distributed annual rainfall of 1350 mm (Mfitumukiza, 2015), with two rainy 

seasons (March to June and late August to November-December) and two dry seasons (June-

August and December-February) (Nimusiima et al., 2013; Ogwang et al., 2016). It is 

characterized by unpredictable weather conditions such as unpredictable rainfall onsets and 

cessations, flooding, and recurrent and prolonged droughts (USAID, 2011; Nimusiima et al., 

2013). Climatic data from the Uganda National Meteorological Authority indicates a decline 

in annual rainfall (Appendix 3.1) and an increasing trend in maximum and minimum 
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temperatures (Appendix 3.2) and in the cattle corridor districts of Mbarara, Mubende and 

Luwero over the past 60 years (1961-2020).  

According to Kajobe et al. (2016), Uganda has ten agroecological zones, five of which fall 

within the cattle corridor, including Southern drylands, Lake Victoria Crescent, Karamoja 

drylands, part of Mid Northern and part of Eastern agroecological zone. Among these five 

agroecological zones, the Southern drylands and Lake Victoria Crescent were purposively 

selected because they host the largest banana-based cropping systems. From the Southern 

dryland agroecological zone, four districts including Ibanda, Sembabule, Ntungamo and 

Isingiro were randomly selected. In the Lake Victoria Crescent agroecological zone, the 

randomly selected districts included Mubende, Luweero, Nakaseke and Kiboga. At district 

level, two sub-counties were randomly selected from a list of banana-growing sub-counties 

(Table 3.1).  

 

Figure 3.1  Map showing the location of study districts within the cattle corridor of Uganda  
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Table 3.1 The location of sampled banana farms in the cattle corridor of Uganda 

Agroecological zone  District selected  Sub-county  

Southern Drylands Ibanda  Igorora town council, Kijongo 

 Sembabule Mateete, Rwebitakuri 

 Ntungamo  Rubaare, Ruhaama 

 Isingiro  Masha, Birere 

Lake Victoria Crescent Mubende  Bukuya, Makokoto 

 Luweero Bamunanika, Makulibita 

 Nakaseke Kasagga, Nakaseke 

 Kiboga Lwamata, Kibigga 

3.2.2 Sampling, data collection and analysis 

A total of 120 banana farms (i.e., 15 farms per district) were randomly selected with the 

assistance of District Agricultural and Extension Officers in the respective districts. Farms were 

only considered for selection if the plantation was at least 0.25 acres (with at least 100 banana 

plants) large and banana was grown as the main crop on that farm. It was assumed that this 

group of farmers had a better understanding and experience with the effects of drought on 

banana production, particularly drought effects on plant growth characteristics and yield, the 

response of different varieties as well as their coping strategies to mitigate adverse drought 

effects on-farm. Respondents participated in one-on-one interviews guided using a semi-

structured questionnaire from which both quantitative and qualitative data were collected. The 

study was conducted towards the end of the long dry season of December to March 2018. Farm-

level data were collected including, the banana plantation status, nature of the cropping system, 

drought stress effects on plant growth characteristics and farmers’ on-farm coping strategies 

for mitigating drought effects on banana production. 

Regarding plantation status, the interviewer recorded the plantation size, plantation 

management (poorly- or well-managed), plantation age, and banana cultivars grown. 

Plantations were considered ‘well-managed’ if the farmer carried out basic agronomic 

management practices like mulching, water conservation, weeding, and pruning, while ‘poorly-

managed’ plantations were neither mulched nor weeded at the time of visiting. The plantation 

age was captured and later grouped into six categories for further analysis. A list of banana 
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varieties grown at each farm was recorded and coded for analysis. Cultivar names varied 

depending on the local language in that region but were reconciled using banana variety lists 

developed by Karamura et al. (2012), Marimo et al. (2019) and an agronomy extension training 

guide prepared by the National Banana Research Program of the National Agricultural 

Research Organization (NARO) Uganda (NARO, 2019). Following the classification of 

Karamura (1998), all grown cultivars were then categorized into four groups based on the use 

of their end products i.e., cooking, dessert, beer/juice, and roasting bananas. Lastly, farmers 

provided the key reasons for cultivar selection. 

In the case of the nature of the cropping system, two options including monocropping (only 

bananas) and intercropping (banana [main crop] + other crops) systems were considered. 

Reasons for practicing these two cropping systems were then captured and in case of 

intercropping, the crops grown with bananas were identified. 

The respondents were then probed to describe the effects and symptoms (in terms of changes 

in plant morphological growth characteristics) of drought stress manifested by sensitive 

cultivars and the scores for the different symptoms were later coded for analysis. Based on their 

experience and careful observation, farmers were then required to report the reaction of each 

cultivar (only those cultivars they cultivated) to drought stress using a four-point rating scale 

i.e.  3= highly sensitive, 2= moderately tolerant, 1= very tolerant and 0= no effect at all. 

Interviewers confirmed these effects by observing the plants since these interviews were 

conducted in farmers’ fields. The most popular cultivars (i.e. grown by at least twenty farmers) 

were then ranked from most to least affected by drought using a weighted average index (WAI) 

adopted from Ndamani et al. (2016).  

 WAI =
FS ×3 +Fm ×2 + Ft ×1 + Fn ×0

N
 (3.1) 

Where Fs = frequency of responses with highly sensitive, Fm = frequency of responses with 

moderately tolerant, Ft = frequency of responses with very tolerant, Fn = frequency of responses 

with no drought stress effect response and N = total number of respondents growing a given 

cultivar (out of the total 120). 
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To determine on-farm coping strategies for mitigating adverse drought stress effects on 

bananas, farmers were asked about their deployment of different agronomic and crop 

management practices. These practices included mulching, irrigation, intercropping with trees/ 

shrubs, weeding, reduced leaf harvesting, construction of trenches or contour bands trenches 

within the plantations, manure application and others, if any. Depending on the number of 

interventions deployed, each respondent’s extent of deployment of such on-farm drought 

coping practices was determined against a four-point rating scale as no practice (0 coping 

strategies), low (1-3 strategies), medium (4-6 strategies) and high practice (more than 6 

strategies). Respondents were also deliberately probed to specify the purpose of each 

intervention in mitigating drought effects on banana production and the time of deployment of 

each coping strategy.  

The study data were analysed using STATA software version 17 (StataCorp, 2021) to derive 

inferential and descriptive statistics. Graphs were then generated in Microsoft Excel 2016 

software using the data analysis from STATA 17. Pearson’s product moment coefficient of 

correlation was used to determine the association between the focus and explanatory variables. 

3.3 Results and Discussion 

3.3.1 Characteristics of selected banana plantations 

The banana plantations assessed varied in size, age, management, cultivars, cropping system, 

among others (Table 3.2). Most of the respondents were small- (57.5%) and medium-scale 

farmers (21.7%), with an average plantation size of 4.36 acres. All selected fields were more 

than one year old, with those ranging between 1 to 5 (33.3%) and above 20 years (29.2%) 

forming the majority. Banana fields that are 30 to 50 years old have been reported to be 

common in the East and Central African region (Bekunda, 1999; Gold et al., 1999). Over 85% 

of respondents had well-managed plantations while 14.2% had poorly managed farms. Farmers 

cultivated a total of 54 banana varieties (mean= 8.4, minimum=2 and maximum=19 cultivars), 

mostly comprising of a combination of cooking and dessert use types (29.2%), followed by 

cooking, dessert and roasting types combined (21.7%).  Only 13.3% of the farmers cultivated 

one use type bananas, specifically the cooking type, while 13.3% cultivated all the four use 

groups. Growing mixed banana varieties is regarded as important because each variety has a 
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unique set of production and consumption attributes, which vary in terms of composition and 

levels (Edmeades et al., 2008; Akankwasa et al., 2013; Akankwasa et al., 2020). For instance, 

the grown banana varieties have different levels of tolerance to adverse weather conditions 

such as prolonged drought and thus provide farmers with an opportunity to diversify against 

risks.  

Table 3.2 Characteristics of banana plantations owned by respondents in the eight study 

districts located in the cattle corridor of Uganda. 

Category  Proportion of respondents (%) 

Plantation size (acres) 

Small (0.25 – 2.5) 

Medium (2.6 – 5.0) 

Large (greater than 5.0) 

 

57.5 

21.7 

20.8 

Plantation age (scale score: 1-6) 

Less than 1 year  

1-5 years  

6-10 years  

11-15 years  

16-20 years  

Above 20 years  

 

- 

33.3 

19.2 

10.0 

8.3 

29.2 

Management level  

Well managed  

Poorly managed  

 

85.8 

14.2 

Banana types & combinations grown   

Cooking bananas only 

Dessert bananas only 

Beer/Juice bananas only 

Roasting bananas only 

Cooking & Dessert bananas 

Cooking & Beer/Juice bananas 

Cooking & Roasting bananas 

Dessert & Beer/Juice bananas 

Dessert & Roasting bananas 

Beer/Juice & Roasting bananas 

Cooking, Dessert & Beer/Juice bananas 

Cooking, Dessert & Roasting bananas 

Cooking, Beer/Juice & Roasting bananas 

Dessert, Beer/Juice & Roasting bananas 

All four banana types  

 

13.3 

- 

- 

- 

29.2 

2.5 

3.3 

- 

- 

- 

15.8 

21.7 

0.8 

- 

13.3 
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Category  Proportion of respondents (%) 

Main reason for cultivar selection  

Big bunch size  

Tolerance to drought stress 

Pest and disease resistance 

Availability of planting materials  

Fast maturity  

Desirable taste 

Others  

Cropping system 

Monocropping (only bananas) 

Intercropping (bananas + other crops) 

 

55.0 

15.0 

8.3 

5.0 

5.0 

5.0 

6.7 

 

37.5 

62.5 

Among the four banana types grown, the cooking banana cultivars comprised the majority 

(Figure 3.2), with each respondent growing at least one variety. Across the two agroecological 

zones, the top five cooking type cultivars were all EAHB types (Musa AAA genome) and 

included ‘Mbwazirume’, ‘Kibuzi’, ‘Nakitembe’, ‘Mpologoma’ and ‘Nakabululu’. ‘Sukali 

Ndiizi’ (AAB genome) and ‘Bogoya’ (AAA genome) were the most prominent dessert banana 

varieties (Table 3.3). However, the proportions of farmers in the southern drylands districts 

growing ‘Mbwazirume’, ‘Kibuzi’ and ‘Bogoya’ were significantly higher than those in Lake 

Victoria crescent districts (Table 3.4). ‘Mbwazirume’ was the most grown local cultivar 

because of its desirable consumer attributes, including good taste, soft food, and good flavour 

(Akankwasa et al., 2013; Akankwasa et al., 2020). ‘Mbwazirume’ is also often used as a 

reference cultivar in the banana breeding programme at NARO-Uganda and IITA 

(Nowankunda et al., 2015; Batte et al., 2019; Tumuhimbise et al., 2018; 2019).  Farmers 

attributed their possession of fewer dessert and beer/juice types to destruction by fusarium wilt 

(caused by fungus Fusarium oxysporum f. sp. cubense), a soilborne disease. The dessert variety 

‘Bogoya’ (syn. ‘Gros Michel’) and beer type ‘Kayinja’ (syn. Pisang Awak) are generally 

susceptible to Foc (Pegg et al., 2019). Consequently, the few stands of dessert, beer and 

roasting bananas are planted mainly for home consumption with surplus sold in the local 

market.  
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Local cultivar name  Synonym(s)  Banana 

type  

Genome 

group 

% of respondents 

growing cultivar 

Mbwazirume  - Cooking  AAA 65.8 

Kibuzi  - Cooking  AAA 61.7 

Nakitembe Entaragaza Cooking  AAA 57.5 

Mpologoma Bukadefu Cooking  AAA 52.5 

Nakabululu Embururu Cooking  AAA 52.5 

Musakala  Enshakara, Rwamugongo Cooking  AAA 40.0 

Enyeru Nabusa, Enyanshenyi, 

Enshenyi 

Cooking  AAA 35.0 

Muvubo Mujuba, Mayovu Cooking  AAA 32.5 

Ndyabalangira Enzirabushera Cooking  AAA 27.5 

Kisansa - Cooking  AAA 25.8 

Enzirabahima Entukura, Muziranyama Cooking  AAA 23.3 

Kivuuvu - Cooking  ABB 21.7 

Nakinyika Enjuuma Cooking  AAA 20.8 

Enjagata Nandigobe  Cooking  AAA 18.3 

Nfuuka  Ntiika, Enfuuka Cooking  AAA 16.7 

 

Figure 3.2  Grouping of banana cultivars grown by respondents based on the use of their end 

products.  

Table 3.3 Local names and synonyms of banana cultivars grown by farmers in the eight study 

districts located in the cattle corridor of Uganda. 
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Local cultivar name  Synonym(s)  Banana 

type  

Genome 

group 

% of respondents 

growing cultivar 

Butobe  Butoobe Cooking  AAA 16.7 

Nakyetengu Ekitetengwa, Kitiika Cooking  AAA 10.8 

Atwalira - Cooking  AAA 10.0 

FHIA 25 - Cooking  AAB 9.2 

Siira - Cooking  AAA 9.2 

Namwezi Kasa Cooking  AAA 8.3 

M9  Kiwangaazi, Kabana 6H Cooking  AAA 7.5 

Katwalo Njoogabakazi, Kasenga, 

Kabucuragye, 

Entanzinduka 

Cooking  AAA 7.5 

Lwaddungu - Cooking  AAA 5.0 

Nakamaali Nakamali Cooking  AAA 2.5 

M2 Kabana 7H Cooking  AAA 1.7 

Namunwe - Cooking  AAA 1.7 

Mukubakonde Mukubyakonde Cooking  AAA 1.7 

Lumenyamagaali - Cooking  AAA 1.7 

Lusumba - Cooking  AAA 1.7 

Enyaruyonga - Cooking  AAA 1.7 

M19 NAROBan1 Cooking  AAA 0.8 

M20 NAROBan2 Cooking  AAA 0.8 

M25 NAROBan3 Cooking  AAA 0.8 

M27 NAROBan4 Cooking  AAA 0.8 

Nakawere - Cooking  AAA 0.8 

Nalugolima - Cooking  AAA 0.8 

Nambi - Cooking  AAA 0.8 

Mukazimugumba - Cooking  AAA 0.8 

Lwakizita  - Cooking  AAA 0.8 

Enkunku Bukunku, Makunku Cooking  AAA 0.8 

Namulondo - Cooking  AAA 0.8 

Enyamanyamunyo - Cooking  AAA 0.8 

Lwasa  - Cooking  AAA 0.8 

Gonja  Plantain  Roasting AAB 40.0 

Sukali Ndiizi  Kabalagala, Apple banana Dessert AAB 61.7 
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Local cultivar name  Synonym(s)  Banana 

type  

Genome 

group 

% of respondents 

growing cultivar 

Bogoya  Mbogoya, Gros Michel Dessert AAA 58.3 

FHIA 17 Kabana 3H Dessert AAAA 24.2 

Yangambi-KM5  Mufunyankobe Dessert AAB 9.2 

FHIA 23 Kabana 4H Dessert AAAA 3.3 

Kayinja  Musa Beer /juice ABB 20.8 

Mbidde  Kabula, Enyarukira, 

Embiire 

Beer /juice AAA 15.8 

Kisubi - Beer /juice AB 3.3 

Kibiddebidde Kibidde Beer /juice AAA 1.7 

Table 3.4 Proportion of farmers growing the five most popular banana cultivars in the two 

agroecological zones 

Cultivar  Agroecological zone (%) Chi square value 

Lake Victoria Crescent Southern Drylands 

Mbwazirume  55.0 76.8 6.260** (0.012) 

Kibuzi 40.0 83.3 23.831*** (0.000) 

Sukali Ndiizi 61.7 60.0 0.035 (0.852) 

Bogoya  48.3 68.3 4.931** (0.026) 

Nakitembe  60.0 53.3 0.543 (0.461) 

***p < 0.01; **p < 0.05; *p < 0.1; values in parenthesis are p values 
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Big bunch size was the main reason (55% of the respondents) for selecting specific banana 

cultivars, distantly followed by tolerance to drought stress (15%). Large bunch size has been 

reported as a key factor for selecting a specific variety because big bunches or fingers fetch a 

higher price in the market than their smaller-sized counterparts (Akankwasa et al., 2013; 

Marimo et al., 2019). However, similar to Bagamba et al. (2010), farmers also reported banana 

market prices to depend on the season. During the rainy season, the farm-gate price for bananas 

is low due to the high supply compared to the higher price offered during the dry season when 

the supply is low. In addition, farmers reported the availability of planting materials (from their 

old plantations, neighbours, or improved varieties from banana breeders), resistance to pests 

and diseases, desirable taste, and the cultivar’s ability to thrive and yield even in low fertility 

soils as reasons for selecting cultivars. Similar, observations have been reported in banana 

systems of Democratic Republic of Congo, Rwanda, Tanzania, and Burundi (Ocimati et al., 

2013, 2014b, 2016; Madalla et al., 2023).  

3.3.2 Nature of cropping system  

More than half of the respondents (62.5%) had an intercropping system, whereas 37.5% 

reported a monocropping system. Farmers with an intercropping system had plantations with 

banana as the main crop and at least two other crop or tree species (Table 3.5).  86.1% of those 

respondents with an intercropping system grew trees/shrubs within or at the edges of their 

plantations, purposefully to provide stakes (for supporting big banana bunches from toppling 

or snapping), wood and food (from the edible fruits) and shade to their banana plants during 

very hot and sunny days (Table 3.5). Legume intercrops (43%), mainly with beans and peas 

accounted for the next dominant intercrop species. Banana intercropping with crops such as 

coffee (van Asten et al., 2011b) and beans (Bagamba et al., 1998) has been a common practice 

among Ugandan farmers over the years as a strategy to maximize crop production, increase 

family incomes, reduce pest and disease prevalence, improve soil fertility (leaf droppings act 

as organic mulch) and structure and increase resilience to adverse weather conditions such as 

drought (van Asten et al., 2015; Gambart et al., 2020). Farmers with an intercropping system 

also pointed out the need to diversify their diets to boost their intake of required nutrients which 

are low or lacking in bananas (Ekesa et al., 2013). On the other hand, banana growers with a 

monocropping system stated avoidance of competition for resources (light, soil nutrients, 

water) among intercrops and reducing banana shade effects on shorter crops as reasons for their 
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choice. Moreover, intercropping is time-consuming and labour intensive, thereby adding to 

costs of operations such as weeding. Similar observations have been reported within the study 

region by Gambart et al. (2020).  

Table 3.5 Other crops grown in association with bananas by study respondents. 

Intercrop category  Specific crops grown  % of respondents 

growing intercrop 

Trees /shrubs Tree crops  

Mango, avocado, jackfruit, orange, 

guava, coffee, pawpaw, java plum 

Wood or fodder trees 

Ficus natalensis, Albizia coriaria, 

Maesopsis eminii, Swietenia mahagoni 

(mahogany) 

86.1 

Legumes  Beans, cowpeas 43.1 

Tubers Cassava, sweet potatoes, yams 35.3 

Vegetables Eggplants, bitter berries, tomatoes, 

cabbage  

19.6 

Cucurbits Pumpkins, bottle brush, calabash 5.9 

Cereals Maize  11.8 

Others    

Fruits 

Spices 

Medicinal plants  

Peanuts 

Grasses 

Pineapples, passion fruit 

Mint, lemon grass, rosemary, ginger 

Aloe vera  

Groundnut 

Sugarcane, elephant grass   

 

 

 

17.6 
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3.3.3 Perceived and observed drought stress effects on banana growth characteristics  

Figure 3.3 shows the observed effects of drought stress on the morphological characteristics of 

field-grown bananas.  Drought effects observed and reported by farmers included wilting and 

drying of leaves (Figure 3.3A; 73%), reduced bunch weight (Figure 3.3B; 90% of farmers), 

and reduced leaf formation (63%) as the most prominent effects of drought stress across all 

grown banana cultivars (Figure 3.4). Similarly, a reduction in bunch weight was reported by 

van Asten et al. (2011a) which may partly be attributed to a decline in the plant’s photosynthetic 

capacity and rate (Flexas and Medrano, 2002).  However, farmers reported late exposure to 

drought (after bunch formation) not to affect bunch yield despite causing complete wilting and 

drying of leaves (Figure 3.3A). 

On drought-sensitive cultivars, additional drought effects reported included stunted growth 

(Figure 3.3C), reduced size and number of fingers and/or clusters (Figure 3.3D), drying and 

snapping of the pseudostem (Figure 3.3E), halted or reduced sucker production, delayed 

flowering and bunch formation, longer bunch filling duration, reduced plant size ( including 

the pseudostem and leaves), and rapid leaf senescence.  Interestingly, study respondents also 

reported some cultivar-specific drought stress symptoms. For instance, choking was manifested 

by only two cultivars: ‘Mpologoma’ and ‘Nakyetengu’ (Figure 3.3F). ‘Mpologoma’ was the 

only cultivar that displayed leaf petiole rosette formation (Figure 3.3G) and abortion of the 

inflorescence, which occurs particularly during prolonged dry periods (Figure 3.3H). The 

disintegration of the pseudostem was only observed in cultivars ‘Kibuzi’ and ‘Entaragaza’. 
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Figure 3.4  Proportion of farmers reporting different drought effects on the growth of field-

grown banana cultivars in the study sites. 

Table 3.6 shows the most popularly grown banana cultivars (grown by at least 20 farmers) and 

their respective responses to drought stress as perceived by the study respondents based on the 

estimates of the WAI estimates. The larger the WAI value, the higher the impact of drought 

stress on a given cultivar. The cooking type cultivar ‘Mpologoma’ was reported as the most 

adversely impacted by drought stress (WAI = 2.94), whereas ‘FHIA 17’, an exotic improved 

dessert hybrid, was ranked as the least affected (WAI = 0.90). Farmers partly attributed the 

high sensitivity of ‘Mpologoma’ to drought stress to a high transpiration rate through the leaves 

and pseudostems (formed by tightly overlapping leaf sheaths). Although water is mainly lost 

from the banana plant through the leaf stomata by transpiration (Liu et al., 2008), part of it is 

also lost from the fleshy pseudostems. Compared to moderately tolerant cultivars like 

‘Nakabululu’, ‘Mpologoma’ has very thin leaf sheaths (Figure 3.5) through which water is 

easily lost, thereby resulting in quicker desiccation, weakening, and snapping of the 

pseudostem during drought conditions. On the other hand, cultivars like ‘Nakabululu’ have 

thicker leaf sheaths which minimise the loss of water, hence their moderate tolerance to drought 

stress. However, it was interesting to note from farmers that ‘Mpologoma’ recovers much faster 

than other cultivars when drought conditions cease.  On the other hand, ‘FHIA 17’ might have 
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inherited its high tolerance to drought stress from one of its parent cultivars, ‘Gros Michel’, 

locally known as ‘Bogoya’ (Van den Bergh et al., 2020). According to the WAI value in Table 

3.6, ‘Bogoya’ was reported to be moderately tolerant to drought.  

Table 3.6 Ranking of the most popular banana cultivars based on their response to drought 

stress as perceived by the study respondents (from most to least affected by drought) 

  Number of respondents reporting cultivar 

response to drought stress  

  

Cultivar local name  Frequency 

(n=120) 

Highly 

sensitive 

Moderately 

tolerant 

Very 

tolerant 

No 

effect 

WAI Rank 

Mpologoma 63 60 2 1 0 2.94 1 

Kisansa 31 11 18 2 0 2.29 2 

Enjagata 22 6 16 0 0 2.27 3 

Musakala  48 13 33 2 0 2.23 4 

Gonja  48 20 19 9 0 2.23 4 

Ndyabalangira 33 8 22 3 0 2.15 6 

Enzirabahima 28 10 12 6 0 2.14 7 

Muvubo 39 6 31 2 0 2.10 8 

Kibuzi  74 17 45 12 0 2.07 9 

Butobe  20 5 9 6 0 1.95 10 

Nakitembe 69 7 51 11 0 1.94 11 

Mbwazirume  79 9 54 16 0 1.91 12 

Nfuuka  20 1 16 3 0 1.90 13 

Bogoya  70 13 30 27 0 1.80 14 

Nakinyika 25 2 14 9 0 1.72 15 

Enyeru 42 3 20 19 0 1.62 16 

Nakabululu 63 3 25 35 0 1.49 17 

Sukali Ndiizi  74 1 29 44 0 1.42 18 

Kayinja  25 0 9 16 0 1.36 19 

Kivuuvu 26 0 10 15 1 1.35 20 

FHIA 17 29 1 4 15 11 0.90 21 

WAI denotes Weighted Average Index 
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stress effects on plant growth (Taulya, 2013; Panelo and Diza 2017; Meya et al., 2020; 2023a; 

2023b). Although fertiliser application, particularly farm manure, was reported as desirable, its 

deployment was constrained by the insufficient supply and high cost of organic manure except 

for farmers who reared livestock, e.g., cows, goats and chickens. Other drought coping options 

deployed by respondents included irrigation, weeding, staking of weak plants (particularly for 

late season drought), tying of disintegrated pseudostems with banana fibres, intercropping with 

trees and cover crops, heaping of soil around exposed plant roots and sucker removal (they 

leave three to four plants per mat) (Figure 3.7). Even though mulching was the most used 

coping practice (55.8%), many of the farmers (81.7%) pointed out irrigation as the most 

effective measure to mitigate drought effects on banana production. 

Table 3.7 Respondents’ perceptions of the response of the five most grown banana cultivars to 

drought stress across the two selected agroecological zones. 

 

 

Cultivar  

 
Agroecological zone (%) 

 

Drought 

sensitivity 

level 

 

Lake Victoria 

Crescent 

 

Southern 

Drylands 

 

Chi-square 

value 

Mbwazirume  1 18.2 21.7 4.50 (0.105)  
2 78.8 60.9 

 

 
3 3.0 17.4 

 

Kibuzi 1 23.1 16.0 7.80** (0.02)  
2 73.1 52.0 

 

 
3 3.8 32.0 

 

Sukali Ndiizi 1 51.3 66.7 2.43 (0.297)  
2 46.0 33.3 

 

 
3 2.7 0.0 

 

Bogoya 1 27.6 46.3 3.348 (0.187)  
2 55.2 34.2 

 

 
3 17.2 19.5 

 

Nakitembe 1 16.7 12.4 4.71* (0.095)  
2 80.5 68.8 

 

 3 2.8 18.8  

***p < 0.01; **p < 0.05; *p < 0.1; values in parenthesis are p values. Cultivar drought sensitivity levels: 

1- very tolerant; 2-moderately tolerant; 3-highly sensitive  
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Table 3.8 Purpose and time of deployment of on-farm drought coping strategies by study 

respondents.  

Drought coping practice Purpose of intervention Time of deployment 

Mulching Preserving soil moisture by 

reducing evaporation 

Throughout the growing 

season or  

during the drought period 

Planting mixed cultivars  Diversify risk (due to drought 

effects) from a single cultivar  

At planting  

Irrigation Replenish lost or used soil 

moisture 

During the drought period 

or 

Intercropping Tall trees or shrubs provide 

shade to bananas, especially on 

very hot days  

Short trees, shrubs and cover 

crops serve as soil cover   

Any time during the 

growing season 

Reduced leaf harvesting  Ensure plants have adequate 

leaves for photosynthesis 

Leaves shade the pseudostem 

and ground, thereby reducing 

desiccation  

During the drought period 

Construction of ditches or 

contour bands 

For soil and water retention  At planting or 

At onset of rainfall 

Weeding Reduces competition for 

resources e.g. soil water and 

nutrients 

Throughout the growing 

season  

Staking of plants Support the weight of heavy 

bunches on weak or snapped 

plants 

During the drought period 

Manure application Increased organic matter 

improves water retention.  

Fertilizers ensure a healthy and 

strong plant that can withstand 

drought 

At the onset of rains or   

At planting  

Tying of disintegrated 

pseudostem  

To keep the disintegrated 

pseudostem intact 

During the drought period 

Sucker removal Reduce competition among 

plants on the same mat for the 

scarce resources including water 

Throughout the growing 

season, but more 

purposely at onset and 

during the drought period   

Heaping soil around plant 

roots 

Protect exposed roots from 

desiccation and improve water 

and nutrient uptake 

During the drought period 
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3.3.5 Correlations of farm characteristics and the extent of deployment of coping 

strategies 

The association between the extent of deployment of drought coping practices (focus variable) 

and two farm characteristics, plantation size and age, as explanatory variables were determined. 

Pearson’s product-moment correlation coefficient (r) indicated significant negative 

associations between the extent of deployment of drought strategies and the two explanatory 

variables, i.e., r values -0.126 (p = 9.55 x 10-23) and -0.008 (p = 1.22 x 10-6) for plantation age 

and size, respectively. The negative association between the extent of deploying coping 

strategies and plantation size could reflect resource limitation to deploy drought mitigation 

practices that are mostly costly on larger farms. The bigger the banana plantation, the more 

demanding and expensive it is to access drought management requirements such as hired 

labour, mulch, manure, irrigation water and equipment.  

3.4 Conclusions and future perspectives 

This study has shown that the banana production systems in the cattle corridor of Uganda are 

threatened by drought. Farmers reported drought effects on the plant’s vegetative growth and, 

later, on the floral, fruit and yield-related traits. Six of the 15 drought stress indicators or traits 

reported (including reduced bunch size, reduced size and number of fingers and clusters, 

delayed flowering and bunch formation, longer bunch filling duration, choking and abortion of 

inflorescence) occurred at flower and fruit formation and development stages. Given that, in 

the end, the most relevant indicator is the impact of drought on the yield of cultivars, 

researchers should prioritise the above floral and yield-related traits (including flowering time, 

bunch weight, number and size of hands and fingers) when conducting field assessment 

drought tolerance experiments. Ideally, a tolerant cultivar should be able to yield during the 

drought season. Also, considering that the amount of leaf area left after the drought stress 

contributes significantly to the yield, scientists should consider vegetative traits related to leaf 

production (number of functional leaves and leaf cigars formed) and size (total functional leaf 

area). Plant biomass and pseudostem height (reported by farmers as reduced plant size and 

stunted growth, respectively) should also be monitored. The advantage of vegetative growth 

traits is that they can be measured at any stage of plant growth. Future drought evaluation 

experiments should be based on the above traits used by farmers to ensure correct translation 
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of measured traits back to the farmers’ measures or indicators of drought tolerance or sensitivity 

of cultivars. Giving priority to farmers’ traits will also ease farmer acceptance of new drought-

tolerant hybrids.    

In successive chapters (i.e. Chapters 4 and 7), drought assessment experiments will be carried 

out under screen house conditions. Field experiments were not possible due to time restrictions 

and limited financial resources. Therefore, from the traits reported by farmers, only plant traits 

pertaining to stunted growth, leaf death (including wilting and drying of leaves and rapid leaf 

senescence), and leaf production and size will be considered. For instance, in Chapter 4, stunted 

growth will be estimated by measuring the plant height while wilting and senescing of leaves 

will be determined from the leaf relative water content and the chlorophyll content, 

respectively. The number of leaf cigars formed during the drought period, number of functional 

leaves, and total leaf area will be recorded to ascertain the impact of drought on leaf production 

and size. The total plant dry matter will also be recorded to reflect the significant negative 

impact of drought on plant size as reported by farmers. For Chapter 7, which primarily focuses 

on the variability in water usage, growth and transpiration response of Musa progenies and 

their parental genotypes to declining soil water content in relation to fluctuating environmental 

factors that influence the evaporative demand (vapour pressure deficit and light intensity), the 

total functional leaf area, leaf damage and transpiration rates will be given priority. Knowledge 

of the impact of drought on early growth stages is crucial as drought tends to prolong the 

vegetative stage, consequently leading to fewer bunches per mat over time (Uwimana et al., 

2020). Nonetheless, the above recommended traits should be considered in future banana 

drought tolerance breeding and evaluation experiments.            

To mitigate adverse drought effects, banana farmers in the Ugandan cattle corridor deployed 

several coping practices such as mulching, planting mixed cultivars, construction of water 

retention trenches or contour bands, reduced leaf harvesting, manure application, irrigation, 

weeding and staking of weak plants. Additional practices included tying disintegrated 

pseudostems with banana fibres, intercropping with trees and cover crops, heaping soil around 

exposed plant roots, and removal of excess suckers. Mulching was the most practiced, while 

irrigation though among the least applied practices, was considered by farmers to be the most 

effective in reducing drought effects on banana production. Therefore, control plants in 

subsequent phenotyping chapters (Chapter 4 and Chapter 7) will be watered regularly to ensure 
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optimal growth conditions, which in turn will result in contrasting phenotypes between well-

watered plants and their water stressed counterparts. Despite the importance of the above on-

farm practices in mitigating drought effects on banana, the extent of their deployment was still 

limited by a shortage of resources (monetary, and human resources). Deployment of some of 

the mitigation measures (e.g. irrigation) will require government and policy interventions in 

terms of providing logistical support to farmers and subsidies.  

Given the nature of climate change-related phenomena like unpredictable withdrawal of rains 

and prolonged droughts, farmers need to prioritise preventive coping initiatives such as 

planting drought-tolerant cultivars, mulching (all year round) and manure application which 

protect plants against potential adverse drought effects rather than curative strategies. 

Moreover, such preventive strategies should be deployed at planting or before the onset of 

drought instead of adopting these practices during drought conditions or after the damage has 

already been caused.  

Despite limited modelling work on climate trends in Uganda, past climate data shows that 

drought occurrences may exacerbate, especially in the semi-arid regions (including the cattle 

corridor). Therefore, there is need to generate more reliable weather data, improve climate 

projections and strengthen current information systems to better prepare for future drought 

incidences. Additionally, development practitioners and agricultural extension programs need 

to better inform farmers on mitigation options to avert drought effects based on reliable climate 

forecasts. The development of drought-tolerant cultivars that require much less water for 

optimal growth should be explored by banana breeding programmes. Moreover, some of the 

popular cultivars that were reported in this study as tolerant (e.g. ‘Sukali Ndiizi’ and ‘Kayinja’) 

and most affected (‘Mpologoma’) by drought stress are recommended as reference cultivars 

when screening banana germplasm for drought tolerance. In this thesis, ‘Mpologoma’ and 

‘Sukali Ndiizi’ will be included as drought-sensitive and drought-tolerant reference varieties 

in the germplasm screening experiment of the next chapter, Chapter 4. ‘Mpologoma’ and 

‘Sukali Ndiizi’ will also be two of the 55 accessions genotyped in Chapter 6. ‘Enzirabahima’, 

one of the EAHB cultivars grown by farmers in this study, is the female parent of the tetraploid 

hybrid ‘917K-2’, which is the female parent of the Musa progenies that will later be developed, 

genotyped and phenotyped in chapters 5, 6 and 7, respectively.        
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3.5 Appendices 

 

 

Appendix 3.1 Trends in total annual precipitation recorded at Mbarara, Mubende and Luwero 

weather stations from 1961 to 2020. Source of data - Uganda National Meteorological 

Authority (UNMA).  
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Chapter 43: Response of banana (Musa spp.) to water stress based on 

phenotypic and physiological traits  

Abstract  

Banana (Musa spp.), an important staple food in the tropical and subtropical regions, is highly 

susceptible to drought. Developing drought-tolerant bananas using available germplasm offers 

a long-term solution to mitigate drought effects. The East and Central Africa Banana 

Germplasm Collection in Uganda contains genetically diverse genotypes whose potential for 

drought tolerance breeding is yet to be established. This study aimed to determine the response 

of 16 Musa genotypes to water stress based on phenotypic and physiological traits and to select 

promising genotypes for use in banana drought tolerance breeding. Four genotypes with a 

known reaction to water stress conditions were included as local checks. Three-month-old 

tissue culture-derived plantlets were completely deprived of water for four weeks while control 

plants were regularly irrigated back to field capacity, and both sets maintained under screen-

house conditions. Water stress resulted in significant reductions in plant height, total leaf area, 

number of leaf cigars and functional leaves, total dry matter, chlorophyll, and relative water 

content. Water use efficiency (WUE) of 12 genotypes increased under stress conditions. 

Stomatal conductance was affected by the genotype x water treatment interaction. Genotype 

‘ITC.0987’ was the most tolerant, considering that moisture stress had the least effect on its 

above-ground growth. Among the improved diploids, ‘TMB2x9722-1’ had the least total dry 

matter reduction and highest WUE, while ‘TMB2x9172’ showed the least decrease in relative 

water content and highest root-shoot ratio increase under stress. Thus, ‘ITC.0987’, 

‘TMB2x9722-1’ and ‘TMB2x9172’ are essential drought-tolerant candidates that may be 

utilized in breeding.  

Keywords: chlorophyll content, Musa spp., plant growth, relative water content, stomatal 

conductance, water stress, water use efficiency  

 

3 This chapter was published in the Journal of Crop Improvement: Nansamba, M., J. Sibiya, R. Tumuhimbise, D. 

Karamura, J. Ssekandi, et al. 2022. Response of banana (Musa spp.) to drought stress based on phenotypic and 

physiological traits. J. Crop Improv. 37:751-775. https://doi.org/10.1080/15427528.2022.2148313  



91 

4.1 Introduction 

Bananas (Musa spp.) constitute a major source of dietary energy and micronutrients for 

millions of people in Asia and Africa (Heslop-Harrison and Schwarzacher, 2007). In Uganda, 

banana ranks first among the top five food crops grown, with a total planted area of 729,000 

ha and total production of 11,230,000 tons reported in the financial year 2022/2023 (UBOS 

[Uganda Bureau of Statistics], 2023). Over 6,223 tons of bananas valued at 3,713,000 USD are 

exported from Uganda, mainly to Kenya, the Democratic Republic of Congo, and South Sudan 

(UBOS, 2023). However, due to its high-water requirement, banana is sensitive to changes in 

climatic conditions such as atmospheric temperatures (Turner and Lahav, 1983; Ramirez et al., 

2011) and prolonged droughts (Srikul and Turner, 1995; Nansamba et al., 2020; Uwimana et 

al., 2020). It is envisaged that by 2050, climate change could cause significant declines in 

global banana yield gains, from an average of 1.37 to 0.19 tons ha−1 in the major production 

and export countries (Varma and Bebber, 2019). 

Banana requires high volumes of water ranging between 1,200 and 2,600 mm per annum for 

optimal growth (Carr, 2009; Van Asten et al., 2011; Mustaffa and Kumar, 2012). Since major 

banana growing sites and breeding programs are in the humid tropics and subtropics, 

production is often affected by unpredictable and prolonged rainfall withdrawals. The East 

African highland region, one of the major banana production systems, experiences seasonal 

droughts which cause substantial yield losses (Wairegi et al., 2010; Kayongo et al., 2015; 

Uwimana et al., 2020). For instance, for every 100 mm drop in available soil water, 8–10% 

yield losses occur in East African Highland bananas (EAHBs), which require 1,200– 1,300 mm 

water per year (Van Asten et al., 2011). Bunch weight reductions of 20–65% are likely to occur 

in the drier parts (receiving 900–1100 mm yr-1) of the East African Highland cropping system, 

making breeding for drought-tolerant varieties the topmost intervention to mitigate the drought 

effects. 

Breeding drought-tolerant cultivars requires sources of tolerance genes which can be identified 

through screening of existing genotypes, from which water-efficient candidates are selected for 

use as male and/or female parents in subsequent conventional crosses. Many researchers have 

evaluated different banana cultivars at various growth stages for their response to moisture 

stress under controlled and field conditions (Vanhove et al., 2012; Xu et al., 2014; Muthusamy 

et al., 2016; Uwimana et al., 2021). Drought-sensitive banana genotypes display stress 
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symptoms such as wilting, increased degradation of leaf chlorophyll, reduced net 

photosynthetic rates, stomatal conductance and total plant biomass production, irrespective of 

the growth stage (Thomas and Turner, 1998; Mahouachi, 2009; Nansamba et al., 2020). 

Genotypes that perform better under drought conditions often have enhanced water use 

efficiency (WUE) and increased biomass allocation to the root system (Kissel et al., 2015; 

Delfin et al., 2016; Santos et al., 2020). Under field conditions, adverse moisture stress effects 

on critical growth stages such as flower initiation, fruit initiation and filling, resulting in fewer 

fingers/ hands and reduced bunch weight, have been reported (Goenaga and Irizarry, 1995; 

Mahouachi, 2007). Stevens et al. (2020) reported delays in banana phenological processes such 

as flowering time and harvest date, as well as significant reductions in biomass build-up and 

yields of two cultivars, ‘Mchare Huti-Green Bell’ (AA) and ‘Grand Naine’ (AAA) due to water 

stress. 

Among the Musa spp. genotypes currently maintained at the East and Central Africa banana 

Germplasm Collection (ECAGC) hosted at the Zonal Agricultural Research Development 

Institute in Mbarara, Uganda, are diploids (including wild, edible, landraces, and improved 

hybrids) (Karamura et al., 2016). Some of these diploids are important sources of resistance to 

banana pests (weevils and nematodes) and diseases (black Sigatoka) (Nowakunda et al., 2015; 

Tumuhimbise et al., 2018), but their levels of tolerance to drought are not known. It is, thus, 

vital to assess them to identify drought-tolerant germplasm for the mainstream banana genetic 

improvement programs. Therefore, this study aimed to determine the response of 16 Musa 

genotypes to water stress based on phenotypic and physiological traits and to select promising 

genotypes for use in banana drought tolerance breeding.  

4.2 Materials and methods 

4.2.1 Plant materials, soil composition and experimental design  

16 Musa spp. genotypes consisting of edible, wild, landraces and improved species and selected 

based on possession of the ‘B’ genome and /or desirable taste and breeding attributes were 

evaluated for their response to water stress for four weeks in the screen house (Table 4.1). Some 

studies have linked the B genome to enhanced tolerance to water stress (Ekanayake et al., 1994; 

Vanhove et al., 2012).  Additionally, diploids were selected for evaluation because of their 
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current use in banana breeding as male-fertile parents (Ortiz and Swennen, 2014; Batte et al., 

2019). Two cultivars, ‘Mpologoma’ (AAA) and ‘Williams’ (AAA), were included as drought-

sensitive checks while ‘Monthan’ (ABB) and ‘Sukali Ndiizi’ (AAB) were included as a 

drought-tolerant reference varieties (Robinson and Alberts, 1986; Ravi et al., 2013). In Chapter 

3, banana farmers in the cattle corridor region of Uganda reported ‘Mpologoma’ (an EAHB 

cultivar) to be the most sensitive to drought while ‘Sukali Ndiizi’ was reported among the top 

five least affected popular cultivar (Table 3.6; Table 3.7). The plant materials used were 

sourced from the ECAGC in Mbarara, Uganda and the International Transit Centre (ITC) in 

Belgium.  

Before imposition of water stress, 3-month-old tissue culture-derived plantlets were acclimated 

for four weeks, after which they were transplanted into 10-litre plastic buckets containing 9 kg 

of soil. The potting medium comprised black soil, sand, and organic manure in the ratio of 

3:1:1, respectively and had moisture retention of 24% at field capacity.   

The experiment was set up following a completely randomized design (CRD) with three 

replications and one plant per pot. Three plants of each genotype were maintained under well-

watered conditions and three were water stressed. Water stress was imposed two months after 

transplanting by completely ceasing irrigation of the stressed plants for four weeks, while 

control plants continued to be watered back to field capacity every three days. The experiment 

was conducted in a screen-house at the National Agricultural Research Laboratories (NARL) 

in Kawanda, Uganda. Screen- house temperatures and relative humidity were monitored with 

a Tinytag Plus 2 data logger (model TGP-4017, Chichester, UK). During the evaluation period, 

the weekly relative humidity of the screen-house ranged from 53.3% to 100%, with 

temperatures ranging from 18 °C to 32.3 °C (Table 4.2). The soil water content (expressed in 

terms of pressure) was monitored with soil moisture sensors (model 200SS WATERMARK 

sensor, Irrometer Company Inc., Riverside, USA). The moisture sensors were vertically buried 

and maintained in the potted soil for the entire evaluation period. Soil water content 

measurements were recorded every three days using a hand-held soil moisture meter 

(WATERMARK Meter, Irrometer) attached to the sensor’s wires. 
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Table 4.1 List of Musa spp. genotypes evaluated for drought tolerance at the National 

Agricultural Research Laboratories, Kawanda in Uganda under screen-house conditions. 

Genotype Name/ID Ploidy   Genome 

constitution 

Origin Banana type Desirable traits 

TMB2x9172  2x AA IITA, Nigeria Improved 

diploid  

Black Sigatoka 

resistant, high 

bunch yield 

TMB2x6142-1  2x  AA IITA, Nigeria Improved 

diploid 

Black sigatoka 

resistant, high 

bunch yield  

TMB2x8075-7   2x AA IITA, Nigeria Improved 

diploid 

Black sigatoka & 

Nematode 

resistant, high 

bunch yield 

TMB2x9128-3  2x AA IITA, Nigeria Improved 

diploid 

Fusarium wilt 

resistant, high 

bunch yield 

TMB2x9722-1   2x Unknown IITA, Nigeria Improved 

diploid 

Rich in vitamin 

A 

ITC.1239 2x AB Papua New 

Guinea 

Landrace  Edible dessert 

ITC.1638  2x AB India Landrace  Edible diploid 

ITC.0987 2x AB Papua New 

Guinea 

Landrace Edible dessert 

Kunnan  2x AB Unknown  Landrace  - 

Musa balbisiana   2x BB South-East 

Asia  

Wild Musa 

species  

Associated with 

resistance to 

abiotic stresses 

Calcutta-4 2x AA Unknown  Wild Musa 

species 

High male and 

female fertility, 

high pollen 

production, 

Resistant to 

fusarium wilt, 

black sigatoka, 

and nematodes  

Vunapope 2x AB Papua New 

Guinea 

Landrace Edible cooking 

type 

Sukali Ndiizi 3x AAB Kiisi, Kenya Dessert banana  Edible dessert, 

drought-tolerant 

check  

Mpologoma  3x AAA Kiboga, 

Uganda 

East African 

Highland 

Banana 

Edible cooking 

type, drought-

sensitive check 

Williams  3x AAA Unknown  Cavendish Drought-sensitive 

check 

Monthan  3x ABB Unknown  Monthan  Drought-tolerant 

check 



95 

Table 4.2 Weekly weather conditions at the National Agricultural Research Laboratories, 

Kawanda during the evaluation of Musa spp. genotypes for drought tolerance 

Week Tmin (oC) Tmax (oC) RHmin (%) RHmax (%) 

1 18.8 30.6 61.1 100.0 

2 18.7 28.4 71.8 100.0 

3 18.2 32.3 67.6 100.0 

4 18.0 31.4 65.8 100.0 
Tmin, average minimum temperature; Tmax, average maximum temperature; RHmin, average 

minimum relative humidity; RHmax, average maximum relative humidity  

4.2.2 Measurement of plant phenotypic and physiological traits   

4.2.2.1 Phenotypic traits  

Data was taken on the following phenotypic traits pertaining to plant growth: Plant height (in 

cm) was measured (at 28 days after stress imposition) from the soil surface to the meeting point 

of the two youngest unfurled leaves. The total number of functional leaves was recorded 

weekly. Leaves were only considered functional if they had at least 50% green tissue; 

otherwise, they were non-functional (Bananuka et al., 1999). The number of new leaf cigars 

was monitored every three days throughout the evaluation period.  

Total leaf area (TLA) of each plant was determined as follows. For every plant, the length (cm) 

and width (cm) at the broadest part of each fully opened leaf were measured using a tape 

measure. Individual leaf areas were calculated according to Summerville (1944). 

 Leaf Area = Leaf length × Leaf width × 0.83 (4.1) 

Where 0.83 is a leaf area factor 

The TLA of each plant was then obtained by summing up all the individual leaf areas and 

recorded in cm2. 
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Biomass production and allocation: At trial termination, fresh plant samples were partitioned 

into roots, leaves and stems (pseudostems and corms) and weighed (in grams) separately for 

each plant. The roots were thoroughly washed and gently patted dry before determining their 

fresh weights. All fresh samples were then dried in an oven at 70 °C for three days. After oven 

drying, sample dry weights were determined. Subsequently, root-shoot ratios were computed 

from the following equation: 

 RSR =  
RDW

SDW
 (4.2) 

Where RSR corresponds to the root-shoot ratio, RDW and SDW are root and shoot dry weights 

(both in grams).   

4.2.2.2 Plant physiological parameters 

Physiological traits related to plant function and plant water status were monitored. Stomatal 

conductance was recorded every three days between 8:30 am and 12 noon using a steady-state 

leaf porometer (model SC-1, Decagon Devices, Pullman, USA). Readings were taken on the 

third youngest fully unfurled leaf of each plant. Leaf chlorophyll contents were recorded every 

seven days on the third youngest fully opened leaf using a chlorophyll meter (model SPAD-

502Plus, Konica Minolta Inc., Tokyo, Japan) and readings recorded in SPAD units. Both 

stomatal conductance and leaf chlorophyll contents were taken on the third youngest fully 

unfurled leaf of each plant.   

Water use efficiency (WUE) was determined at the end of the drought treatment period and 

calculated following a method by Ehdaie and Waines (1993). 

 WUE =
Total plant dry weight (g)

Total water used (Kg)
 (4.3) 

The amount of water used by the plant was determined by weighing the pots every three days 

and the reduction in pot weight ascribed to plant use. Unlike water stressed plants, control 

plants were regularly re-watered back to field capacity to replace the loss in pot weight. Pots 

containing the soil mixture but without plants were maintained to account for water loss due to 

evaporation.   
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The relative water content (RWC) was determined at the end of the experiment following a 

procedure by Barrs and Weatherly (1962). Briefly, using a cork borer, twenty 0.5 cm discs 

were excised from the third youngest fully opened leaf. The weights of the leaf discs were 

determined immediately with an analytical balance, taking care to ensure minimal water loss 

from the fresh samples. To determine the turgid weight, the leaf discs were immediately placed 

in plastic tubes to which 10ml of distilled water was added and stored in a refrigerator for 24 

hrs. After 24 hours of saturation under refrigeration, the discs were dried with tissue paper and 

their turgid weights recorded. After weighing, the leaf discs were oven-dried at 70°C for 24 hrs 

for dry weight determination. The RWC was computed as follows: 

 RWC =
(Fresh weight −Dry weight)

(Turgid weight −Dry weight)
× 100 (4.4) 

4.2.3 Statistical analysis  

The data were subjected to a two-way analysis of variance (ANOVA) using Genstat® 18th 

Edition software (VSN International, Hemel Hempstead, UK, 2015) to test for significant 

differences between genotypes. Comparisons were then made between parameter means using 

Tukey’s Honest Significant Difference (HSD) test at a significance level of α = 0.05. 

Correlation coefficients among the phenotypic and /or physiological traits were calculated 

using Pearson’s correlation (r) method, with a two-sided test applied (α = 0.05).  

4.3 Results 

The soil moisture content of water stressed plants, expressed in terms of pressure, increased 

from 2 kPa on the last day of watering to 186 kPa at the termination of the experiment, 

indicating that the soil was severely dry. On the other hand, well-watered plants were 

maintained in adequately wet soils with a moisture content range of 2 kPa to 12 kPa.  

Table 4.3 summarizes the analysis of variance for phenotypic and physiological traits 

measured. Significant differences were observed among tested Musa spp. genotypes and water 

treatments for total leaf area, plant height, total dry matter, number of leaf cigars, number of 

functional leaves, chlorophyll content, WUE and RWC. The effect of the genotype x water 

treatment interaction was significant for total leaf area, plant height, number of leaf cigars, 
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number of functional leaves and RWC. In contrast, the total plant dry matter, root-shoot ratio, 

chlorophyll content and WUE were not affected by the genotype x water treatment interaction.
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Table 4.3 Analysis of variance (mean squares) for phenotypic and physiological traits of 16 Musa spp. genotypes evaluated across 

well-watered and water stress conditions 

Sources of 

variation  

df  Total leaf 

area 

Plant 

height 

Total 

dry 

matter 

Root-

shoot 

ratio 

Number 

of leaf 

cigars 

Number of 

functional 

leaves  

Chlorophyll 

content  

Water use 

efficiency 

Relative 

water 

content 

Genotype  15 4442861** 696.7** 2654.4** 0.063* 0.688** 6.5248** 248.17** 17.286** 112.02** 

Water treatment  1 38259737** 2758.4** 2133.9** 0.002 ns 32.181** 145.628** 1878.38** 8.559** 5202.35** 

Genotype*Water 

treatment 

15 1190013** 127.5** 207.5 ns 0.001 ns 0.510* 4.880** 34.48 ns 1.447 ns 44.59** 

Residual 62 351171 18.1 199.1 0.01  0.269 0.527 41.77 1.032 10.06 

ns, non-significant; *, p < 0.05; **, p < 0.01 level 
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4.3.1 Effect of water stress on plant growth  

4.3.1.1 Total leaf area  

Means comparison of the two water treatments showed that higher TLA (2881.5 cm2) was 

obtained from the plants exposed to the well-watered treatment while their water stressed 

counterparts produced 1605.6 cm2 TLA, which had a 44.3% decrease compared to well-

watered plants (Table 4.4). Water stress caused significant TLA reductions ranging between 

19.7 and 84.7%. The highest and third highest TLA reductions were found in the drought-

sensitive checks, ‘Williams’ and ‘Mpologoma’, respectively, while the improved diploid, 

‘TMB2x9172’, had the lowest reduction. The drought-tolerant checks, ‘Monthan’, and 

‘Sukali Ndiizi’ experienced less than 50% reductions in TLA due to water stress. While 

plants of 15 out of 16 tested genotypes had reduced TLA under water stress conditions, the 

‘ITC.0987’ genotype had a greater TLA under the same treatment (Table 4.4). Such an 

inverse response is contrary to the general trend when well-watered plants had higher TLA 

than those deprived of water for four weeks. Among the improved diploids, ‘TMB2x6142-

1’ had the highest TLA under well-watered and water stress conditions.  

4.3.1.2 Plant height  

For all genotypes, well- watered plants were consistently taller than their water stressed 

counterparts (Table 4.4). Water stress significantly reduced the plant heights of all tested 

genotypes during the four weeks of water stress imposition (Table 4.4). Water stress-

induced reductions in plant height ranged between 6.2 and 62.4%, with the lowest and 

highest reductions observed in the improved diploid, ‘TMB2x9722-1’ and drought-

sensitive check, ‘Williams’, respectively. ‘Mpologoma’ displayed a significantly lower 

reduction in plant height than ‘Williams’ when subjected to water stress conditions. 

Regarding the drought-tolerant checks, water stress caused three times more reduction in 

plant height in ‘Sukali Ndiizi ‘than in ‘Monthan’. In terms of frequencies, 75% of the 

genotypes had plant height reductions of less than 50%, whereas 25% showed height 

reductions greater than 50%. Genotypes including ‘ITC.0987’, ‘Kunnan’, ‘M. balbisiana’, 

‘Vunapope’ and ‘Monthan’ (drought-tolerant check) were relatively short species (24.3–

27.5 cm) even under well-watered conditions. The observed significant plant height 
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reductions among water stressed plants clearly indicate the negative impact of water stress 

on the plant’s potential to grow taller. 
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Table 4.4 Mean total leaf area and plant height of 16 Musa spp. genotypes evaluated under water stress and well-watered 

conditions at four weeks after stress imposition 

  

Total leaf area, cm2 per 

plant   Plant height, cm per plant 

Genotype 

Water 

stress 

Well-

watered 

Reduction 

(%) Genotype 

Water 

stress 

Well-

watered 

Reduction 

(%) 

ITC.0987 479.4 a 253.5 a -89.1 TMB2x9722-1 29.0 cd 30.9 ab 6.2 

TMB2x9172 2308.8 d-f 2876.4 b-d 19.7 ITC.0987 22.2 bc 24.3 a 8.8 

ITC.1638 3209.9 f 4013.2 cd 20.0 TMB2x6142-1 47.7 f 52.5 c-e 10.1 

TMB2x9722-1 1175.8 a-c 1543.4 ab 23.8 TMB2x8075-7 48.0 f 53.8 de 10.8 

ITC.1239 2659.9 ef 3603.2 b-d 26.2 Monthan 23.1 bc 26.1 a 11.5 

Musa balbisiana 1223.2 a-c 1779 ab 31.2 Vunapope 22.1 bc 25.1 a 12.0 

Kunnan 1170.4 a-c 1748.4 a-c 33.1 Mpologoma 41.2 ef 46.8 c-e 12.1 

Monthan 1230.9 a-c 1915.7 a-c 35.7 TMB2x9128-3 41.7 ef 47.5 c-e 12.3 

TMB2x8075-7 2117.2 c-e 3515.8 b-d 39.8 ITC.1239 39.0 ef 49.5 c-e 21.2 

TMB2x6142-1 2366.4 d-f 4039.1 cd 41.4 Calcutta-4 20.2 a-c 29.2 ab 30.6 

Sukali Ndiizi 1985 c-e 3545.6 b-d 44.0 Musa balbisiana 18.7 ab 27.5 a 31.9 

Vunapope 1538.5 b-d 3198.3 b-d 51.9 Sukali Ndiizi 37.0 de 55.7 e 33.5 

TMB2x9128-3 1312.6 a-d 2808.9 b-d 53.3 TMB2x9172 20.5 a-c 44.0 cd 53.4 

Mpologoma 1549.3 b-d 4620.4 d 66.5 Kunnan 11.7 a 26.8 a 56.4 

Calcutta-4 764.4 ab 3307.9 b-d 76.9 ITC.1638 21.1 a-c 52.8 de 60.1 

Williams 452.5 a 2958.3 b-d 84.7 Williams 15.2 ab 40.5 bc 62.4 

Mean1  1605.6 a  2881.5 b    29.0 a 39.8 b 
 

SED 376.5 376.5   4.2 4.2  

CV (%) 26.5 14.4   17.4 9.3  
1Means in a column or row followed by the same letter(s) are not significantly different at 5% level Tukey HSD 
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4.3.1.3 Biomass production and allocation 

4.3.1.3.1 Total dry matter  

This study revealed significant variations in total dry matter due to the water treatment (p 

< 0.05) and the genotype (p < 0.05) (Table 4.5). For most of the genotypes (13 out of 16), 

water stress resulted in total dry matter weight reductions ranging from 6 to 52%. 

‘Mpologoma’ (a drought-sensitive check) and ‘Calcutta-4’ (a wild Musa species), 

displayed the highest reductions, while the remaining 11 genotypes showed total dry matter 

reductions not exceeding 50%. Among the genotypes whose total dry matter was reduced 

by water stress, ‘Sukali Ndiizi’, a drought-tolerant check, was the fourth least affected 

genotype with a reduction of 23.3% while Monthan had a reduction of up to 35%. In 

contrast, three improved diploids including, ‘TMB2x6142-1’, ‘TMB2x8075-7’ and 

‘TMB2x9722-1’ presented greater total dry matter weights under water stress treatment in 

comparison to well-watered conditions. 

4.3.1.3.2 Root-shoot ratio 

The root-shoot ratios did not differ significantly across the two water treatments, while 

significant genotypic differences were observed under each water treatment (Table 4.5). 

The two drought-sensitive checks, ‘Mpologoma’ and ‘Williams’, and five other genotypes 

showed a general root-shoot ratio reduction of less than 50%. In this category, the lowest 

and highest reductions in root-shoot ratios were recorded in ‘Sukali Ndiizi’ and 

‘TMB2x9128-3’, respectively. On the other hand, nine (9) out of 16 tested genotypes 

showed a general increase in the root-shoot ratios, ranging from 2 to 61%. ‘TMB2x9172’ 

had a significantly higher percent increase in root-shoot ratio compared to the rest of the 

entries. ‘Kunnan’ closely followed by ‘Monthan’ (a drought-tolerant check) also had root-

shoot ratio increases (> 50%) under the water stress treatment, while ‘ITC.1239’, 

‘ITC.1638’ and ‘M. balbisiana’ showed relatively low percent increases (< 10%).  
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Table 4.5 Total dry matter and root-shoot ratios of 16 Musa spp. genotypes grown under well-watered and water stress conditions 

after four weeks of stress imposition 

  Total dry matter, g per plant   Root-shoot ratio 

Genotype 

Water 

stress 

Well-

watered 

Reduction 

(%) Genotype  

Water 

stress 

Well-

watered 

Reduction 

(%) 

TMB2x9722-1 22.2 a-d 19.7 ab -13.0 TMB2x9172 0.233 ab 0.144 a -61.0 

TMB2x8075-7 53.6 ef 48.6 a-d -10.3 Kunnan 0.583 b 0.375 ab -55.6 

TMB2x6142-1 51.7 ef 48.3 a-d -6.9 Monthan 0.331 ab 0.215 ab -53.9 

Musa balbisiana 29.8 a-e 31.7 a-c 6.1 TMB2x8075-7 0.232 ab 0.168 ab -38.3 

TMB2x9172 60.0 f 70.0 cd 14.3 TMB2x9722-1 0.353 ab 0.291 ab -21.5 

ITC.1638 51.7 ef 61.7 b-d 16.2 ITC.0987 0.077 a 0.066 a -17.4 

Sukali Ndiizi 55.0 ef 71.7 cd 23.3 Musa balbisiana 0.525 b 0.489 b -7.3 

TMB2x9128-3 46.7 d-f 63.3 b-d 26.3 ITC.1239 0.216 ab 0.207 ab -4.0 

Kunnan 20.0 a-d 27.5 a-c 27.3 ITC.1638 0.236 ab 0.231 ab -2.4 

ITC.1239 40.0 b-f 58.3 b-d 31.4 Sukali Ndiizi 0.224 ab 0.229 ab 2.1 

Vunapope 14.7 a-c 22.0 ab 33.2 Mpologoma 0.29 ab 0.311 ab 6.9 

Monthan 8.2 ab 12.6 a 35.4 TMB2x6142-1 0.233 ab 0.258 ab 9.6 

Williams 13.4 a-c 23.4 ab 42.8 Vunapope 0.166 ab 0.192 ab 13.1 

ITC.0987 5.1 a 9.9 a 48.4 Williams 0.206 ab 0.286 ab 28.0 

Mpologoma 41.7 c-f 86.7 d 51.9 Calcutta-4 0.257 ab 0.361 ab 28.8 

Calcutta-4 9.3 ab 19.4 ab 52.0 TMB2x9128-3 0.203 ab 0.341 ab 40.4 

Mean1  32.9 a 42.5 b 
   0.264 a 0.258 a 

 
SED 8.4 8.4    0.05 0.05  
CV (%) 23.1 17.3    28.0 21.3  

1Means in a column or row followed by the same letter(s) are not significantly different at 5% probability level Tukey HSD
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4.3.1.4 Leaf cigar formation 

Significant differences (p < 0.05) were observed for the number of leaf cigars formed 

across the two water treatments (Table 4.6). On average, water stressed plants produced 

only one leaf cigar during the four-week stress imposition period while well-watered plants 

formed two new leaf cigars, hence an equivalent reduction of about 50%. Interestingly, the 

drought-sensitive check, ‘Mpologoma’, had a lower reduction in leaf cigars formed than 

‘Monthan’, a drought-tolerant check.  The lowest reduction in the number of leaf cigars 

formed was observed in the drought-tolerant check, ‘Sukali Ndiizi’, while the highest 

reduction was recorded in the improved diploid, ‘TMB2x9128-3’, as no new leaves were 

formed in this genotype during the entire experimental period.   

Significant differences due to the genotype were only observed for the water stress 

treatment but not for well-watered conditions (Table 4.6). The genotype ‘ITC.0987’ formed 

the same number of leaf cigars (2) under both water stress and well-watered treatments, 

which indicates that water stress did not affect its leaf cigar production.  

4.3.1.5 Number of functional leaves  

The number of functional leaves of the well-watered plants was consistently superior to 

that of water stressed plants except for the ‘ITC.0987’ genotype (Table 4.6). In this context, 

water stressed plants of ‘ITC.0987’ had six functional leaves, while the well-watered plants 

had five. For the rest of the genotypes, significant reductions caused by water stress 

(ranging between 20% and 81.1%) were recorded. The five genotypes most affected by 

water stress (with greater than 50% reduction) included the two drought-sensitive checks 

(‘Mpologoma’ and ‘Williams’), ‘Calcutta-4’, ‘Vunapope’, and ‘Sukali Ndiizi’. 

Considering the drought-tolerant checks, the reduction in the number of functional leaves 

was two times higher in ‘Sukali Ndiizi’ than in ‘Monthan’. Among the five improved 

diploids tested, ‘TMB2x8075-7’ showed the highest reduction in the number of functional 

leaves. The remaining four improved diploids had less than 50% reduction in the average 

number of functional leaves under water stress conditions.   
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Table 4.6 Number of leaf cigars and functional leaves produced by the 16 Musa spp. genotypes grown under and water stress 

and well-watered conditions during the four weeks of stress imposition 
  Number of leaf cigars   Number of functional leaves 

Genotype  

Water 

stress 

Well-

watered 

Reduction 

(%) Genotype 

Water 

stress 

Well-

watered 

Reduction 

(%) 

ITC.0987 2.0 c 2.0 a 0.0 ITC.0987 6.3 d 5.0 ab -26.7 

Sukali Ndiizi 1.3 b 2.0 a 33.3 TMB2x9172 4.0 b-d 5.0 ab 20.0 

ITC.1638 1.0 ab 1.7 a 40.0 ITC.1638 5.0 cd 6.7 c-e 25.0 

Mpologoma 1.3 b 2.3 a 42.9 Monthan 3.0 a-c 4.0 a 25.0 

ITC.1239 1.7 bc 3.0 a 44.4 ITC.1239 3.0 a-c 4.0 a 25.0 

TMB2x9172 0.7 ab 1.3 a 50.0 Kunnan 5.0 cd 7.0 c-f 28.6 

TMB2x6142-1 1.0 ab 2.0 a 50.0 TMB2x6142-1 5.0 cd 7.7 d-f 34.8 

Kunnan 1.0 ab 2.0 a 50.0 Musa balbisiana 4.0 b-d 6.3 b-d 36.8 

Musa balbisiana 1.0 ab 2.0 a 50.0 TMB2x9128-3 3.3 a-c 5.3 a-c 37.5 

Monthan 1.0 ab 2.0 a 50.0 TMB2x9722-1 3.0 a-c 5.3 a-c 43.7 

TMB2x8075-7 1.0 ab 2.3 a 57.1 TMB2x8075-7 2.7 a-c 5.0 ab 46.0 

TMB2x9722-1 1.0 ab 2.3 a 57.1 Mpologoma 4.0 b-d 8.3 f 52.0 
Williams 0.7 ab 2.0 a 66.7 Sukali Ndiizi 2.0 ab 4.3 a 53.8 

Vunapope 0.7 ab 3.0 a 77.8 Vunapope 3.3 a-c 8.0 ef 58.3 

Calcutta-4 0.7 ab 2.7 a 75.0 Calcutta-4 2.0 ab 7.3 d-f 72.7 

TMB2x9128-3 0.0 ab 2.0 a 100.0 Williams 1.3 a 7.0 c-f 81.0 

Mean1 1.0 a 2.2 b 
   3.5 a 6.0 b 

 
SED 0.2 0.2    0.5 0.5  
CV (%) 17.7 33.2    19.1 24.8  

1Means in a column or row followed by the same letter(s) are not significantly different at 5% probability level based on Tukey HSD 
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4.3.4 Effect of drought on plant physiological processes 

4.3.4.1 Stomatal conductance  

The stomatal conductance of well-watered and water stressed plants did not differ 

significantly until nine days after stress imposition (Table 4.7). After that, the stomatal 

conductances of water stressed plants were consistently lower than those of well-watered 

plants. However, at every time porometer readings were taken, significant genotypic 

variations in stomatal conductance were observed under both water treatments. While well-

watered plants maintained relatively high stomatal conductance throughout the 

experiment, the stomatal conductance of water stressed plants continued to reduce with 

declining soil moisture (Figure 4.1). On the last day of taking porometer readings (i.e. the 

27th day), ‘Mpologoma’ and ‘Vunapope’ had the highest and lowest stomatal 

conductances, respectively, under optimal conditions. On the same day, under water stress 

conditions, all the genotypes, except ‘TMB2x9172’ and ‘ITC0987’, had stomatal 

conductances of less than 50 mmol/m2s. ‘Kunnan’ had the lowest stomatal conductance, 

followed by the drought-sensitive check, ‘Williams’. Among the 14 genotypes with 

stomatal conductance of less than 50 mmol/m2s under water stress conditions, ‘Monthan’ 

(drought-tolerant check) had the highest (44.5 mmol/m2s) on the final day porometer 

readings were taken. On the last day, the stomatal conductances of the drought-tolerant 

checks did not differ significantly from those of the drought-sensitive check genotypes 

under water stress conditions. However, ‘TMB2x9172’ and ‘ITC0987’ had significantly 

higher stomatal conductances than the rest of the genotypes.      

Genotypes showed significantly different stomatal conductance with declining soil 

moisture (Figure 4.1). While the stomatal conductance of ten genotypes decreased as early 

as three days after the last day of watering (Figure 4.1; Group 1), the remaining six 

genotypes showed an increase on the same day (Figure 4.1; Group 2). 

Group 1 consisted of genotypes whose stomatal conductance were high on the first day of 

stress imposition but fluctuated (often dropped and increased) mainly between the third 

and 15th day (with their maximum porometer readings in that interval) and declined after 

that with minor fluctuations. However, on the 21st day of water stress, the ‘ITC.0987’ 

genotype showed an increase in stomatal conductance, which continued to rise even after 
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that, suggesting continued stomatal opening and transpiration despite declining soil 

moisture. 

Group 2 genotypes attained maximum stomatal conductance values between the third and 

twelfth day after ceasing irrigation, but readings continued to drop gradually to less than 

50 mmol/m2s in subsequent days of declining soil moisture. “M. balbisiana” showed 

maximum stomatal conductance on the 6th day after last irrigation, after which it decreased 

tremendously and almost instantly.  

In addition to the main effects of the genotypes and water treatments, the stomatal 

conductance was also significantly affected by the interaction of the genotype and water 

treatment (p < 0.05).  
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 Table 4.7 Stomatal conductance of 16 Musa spp. genotypes grown under well-watered and water stress conditions during the 28 days of stress imposition 

 Days after water stress imposition 

 0 3 6 9 12 15 18 21 24 27 

Genotype  T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 

TMB2x9172 200.9b-d 178.0cd 190.7cd 162.1a-c 171.6ab 175.3ab 221.6c-e 168.3a-c 188.3a-c 166.9bc 349.3b-d 67.9 a 118.6 a 137.7 c 217.9a-d 103.8 c 173.9b 89.3ab 192.1ab 111.1b 

TMB2x6142-1 111.0ab 115.4 b 94.5a 78.0 a 85.0 a 68.1 a 125.9a-c 128.3ab 134.8 a 136.6ab 143.2 a 81.7 a 167.8 ab 28.7 a 104.3 a 25.7 a 96.3a 36.7a 217.5ab 33.5a 

TMB2x8075-7 265.3d 269.4ef 127.9ab 110.4ab 126.6ab 129.1ab 95.7 a 93.1 ab 163.9 ab 160.8 c 223.7a-d 93.6 ab 241.8c-e 69.6 bc 271.0b-e 33.1 ab 189.4bc 28.3a 203.5ab 33.7a 

TMB2x9128-3 156.2a-d 150.1b-d 139.4a-c 180.0a-c 111.2a 103.8ab 92.4 a 61.3 a 165.2 ab 138.6ab 185.6 ab 22.9 a 261.5 de 36.4 ab 323.7 c-f 27.7 a 223.1b-d 29.1a 208.3ab 31.4a 

TMB2x9722-1 133.2a-c 117.9b 113.5 ab 343.8bc 167.5ab 138.7ab 211.0c-e 188.2a-c 347.2 ef 39.8 a 277.8a-d 22.1 a 276.2d-f 29.5 a 314.4 c-f 27.9 a 320.9fg 48.8ab 3678.0f 28.8a 

ITC.1239 153.5a-d 128.3bc 154.1a-c 131.9ab 146.4ab 166.4ab 210.5c-e 210.5 bc 249.1b-e 228.1 c 226.9a-d 121.1ab 165.0 ab 70.1 bc 228.7a-e 31.2 ab 174.7b 29.7a 250.3a-c 38.5a 

ITC.1638 131.5a-c 121.4b 115.9ab 105.1ab 153.6ab 153.2ab 198.5b-e 95.6 ab 168.8 ab 171.7bc 201.8a-c 192.1ab 192.0 bc 194.7 c 218.3a-d 85.1 bc 176.8b 58.5ab 225.2ab 41.3a 

ITC.0987 165.4a-d 238.8de 217.1d 233.2a-d 235.4b 282.1a-c 287.4 ef 172.3a-c 172.1 ab 272.2 c 273.0a-d 281.2 b 281.9 ef 121.8 c 195.3a-c 139.7 c 269.8d-f 164.1b 263.8a-d 196.3b 

Kunnan 171.4a-d 196.6c-e 112.2ab 388.5c 172.5ab 344.3 c 265.1 ef 265.1bc 329.2 d-f 110.6ab 378.4c-d 35.4 a 443.3 g 41.0 ab 383.6 ef 40.9a-c 343.0g 47.8ab 362.8d-f 24.2a 

M. balbisiana 53.5a 38.9a 92.2 a 338.1bc 144.7ab 358.0 c 298.1 ef 98.2 ab 350.0 ef 44.3 a 189.8 ab 23.8 a 265.4 de 32.4 a 330.1 c-f 33.4 ab 345.2g 40.4a 360.9ef 36.1a 

Calcutta-4 106.8ab 123.6bc 113.6ab 100.2ab 156.4ab 132.3ab 151.6a-d 135.5a-c 213.0a-d 37.7 a 241.0a-d 24.1 a 233.8b-e 40.5 ab 188.7a-c 23.5 a 286.9e-g 36.7a 221.0ab 37.4a 

Vunapope 120.5ab 130.9bc 116.8ab 123.6ab 141.5ab 35.6 a 150.0a-d 136.3a-c 214.9a-d 53.1 a 179.7 a 31.1 a 170.6 ab 57.3a-c 151.8 ab 25.7 a 167.2b 38.8a 180.1a 37.3a 

Sukali Ndiizi 206.5b-d 298.2f 144.1a-c 170.7a-c 116.6a 148.0ab 338.0 f 96.6 ab 293.3c-e 83.7 ab 171.9 a 32.5 a 282.8 ef 26.8 a 264.0b-e 33.5 ab 187.1bc 28.1a 321.6c-f 33.5a 

Mpologoma 250.9cd 249.9d-f 118.9ab 123.4ab 137.7ab 132.1ab 330.7 f 317.9 bc 421.5 f 112.9ab 382.9 30.5 a 342.5 f 77.8 bc 445.6 f 33.2 ab 422.7h 30.6a 404.7f 34.6a 

Williams 96.3ab 212.3c-e 198.0cd 96.0a 186.0ab 190.3ab 240.7d-f 463.9 c 438.7 f 269.2 c 279.7a-d 66.6 a 281.6 ef 44.3 ab 352.1d-f 31.5 ab 307.8fg 39.9a 258.7a-c 28.3a 

Monthan 141.5a-d 174.8cd 163.7b-d 168.7a-c 146.7ab 139.9ab 102.9ab 108.9ab 210.5a-d 34.4 a 250.4a-d 47.7 a 208.4b-d 59.1a-c 258.4b-e 24.6 a 243.4c-e 27.0a 276.6b-e 44.5a 

Mean1   153.5 a 172.20 a 167.4 a 170.2 a 124.5 a 140.1 a 206.3 b 162.3 a 252. 2 b 131.1 a 244.4 b 75.3 a 241.6 b 68.1 a 263.0 b 45.5 a 243.3b 48.4a 267.7b 50.4a 

SED 30.1 30.1 27.1 27.1 30.6 30.6 37.3 37.3 37.1 37.1 30.2 30.2 25.5 25.5 26.5 26.5 24.3 24.3 23.5 23.5 

CV (%) 21.9 33.7 29.8 23.1 30.3 18.7 21.4 25.5 19.6 23.8 33.8 25.3 30.8 17.7 26.8 19.3 35.4 22.2 27.5 11.6 

1Means in a column or row followed by the same letter(s) are not significantly different at 5% probability level based on Tukey HSD.  T1 – Well-watered treatment, T2- Water stress treatment 
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4.3.4.2 Chlorophyll content  

This study indicated gradual chlorophyll degradation among water stressed plants, with the 

maximum and minimum mean contents recorded on the first and last days of water stress 

imposition, respectively (Table 4.8). However, in the first three weeks of stress imposition, 

the chlorophyll content did not differ significantly between the well-watered and water 

stress plants. Significant differences in chlorophyll content were only found at four weeks 

after watering was ceased. Nonetheless, significant genotypic differences in chlorophyll 

content were observed under each water treatment at every week. At four weeks, water 

stress induced chlorophyll content reductions of up to 40%, with the highest reduction 

exhibited by ‘ITC.1239’, followed by ‘Calcutta-4’, ‘Williams’ and ‘TMB2x8075-7’ in 

close range (Table 4.8, Table 4.9). On the contrary, ‘Mpologoma’, had significantly less 

chlorophyll content reduction than the above genotypes. ‘Sukali Ndiizi’ had a slightly 

higher chlorophyll content reduction (i.e. 4%) than ‘Mpologoma’. Genotypes including the 

drought-tolerant check ‘Monthan’, ‘Kunnan’ and ‘ITC.0987’ maintained at least 90% of 

their chlorophyll content despite the imposed water stress.
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Table 4.8 Chlorophyll content of 16 Musa spp. genotypes grown under well-watered and water stress conditions during the 28 

days of stress imposition 
 

Days after water stress imposition 

  0 7 14 21 28 

Genotype  T1 T2 T1 T2 T1 T2 T1 T2 T1 T2 

TMB2x9172 40.7 a 58.2 ab 39.0 a-d 46.5 b-f 35.2 a-c 45.2 b-e 35.7 a-c 43.2 b-f 44.6 a-d 36.5 a-c 

TMB2x6142-1 36.8 a 44.4 ab 36.6 a-c 36.0 a 33.5 a-c 32.7 a 32.9 ab 29.8 a 36.9 ab 30.9 ab 

TMB2x8075-7 45.1 ab 41.0 a 36.8 a-c 41.1 a-d 35.5 a-c 37.4 a-c 35.7 a-c 31.5 ab 39.2 a-c 27.2 ab 

TMB2x9128-3 40.1 a 56.4 ab 47.0 c-e 43.7 a-e 37.4 a-d 40.5 a-d 36.8 a-d 38.1 a-d 36.9 ab 28.3 ab 

TMB2x9722-1 42.5 ab 38.7 a 49.4 c-e 40.7 a-d 50.0 e-g 37.8 a-c 50.0 de 37.5 a-d 49.0 b-d 35.7 a-c 

ITC.1239 37.6 a 39.3 a 33.9 ab 39.2 a-c 30.5 ab 39.1 a-d 31.1 ab 39.2 a-d 39.1 a-c 23.3 a 

ITC.1638 41.3 ab 42.3 ab 40.4 a-d 37.6 ab 37.8 a-d 36.4 ab 36.2 a-d 36.2 a-d 37.4 ab  31.8 a-c 

ITC.0987 48.3 ab 49.3 ab 47.8 c-e 49.6 d-f 49.8 e-g 55.5 e 47.2 c-e 47.4 d-f 43.2 a-d 39.1 a-c 

Kunnan 42.3 ab 37.1 a 39.6 a-d 39.0 a-d 41.6 b-f 38.8 a-d 40.6 a-e 39.3 a-e 42.1 a-d 39.2 a-c 

Musa balbisiana 37.5 a 34.9 a 36.8 a-c  34.7 a 39.1 b-e 33.5 a 36.5 a-d 33.6 a-c 37.0 ab 32.8 a-c 

Calcutta-4 52.7 ab 48.9 ab 50.5 de 48.0 c-f 51.3 fg 47.5 c-e 52.0 e 45.4 c-f 50.8 cd 32.5 a-c 

Vunapope 53.4 ab 50.9 ab 54.9 e 52.6 ef 54.6 g 53.7 e 54.1 e 52.1 ef 52.8 d 45.4 bc 

Sukali Ndiizi 40.8 a 46.6 ab 31.0 a 35.0 a 27.2 a 33.7 a 29.9 a 31.2 ab 34.7 a 27.5 ab 

Mpologoma 60.4 b 67.7 b 44.9 b-e 47.6 b-f 44.5 c-g 48.9 de 45.0 b-e 47.9 d-f 44.6 a-d 37.1 a-c 

Williams 49.7 ab 53.7 ab 48.2 c-e 52.8 ef 48.3 d-g 49.0 de 49.0 c-e 37.0 a-d 48.3 b-d 31.8 a-c 

Monthan 54.4 ab 51.0 ab 55.2 e 54.3 f 55.5 g 54.1 e 56.3 e 54.1 f 55.9 d 52.2 c 

Mean   45.2 a  47.5 a  43.3 a 43.6 a 42.0 a 42.7 a 41.8 a 40.2 a 43.3 b 34.4 a 

SED 3.5 3.5 2.7 2.7 3.1 3.1 3.1 3.1 3.3 3.3 

CV (%) 19.4 23.1 18.9 16.3 21.9 19.2 22.4 20.1 16.9 26.7 

T1 – Well-watered treatment, T2- Water stress treatment 
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Table 4.9 Chlorophyll content of 16 Musa spp. genotypes grown under well-watered and 

water stress conditions during the four weeks of drought stress imposition 

  Chlorophyll content, SPAD units 

Genotype Water stress Well-watered Reduction (%) 

Monthan 52.2 c 55.9 d 6.6 

Kunnan 39.2 a-c 42.1 a-d 6.9 

ITC.0987 39.1 a-c 43.2 a-d 9.3 

Musa balbisiana 32.8 a-c 37.0 ab 11.5 

Vunapope 45.4 bc 52.8 d 14.1 

ITC.1638 31.8 a-c 37.4 ab 14.9 

TMB2x6142-1 30.9 ab 36.9 ab 16.3 

Mpologoma 37.1 a-c 44.6 a-d 16.8 

TMB2x9172 36.5 a-c 44.8 a-d 18.0 

Sukali Ndiizi 27.5 ab 34.7 a 20.7 

TMB2x9128-3 28.3 ab 36.9 ab 23.2 

TMB2x9722-1 35.7 a-c 49.0 b-d 27.0 

TMB2x8075-7 27.2 ab 39.2 a-c 30.6 

Williams 31.8 a-c 48.3 b-d 34.2 

Calcutta-4 32.5 a-c 50.8 cd 36.0 

ITC.1239 23.3 a 39.1 a-c 40.3 

Mean1  34.4 a 43.3 b 
 

SED 2.9 2.9  

CV (%) 26.7 16.9  

1Means in a column or row followed by the same letter(s) are not significantly different at 5% level 

Tukey HSD 

4.3.4.3 Water use efficiency  

WUE varied significantly across the two water treatments and among the banana genotypes 

(p < 0.05) (Table 4.10). The mean WUE of plants subjected to water stress conditions was 

significantly higher than that of well-watered plants. The WUE of the two drought-

sensitive checks, ‘Mpologoma’ and ‘Williams’ and two other genotypes including, 

‘ITC.0987’, and ‘Calcutta-4’, reduced significantly under water stress conditions while the 

remaining 12 Musa genotypes exhibited WUE increases ranging from 6.8% to 79.4%. 

‘Mpologoma’ and ‘TMB2x9172’ had the highest WUE, 6.08 and 6.15 g per kg of water 

used, under well-watered and water stress conditions, respectively, while ‘Monthan’ and 

‘ITC.0987’ showed the least WUE, 0.78 and 0.57 g per kg of water used, under well-

watered and water stress conditions, respectively. Between the two drought-tolerant 

checks, the increase in WUE under water stress conditions was almost two times higher in 
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‘Sukali Ndiizi’ than in ‘Monthan’. Of the five improved diploids, three, including 

‘TMB2x6142-1’, ‘TMB2x8075-7’ and ‘TMB2x9722-1’, showed WUE increases greater 

than 50%.  

4.3.4.4 Relative water content  

The RWC of plants subjected to water stress treatment was significantly lower than that of 

plants grown under well-watered conditions (p < 0.05) (Table 4.10). All the tested Musa 

spp. genotypes exhibited RWC values higher than 60%. Contrary to the above-mentioned 

parameters (except for leaf cigars formed), water stress caused a lower RWC reduction in 

‘Mpologoma’ than in ‘Monthan’. ‘Sukali Ndiizi’, on the other hand, had the third least 

reduction in RWC, closely following ‘TMB2x9172’ (second) and ‘ITC 0987’(first). The 

lowest RWC (63.2%) was observed in the water stressed plants of ‘ITC.1638’ while the 

highest mean RWC (93.4%) was exhibited in the well-watered plants of ‘TMB2x8075-7’ 

(Table 4.10). Water stress caused the least (5.8%) and highest (27.3%) mean RWC 

reductions in the genotypes ‘ITC.0987’ and ‘ITC.1239’, respectively.  

4.3.3 Correlations between measured traits  

Table 4.11 shows the correlation coefficients (r) describing the strength of relationships 

among measured phenotypic and physiological traits. Under optimal conditions (well-

watered), chlorophyll content had a significant positive or negative correlation (p < 0.05), 

with all the measured traits except for the root-shoot ratio. Under water stress, the 

chlorophyll content was negatively correlated with plant height, total dry matter and WUE, 

but positively associated with the number of functional leaves. The total leaf area showed 

strong positive correlations (r ≥ 0.7) with the total dry matter and WUE under well-watered 

and water stressed conditions. Plant height also had significant positive associations with 

the total dry matter, total leaf area and WUE in both water treatments, although stronger 

correlations were recorded under optimum conditions. Total dry matter showed a moderate 

negative correlation with the number of functional leaves under well-watered conditions 

but a weak and non-significant correlation under water stress conditions. Notably, WUE 

was strongly and positively correlated with the total dry matter under well-watered (r = 

0.981) and stress (r = 0.998) conditions. The root-shoot ratio had weak non-significant 

correlations (r < 0.3, p > 0.05) with all the other traits under both water stress and well-
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watered treatments. Under well-watered conditions, RWC significantly correlated with 

chlorophyll content, number of functional leaves and plant height. However, RWC 

significantly correlated with only plant height under stress conditions.
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1Means in a column or row followed by the same letter(s) are not significantly different at 5% level Tukey HSD  

 

 

Table 4.10 Water use efficiency and relative water contents of 16 Musa spp. genotypes evaluated under well-watered and 

water stress conditions for four weeks 

  

Water use efficiency, g per kg of 

water used   Relative water content, % 

Genotype 

Well- 

watered 

Water 

stress 

Decrease 

(%) Genotype 

Water 

stress 

Well-

watered 

Reduction 

(%) 

ITC.0987 0.90 a 0.57 a 36.7 ITC.0987 82.7 e 87.8 a-c 5.8 

Mpologoma 6.08 f 4.24 ef 30.3 TMB2x9172 79.6 cd 86.3 ab 7.8 

Calcutta-4 1.17 ab 0.97 ab 17.1 Sukali Ndiizi 80.2 cd 87.7 a-c 8.7 

Williams 1.47 ab 1.42 bc 3.4 TMB2x8075-7 81.6 c-e 91.0 cd 10.3 

Vunapope 1.49 ab 1.57 bc -6.8 Mpologoma 78.9 cd 91.2 cd 13.5 

ITC.1239 3.58 cd 4.01ef -12.2 Calcutta-4 68.2 a-c 80.3 a 15.1 

Kunnan 1.96 a-c 2.21 c-e -12.8 TMB2x9128-3 75.3 b-d 88.8 bc 15.2 

Monthan 0.78 a 0.88 a -12.8 TMB2x6142-1 74.0 bc 90.7 cd 18.4 

Sukali Ndiizi 4.57 e 5.57 f-i -22.4 Monthan 72.2 bc 88.6 bc 18.5 

TMB2x9128-3 3.95 c-e 4.91 e-g -24.1 Vunapope 66.3 ab 83.3 a 20.4 

TMB2x9172 4.55 e 6.15 i -35.4 TMB2x9722-1 69.1 a-c 87.2 a-c 20.7 

ITC.1638 3.73 c-e 5.25 f-h -40.7 Musa balbisiana 73.2 bc 93.4 d 21.6 

Musa balbisiana 2.21 bc 3.29 c-f -48.9 ITC.1638 63.2 a 82.5 ab 23.4 

TMB2x8075-7 3.64 cd 5.5 f-i -51.3 Williams 68.6 a-c 90.1 cd 23.9 

TMB2x6142-1 3.31 cd 5.25 f-h -58.4 Kunnan 64.9 ab 86.2 ab 24.8 

TMB2x9722-1 1.36 ab 2.45 c-e -79.4 ITC.1239 65.1 ab 89.5 b-d 27.3 

Mean1  2.81 a 3.42 b 
   72.86 a  87.83 b 

 
SED 0.63 0.63    1.8 1.8  
CV (%) 10.42 7.61    2.29 1.85  
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Table 4.11 Pearson's correlation coefficients (r) showing the association of eight phenotypic and physiological traits of 16 

Musa spp. genotypes evaluated under water stress (upper diagonal) and well-watered (lower diagonal) conditions  

Water stress conditions 

CC FL LC PH RS TDM  TLA WUE RWC 

W
el

l-
w

at
er

ed
 c

o
n
d
it

io
n
s 

CC 1 0.326* 0.097 ns -0.318* 0.086 ns -0.399** -0.235 ns -0.399** 0.106 ns 

FL 0.405** 1 0.292* -0.091 ns 0.029 ns -0.089 ns 0.183 ns -0.078 ns 0.067 ns 

LC 0.352* -0.044 ns 1 0.068 ns -0.057 ns -0.170 ns 0.015 ns -0.184 ns 0.162 ns 

PH -0.600** -0.405** -0.238 ns 1 -0.240 ns 0.536** 0.401** 0.534** 0.368* 

RS -0.063 ns 0.281 ns 0.032 ns -0.172 ns 1 0.038 ns -0.039 ns 0.051 ns -0.093 ns 

TDM -0.508** -0.492** -0.246 ns 0.750** -0.153 ns 1 0.745**  0.998** 0.250 ns 

TLA -0.304* -0.056 ns -0.063 ns 0.713** -0.097 ns 0.717** 1 0.734** 0.093 ns 

WUE  -0.479** -0.516** -0.213 ns 0.732** -0.144 ns 0.981** 0.682** 1 0.255 ns 

RWC 0.3533* -0.315* -0.150 ns 0.331* -0.071 ns 0.193 ns 0.087 ns 0.235 ns  1 

CC, chlorophyll content; FL, Number of functional leaves; LC, number of leaf cigars formed; PH, plant height; RS, root-shoot ratio; TDM, total 

dry matter; TLA, total leaf area; WUE, water use efficiency; RWC, Relative water content; ns, non-significant; *, p < 0.05 (2-tailed); **, p < 

0.01 level (2-tailed) 
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4.4 Discussion  

Screening germplasm for drought tolerance is essential for effective identification and 

selection of tolerant candidates for advanced crop improvement programs. In this study, a set 

of 16 edible, wild and improved banana genotypes were evaluated in a screen-house facility 

at NARL-Kawanda in Uganda. Similar to Eyland et al. (2021a), the genotypes were evaluated 

for four weeks, unlike other studies with shorter assessment periods (Delfin et al., 2016; 

Mattos-Moreira et al., 2018; Santos et al., 2020). The highly significant variations due to the 

water treatment, genotype and their interaction observed for the traits measured in this study 

indicate the genetic diversity among the genotypes evaluated across the two water treatments 

(Table 4.3).  

The negative impacts of water stress on bananas have been reported in several studies 

(Bananuka et al., 1999; Ravi et al., 2013; Kissel et al., 2015; Eyland et al., 2020; 2022). The 

significant reductions in plant height, total leaf area, number of leaf cigars, number of 

functional leaves, total dry matter, leaf chlorophyll content and relative water content observed 

in this study confirm the vulnerability of bananas to water stress, particularly at the seedling 

stage. ‘Mpologoma’, the EAHB susceptible check, manifested high reductions in the total leaf 

area, number of functional leaves, number of leaf cigars, total dry matter as well as reduction 

in the WUE and root-shoot ratio under water stress conditions. This observation confirms the 

drought-sensitive status of ‘Mpologoma’ which was reported by farmers in the earlier 

participatory study carried out in the cattle corridor of Uganda (Chapter 3). Therefore, 

‘Mpologoma’ can be used as a drought-sensitive check in future evaluation of banana 

germplasm for drought tolerance.   

Although farmers in the cattle corridor reported ‘Sukali Ndiizi’ to be the fourth least drought-

sensitive cultivar among the top 20 popularly grown varieties (Chapter 3; Table 3.6), in this 

study, it experienced moderately high reductions in the number of functional leaves (53.8%) 

and total leaf area (44%) due to water stress. This contradiction may be due to the difference 

in the size of the plants, given that the intensity of the effects of water stress depends on the 

plant growth stage. Considering that field plants are usually bigger in size and have a more 

developed root system (wider and deeper) than potted plants, they are more likely to withstand 
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water stress conditions better as they can explore deeper and wider soil layers for additional 

water. On the contrary, the root system of potted plants is only limited to the space and water 

available in the pot. Nonetheless, water stress led to lower reductions of less than 35 % in 

other traits of ‘Sukali Ndiizi’, suggesting its moderate tolerance to drought.    

The results obtained in this study reflect some of the negative drought effects on the vegetative 

growth of banana that were reported by farmers in Chapter 3. For instance, stunted growth, 

reduced leaf production, reduced leaf size, leaf senescence, reduced plant size, and wilting of 

leaves were reflected in this study as significant reductions in plant height, number of leaf 

cigars produced, total leaf area, chlorophyll content, total dry matter and RWC, respectively. 

Water stress has been shown to slow down early vegetative growth by significantly reducing 

plant height, total leaf area, number of functional leaves, total dry matter and the production 

of new leaf cigars (Delfin et al., 2016; Uwimana et al., 2020; Eyland et al., 2022). 

The chlorophyll content reduction observed in water stressed plants could be due to 

photooxidation of chlorophyll which is often caused by uncoupling of photosystems I and II 

during water stress conditions (Ravi et al., 2013). Such drought-induced chlorophyll 

degradation results in accelerated leaf senescence, an adaptive mechanism plants deploy to 

reduce their water requirement while remobilizing nutrients from older leaves to young 

growing tissues (Munné-Bosch and Alegre, 2004). Because chlorophyll is a requirement of 

photosynthesis, its reduction ultimately results in reduced plant biomass production (Göksoy 

et al., 2004). However, the significant negative association between leaf chlorophyll content 

and total plant dry matter observed under well-watered and water stress conditions 

corroborates that biomass production depends not only on the chlorophyll amount but also on 

other factors such as water and carbon dioxide.  

Similar to Thomas and Turner (1998) and Delfin et al. (2016), this study showed a general 

reduction in stomatal conductance over the water stress treatment period. Previously, banana 

plants subjected to water stress treatment had higher stomatal resistance than well-watered 

plants (Santos et al., 2020). The decline in stomatal conductance indicates increased stomata 

closure, a major drought avoidance strategy bananas use to reduce water loss by transpiration 

(Thomas and Turner, 1998; van Asten et al., 2011; Eyland et al., 2020). Once the roots detect 
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a decline in soil moisture, they relay a series of signals to the leaves, which cause stomatal 

closure hence reduced stomatal conductance (Schroeder et al., 2001). Leaf stomatal closure 

can also be stimulated by high atmospheric vapour pressure deficits and low light intensities 

(Gosa et al., 2019; Eyland et al., 2021). However, this closure of stomata prevents the entry of 

carbon dioxide, which is needed for photosynthesis, consequently affecting biomass 

production and accumulation (Cornic, 2000). The occasional small increments in stomatal 

conductance observed in this study could have been due to increased solar radiation and higher 

temperature on the day porometer readings were taken, both of which resulted in the increased 

opening of leaf stomata. Nonetheless, the genotype differences in the stomata movement can 

be used to characterize bananas as sensitive or tolerant to drought.  

The sharp reduction of stomatal conductance of the improved diploid ‘TMB2x9722-1’ and 

‘M. balbisiana’ after the third and sixth day of drought imposition (Figure 4.1; Group 2), 

respectively, suggests a drastic and quick response to declining soil water content. Moreover, 

‘TMB2x9722-1’ and ‘M. balbisiana’ showed maximum stomatal conductance on the third and 

sixth day of stress treatment. Such early and rapid drought avoidance behaviour is desirable, 

particularly in environments with high evaporative demands. Early stomatal driven drought 

avoidance in banana has been shown in a previous high-throughput phenotyping 

characterization (Eyland et al., 2021). The transpiration rates of all the genotypes tested in that 

study were reduced at relatively high soil water contents. On the other hand, ‘ITC.1239’ and 

‘ITC.1638’ had gradual stomatal conductance increases until the 12th and 18th day of 

progressive soil water reduction. Such delayed stomata closure suggests a lower critical soil 

water content threshold than ‘TMB2x9722-1’ and ‘M. balbisiana’. Although maintained 

stomatal opening allows continuous carbon uptake, it also results in higher transpiration rates 

(Eyland et al., 2021). We, therefore, presume that those genotypes do not thrive well in 

environments with a long dry season. 

The increase in WUE observed in this study in most genotypes under stress conditions is 

similar to that reported in other crops (Blankenagel et al., 2018; Zhang et al., 2018). In wheat, 

WUE varied from 10.0 to 13.1 mg g -1 in the dry treatment compared to 9.7 – 11.7 mg g -1 in 

the control treatment (Van Den Boogaard et al., 1997). The higher WUE exhibited by Musa 

spp. genotypes under drought imply efficient use of limited water, which is essential to sustain 
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plant growth and ensure survival in dry environments. Hatfield and Dold (2019) suggested 

that the increase in WUE under water deficit conditions results from the reduction in the 

stressed plant’s net photosynthetic rate being less than the reduction in stomatal conductance 

or transpiration rate. Additionally, the strong positive correlation observed between WUE and 

total dry matter under well-watered and water stress conditions (Table 4.11) suggests that an 

increase in WUE can improve biomass production.  On the other hand, the reductions in WUE 

shown by the genotypes, ‘ITC.0987’, ‘Calcutta-4’, ‘Mpologoma’ and ‘Williams’ under stress 

treatment are similar to the decreases reported in cowpea (Anyia and Herzog, 2004) and wheat 

(Ehdaie, 1995; Sikder et al., 2016). Under water stress, photosynthesis is limited by gradual 

reductions of carbon dioxide assimilation rates due to stomatal closure, as observed for higher 

plants (Reddy et al., 2004). 

Delfin et al. (2016) reported that Musa spp. triploids were superior to the diploids in terms of 

WUE under stress treatment. Our findings, however, showed that diploids generally performed 

relatively the same or even much better than the triploids tested. For instance, the top seven 

genotypes with the highest increase in WUE under water stress conditions were all diploids 

(Table 4.10). Moreover, the WUE of ‘Mpologoma’ and ‘Williams’ (both triploids) decreased 

under moisture stress conditions. Therefore, this study draws no substantial conclusion 

regarding the effect of ploidy number on the WUE.  

Nine out of 16 genotypes were characterized by higher root-shoot ratios under water stress 

than well-watered conditions (Table 4.5). Such higher root-shoot ratios exhibited by water 

stressed plants suggest that those genotypes allocate more biomass to their root system than 

their well-watered counterparts during limiting soil moisture conditions. Santos et al. (2020) 

showed that under mild stress conditions, some genotypes increase root growth (in terms of 

number and/ or length of the main root) to reach deeper or wider soil levels in search of water. 

Van Wesemael et al. (2019) also showed that Musa spp. genotypes invested more in root than 

shoot growth when subjected to osmotic stress, which suggests sustained water uptake and 

productivity in environments with short dry seasons. 

Despite the significant reductions in RWC under stress conditions, all genotypes maintained 

a relatively high RWC, supporting the behaviour shown for a genetically diverse set of 
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genotypes (Ravi et al., 2013; Sreedharan et al., 2013). Results of this study support reports 

that the stomata close with declining soil moisture, allowing banana leaves to remain highly 

hydrated, perhaps through root pressure (Turner et al., 2007). Regarding stress effects on 

RWC, ‘ITC.1239’ was the most sensitive to declining soil water content followed by the 

‘Kunnan’ genotype, which even with this proneness to water stress had the second-highest 

root-shoot ratio increase.  

While water stress significantly affected the growth of most of the genotypes, it had little to 

no effect on the performance of ‘ITC.0987’ for most measured traits. For instance, water 

stressed plants had significantly more functional leaves, total leaf area, root-shoot ratio and 

relatively small reductions in plant height and chlorophyll content. Leaf cigar production was 

not affected by declining soil moisture (Table 4.6). Although leaf cigar formation was not 

significantly affected by water stress, it is related to leaf emergence rate which is a very 

sensitive and useful indicator of the vegetative growth rate of a banana plant (Ravi et al., 2013). 

‘ITC.0987’ was relatively small in size compared to other genotypes evaluated. It was the 

shortest genotype even under well-watered conditions with the least total leaf area (due to 

small leaf size) and total dry matter. Because of its small size, we assume that it has a 

significantly less water requirement than the rest of the genotypes. Consequently, soil moisture 

depletion by plant use was much slower; therefore, it continued growing optimally for a longer 

time, even after watering ceased. Moreover, it was the only genotype in which increasing 

stomatal conductance values were recorded even after 18 days of water stress imposition 

(Figure 4.1; Group 1), suggesting continued stomatal opening and transpiration. Further, water 

stressed plants had higher total dry matter than well-watered plants.   

The positive correlation between total leaf area and total dry matter observed under well-

watered and water stress conditions (Table 4.11) suggests that it is essential for banana 

genotypes to retain as much functional photosynthetic tissue as possible to ensure higher 

production of biomass, which is required for continuous plant growth and survival, even more 

so during water stress conditions. We also found significant positive correlations between total 

leaf area and WUE under both water treatments as well as between total dry matter and WUE 

(Table 4.11). High WUE whether under well-watered or water stress treatment, results in 

increased total dry matter, which a plant can then allocate or invest in plant growth. Plant 
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height is often used as a measure of plant growth in banana drought assessment studies 

(Uwimana et al., 2020). Moreover, in this study, plant height positively and significantly 

correlated to total dry matter under both water treatments. Plant height also positively 

correlated with total leaf area and WUE. Based on the above correlations (all above 0.4), plant 

height, total leaf area, total dry matter and WUE are promising traits for detecting the impact 

of water stress on the early growth stage of bananas. Therefore, we suggest using of these traits 

in future pre-breeding and breeding initiatives.   

4.5 Conclusions 

This study investigated the water stress tolerance levels of 16 Musa spp. genotypes using 

phenotypic and physiological traits. All tested genotypes showed some level of sensitivity to 

water stress, irrespective of whether they contain the B genome. The study also showed 

significant genotypic variations for all the traits under well-watered and water stress 

conditions, thereby suggesting genetic diversity for drought tolerance within the germplasm 

used. While water stress caused significant reductions in most of the traits, significant 

increments in WUE and root-shoot ratios were observed for most genotypes. This study also 

confirms that ‘Mpologoma’ is very sensitive to water stress, as previously reported by farmers 

in the cattle corridor of Uganda (Chapter 3). Therefore, we recommend the use of 

‘Mpologoma’ as a drought-sensitive check variety in routine screening of banana germplasm 

for drought. Plant height, total leaf area, total dry matter and WUE were promising traits to 

detect the impact of water stress on the early growth stage of banana plants. Therefore, 

researchers should consider these traits in future screening and breeding initiatives. Although 

this study shows that the soil moisture content declined progressively in stressed plants over 

the evaluation period, further studies are required to determine the critical soil water content 

thresholds below which water stress is experienced for each genotype. Knowledge of threshold 

soil water content is crucial as it informs at what point drought avoidance mechanisms such 

as stomatal closure start. Lastly, field screening of the three promising genotypes (including 

‘ITC.0987’, ‘TMB2x9722-1’ and ‘TMB2x9172’) should be done to test whether the increased 

WUE under water stress treatment observed in this screen-house study will be translated into 

high yield. Moreover, the floral, fruit and yield-related traits that were reported by farmers 
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(Chapter 3) should be prioritised in these field assessments to ensure that the traits used by 

scientists reflect farmers’ measures and/ or indicators of drought tolerance or sensitivity on-

farm.   
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Chapter 5: Evaluation of hybridisation success of two improved drought-

tolerant candidate diploid bananas (Musa spp.)  

Abstract  

Banana (Musa spp.) improvement through crossbreeding is hindered by poor seed set and low 

embryo germination rates. This study aimed to analyse the hybridisation success of two 

selected improved Musa diploid drought-tolerant candidate male parents and to generate 

genotypes for use in subsequent genetic drought tolerance analyses. Four improved tetraploid 

genotypes (‘660K-1’, ‘917K-2’, ‘1201K-1’ and ‘222K-1’) were each pollinated with pollen 

from two male diploid parents, ‘TMB2x9722-1’ and ‘TMB2x9172’. Pollination success, seed 

set rate, embryo recovery and germination success were recorded and analysed in Genstat 

software. Significant effects of the female parent, male parent and their interactions were 

observed for seed set, embryo recovery and embryo germination. Among the female parents, 

‘222K-1’ and ‘917K-2’ were the best performers with the highest pollination successes of 73% 

and 70%, respectively. ‘917K-2’ had the highest mean seed set (95.9 seeds), followed by 

‘222K-1’ (79.4 seeds). The male diploid, ‘TMB2x9172’ had the highest pollination success of 

83.3% while only 35% bunches of ‘TMB2x9772-1’ contained seeds. Crosses with 

‘TMB2x9172’ produced significantly more seeds (110.5 seeds per bunch) than those with 

‘TMB2x9722-1’ (3.7 seeds per bunch). The ‘917K-2’ x ‘TMB2x9172’ cross produced the 

highest number of seeds per bunch (184.3 seeds per bunch), while the ‘1201K-1’ x 

‘TMB2x9722-1’ cross had the least seed set (1.8 seeds per bunch). Embryo germination rate 

varied among crosses with ‘TMB2x9172’: 12.3% for ‘917K-2’, 8.5% for ‘660K-1’, 3.2% for 

‘222K-1’ and 0.7% for ‘1201K-1’. Conversely, none of the embryos of seeds obtained from 

bunches pollinated with pollen from ‘TMB2x9722-1’ germinated. The study revealed 

‘TMB2x9172’ with high pollination success, seed set and germination success as the more 

suitable male parent to generate hybrid progenies for subsequent genetic drought tolerance 

studies. Nonetheless, the usefulness of ‘TMB2x9172’ in banana drought tolerance breeding 

will depend on its ability to transfer favourable alleles to the offspring and the ability to produce 

a considerable number of tolerant progenies. 
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5.1 Introduction 

Breeding for desirable agronomic traits such as host plant resistance or tolerance, by far, offers 

the most effective and long-term solution to biotic and abiotic stresses affecting crop 

production. In banana, such crossbreeding involves intra- and interspecific hybridization of 

two parental lines through controlled hand pollinations (Ortiz and Vuylsteke, 1995; Batte et 

al., 2020; Brown et al., 2020; Waniale et al., 2021a). However, the development of banana 

hybrids is often challenged by male or female sterility and low seed set, which are attributed to 

a combination of inherent and environmental factors (Pillay and Tripathi, 2007; Amah et al., 

2020). For instance, banana improvement is often complicated by physiological and 

reproductive barriers such as irregular meiotic behaviour, poor seed viability, male sterility in 

some cultivars, parthenocarpy, diverse genome constitutions and long crop cycles (Ssebuliba 

et al., 2006a; Ortiz and Swennen 2014; Brown et al., 2017). Female sterility, particularly in the 

East African highland cooking bananas (EAHB, AAA), has been associated with abnormalities 

in pistil morphological traits and individual genotype influences (Ssebuliba et al., 2005). In 

general, triploid bananas are less fertile than diploids due to the unequal distribution of 

chromosomes among daughter nuclei during gamete production. According to Shepherd 

(1960), only nuclei containing balanced and complete chromosome sets form viable gametes. 

Seed set is also influenced by environmental conditions such as solar radiation, relative 

humidity, temperature, and rainfall (Ortiz and Vuylsteke, 1995; Ssebuliba et al., 2009). 

Waniale et al. (2021b) recently reported that maximum temperature at the time of pollination 

enhances seed set in EAHBs. In an earlier study, Vuylsteke et al. (1990) reported higher 

germination rates in embryos obtained from seeds of bunches pollinated during the wet season.  

Despite the abovementioned complications, improvement of Musa species has been achieved 

through the classical crossbreeding approach (Tenkouano et al., 2003; Aguilar-Morán, 2013; 

Tumuhimbise et al., 2018). For instance, the banana breeding programs of the National 

Agricultural Research Organization (NARO-Uganda) and the International Institute of 

Tropical Agriculture (IITA) in Uganda have developed and released superior hybrids with 

multiple pest and disease resistances and higher yields compared to the existing local varieties 
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(Batte et al., 2019; Tumuhimbise et al., 2019; Nowankunda et al., 2015). Ultimately, the 

success of banana crossbreeding depends on identifying compatible parent lines, which, when 

cross-pollinated, result in high pollination success, seed set and embryo germination. Besides, 

among the EAHB cultivars and tetraploid bred hybrids, hybridization success is highly variable 

between genotypes (Ssebuliba et al., 2005; Batte et al., 2019). Artificial hybridization of a given 

female fertile genotype with different male parents results in variable mean seed sets due to 

differences in male fertility (Ssebuliba et al., 2009). 

At NARO, Calcutta-4 (Musa acuminata spp. burmannicoides, AA), a seeded wild, pollen 

fertile Musa species, has been used in several crosses as an important source of resistance to 

multiple banana pests and diseases (Tushemereirwe et al., 2015). Although wild crop relatives 

naturally possess beneficial breeding traits, they also often contain undesirable agronomic traits 

which are inherited by the offspring (Iskra-Caruana et al., 2014; Prohens et al., 2017). Fixation 

of desirable agronomic and fruit characteristics through crossbreeding would require several 

generations of backcrossing, a demanding task given the highly heterozygous loci, making it 

challenging to predict progeny phenotypes based on parental performance (Ortiz, 2000). 

Consequently, banana improvement programs utilise improved diploids that have resistance to 

multiple production stresses to minimise the co-inheritance of undesirable traits while 

overcoming the crossbreeding complications previously described (Brown et al., 2017).  

Drought stress is a major threat to banana production systems in Uganda (van Asten et al., 

2011; Nansamba et al., 2022), hence a need to develop drought-tolerant cultivars. In Chapter 4 

of this thesis, a diverse collection of banana genotypes acquired from the International Transit 

Centre (ITC) and the East and Central germplasm collection maintained in Mbarara, Uganda, 

were assessed under well-watered and water stress conditions to select at least two drought-

tolerant candidate male parental lines. The two parental lines would then be used in subsequent 

crosses with improved tetraploids to generate secondary progenies. Because banana 

improvement is often hindered by several factors that result in male and female sterility, it is 

important for selected parental lines to not only possess breeding attributes of interest but also 

generate hybrid seeds when utilised in crosses. For instance, although EAHBs are characterised 

by a set of unique, desirable food qualities (Akankwasa et al., 2021), majority of cultivars have 

not been extensively utilised in banana improvement due to poor hybrid seed production caused 

by low female fertility (Ssebuliba et al., 2005). Thus, selecting parental genotypes that generate 
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a considerable number of hybrid seeds when inter-crossed is pertinent. Among the improved 

diploids assessed for drought tolerance in Chapter 4, ‘TMB2x9172’ and ‘TMB2x9722-1’ had 

the highest sustained aboveground growth under water stressed conditions and hence 

recommended as essential drought-tolerant candidates that may be utilized in breeding. 

However, the usability and efficiency of ‘TMB2x9172’ and ‘TMB2x9722-1’ genotypes in 

producing progenies through crossbreeding is not known. Therefore, the objectives of this 

study were to analyse the hybridisation success of the two selected drought-tolerant candidate 

diploid male parents based on pollination success, embryo recovery and embryo germination 

rates and to generate genotypes for use in subsequent genetic drought tolerance analyses. 

5.2 Materials and methods 

5.2.1 Parental genotypes used to generate progenies 

Four improved Musa tetraploids ‘660K-1’, ‘917K-2’, ‘1201K-1’ and ‘222K-1’ were selected 

as female parents based on their superior agronomic attributes (Table 5.1) and higher seed 

production compared to triploids (Batte et al., 2019). The tetraploids were each pollinated with 

pollen from two improved diploid parents: ‘TMB2x9172’ and ‘TMB2x9722-1’. The two 

improved male parents (pollen sources) were screened for drought-tolerance under screen-

house conditions (Chapter 4) and selected as drought-tolerant candidates. These two hybrid 

diploids also possess desirable breeding attributes (Table 5.1), some of which will presumably 

be inherited by their progenies. In this study, pollinations were purposely made between 

hybrids (improved tetraploids x diploids) to minimise co-inheritance of poor agronomic traits, 

usually contained in wild Musa relatives or unimproved cultivars (Iskra-Caruana et al., 2014; 

Prohens et al., 2017).  
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Table 5.1 Description of the four improved Musa spp. tetraploids (4x) and two improved 

diploid (2x) parents used in the study 

Parent name  Ploidy (genome) Pedigree Special breeding attributes 

660K-1 Tetraploid 

(AAAA) 

Enzirabahima × 

Calcutta-4 

Female fertility, large bunch 

size, *matooke qualities, 

resistance to black sigatoka 

917K-2 Tetraploid 

(AAAA) 

Enzirabahima × 

Calcutta-4 

Female fertility, large bunch 

size, matooke qualities, 

resistance to black sigatoka 

1201K-1 Tetraploid 

(AAAA) 

Nakawere × 

Calcutta-4   

Female fertility, large bunch 

size, matooke qualities, 

resistance to black sigatoka 

222K-1 Tetraploid 

(AAAA) 

Nfuuka × Calcutta-4 Female fertility, large bunch 

size, matooke qualities, 

resistance to black sigatoka 

TMB2x9172 Diploid (AA)  Obino L’Ewai x 

Calcutta-4  

Drought-tolerant candidate, 

resistance to black sigatoka, 

improved bunch size 

TMB2x9722-1 Diploid 

(unknown) 

Bobby Tannap x 

Calcutta-4 

Drought-tolerant candidate, rich 

in vitamin A 

*Desirable matooke food qualities include soft or tender texture, deep yellow colour, good aroma and 

taste.  

5.2.2 Pollination, seed extraction, and embryo germination   

Pollinations were carried out at the East and Central Africa Musa germplasm collection centre 

in Mbarara district, Uganda. This gene bank is located at an elevation of 1433 m above sea 

level at latitude 00o 11ˊ 24ˊ S and longitude 32o 18ˊ 0ˊ E. The soils at Mbarara are sandy-clay 

loams with a pH range of 5.2 - 7.0. The area receives a mean annual rainfall of 1373 mm and 

a temperature range of 21.6˚C to 24.1˚C (Muzira et al., 2020).  

At anthesis, inflorescences of male parent genotypes were covered with cotton bags to avoid 

pollen contamination from natural pollinators such as birds, bats, or insects. Similarly, flowers 

of female parents were bagged in transparent plastic bags until the entire inflorescence was 

pollinated to prevent external pollination by unknown pollen sources (Ssebuliba et al., 2005). 
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Hand pollinations were carried out from December 2019 to March 2021 between 07:00 h and 

09:30 h by gently rubbing the anthers of male parent flowers containing pollen against the 

stigmas of female parent flowers. Pollinations were performed daily and the bunches rebagged 

until the last set of flowers on the female inflorescence was pollinated (Ssebuliba et al., 2000; 

Waniale et al., 2021a). Thirty (30) inflorescences were pollinated for each female parent, i.e., 

15 pollinations with ‘TMB2x9722-1’ and 15 pollinations with ‘TMB2x9172’, resulting in 15 

replicates per female-male parent cross combination.     

At full maturity, pollinated bunches were harvested and stored in a room at a temperature range 

of 18 - 30°C and relative humidity of 60 - 100% for one to two weeks to allow all the fruits to 

ripen. Seeds were then extracted from the ripe pulp, washed, counted, and taken to the tissue 

culture laboratory at the National Agricultural Research Laboratories (NARL), Kawanda, for 

embryo rescue. Hybrid seed and embryo profiles were examined, and images taken using a 

microscope camera (model ZEISS Axiocam 208 colour, Carl Zeiss Microscopy GmbH, 

Oberkochen, Germany). Standard laboratory procedures for banana embryo culture, involving 

embryo excision and subsequent germination, were followed (Vuylsteke et al., 1990) to 

generate seedlings. 

5.2.3 Data collection and analysis   

The following data were recorded: Total number of seeds per bunch, number of extracted 

embryos and number of germinated embryos. For each tetraploid x diploid cross combination, 

the total number of pollinated bunches without seeds, total number of pollinated bunches with 

seeds, the total number of seeds extracted, the highest number of seeds per bunch and the 

highest number of embryos were calculated. Pollination success was computed as follows: 

Pollination success =  
Total pollinated bunches with seeds x 100

Total pollinated bunches
                        (5.1) 

Means and standard errors of the number of seeds extracted, embryos extracted, and embryos 

germinated were calculated for each tetraploid-diploid cross combination. Subsequently, the 

seed embryo germination success over the experimental period was calculated as:  

Embryo germination success =  
Number of germinated seed embryos x 100

Total number of seed embryos extracted
    (5.2) 
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A Shapiro-Wilk test for normality was performed on all the data before analysis. Analysis of 

variance (ANOVA) was then performed at 95% confidence interval to determine the effect of 

genotype on pollination success using the Genstat® software 18th Edition (Payne et al., 2018). 

Correlation analyses were performed to determine the association between the number of seeds 

obtained, the number of embryos extracted and the embryo germination rate.  

5.3 Results  

5.3.1 Seed set rates and pollination success  

Results from ANOVA revealed that the female parent, male parent, and female-male parent 

combinations had significantly different seed set (Table 5.2). The female parent, ‘917K-2’ 

generated the highest seeds per pollinated bunch (95.9 seeds), followed by ‘222K-1’ (79.4 

seeds) and ‘1201K-1’ (36.7 seeds). Female parent ‘660K-1’ produced the least number of 

seeds, with an average of 16.3 seeds per pollinated bunch (Table 5.3). Regarding the two male 

parents, crosses with ‘TMB2x9172’ on average produced more seeds (110.5 seeds per 

pollinated bunch) compared to pollinations involving ‘TMB2x9722-1’ (3.7 seeds per 

pollinated bunch). 

Table 5.2 Analysis of variance for seed set of banana parental lines inter-crossed from 

December 2019 to March 2021 at the germplasm collection in Mbarara, Uganda 

Source of variation Degrees of 

freedom 

Sum of 

squares 

Mean 

squares 

Variance F pr  

Female parent 3 122461 40820 4.03 0.009** 

Male parent 1 341974 341974 33.8 < 0.001** 

Female * Male parent 3 108849 36283 3.59 0.016* 

Residual 112 1133063 10117     

*, p < 0.05; **, p < 0.01 level of significance
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Table 5.3 Hybrid seed set, embryo recovery and germination success from the hybridization of improved Musa spp. genotypes   

Female parent Pollinated 

bunches 

without 

seeds 

Pollinated 

bunches with 

seeds 

Total 

seeds 

extracted 

Seed set per 

bunch ± SE 

Pollination 

success (%) 

Total 

embryos 

extracted 

Mean embryos 

per bunch ± 

SE 

Total 

embryos 

germinated 

Mean embryos 

germinated ± 

SE 

Germination 

success (%) 

660K-1 15 15 490 16.3 ± 4.4 50.0 124 4.1 ± 1.1 10 0.3 ± 0.3 8.1 

917K-2 9 21 2878 95.9 ± 31.8 70.0 913 30.4 ± 10.8 108 3.6 ± 1.3 11.8 

1201K-1 17 13 1102 36.7 ± 19.3 43.3 423 14.1 ± 9.4 3 0.1 ± 0.1 0.7 

222K-1 8 22 2382 79.4 ± 20.4 73.3 806 26.9 ± 7.9 25 0.8 ± 0.5 3.1 

Total  49 71 6852 

  

2266 

 

146 

  

           

Male parent  

          

TMB2x9722-1 39 21 223 3.7 ± 1.0 35 75 1.3 ± 0.4 0 0 ± 0 0 

TMB2x9172 10 50 6629 110.5 ± 19.6 83.3 2191 36.5 ± 7.7 146 2.4 ± 0.7 6.7 

Total  49 71 6852 

  

2266 

 

146 
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Variation in mean seed set per bunch among crosses, ranging from 1.8 in ‘1201K-1’ x 

‘TMB2x9722-1’ cross to 184.3 in ‘917K-2’ x ‘TMB2x9172’, was observed (Table 5.4). 

The highest number of seeds per pollinated bunch was 780, recorded in ‘917K-2’ x 

‘TMB2x9172’ cross combination. Female parent ‘917K-2’ produced the highest number 

of seeds when crossed with either male parent, i.e., 114 and 2764 seeds for ‘TMB2x9722-

1’ and ‘TMB2x9172’, respectively (Table 5.4).  

Pollination success was higher in tetraploid crosses with ‘TMB2x9172’ (≥ 60%) than in 

crosses with ‘TMB2x9722-1’ (≤ 50%). All the ‘222K-1’ x ‘TMB2x9172’ hybridizations 

resulted in seed production i.e., 100% pollination success. The lowest pollination success 

was expressed by the ‘1201K-1’ x ‘TMB2x9722-1’ cross (20%) with an average of 1.8 

seeds per pollinated bunch followed by the ‘660K-1’ x ‘TMB2x9722-1’cross (26.7%) with 

an average of 2.3 seeds per pollinated bunch.  
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Table 5.4 Hybridization success of four tetraploid Musa hybrids inter-crossed with two improved diploids from December 2019 to March 2021 

at the banana germplasm collection in Mbarara, Uganda 

Female 

parent 

Male parent Pollinated 

bunches 

without seeds 

Pollinated 

bunches with 

seeds 

Total seeds 

extracted 

Highest 

seeds per 

bunch 

Seed set per 

bunch ± SE 

Pollination 

success (%) 

660K-1 TMB2x9722-1 11 4 34 18 2.3 ± 1.3 26.7 

660K-1 TMB2x9172 4 11 456 72 30.4 ± 7.0 73.3 

917K-2 TMB2x9722-1 8 7 114 50 7.6 ± 3.6 46.7 

917K-2 TMB2x9172 1 14 2764 780 184.3 ± 55.3 93.3 

1201K-1 TMB2x9722-1 12 3 27 19 1.8 ± 1.3 20.0 

1201K-1 TMB2x9172 5 10 1075 555 71.7 ± 37.0 66.7 

222K-1 TMB2x9722-1 8 7 48 11 3.2 ± 1.0 46.7 

222K-1 TMB2x9172 0 15 2334 470 155.6 ± 30.0 100.0 

Total  

 

49 71 6852 
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5.3.2 Embryo recovery and germination  

There was significant variation in embryo recovery when the two diploid male parents 

were each crossed with the four female tetraploids (Table 5.5). The highest number of 

embryos was observed in seeds obtained from crosses with ‘TMB2x9172’ (mean = 36.5 

embryos), whereas ‘TMB2x9722-1’ seeds produced only 1.2 embryos on average (Table 

5.6).  

Although embryo recovery varied among female parental lines, the differences were non-

significant (p = 0.051) (Table 5.5). The highest average number of embryos were obtained 

from ‘917K-2’ (30.4 embryos), followed by ‘222K-1’ (26.9 embryos), then ‘1201K-1’ 

(14.1 seeds) and the lowest from ‘660K-1’ (4.1 embryos). Despite the insignificant 

variations noted in embryo recovery due to the female x male parent interaction (p = 0.075) 

(Table 5.5), there was a great fluctuation in the number of embryos extracted among 

crosses, ranging from 4 to 280 embryos per cross. Seeds from the ‘917K-2’ x 

‘TMB2x9172’ cross contained the highest number of embryos (58.3 embryos), closely 

followed by ‘222K-1’ x ‘TMB2x9172’ (52.7 embryos). The least embryos were obtained 

from the ‘660K-1’ x ‘TMB2x9722-1’ cross (0.5 embryos). The extracted embryos varied 

in structure and colour (Figure 5.2).  

Although embryo germination rates were generally low, significant variations among 

crosses were noted (Table 5.6). The highest germination percentage was exhibited by 

embryos recovered from the ‘917K-2’ x ‘TMB2x9172’ seeds (12.3%), followed by ‘660K-

1’ x ‘TMB2x9722-1’ seeds (8.5%). All the embryos obtained from crosses with 

‘TMB2x9722-1’ had zero germination success.  Overall, out of the 6852 seeds obtained 

from all the crosses, only 2266 (33.1%) contained embryos, of which only 146 (6.4%) 

germinated. There was a weak but significant relationship between the number of embryos 

recovered and those that germinated (r = 0.426, p = 0.001) and between the number of 

seeds extracted and germinated embryos (r = 0.479, p = 0.001). As expected, there was a 

strong correlation between the number of seeds extracted and embryos recovered (r = 

0.960, p = 0.001). 
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Table 5.5 Analysis of variance for embryo recovery and embryo germination rates of parental banana hybrids inter-crossed from December 

2019 to March 2021 at the Musa germplasm collection in Mbarara, Uganda. 

 Source of variation Degrees of 

freedom 

Sum of squares Mean squares  Variance F pr 

Number of 

embryos extracted 

Female parent 3 13127 4376 2.67 0.051 

Male parent  1 37312 37312 22.75 < 0.001 

Female * Male parent 3 11614 3871 2.36 0.075 

Residual 112 183673 1640     

      

Number of 

germinated 

embryos  

Female parent 3 235.63 78.54 7.1 < 0.001 

Male parent  1 177.63 177.63 16.05 < 0.001 

Female * Male parent 3 235.63 78.54 7.1 < 0.001 

Residual 112 1239.47 11.07     
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Table 5.6 Performance of improved tetraploid-diploid Musa spp. crosses as determined by embryo recovery and embryo 

germination success 

Female 

parent 

Male parent  Total embryos 

extracted 

Highest 

number of 

embryos per 

cross 

Mean 

embryos 

extracted ± SE 

Total 

embryos 

germinated 

Mean 

embryos 

germinated ± 

SE 

Germination 

success (%) 

660K-1 TMB2x9722-1 7 4 0.5 ± 0.3 0 0 ± 0 0.0 

660K-1 TMB2x9172 117 22 7.8 ± 1.7 10 1.7 ± 0.5 8.5 

917K-2 TMB2x9722-1 38 16 2.5 ± 1.3 0 0 ± 0 0.0 

917K-2 TMB2x9172 875 266 58.3 ± 19.2 108 4.5 ± 2.3 12.3 

1201K-1 TMB2x9722-1 14 8 0.9 ± 0.9 0 0 ± 0 0.0 

1201K-1 TMB2x9172 409 280 27.3 ± 18.4 3 0.2 ± 0.2 0.7 

222K-1 TMB2x9722-1 16 7 1.1 ± 0.5 0 0 ± 0 0.0 

222K-1 TMB2x9172 790 180 52.7 ± 12.8 25 1.7 ± 0.9  3.2 

Total  

 

2266  
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5.4 Discussion   

In banana, successful development of intra- and inter-specific hybrids using conventional 

crossbreeding largely depends on the production of viable seeds.  Previous reports have 

shown varying seed sets in Musa crosses depending on the maternal and paternal parents 

(Brown et al., 2017; Amah et al., 2020). For instance, Batte et al. (2019) reported higher 

mean seed sets in improved tetraploids than in their EAHB triploid parents. Based on their 

findings, four improved tetraploids with the highest hybridisation success were selected 

and used as female parents in this study. These tetraploids were crossed with two drought-

tolerant diploid candidates (male parents) that were selected in a previous drought 

evaluation experiment (Chapter 4). The contrast in the pollination successes reported in 

Batte et al. (2019) and in this study may be due to the differences in the genotype of male 

parents. The huge difference in pollination success and average seed set observed in this 

study implies varying male fertility of the two improved diploid parents.  ‘TMB2x9172’ 

crosses produced almost 30 times more seeds than pollinations with ‘TMB2x9722-1’ 

(Table 5.2). As ‘TMB2x9722-1’ showed more tolerance to water stress conditions than 

‘TMB2x9172’ (Chapter 4), this accession is a more drought-tolerant candidate but results 

in rather poor seed set and production of non-viable embryos when used as a male parent 

in banana crosses. Its utilisation in crossbreeding would require extensive pollinations to 

increase the chances of obtaining enough progenies for use in genetic analyses. Moreover, 

the strong correlation between the number of seeds extracted and embryos recovered 

supports the need for more seeds to obtain more viable embryos, a process which is very 

costly and time-consuming. Therefore, the generation of segregating progeny populations 

would be faster using ‘TMB2x9172’ as a male parent than with ‘TMB2x9722-1’. Among 

the four female parents, ‘222K-1’ and ‘917K-2’ were identified as the best performers, 

considering they had the highest hybridisation (Table 5.3). These two tetraploid hybrids 

can be deployed for banana crossbreeding.   

The absence of seeds in some bunches indicates unsuccessful sexual reproduction, even 

after manual cross-pollination. Seed set is influenced by many factors, including seasonal 

(Ssebuliba et al., 2009; Waniale et al., 2021b) and biological factors (Ortiz and Vuylsteke, 

1995; Waniale et al., 2021c). It varies considerably based on the fertility of the female 

parent, as does with male fertility (Uma and Arun, 2016). Regarding the female parent, 
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biological factors such as early withering of fertilised ovules (Waniale et al., 2022) and 

stigma receptivity have been shown to limit seed production in EAH bananas. Light brown 

stigmas with a drier mass (classified as stage III stigmas) were reported to be the most 

receptive and thus recommended for hand pollinations to improve seed production in Musa 

cultivars (Ssebuliba et al., 2006a). For the male parents, pollen quantity and quality are 

considered important measures of male fertility in bananas (Dumpe and Ortiz, 1996; 

Ssebuliba et al., 2008; Ssali et al., 2012). However, the non-significant association between 

pollen stainability and seed set reported by Ortiz et al. (1998) implies that pollen viability 

is not a reliable predictor of hybrid seed production. Rather the actual fertility of a male 

parent should be based on the number of viable seeds it produces when crossed with a 

female parent.  

Embryo recovery varied after crossing tetraploid females with the two improved diploids, 

ranging from 0 to 280 embryos per pollinated bunch. The number of embryos recorded 

from each cross was consistently less than that of seeds extracted because not all the seeds 

contained embryos. This observation is similar to Ssebuliba et al. (2006b), who reported 

that only 59% of seeds with a black integument (‘good seeds’) contained embryos. The 

absence of embryos can be attributed to a disruption of endosperm-embryo relations or 

embryo abortion in the early stages of seed development (Vuylsteke and Swennen, 1992; 

Waniale et al., 2022). The current study also observed that some seeds contained brown 

embryos, but the endosperm was absent (Figure 5.1C). According to Silva et al. (2019), 

such browning is caused by oxidation. In angiosperms, the endosperm supplies nutrients 

and acts as a mechanical barrier for the embryo during seed development and germination 

(Yan et al., 2014). The embryo and endosperm are formed due to a double fertilization 

event between two female gametes and two male sperm cells (Figueiredo et al., 2016). 

Therefore, the absence of either the embryo or endosperm suggests failure of their 

formation or abortion during the early stages of seed development.  

Embryo germination success varied among banana crosses (0 to 12.3%). Although embryo 

culture was done between two to four days after seed extraction, the germination 

percentage was very low (Table 5.6 ). Poor germination of banana seeds has previously 

been attributed to seed dormancy (Chin, 1996; Ssebuliba et al., 2006b; Fortescue and 

Turner, 2011) and desiccation during storage (Kallow et al., 2020). Uma et al. (2011), 
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investigating different factors influencing in-vitro regeneration in bananas, suggested that 

the success of embryo culture is also greatly dependent on the maturity stage of the 

embryos. They reported gradual increases in plantlet regeneration up to 90% embryo 

maturity, above which a drastic increase was observed. Despite the above suggestions, it 

is still unclear whether these very low germination rates are primarily caused by embryo 

dormancy or low viability.  

All the brown embryos found in non-endospermic banana seeds (Figure 5.1C, Figure 5.2E) 

did not germinate. This browning could be due to their deterioration caused by oxidative 

stress (Pehlivan, 2017), which is manifested as browning. Although normal embryos seem 

to have a higher chance of germinating than others, the effect of embryo structure on 

germination success warrants further investigation. In this study, none of the embryos 

obtained from crosses with ‘TMB2x9722-1’ germinated, which makes ‘TMB2x9172’ a 

better male parent (in addition to having higher pollination success and seed set) for 

developing hybrid populations for subsequent banana drought tolerance studies.  

5.5 Conclusions 

The success of generating viable hybrid Musa seeds depends on the fertility of both male 

and female parent accessions. This study investigated the efficiency of two drought-

tolerant diploid candidates in producing progenies after crossing them with female fertile 

improved tetraploid lines. The two diploid male parents showed high genotypic variations 

for studied sexual hybridisation traits. Higher pollination success, seed set embryo 

recovery and germination success were recorded in crosses with ‘TMB2x9172’ than in 

pollinations with ‘TMB2x9722-1’. Consequently, ‘TMB2x9172’ appears to be the ideal 

male parent to use for generating progeny populations for drought tolerance genetic 

studies. However, despite ‘TMB2x9172’ being a suitable male parent for generating 

progenies, its usefulness in banana drought tolerance breeding will depend on its ability to 

transfer favourable genes/ alleles to its offspring as well as the ability to produce a 

considerable number of tolerant progenies. The discrepancy between the hybridization 

success of crosses with ‘TMB2x9722-1’ and ‘TMB2x9172’ necessitates further research 

on the potential causes of low male fertility of ‘TMB2x9722-1’. Specifically, pollen 

quantity and pollen viability and embryo studies on ‘TMB2x9722-1’ are recommended. 
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Knowledge of the actual causes of male sterility in ‘TMB2x9722-1’ would be of value for 

overcoming pollen fertility barriers to enhance its usability in crossbreeding programs, 

particularly for banana drought tolerance improvement.   
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Chapter 6: Genetic relationships and diversity analysis of banana 

germplasm using Diversity Array Technology (DArT)-based SNP 

markers: implications for banana drought tolerance breeding 

Abstract  

Knowledge of the genetic diversity and relationships between banana accessions is crucial 

for the genetic improvement of the crop. The aim of this study was to determine the genetic 

relationships and genetic diversity of 55 banana genotypes using diversity array technology 

(DArT)-based single nucleotide polymorphism (SNP) markers. We zoom into the genetic 

relationships of selected Musa progenies and their drought-sensitive female (‘917K-2’) 

and tolerant male (‘TMB2x9172’) parents. The study population included breeding lines, 

Musa progenies, wild species and landraces. A total of 1551 high-quality DArT markers 

were used to characterize and estimate the genetic diversity and show genetic relationships 

among the genotypes. Genetic dissimilarities between accessions were established based 

on the presence or absence of polymorphic DArT markers and phylogenetic relationships 

determined by Neighbour-joining (NJ) cluster analysis. The NJ tree was divisible into a 

major cluster comprising of all the breeding lines, progenies, ‘Mpologoma’ (AAA) and 

‘Calcutta-4’ (AA) and a minor cluster consisting of ‘Musa balbisiana’ and three landraces, 

all with a ‘B’ genome. It also allowed to identify sub-clusters of uniquely and genetically 

related Musa progenies. Principal component analysis (PCA) was consistent with NJ tree 

clustering. PCA also predicted that ‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’, were 

more related to their male parent, while the rest of the progenies were more related to the 

female parent. Thus, ‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’, might be carriers of 

favourable drought tolerance alleles from their tolerant male parent. Analysis of molecular 

variance revealed higher (88%) and lower (12%) genetic variation within and between the 

gene pools, respectively. Understanding the genetic relations of the progenies will be 

valuable in providing insight into the genetic diversity underlying the phenotypic diversity, 

especially regarding their responses to water stress.    

Keywords: banana, cluster analysis, Diversity Arrays Technology markers, genetic 

diversity, Musa progenies, water stress   
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6.1 Introduction  

Banana (Musa spp.) is the topmost grown fruit crop in the world and the eighth most 

important energy source in the least-developed countries (FAOSTAT, 2021). In Africa, 

banana is a key income source for millions of low-income rural farmers. The East and 

Central African countries collectively produce about 12.4 million tonnes of bananas per 

annum, valued at US$ 6.5 billion (FAOSTAT, 2021) and the crop is predominantly 

cultivated by smallholder farmers.   

The average yield for bananas in the East African Great Lakes (EAGL) region is very low 

(<30 t ha-1 year-1) compared to the potential average of >70 t ha-1 year-1 (Tushemereirwe 

et al., 2001; van Asten et al., 2005). The low productivity of bananas is attributed to a 

complex of biotic and abiotic production constraints (Ocan et al., 2008; Ravi et al., 2013; 

Tumuhimbise et al., 2018), which threaten the sustainability of the crop’s production in the 

region (Swennen et al., 2013). Drought is the leading abiotic stress factor affecting banana 

production in the EAGL region (Taulya et al., 2006; Uwimana et al., 2021; Nansamba et 

al., 2022), with estimated yield decreases of about 8% for every 100 mm reduction in water 

(van Asten et al., 2011). Therefore, this necessitates the need to develop cultivars that are 

drought-tolerant to improve productivity. The successful development and release of 

improved varieties greatly depend on appropriate breeding strategies and adequate genetic 

diversity within existing banana germplasm collections.  

Genetic variation within domesticated edible bananas is derived from two main 

progenitors, Musa acuminata Colla (M. acuminata) (‘A’ genome) and Musa balbisiana 

Colla (M. balbisiana) (‘B’ genome), which are believed to have originated from Southeast 

Asia and Melanesia region (Simmonds, 1962; Waite, 1963; Lebot, 1999). From there, 

bananas were spread worldwide, including tropical and subtropical regions, where the crop 

has acquired great importance. Further inter- and intraspecific hybridizations and somatic 

mutations gave rise to a wide range of edible cultivars with varying genome groups, 

including diploids (AA, AB), and triploids (AAA, BBB, AAB, ABB) (De Langhe and de 

Maret, 1999; Ball et al., 2005; De Langhe et al., 2010). M. acuminata (‘A’ genome) is 

known to have better fruit and taste quality attributes, whereas M. balbisiana (‘B’ genome) 

contains several biotic and abiotic stress tolerance traits (D'Hont et al., 2012; Wang et al., 

2019; van Wesemael et al., 2019).  
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The banana cropping system in the EAGL region is dominated by East African highland 

bananas (EAHB, AAA genome), which have evolved through numerous somatic mutations 

since their introduction, thereby increasing their diversity and number. In fact, the EAGL 

region is Africa’s largest banana producer, with over 80 local varieties grown by 

smallholder farmers (Ssali, 2016). For instance, a typical banana farm in Uganda will 

constitute about 8 to 12 varieties (Karamura et al., 1996; Chapter 3). To this end, the East 

African highlands are regarded as a secondary centre of diversity for the EAHBs 

(Simmonds, 1966). Therefore, germplasm from this region complements the existing Musa 

gene pools and provides essential genetic diversity for banana breeding.  

Knowledge of plant genetic diversity and the association between the phenotype and 

genetic markers is critical for crop improvement. Diversity studies in banana utilize both 

molecular and morphological markers (Sardos et al., 2016a; Nyine et al., 2017; Hinge et 

al., 2022). Nonetheless, morphological markers are greatly impacted by environmental 

variance, which lowers the selection efficiency during the development of improved 

cultivars. Conversely, molecular markers are stable and not affected by environmental 

conditions since their determination is largely automated. A wide range of molecular 

markers including random amplified polymorphic DNA (RAPDs) markers (Pillay et al., 

2001), restriction fragment length polymorphism markers (RFLPs) (Carreel et al., 2002; 

Raboin et al., 2005), amplified fragment length polymorphism (AFLP) (Ahmad et al., 

2014), microsatellites/ simple sequence repeats (SSRs) (Perrier et al., 2009; Irish et al., 

2014; Karamura et al., 2016; Milton et al., 2022) have been used to study and characterize 

banana diversity. Diversity array technology (DArT) markers are also widely used 

(Jaccoud et al., 2001; Risterucci et al., 2009; Sardos et al., 2016b), given that whole-

genome profiling is possible without prior knowledge of sequence information. 

Furthermore, DArT markers have been utilized in other banana research applications, 

including genetic mapping studies (Hippolyte et al., 2010; Mbanjo et al., 2012; D’Hont et 

al., 2012; Uwimana et al., 2024). Banana drought tolerance breeding programs in the East 

African highlands can benefit from analysing genetic diversity within the gene pools using 

DArT markers. DArT-based SNP markers not only provide an opportunity to assess the 

genetic diversity among EAHB populations and exotic banana germplasm (Sardos et al., 

2016b; Nyine et al., 2019) but also offer sufficient variation to distinguish between closely 
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related genotypes. The potential of these DArT markers toward banana drought tolerance 

improvement is yet to be fully explored. 

Understanding the association between the genotype and phenotype is crucial for 

identifying candidate genotypes with favourable alleles that are correlated to drought 

tolerance and identifying quantitative trait loci (QTLs) linked with drought tolerance traits. 

For instance, the polygenic nature of drought tolerance has been confirmed in well-

investigated crops including rice (Barik et al., 2019; Ghazy et al., 2024), wheat (Gupta et 

al., 2017; Kumar et al., 2020; Schierenbeck et al., 2023), maize (Hao et al., 2010; Neiff et 

al., 2023), beans (Mukeshimana et al., 2014; Diaz et al., 2020; Mutari et al., 2023) and 

groundnut (Ravi et al., 2011; Pandey et al., 2020). On the other hand, for bananas, only 

one recent study (Sampangi-Ramaiah et al., 2023) has so far reported five major QTLs (on 

chromosomes 2, 5 and 8) for three drought tolerance-related traits, including leaf cuticular 

wax, adaxial stomatal density and leaf water retention capacity. Thus, although a great 

wealth of information on general families, pathways and putative candidate genes involved 

in alleviating the negative impacts of drought or osmotic stress in banana exists (Davey et 

al., 2009; Feng et al., 2015; Mattos-Moreira et al., 2018; Jangale et al., 2019; Brown et al., 

2020), knowledge of the transfer of those favourable genes/ alleles into banana hybrids and 

genotype-phenotype associations (regarding drought tolerance) in the progenies is still 

lacking.  

The objective of this study was to determine the genetic relationships and genetic diversity 

of 55 banana genotypes using DArT-based SNP markers. We zoom into the genetic 

relationships of the two parental genotypes and their progenies that were evaluated for their 

response to water deficit conditions in the subsequent thesis chapter (Chapter 7). This 

information will shed some light on the genetic diversity underlying the phenotypic 

variation among these progenies, particularly their performance under water stress 

conditions.    
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6.2 Materials and methods  

6.2.1 Plant materials and ploidy level estimation 

A population of 55 banana genotypes comprising of nine breeding lines (five diploids and 

four tetraploids), 38 progenies generated by crossing ‘917K-2’ (female parent) and 

‘TMB2x9172’ (male parent) (Chapter 5), two wild Musa species, and six landraces was 

used (Table 6.1). The genome constitutions and ploidy levels of the wild Musa species, 

landraces and the diploid breeding lines were retrieved from the Musa Germplasm 

Information System (MGIS) (https://www.crop-diversity.org/mgis/accession-search) 

while the ploidy levels of the tetraploid breeding lines were obtained from Batte et al. 

(2020). Further, a recent genetic diversity study by Akech et al. (2024) reported the genome 

composition of the improved diploid, ‘TMB2x9172’ to be ‘AA’. The ploidy levels of the 

38 progenies were estimated following the flow cytometry method (Doležel and Bartoš, 

2005; Doležel et al., 2007). About 30 mg of fresh leaf tissue (from the middle of the 

youngest leaf) was finely cut with a razor blade in a petridish containing 0.5 ml of ice-cold 

OTTO I solution (0.5% v/v Tween 20, 0.1 M citric acid). The homogenate was then mixed 

and filtered through a 30 µm membrane of the Partec CellTrics® filter into a cuvette to 

remove the leaf debris. As an internal reference, chicken blood chicken red blood cell 

nuclei (CRBC), prepared in accordance with Galbraith et al. (1998), were added to the 

solution of banana nuclei. The solutions were then incubated for about 30 minutes at room 

temperature, after which 1 ml of OTTO II buffer (0.4 M Na2-HPO4) mixed with 2 µg/ml 

DAPI (4,6-diamidino-2-phenylindole) were added. The samples were analysed using the 

Cyflow ploidy analyser (Sysmex Partec GmbH, Goerlitz, Germany). The ploidy level of 

each progeny was then estimated by comparing peak positions of progeny nuclei and 

CRBC. The ratio between the G1-phase nuclei of the progeny accessions and relative DAPI 

fluorescence intensity of CRBC nuclei is approximately 0.5 and 0.75 for diploid and 

triploid plants, respectively (Doležel et al., 2007; Christelová et al. 2017).    

Table 6.1 Musa spp. genotypes used in the study.  

Genotype ID Genome Type Pedigree 

1201K-1 AAAA Breeding line  Nakawere x Calcutta-4 

917K-2 AAAA Breeding line Enzirabahima x Calcutta-4 

660K-1 AAAA Breeding line Enzirabahima x Calcutta-4 

222K-1 AAAA Breeding line Nfuuka x Calcutta-4 
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Genotype ID Genome Type Pedigree 

TMB2x6142-1 AA Breeding line Nyamwihogora x Long Tavoy 

TMB2x9128-3 AA Breeding line Tjau lagada x Pisang Lilin 

TMB2x8075-7 AA Breeding line SH 3362 x Calcutta-4 

TMB2x9722-1 Unknown Breeding line Bobby Tannap x Calcutta-4 

TMB2x9172 AA Breeding line Obino L’Ewai x Calcutta-4 

NM101F1 Unknown  Progeny  917K-2 x TMB2x9172 

NM201F1 Unknown Progeny 917K-2 x TMB2x9172 

NM202F1 Unknown Progeny 917K-2 x TMB2x9172 

NM203F1 Unknown Progeny 917K-2 x TMB2x9172 

NM601F1 Unknown Progeny 917K-2 x TMB2x9172 

NM602F1 Unknown Progeny 917K-2 x TMB2x9172 

NM603F1 Unknown Progeny 917K-2 x TMB2x9172 

NM604F1 Unknown Progeny 917K-2 x TMB2x9172 

NM801F1 Unknown Progeny 917K-2 x TMB2x9172 

NM802F1 Unknown Progeny 917K-2 x TMB2x9172 

NM803F1 Unknown Progeny 917K-2 x TMB2x9172 

NM804F1 Unknown Progeny 917K-2 x TMB2x9172 

NM805F1 Unknown Progeny 917K-2 x TMB2x9172 

NM806F1 Unknown Progeny 917K-2 x TMB2x9172 

NM807F1 Unknown Progeny 917K-2 x TMB2x9172 

NM808F1 Unknown Progeny 917K-2 x TMB2x9172 

NM809F1 Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-1* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-2* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-3* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-4* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-5* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-6* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-8* Unknown Progeny 917K-2 x TMB2x9172 

MNK-16-16* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-4* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-5* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-6* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-7* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-9* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-10* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-11* Unknown Progeny 917K-2 x TMB2x9172 

MNK-17-12* Unknown Progeny 917K-2 x TMB2x9172 

NM8011F1 Unknown Progeny 917K-2 x TMB2x9172 

NM8012F1 Unknown Progeny 917K-2 x TMB2x9172 

NM8013F1 Unknown Progeny 917K-2 x TMB2x9172 

NM9015F1 Unknown Progeny 917K-2 x TMB2x9172 

NM9017F1 Unknown Progeny 917K-2 x TMB2x9172 
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Genotype ID Genome Type Pedigree 

Calcutta-4 AA Wild species - 

Musa balbibisiana BB Wild species - 

Mpologoma AAA Landrace - 

Sukali Ndiizi AAB Landrace - 

Vunapope AB Landrace - 

Monthan  ABB Landrace - 

Kunnan AB Landrace - 

 

6.2.2 DNA extraction and Diversity Array Technology sequencing   

Genomic DNA of the 55 banana genotypes was extracted from lyophilised (freeze-dried) 

leaf samples of three-month-old tissue culture-derived plantlets following the modified 

cetyl trimethylammonium bromide (CTAB) protocol from Doyle and Doyle (1990). An 

agarose gel electrophoresis was used to determine the quality of each DNA sample and the 

concentration estimated using a NanoDrop 2000 spectrophotometer (ND-2000 V3.5, 

NanoDrop Technologies, Inc.). The DNA samples were stored in a 96-well microtiter plate 

and shipped to Diversity Arrays Technology Pty Ltd., Canberra, Australia (DArT P/L), for 

destructive analysis. 

6.2.3 Genotyping of Musa spp. genotypes using DArT-seqTM technology 

The DNA samples were genotyped with a set of 26,363 silicoDArTs using the DArTseq 

genotype-based sequencing protocol. Polymorphic markers were identified and scored 

using DArTsoft v.7.4 software (DArT P/L, Canberra, Australia, 2014). The markers were 

evenly spread across all the 11 chromosomes of Musa spp. and given a score of ‘1’ for 

presence and ‘0’ if the genomic representation restriction fragment corresponding to the 

DArT probe was absent. The silicoDArTs used had reproducibility value of 1.0, 

polymorphic information content ranging between 0.03 and 0.5 and the mean call rate of 

0.94, ranging from 0.8 to 1.0. 

6.2.4 SNP calling and filtering 

After demultiplexing, each of the raw fastq file was checked using FASTQC software, 

followed by cleaning to remove low-quality ends (Phred score > 20) and Illumina adapter 
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sequences with Cutadapt (Martin, 2011). After trimming, reads smaller than 30 bp were 

removed. The remaining reads were then mapped to the Musa acuminata, double haploid 

‘Pahang’ genome v2 (D’Hont et al., 2012) obtained from the Banana Genome 

Hub (Droc et al., 2013) using BWA-MEM (Li and Durbin, 2010). Re-alignment was done 

using the IndelRealigner module from GATK v4.1 (McKenna et al., 2010). The GATK 

pipeline recommended for a non-model organism was then followed by adding the 

recalibration step. This procedure involved the following steps: conducting an initial round 

of SNP calling on the original uncalibrated data, choosing SNPs with the highest 

confidence and recalibrating the bases on the original aligned read files. For duplicate 

samples, the recalibrated bam alignment files were then merged using Sambamba software 

(Tarasov et al., 2015). SNPs and indel calling were then performed with the GATK module 

HaplotypeCaller v4.1. Finally, a script gVCF2vcf-gz.pl was written to combine the 

individual gVCF files obtained into a single VCF file. The snpcluster procedure was used 

to process SNP clusters, set for a threshold of three or more SNPs per 10 bp window. The 

pipeline used to conduct those analyses is available 

at https://github.com/CathyBreton/Genomic Evolution.  

The optimized Genotype Investigator for Genome-Wide Analyses (GIGWA) tool v2.6.1 

(Sempéré et al., 2019) was used to eliminate markers with minor allele frequency (MAF) 

< 0.05, missing data of greater than 10%, and non-biallelic SNP markers. Genotypes 

exhibiting a read depth < 10 were set to missing while SNP loci located on putative 

mitochondrion were removed. After filtering, a total of 1551 SNP markers distributed 

across the 11 chromosomes were retained and used in subsequent genetic relationships and 

diversity analyses.  

6.2.5 Data analysis  

6.2.5.1 Genetic relationships 

To enable combined analysis of ploidies (2x, 3x and 4x) and reduce complexity of data 

analysis, the genotypic data was coded as a binary absence (‘0’) and presence (‘1’) matrix. 

Using DARwin 6 program (Perrier and Jacquemoud, 2006; Perrier et al., 2009), a dice 

index was used to calculate the dissimilarities for all possible pairs of genotypes on the set 

of markers with less than 10% missing data for the two genotypes. As done in other studies 
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(Sardos et al., 2018; Perrier et al., 2019), a diversity tree was built using the weighted 

Neighbour-Joining (NJ) algorithm (Saitou and Nei, 1987) under the topological constraint 

of an NJ tree generated on the diploid genotypes and tree rooting based on the cluster 

containing genotypes with a known ‘balbisiana’ (‘B’) genome as an outgroup. The 

‘influential unit detection’ tool in DARwin software was used to check the robustness of 

the generated NJ tree. The ‘influential unit detection’ function is a procedure which 

removes one of the genotypes and then the resulting partial tree is compared with the whole 

tree in order to deduce the contribution of that genotype to the structure of the entire tree. 

A high contribution suggests a questionable genotype given that a completely different 

structure is obtained after removing it. We further zoomed into the genetic relationships 

between 16 Musa progenies and their two parental genotypes including ‘917K-2’ (female) 

and ‘TMB2x9172’ (male). These progenies were phenotyped for drought in Chapter 7 and 

are highlighted with an asterisk (*) in Table 6.1. 

Principal component analysis (PCA) was performed in STATISTICA version 14.0 

(TIBCO Statistica) and plotted in ggplot2 package (version 3.4.4) (Wikham, 2016) 

implemented in R version 4.2.2 software.  

6.2.5.2 Genetic diversity and differentiation parameters 

The proportion of polymorphic loci (P) and expected heterozygosity (He) were calculated 

with GenAlEx software, version 6.5 (Peakall and Smouse, 2012). The minor allele 

frequency (MAF), inbreeding coefficients (FIS) and observed heterozygosity (Ho) were 

estimated with R packages, “adegenet” (Jombart and Ahmed, 2011), “hierfstat” (Goudet, 

2005) and “dartR” (Mijangos et al., 2022), respectively. To conduct analysis of molecular 

variance (AMOVA), the test genotypes were first grouped based on the gene pool as either 

wild species, landrace, progenies or breeding line. AMOVA was then performed using the 

GenAlEx software, version 6.5 (Peakall and Smouse, 2012) to partition the molecular 

variance among and within Musa spp. gene pools. The similarity of pairwise genotypes 

from the whole test collection was determined using the genetic differentiation parameter 

(PhiPT).  
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6.3 Results 

6.3.1 Ploidies of Musa progenies  

Ploidy analysis of the study’s progenies resulted in a combination of two ploidy levels. Out 

of the 38 progenies, three including ‘MNK-17-11’, ‘MNK-17-12’ and ‘NM101F1’ were 

diploid (2x). The remaining 35 progenies were triploid (3x) (Appendix 6.1).  

6.3.2 Diversity tree  

An NJ tree generated from the dissimilarity matrix revealed two major clusters, I and II 

(Figure 6.1).  The first large cluster (Cluster I) further branched into three sub-clusters (SC 

I, II and III).  At the top of the tree was the largest sub-cluster (SC I, consisting of 48% of 

the population) grouping most of the progenies used in this study. All the progenies in this 

cluster were triploids. Within this cluster of only progenies were four sub-clusters, 

evidencing greater genetic similarity within specific sets of progenies.  

The second sub-cluster (SC II), linked to the first large sub-cluster, comprised a mixture 

of four breeding lines (all tetraploid), an edible EAHB landrace (‘Mpologoma’), and nine 

progenies. The grouping of ‘Mpologoma’ with the four tetraploid breeding lines (‘1201K-

1’, ‘660K-1’, ‘917K-2’ and ‘222K-1’) in the same cluster was expected since that these 

breeding lines are progenies of known EAHBs. Among the progenies, ‘NM202F1’ and 

‘NM603F1’ clustered the closest to the female parent, ‘917K-2’. 

The third sub-cluster (SC III) consisted of nine genotypes (all diploids) including all the 

diploid breeding lines, ‘Calcutta-4’ (a wild Musa species) and three Musa progenies, 

‘MNK-17-11’, ‘MNK-17-12’ and ‘NM101F1’. These progenies had the closest genetic 

proximity with the male parent (‘TMB2x9172’) compared to the rest of the 35 progenies.  

Cluster II contained both diploid and triploid genotypes, all with a known ‘B’ genome (i.e. 

have either one or two ‘B’ copies). Four out of the five genotypes in this main group are 

landraces from different geographical origins, and one is a wild Musa species (‘M. 

balbisiana’). 
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Within the landraces, the dissimilarities ranged between 0.16 to 0.66. ‘Kunnan’ and ‘Sukali 

Ndiizi’ were the most identical while ‘Mpologoma’ and ‘Monthan’ were the most distant 

i.e had the highest dissimilarity. In fact, ‘Mpologoma’, an EAHB (AAA), was the most 

distantly isolated from the other four landraces, all of which carry at least one copy of the 

‘B’ genome. The dissimilarities between ‘Mpologoma’ and the rest of the landraces ranged 

between 0.58 and 0.66. On the other hand, the dissimilarity between the two wild species, 

‘Calcutta-4’ and ‘M. balbisiana’ was 0.81 while the dissimilarity between the male 

(‘TMB2x9172’) and female (‘917K-2’) parental genotypes of the progenies was 0.54.    
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progenies, ‘MNK-17-11’ and ‘MNK-17-12’ clustered in a small group with their diploid 

male parent, ‘TMB2x9172’ (Cluster II) (Figure 6.2). Cluster I was further divided into 

smaller subgroups. For instance, four progenies, ‘MNK-16-1’, ‘MNK-16-4’, ‘MNK-16-6’ 

and ‘MNK-17-10’ clustered together while ‘MNK-16-2’, ‘MNK-16-16’ and ‘MNK-17-4’ 

also grouped together. ‘MNK-16-5’, ‘MNK-17-5’, ‘MNK-17-6’ and ‘MNK-17-9’ 

clustered in a separate subgroup. ‘MNK-16-8’, ‘MNK-16-3’ and ‘MNK-17-7’ clustered 

individually and independently from the rest of the subgroups in cluster I.   

 

 

Figure 6.2 Genetic relationships of 16 Musa spp. progenies and their two parental genotypes, ‘917K-

2’ (female) and ‘TMB2x9172’ (male). 2x, 3x and 4x represent diploid, triploid and tetraploid 

statuses, respectively.  

 

6.3.3 Principal component analysis 

PCA showed that genetic diversity exists in the study’s Musa spp. genotypes. The first two 

components accounted for 29.0% of the cumulative variation (Figure 6.3). ‘M. balbisiana’ 

(a wild Musa species) and four landraces, including ‘Monthan’, ‘Sukali Ndiizi’, 

‘Vunapope’ and ‘Kunnan’) showed distinct grouping from the rest of the genotypes. The 

Cluster I 

Cluster II 
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PCA biplot also showed that almost all the progenies clustered closely with their female 

parent (‘917K-2’) except for ‘MNK-17-11’, ‘MNK-17-12’ and ‘NM101F1’, which 

clustered together and had the closest genetic distance to the male parent (‘TMB2x9172’). 

The results are consistent with the NJ tree. PC 1 significantly correlated to ‘balbisiana’ 

related markers (r = 0.97, p < 0.01) (Figure 6.4A) while PC 2 significantly correlated to 

‘Calcutta-4’ specific markers (r = 0.67, p < 0.01) (Figure 6.4B). Of the 1551 markers used, 

220 and 285 markers were specifically associated with ‘M. balbisiana’ and ‘Calcutta-4’, 

respectively (Appendix 6.2). Among the progenies, ‘MNK-17-11’, ‘MNK-17-12’ and 

‘NM101F1’ had the highest number of ‘M. balbisiana’ specific SNPs (ranging between 40 

and 43), while ‘NM8012’ and ‘MNK-17-4’ had the lowest number (both having only three 

‘M. balbisiana’ specific SNPs) (Appendix 6.2). On the other hand, ‘NM603F1’ and 

‘NM806’ had the highest and lowest number of ‘Calcutta-4’ specific markers.   

 

Figure 6.3 Genetic distance among 54 Musa spp. genotypes revealed by a principal component 

analysis (PCA) based on 1551 high quality DArT-based SNP markers. 
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Figure 6.4 Correlation between (A) ‘Musa balbisiana’ specific SNP markers and principal 

component 1 (PC 1) and (B) ‘Calcutta-4’ specific SNP markers and principal component 2 (PC 2). 

A significant strong positive correlation between the number of ‘M. balbisiana’ specific SNP 

markers and PC 1 was observed (r = 0.97, p < 0.01). A significant positive correlation between the 

number of ‘Calcutta-4’ specific SNP markers and PC 2 (r = 0.67, p < 0.01) was observed.     

6.3.4 Genetic differentiation among and within populations 

The minor allele frequency (MAF) ranged from 0.01 to 0.5 while the proportion of 

polymorphic loci ranged between 0.37 and 0.85, with a mean of 0.65. The average expected 

heterozygosity was 0.24 and varied from 0 to 0.57 while the observed heterozygosity 

ranged between 0.34 and 0.37, with a mean value of 0.36 (Table 6.2). The overall 

inbreeding coefficient of the test population was -0.45.  

The AMOVA revealed that the variation among gene pools accounted for 12%, while the 

variation within the gene pools accounted for 88% of the total variation (Table 6.3). The 

overall PhiPT was 0.124, associated with a permutation p-value < 0.05. The maximum 

PhiPT and Phi’PT values were 0.595 and 0.208, respectively.  
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Table 6.2  Genetic diversity indices of the 55 test Musa spp. genotypes based on SNP 

markers 

Parameter MAF P (%) He Ho 

Minimum  0.01 0.37 0.00 0.34 

Maximum  0.5 0.85 0.57 0.37 

Mean  0.12 0.65 0.24 0.36 

MAF – minor allele frequency, P – proportion of polymorphic loci, He – expected heterozygosity, 

Ho - observed heterozygosity 

Table 6.3  Analysis of molecular variance of Musa spp populations based on 1551 SNP 

markers 

Source  df SS  MS Est.Var.  % Variance 

Among gene pools 3 2230.08 743.36 43.24 12% 

Within gene pools 55 16804.94 305.54 305.54 88% 

Total  58 19035.02 

 

348.79 100% 

df = degrees of freedom, SS = sum of square, MS = mean square, Est. Var. = estimated variance, 

gene pools = wild species, landrace, F1 progeny or breeding lines 

6.4 Discussion  

6.4.1 Genetic relationships and structure among genotypes  

6.4.1.1 Neighbour joining tree  

The study population was majorly delineated into two distinct clusters based on the genetic 

distance calculated between all possible pairs of genotypes using the dice dissimilarity 

index (Figure 6.1). The two major clusters consisted of one large group (Cluster I) with 

genotypes solely containing ‘acuminata’ (‘A’) genome (except for ‘TMB2x9722-1’ whose 

genome constitution is unknown) and a second smaller cluster (Cluster II) comprising 

accessions with a known ‘B’ genome. This grouping is expected given that the most genetic 

variability within bananas is predominantly derived from two wild major progenitors, M. 

acuminata Colla (‘A’ genome) and M. balbisiana Colla (‘B’ genome), which are believed 

to have originated from Southeast Asia and Melanesia regions (Simmonds, 1962; De 

Langhe et al., 2009; Perrier et al., 2011; Sardos et al., 2022). The grouping of genotypes 
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with similar genomic backgrounds into the same major cluster indicates the effectiveness 

of the SNP markers utilized in this study in allocating the test Musa spp. genotypes into 

homogenous clusters.  

The study population consisted of wild Musa species, breeding lines, landraces and Musa 

progenies. Although the genome composition of the 38 progenies is yet to be established, 

the rest of the studied genotypes contain either the ‘A’, ‘B’ or both genomes (Table 6.1). 

Still, the genome constitution of the progenies can be presumed to be solely based on the 

‘A’ genome given that both their parental genotypes i.e., ‘917K-2’ (AAAA) and 

‘TMB2x9172’ (AA), contain only the ‘A’ genome. A recent genetic diversity study by 

Akech et al. (2024) reported ‘TMB2x9172’ to be a diploid hybrid with an ‘AA’ genome 

constitution.   

The joint grouping of the progenies, breeding lines (diploids and tetraploids), 

‘Mpologoma’ (an EAHB landrace) and ‘Calcutta-4’ (in cluster I) could be interpreted as 

the existence of very similar genetic backgrounds resulting from at least one common 

ancestor in the pedigree of the genotypes. For instance, all the four tetraploid breeding lines 

(also including ‘917K-2’, the female parent of the progenies) were developed from crosses 

between EAHB landraces and ‘Calcutta-4’ (Chapter 5; Table 5.1). Additionally, the diploid 

breeding line ‘TMB2x6142-1’ is an offspring of ‘Nyamwihogora’, which is also an EAHB 

landrace. EAHBs (a Musa sub-group to which ‘Mpologoma’ belongs) have been shown to 

have high genetic homogeneity despite having extensive morphological variation 

(Christelová et al., 2017; Pillay, 2024). Further, ‘Calcutta-4’ is the male parent of three 

diploid breeding lines in this major cluster including ‘TMB2x9172’, ‘TMB2x8075-7’ and 

‘TMB2x9722-1’. Consequently, ‘Calcutta-4’ is the ‘grandfather’ of all the 38 Musa 

progenies since both their parental genotypes are offsprings of ‘Calcutta-4’. Tetraploid 

Musa spp. breeding lines have been widely used in banana improvement programs to 

develop secondary hybrids with enhanced pest and disease resistance as well as improved 

banana yields (Brown et al., 2017). For example, ‘917K-2’, ‘660K-1’, ‘222K-1’ and 

‘1201K-1’ were used to generate triploid NARITA hybrids with enhanced resistance to 

black Sigatoka, banana weevil and the burrowing nematodes (Tushemereirwe et al., 2015; 

Madalla et al., 2022a; 2022b). Tumuhimbise et al. (2018; 2019) also reported that one of 

the parents to the NAROBan hybrids was an improved tetraploid, thereby confirming the 
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extensive utilization of these breeding lines in banana improvement. On the other hand, 

the diploid breeding lines have been used as important sources of resistance to several 

banana pests and diseases and for investigating the genetic basis of resistance of those 

biotic stresses (Kiggundu et al., 2003; Tenkouano et al., 2003; Ssali et al., 2013; Kimunye 

et al., 2021).  

It is crucial to note that among the Musa progenies, ‘NM101F’, ‘MNK-17-11’ and ‘MNK-

17-12’ clustered the closest with the male parent (‘TMB2x9172’), suggesting high genetic 

similarity between ‘TMB2x9172’ and the above three progenies. ‘TMB2x9172’ was 

reported to be relatively tolerant to water stress conditions (Chapter 4), and hence 

‘NM101F’, ‘MNK-17-11’ and ‘MNK-17-12’ might be suitable hosts of favourable alleles 

for drought tolerance. The clustering of majority of the progenies in Cluster I, SC I, points 

to high genetic uniformity among these progenies and even greater genetic uniformity 

within the smaller sub-groups. The sub-clustering of different progenies suggests weak 

genetic dissimilarities and closer genetic relationships within the respective sub-clusters. 

For instance, zooming into the genetic relationships of 16 selected progenies (highlighted 

with asterisk in Table 6.1) revealed high genetic homogeneity between ‘MNK-17-11’ and 

‘MNK-17-12’ (both diploids), while ‘MNK-16-1’, ‘MNK-16-4’, ‘MNK-16-6’ and ‘MNK-

17-10’ were more genetically similar with each other (Figure 6.2). Other specific, close 

genetic relationships were observed among the remaining progenies that were part of this 

subset. The sub-clustering of these progenies points to high genetic homogeneity of all 

particular progenies belonging to the same sub-cluster. On the contrary, the separate and 

individual sub-grouping of ‘MNK-16-8’, ‘MNK-16-3’ and ‘MNK-17-7’ (Figure 6.2) 

suggests stronger genetic dissimilarities among these progenies and less genetic 

homogeneity with the other 13 progenies in this subset.  Knowledge of the genetic 

relationships between these progenies is critical as it provides some insight into the genetic 

diversity underlying the phenotypic diversity (in terms of response to water stress), which 

will be investigated and discussed in the next chapter of this thesis (Chapter 7).     

In Figure 6.1, all the genotypes in the second major group (Cluster II) contain the ‘B’ 

genome (Ruas et al., 2017), which has been underutilised in banana breeding given its 

association with endogenous banana streak virus sequences that become activated under 

appropriate conditions (Iskra-Caruana et al., 2014). The distinct clustering of this group 
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from Cluster I in the NJ tree reflects the ancient divergence of ‘M. balbisiana’ from ‘M. 

acuminata’, an event believed to have occurred before the creation of present day 

cultivated triploids or diploids. A clear discrimination of ‘M. balbisiana’ from the ‘M. 

acuminata’ using DArT markers has also been shown in other studies (Sardos et al., 

2016b). Four of the five genotypes that co-localized with ‘M. balbisiana’ in this group are 

landraces with a sweet taste and are usually eaten raw. However, ‘Vunapope’ and 

‘Monthan’ are also consumed in cooked form.   

6.4.1.2 Principal component analysis  

The first two PCs explained 29% of the genetic variation among the studied Musa 

genotypes, which suggests that adequate genotype discrimination requires a higher number 

of components. The reduction of the effectiveness of PCs may be attributed to the limited 

range of genetic diversity resulting from the inclusion of closely related genotypes (e.g. 

breeding lines, progenies), which constituted the largest proportion of the study population. 

Reduced effectiveness of PCs due to narrow genetic diversity has also been reported in 

other crops (Somta et al., 2009; Nkhata et al., 2020).  

PCA confirmed the results of the NJ tree as it separated the ‘balbisaina’ cluster from the 

solely based ‘acuminata’ genotypes (Figure 6.3). The discrimination displayed by PC 1 

correlates to some extent to Cluster II while PC 2 corresponds to Cluster I of the NJ tree ( 

(Figure 6.1, Figure 6.2). Notably, three of the Musa progenies (including ‘NM101F1’, 

‘MNK-17-11’ and ‘MNK-17-12’) were in close genetic proximity with the male parent, 

‘TMB2x9172’, while the remaining 35 F1 genotypes clustered together with their female 

parent, ‘917K-2’. As such, the above observation suggests a close genetic resemblance of 

‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’ with their male parent, while the rest of the 

progenies are more genetically identical to the female parent.   

The ‘B’ genome has previously been linked to resistance alleles and drought tolerance in 

banana (Ekanayake et al., 1994; Bakry et al., 2009; Vanhove et al., 2012). Therefore, 

considering that the ‘B’ genome containing genotypes had the largest (highest positive) PC 

1 values, it can be hypothesized that the higher the PC 1 value (more positive), the more 

correlation towards drought tolerance and the smaller the PC 1 value (more negative), the 

less tolerance to drought. The genetic prediction of this observation is that ‘NM101F1’, 
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‘MNK-17-11’ and ‘MNK-17-12’ might be more tolerant to water stress than the rest of the 

progenies which had close genetic proximity with the female parent (‘917K-2’) 

(Carpentier, personal communication, November 20234).  

Despite the genome constitutions of the parents of the progenies being known to be 

‘AAAA’ (‘917K-2’, female) and ‘AA’ (‘TMB2x9172’, male), this study has shown that 

these progenies, together with their male parent carry some ‘balbisiana’ specific SNPs 

(Figure 6.4, Figure 6.2). This ‘balbisiana’ background, although limited compared to the 

‘Calcutta-4’ background, was not surprising since ‘TMB2x9172’ is a plantain hybrid 

whose female parent, ‘Obino L’Ewai’, is an ‘AAB’. The predominant ‘Calcutta-4’ 

background was also expected considering that ‘Calcutta-4’ is a common parent of ‘917K-

2’ and ‘TMB2x9172’ (Table 6.1). Based on the above results and estimated ploidy levels 

(Figure 6.2 ), this study classifies ‘TMB2x9172’, the male parent, and its progenies as AAs 

(for ‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’) or AAAs (all the remaining 35 

progenies) with a little ‘B’ background. Based on the separate clustering of the EAHB 

landrace, ‘Mpologoma’ and ‘Calcutta-4’ (Figure 6.1, Figure 6.3) and complete absence of 

‘Calcutta-4’ specific SNPs in ‘Mpologoma’ (Figure 6.2), the DArT markers used in this 

study seem to be robust in detecting M. acuminata subspecies. ‘Calcutta-4’is a M. 

acuminata ssp. burmannica accession while molecular characterization of the EAHB sub-

cluster to which ‘Mpologoma’ belongs revealed that the genomic composition of these 

endemic bananas is a combination of mainly M. acuminata subsp. banksii, M. acuminata 

ssp. zebrina, and M. schizocarpa (Perrier et al., 2011; Němečková et al., 2018; Sardos et 

al., 2025).    

6.4.2 Analysis of genetic diversity  

Genetic diversity analyses are crucial in identifying individual accessions among distantly 

and closely related groups for the initiation of new crop improvement efforts. This study 

utilized 1,551 high-quality DArT-based SNP markers to elucidate the genetic diversity of 
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54 Musa spp. genotypes. On average, the study population had moderate to high 

proportions of polymorphic loci, expected and observed heterozygosity levels (Table 6.2), 

as well as an excess of heterozygotes (Fis = -0.45). The excess heterozygosity estimated in 

the current study’s population could be attributed to the large proportion of breeding lines 

and Musa progenies that were generated from deliberate crossbreeding. Excess levels of 

heterozygosity in banana could be attributed to three mechanisms: the vegetative mode of 

propagation of the species, accumulation of somatic mutations over a long period and 

prohibited or limited self-pollination due to unsynchronized development of the female 

and male flowers in the inflorescence (Ge et al., 2005; Navascués et al., 2010; Bona et al., 

2019). Excess levels of heterozygosity as low as -1.0 have been reported in banana 

(Mertens et al., 2021; Kallow et al., 2021). The difference in excess heterozygosity levels 

between this study and previous studies could be attributed to the different Musa spp. 

germplasm assessed. While this study assessed a combination of breeding lines, Musa 

progenies, landraces and wild species, previous studies evaluated banana wild relatives 

from different ecologies.  

The moderate genetic diversity observed (mean Ho of 0.36) suggests moderately wide 

genetic diversity within the study’s population, thereby making it suitable for selecting 

complementary genotypes for crop improvement purposes. The lower He estimates found 

in this study are expected given that bananas are mostly naturally clonally propagated and 

hence, most of the crop’s loci would be homozygous (Brown et al., 2017; Mertens et al., 

2021). The low average MAF of 0.12 observed in this study for the entire population 

indicates that most of the test genotypes shared common alleles. Kitavi et al. (2016) 

reported an even lower mean MAF (0.05) based on SSR microsatellite markers in a 

collection of EAHB varieties. The large variation within the gene pools of the current study 

revealed by the AMOVA (Table 6.3) confirms the heterogeneous nature of the Musa spp. 

species (Sardos et al., 2016).  

6.5 Conclusions 

Genetic analysis based on DArT-based SNP markers revealed genetic variation among the 

studied Musa spp. genotypes. Neighbour-joining (NJ) clustering highlighted the genetic 

relationships among the different genotypes. Principal component analysis (PCA) results 
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were consistent with the NJ tree. PCA also partially grouped the progenies into two 

heterotic groups based on the genetic distances from their parental genotypes. Genetic 

prediction based on the PCA revealed that three of the Musa progenies, including 

‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’, were the most genetically close to the 

drought-tolerant candidate male parent (‘TMB2x9172’). In contrast, the rest of the 

progenies had closer genetic proximity to the female parent (‘917K-2’) and hence had 

higher genetic uniformity with the female parent, ‘917K-2’. ‘NM101F1’, ‘MNK-17-11’ 

and ‘MNK-17-12’, all diploids, might be carriers of favourable genes/ alleles inherited 

from their drought-tolerant male parent. The genetic diversity of the study population was 

affected by the presence of common ancestors. Nonetheless, the DArT-based SNP markers 

used distinguished the germplasm. This study lays a foundation for further exploration and 

validation of drought tolerance, particularly within the Musa progenies. Thus, the study’s 

progenies should be evaluated under water stress conditions to confirm whether 

‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’ are indeed drought-tolerant and the rest of 

the progenies are sensitive to drought.   
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6.6 Appendices 

Appendix 6.1 List of Musa genotypes used in this study with their respective ploidy levels and 

inferred clusters (major clusters and sub-clusters) 

Genotype  Type Genome Ploidy Major cluster Sub-cluster 

1201K-1 Breeding line  AAAA 4x I II 

917K-2 Breeding line AAAA 4x I II 

660K-1 Breeding line AAAA 4x I II 

222K-1 Breeding line AAAA 4x I II 

TMB2x6142-1 Breeding line AA 2x I III 

TMB2x9128-3 Breeding line AA 2x I III 

TMB2x8075-7 Breeding line AA 2x I III 

TMB2x9722-1 Breeding line Unknown 2x I III 

TMB2x9172 Breeding line AA 2x I III 

NM101F1 Progeny  Unknown  2x I III 

NM201F1 Progeny Unknown 3x I II 

NM202F1 Progeny Unknown 3x I II 

NM203F1 Progeny Unknown 3x I II 

NM601F1 Progeny Unknown 3x I II 

NM602F1 Progeny Unknown 3x I I 

NM603F1 Progeny Unknown 3x I II 

NM604F1 Progeny Unknown 3x I II 

NM801F1 Progeny Unknown 3x I II 

NM802F1 Progeny Unknown 3x I I 

NM803F1 Progeny Unknown 3x I I 

NM804F1 Progeny Unknown 3x I I 

NM805F1 Progeny Unknown 3x I I 

NM806F1 Progeny Unknown 3x I I 

NM807F1 Progeny Unknown 3x I I 

NM808F1 Progeny Unknown 3x I I 

NM809F1 Progeny Unknown 3x I I 

MNK-16-1 Progeny Unknown 3x I I 

MNK-16-2 Progeny Unknown 3x I I 

MNK-16-3 Progeny Unknown 3x I I 

MNK-16-4 Progeny Unknown 3x I I 

MNK-16-5 Progeny Unknown 3x I I 

MNK-16-6 Progeny Unknown 3x I I 

MNK-16-8 Progeny Unknown 3x I I 

MNK-16-16 Progeny Unknown 3x I I 

MNK-17-4 Progeny Unknown 3x I I 

MNK-17-5 Progeny Unknown 3x I I 

MNK-17-6 Progeny Unknown 3x I II 

MNK-17-7 Progeny Unknown 3x I I 

MNK-17-9 Progeny Unknown 3x I I 
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Genotype  Type Genome Ploidy Major cluster Sub-cluster 

MNK-17-10 Progeny Unknown 3x I I 

MNK-17-11 Progeny Unknown 2x I III 

MNK-17-12 Progeny Unknown 2x I III 

NM8011F1 Progeny Unknown 3x I I 

NM8012F1 Progeny Unknown 3x I I 

NM8013F1 Progeny Unknown 3x I II 

NM9015F1 Progeny Unknown 3x I I 

NM9017F1 Progeny Unknown 3x I I 

Calcutta-4 Wild species AA 2x I III 

M. balbibisiana Wild species BB 2x II - 

Mpologoma Landrace AAA 3x I II 

Sukali Ndiizi Landrace AAB 3x II - 

Vunapope Landrace AB 3x II - 

Monthan  Landrace ABB 3x II - 

Kunnan Landrace AB 2x II - 
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A) 

 

B) 

 

Appendix 6.2 Number of diversity array technology (DArT)-based single nucleotide 

polymorphic (SNP) markers specifically associated with two wild Musa species found 

within the study population. A) Number of ‘Musa balbisiana’ specific markers found in 

each of the 54 Musa spp. genotypes. B) Number of ‘Calcutta-4’ specific markers found 

in each of the 54 Musa spp. genotypes.      
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Chapter 7: Differential growth and transpiration responses among 

banana hybrids - hope for banana drought tolerance breeding?   

Abstract  

Genetic diversity in East African highland bananas (EAHBs) is very limited and only 

resulting from frequent somatic mutations and continuous farmer selections. Considering 

the large market demand and drought sensitive nature of EAHBs, it is important to improve 

the resilience of these endemic bananas to future climatic conditions through breeding. The 

study was set up to determine the variability of water usage and assess the growth 

behaviour and transpiration responses of 16 secondary banana hybrids and their parental 

lines to a declining soil water content (SWC) in relation to vapour pressure deficit (VPD) 

and light intensity. By monitoring plant transpiration, daily and hourly, genotype-specific 

transpiration rates were modelled in relation to SWC, VPD and light. Well-watered plants 

were maintained at a SWC of 2.1 g g-1, while the SWC of water stressed plants was allowed 

to drop from 2.1 g g-1 to 0.7 g g-1 by depriving them of water. The experiment was set up 

in a completely randomized design with one plant per pot and three replications per 

genotype. Significant genotype, water treatment and genotype by water treatment 

interaction effects were observed in water usage (i.e. number of days for SWC to drop from 

2.1 g g-1 to 0.7 g g-1), total leaf area (functional), total leaf damage, and transpiration rates 

across the progenies and their parental lines. The study detected critical genotype-specific 

SWC thresholds at which drought avoidance mechanisms were initiated. The diploid 

progenies, ‘MNK-17-11’ and ‘MNK-17-12’, achieved heterosis for either water usage, 

total leaf area or both. The contrasting phenotypic behaviour among genetically close 

progenies highlighted the significance of the environmental impact on a plant’s phenotypic 

expression. The variability in water usage, plant growth and transpiration among the 

studied progenies suggests that the suitability of a given genotype will depend on the 

prevailing drought events and illustrates that drought tolerance improvement in EAHB 

populations is possible.   

Keywords: banana hybrids, light intensity, plant growth, transpiration response, vapour 

pressure deficit, water stress  
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7.1 Introduction 

Climate change presents a huge threat to global food and agricultural production systems. 

Increased crop yield losses resulting from changes in atmospheric temperatures, carbon 

dioxide levels and precipitation amounts are expected (Blanc, 2012; Gadedjisso-Tossou et 

al., 2021; Chari and Ngcamu, 2022). Considering the rapid global population growth rate 

(Melorose et al., 2015), the demand for food is set to increase (IPCC, 2014; Raza et al., 

2019; Wang et al., 2021); hence there is an urgent need to mitigate the aggravating effects 

of climate change on crop production. This climate change has intensified the severity and 

occurrence of major abiotic stresses, including drought (Hepworth and Goulden, 2008; 

Gizaw and Gan, 2017; Haile et al., 2020; Mohammed et al., 2022).  

Drought stress greatly impacts banana production (Taulya et al., 2006; van Asten et al., 

2011; Uwimana et al.,2021; Nansamba et al., 2022), thus limiting its growth and yield. In 

the East African Great Lakes region, East African highland bananas (EAHBs) (AAA-EA 

genome) dominate the agricultural production systems (Karamura et al., 2012; Marimo et 

al., 2019; Akankwasa et al., 2020). They are considered endemic to the region with no 

clear analogue elsewhere in the world and are mainly grown on smallholder farms where 

they provide food- and income security (Frison et al., 1999; Lynam, 2000; Gambart et al., 

2020).  

Banana is a very ancient crop. Human migration and deforestation activities aided the 

dispersal of crop wild relatives during the mid-Holocene period (7,000 years ago), allowing 

spontaneous hybridizations between different Musa (sub)species and resulting in edible 

hybrids (De Langhe et al., 2009; Perrier et al., 2011). The existing banana diversity 

originates from a few meiosis events, followed by somaclonal mutations and continuous 

farmer selection (Sardos et al., 2016). EAHBs are AAA hybrids, originating from an inter-

crossing between two M. acuminata subspecies, M. acuminata subsp. banksii and subsp. 

zebrina, and M. schizocarpa (Perrier et al., 2011; Němečková et al., 2018; Sardos et al., 

2025). These hybridizations are believed to have occurred near Papua New Guinea and 

Java, from where the resulting edible hybrids (AAs and AAAs) were introduced to the East 

coast side of the African mainland by travellers via the Indian Ocean islands approximately 

1,200 years ago (Perrier et al., 2019).  This was a huge bottle neck in genetic variability 
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since no crop wild relatives exist in Africa. Only subsequent somaclonal mutations and 

continuous farmer selections gave rise to the current diversity in EAHB. To date, 115 

different varieties have been described (Tugume et al., 2002), consisting of a wide 

phenotypic diversity (Karamura et al., 2016; Perrier et al., 2019) and differences in 

chromosome structure (Šimoníková et al., 2020). 

For optimal growth, it has been estimated that EAHBs require in their agroecological 

native zone at least 1200 mm of water per year (Carr, 2009; Mustaffa and Kumar, 2012). 

They occur at high altitudes (900-2000 meters above sea level), which are associated with 

cool temperatures and hence a lower evaporative demand (Wortmann and Eledu, 1999; 

Karamura et al., 2012). EAHBs have a high-water usage, low water use efficiency, a weak 

drought avoidance mechanism (van Wesemael et al., 2019; Eyland et al., 2021) and tend 

to be absent on farms at low altitudes and/ or during longer dry seasons. Over the past half 

century, despite Uganda being the biggest EAHB producing and consuming country, 

banana production has shifted with seasonal variation in precipitation, rising mean annual 

temperature, limited soil nutrient replenishment, and disease pressure being the main 

contributing factors (Gold et al., 1999; Ochola et al., 2022). Successful crop production in 

the Great Lakes region has so far been sustained by the region’s annual bimodal rainfall 

regimes regulated by topographical and coastal influences (Mutai et al., 1998; Conway et 

al., 2005; Becker et al., 2010). However, due to climate change, the weather patterns have 

become more unpredictable and variable (MFA-NL, 2018; Girvetz et al., 2019), thereby 

affecting the current and future suitability of some agroecological zones for banana 

production (Sabiti et al., 2018; Manners et al., 2021; Vandamme et al., 2022).  

It is predicted that vapor pressure deficits (VPD) will continue to increase due to rising 

atmospheric temperatures, thereby causing a significant risk for production and yield 

(Rippke et al., 2016; Varma and Bebber, 2019; Abdoussalami et al., 2023). Sabiti et al. 

(2018) also envisaged that the moisture deficits resulting from expected temperature rises 

and hence increased evaporative demand could retard future banana growth in specific 

areas in Uganda. Considering the preferred market demand (Akankwasa et al., 2020) and 

the water-spending nature of the EAHB (Eyland et al., 2021; Kissel et al., 2015), it is 

crucial to improve the resilience of these endemic banana varieties to future environmental 

conditions through breeding. A scenario analysis by Vandamme et al. (2022) estimated 
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high suitability indices for drought-tolerant varieties (0.54 - 0.71) but low to moderate 

suitability for unimproved varieties under future climatic conditions. Therefore, improving 

the drought tolerance of EAHBs through breeding is the most effective and sustainable 

way to safeguard the crop against the expected daunting effects of climate change. 

Drought tolerance is a complex quantitative trait controlled by several genes, each with 

additive and non-additive effects (Bernardo, 2008; Ravi et al., 2013). The polygenic nature 

of drought tolerance, coupled with banana’s inherent sterility (male or female) and 

polyploidy nature, complicate and ultimately slow the crop’s improvement through 

crossbreeding (Ssebuliba et al., 2006; Fortescue et al., 2011; Batte et al., 2019; Waniale et 

al., 2022). Despite these challenges, the existing genetic diversity within the gene pool 

remains the basis for elucidating and improving drought tolerance. Wild banana relatives 

could lend valuable abiotic tolerance to improved genotypes (Prohens et al., 2017; 

Dempewolf et al., 2017; Eyland et al., 2020). For instance, when deprived of water, the 

wild banana progenitor, Musa balbisiana, displayed adaptive traits that could be beneficial 

under conditions of high transpiration demands (Eyland et al., 2022). However, wild 

species also often possess multiple undesirable agronomic and fruit traits, which limit their 

utilization in crop breeding (Ramirez et al., 2011; Nansamba et al., 2020). To minimize the 

co-inheritance with poor traits and consequently reduce the banana drought tolerance 

breeding pipeline, it is important to identify and utilize relatively tolerant genotypes with 

‘less compromised’ genomic backgrounds in banana crosses. 

The objectives of the study were to determine the variability of water usage and assess the 

growth behaviour and transpiration responses of secondary banana hybrids and their 

parental lines to declining soil water content (SWC) in function of VPD and light intensity. 

We hypothesized that despite the narrow genetic diversity within EAHB varieties and the 

high-water usage, the meiotic recombination would lead to the segregation of reactions of 

transpiration responses and resulting growth to fluctuating VPD, light (photosynthetic 

active radiation, PAR) and SWC. This study evaluates the performance of bananas hybrids 

developed purposely for improved drought avoidance and tolerance. 
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7.2 Materials and methods 

Two phenotyping experiments were performed concurrently at the Bioversity International 

phenotyping facility hosted in Belgium at the Katholieke University, Leuven (KU-

Leuven). One experiment involved monitoring and taking daily plant growth and 

transpiration measurements. The second experiment involved continuous phenotyping of 

eight Musa progenies to model genotype-specific transpiration rate responses to declining 

SWC and fluctuating VPD and light intensity at higher resolution (i.e. one-hour interval).   

7.2.1 Plant materials and experimental set up  

Eighteen Musa spp. genotypes comprising 16 Musa progenies and their two parental lines, 

‘917K-2’ (female) and ‘TMB2x9172’ (male), were phenotyped (Table 7.1). ‘TMB2x9172’ 

is an improved diploid (AA-genome) hybrid that came from a cross between ‘Obino 

L’Ewai’ (plantain) and the wild banana relative, ‘Calcutta-4’ (AA genome), which is 

resistant to black sigatoka (Brown et al., 2017). ‘TMB2x9172’ previously showed some 

drought tolerance traits (Chapter 4). ‘917K-2’ is a tetraploid hybrid (AAAA-genome) 

derived from a cross between the EAHB cultivar, ‘Enzirabahima’ (AAA genome) and 

‘Calcutta-4’. ‘Enzirabahima’ is one of the cooking bananas grown by farmers in the cattle 

corridor of Uganda (Chapter 3, Table 3.6). ‘917K-2’ has been shown to have a relatively 

high pollination success, a desirable breeding trait considering the high female sterility 

rates of EAHBs (Batte et al., 2019).  

In-vitro seedlings were generated in the tissue culture laboratory at the National 

Agricultural Research Laboratories (NARL), Kawanda, following the standard procedure 

elaborated in Vuylsteke et al. (1990) before transportation to the Bioversity International 

phenotyping facility in Belgium for evaluation. At the phenotyping facility, plantlets were 

acclimated to the greenhouse conditions for at least seven weeks before starting data 

collection. Plants were grown in 10-litre pots filled with a peat-based compost mixture 

(Levingtons F2S, UK) and watered daily until they reached a total leaf area (TLA) of 3000 

cm2 to normalise differential growth vigour.  Once each genotype reached this threshold 

leaf area, three plants were maintained under well-watered conditions (control treatment), 

while the other three plants were deprived of water (water stress treatment). The water 
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7.2.2 Daily manual measurements   

7.2.2.1 Total leaf area and leaf damage 

The daily total leaf area was calculated as follows. For each plant, the length (cm) and 

width (cm) at the widest part of every fully opened leaf were measured with a tape measure. 

Measurements were only taken on functional leaves (i.e. with greater than 70 % green 

area). Single leaf areas were computed according to Summerville (1944) (Eq. 7.1).  

Leaf Area = Leaf length × Leaf width × 0.83                          (7.1) 

Where leaf area factor = 0.83  

Individual plant total leaf areas (TLA) were computed by summing up all the single leaf 

areas. It is important to note that TLA was the total functional leaf area of the plant i.e. it 

does not include the leaf damage calculated below.  

To check for the growth potential of the studied genotypes under well-watered and water 

stress conditions, the TLAs at the third week were plotted in a ranking quadrant. 

Considering that ploidy level affects a plant’s growth attributes (Vandenhout et al., 1995), 

TLAs were normalised by computing the difference between the mean TLA of each 

genotype (i.e. individual genotype means under each water treatment) and the median of 

the corresponding water treatment. Subsequently, a genotype with a negative normalised 

TLA value was considered to have slower growth than the median plant for this water 

treatment. On the other hand, a positive normalised TLA value suggested faster growth 

than the median plant of that water treatment.  

The leaf damage was determined by recording the area of each dying leaf (in cm2) two 

days after foliage yellowing/ senescing commenced. Subsequently, total leaf damage (cm2) 

was computed for each plant as the sum of the single leaf areas of all dead or dying leaves 

recorded during the first 21 days of drought assessment. Note that the TLA above was the 

functional leaf area and hence did not include the leaf damage (i.e. TLAs were independent 

of area(s) of dead leaves).  



193 

7.2.2.2 Water usage 

To determine the soil moisture depletion of each genotype, the daily gravimetric SWC of 

plants was monitored and calculated from the total daily weights (Wtot) following the 

procedure elaborated by Eyland et al. (2022). Briefly, Wtot consisted of pot weight (Wpot), 

the weight of dry soil (Wdry-soil), the weight of water retained in the soil (Wsoil_water) and 

plant weight (Wplant).  

Wtot = Wpot + Wdry_soil + Wsoil_water + Wplant                              (7.2) 

The pot weight (Wpot) was recorded prior to the start of the experiment. The weight of the 

dry soil (Wdry_soil) was calculated by determining the weight of the soil at the pot-filling 

stage (Wsoil,start) and then taking a representative portion of which the fresh weight was 

recorded prior to drying. After two weeks of drying, the ratio of dry to fresh weight of the 

soil sample was calculated and used to estimate the Wdry_soil.  

Wdry_soil = Wsoil_start ∗
Wdry sample

Wfresh sample
                                             (7.3) 

The plant weight (𝑊𝑝𝑙𝑎𝑛𝑡) was estimated from the calculated leaf areas using genotype-

specific correlations (R2 > 0.7).  

With the Wtot, Wpot, Wdry-soil and Wplant known, the amount of water retained in the soil 

(Wsoil_water) was calculated from Eq 7.2. The gravimetric soil water content (SWC; g g-1) 

was then calculated by dividing Wsoil_water with the weight of the dry soil (Wdry_soil).  

SWC =
Wsoil_water

Wdry_soil
                                                                           (7.4) 

The duration of moisture depletion (i.e. water usage) was expressed as the number of days 

it took for the SWC of each genotype to drop from 2.1 g g-1 (-0.01 MPa) to 0.7 g g-1 (-1.92 

MPa). 
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7.2.2.3 Measurement of daily transpiration 

Daily plant transpiration rates were determined by weighing the pots every 24 hours during 

the experiment. Water loss by evaporation was prevented by covering the top of the pots 

with plastic. Therefore, the difference in the pot weight between the two subsequent days 

was attributed to plant transpiration. Unlike water stress plants, well-watered plants were 

rewatered daily to a specific target weight to attain a SWC of 2.1 g g-1 (-0.01 MPa). Because 

the study’s genotypes had different ploidy levels (2x, 3x and 4x), transpiration rates were 

normalised. Normalised daily transpiration rates (Erate_daily; kg m-2 day-1) were calculated 

by dividing the difference in the pot weight between two subsequent days (i.e. the amount 

of water lost by transpiration) with the estimated daily TLA (TLAdaily) retrieved from Eq. 

7.1.  

Erate_daily =
Wtot1−Wtot2

TLAdaily
                                                                  (7.5) 

Where Wtot1 represents the initial total weight, Wtot2 is the total weight after 24 hrs. 

7.2.3 Continuous transpiration phenotyping  

To investigate transpiration response to increasing VPD and PAR under higher resolution, 

real-time transpiration rates were determined by monitoring the weights of plants of eight 

genotypes kept on high-precision balances (Phenospex, Heerlen, Netherlands). The 

Phenospex system records weight measurements every 60 seconds. SWC and whole-plant 

transpiration responses were determined by breaking down the total weight as described in 

sections 7.2.2.2 and 7.2.2.3. Dynamic whole-plant transpiration rates were determined by 

calculating and differentiating the average total weight every 15 minutes. Relative 

transpiration rates (Erate; kg m-2 h-1) were calculated as follows.  

Erate =
Wtot,t1−Wtot,t2

TLA
                                                                           (7.6) 

Where Wtot,t1 represents the initial total weight, and Wtot,t2 the total weight after every 15 

minutes. TLA is the total leaf area.  
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7.2.4 Modelling daily plant transpiration 

The Jarvis-Stewart model (Jarvis, 1976; Whitley et al., 2009; Eyland et al., 2022) was 

modified to estimate individual genotype Erate_daily in relation to SWC, light intensity and 

VPD. Erate_daily was modelled (Emodel) as a function of the following scaling terms. 

Emodel = Emax ∗ f1(Qin) ∗ f2(VPD) ∗ f3(SWC)                                      (7.7) 

With 𝐸max as a scaling factor for the transpiration rate, f1 is an asymptotic saturating 

function: 

f1(Qin)= 
Qin

Qmax
 * 

Qmax + k1

Qin + k1
                                               (7.8) 

Where Qin is the incoming radiation (W m-2), Qmax is the maximum radiation recorded 

during the whole experiment and k1 is the sensitivity of the light response.  

f2 defines the VPD response:  

f2(𝑉𝑃𝐷) = 𝑉𝑃𝐷 ∗ e(−k2∗VPD)                                                         (7.9) 

With f2 normalized by dividing Eq. 7.9 by the maximum value of the function and k2 

describes the curvature of the response of transpiration rate towards increasing VPD.   

f3 defines the transpiration response to the soil water content: 

 

 

0, 
SWC − SWCwilt

SWCcrit − SWCwilt
, 

1, 

SWC ≤ SWCwilt  

f3(SWC) = SWCwilt<SWC<SWCcrit                (7.10) 

 
 
SWC ≥ SWCcrit  

 

Where SWCcrit is the threshold soil water content at which stomatal closure begins under 

declining soil water conditions, SWCwilt is the soil water content at which plant water 

uptake and transpiration cease.  
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Model parameterization was achieved by minimizing the root-mean-square error (RMSE) 

following the Fletcher variable metric method based on 1000 unique initial values (Nash, 

2018). Bootstrapping was applied to calculate 95% confidence intervals (Canty and Ripley, 

2019). Non-overlapping bootstrapped confidence intervals indicated significant 

differences in parameter estimates. 

7.2.5 Heterosis  

Because ploidy affects plant vigour, parent heterosis (i.e. considering the diploid male 

drought-tolerant parent [‘TMB2x9172’]) for TLA (under both water treatments) and water 

usage were only calculated for the two diploid progenies, including ‘MNK-17-11’ and 

‘MNK-17-12’. Male parent-diploid offspring heterosis for TLA was calculated as follows.  

Heterosis (%) = 100 * (TLAoffspring – TLAmale parent)/ (TLAmale parent)   (7.11) 

In a similar way, heterosis was calculated for water usage.  

7.2.6 Data analysis 

All data processing and statistical analysis were performed in R software version 4.2.2 (R 

Core Team, 2022). To account for repeated measurements (such as data obtained from the 

high-resolution experiment), date- and plant-specific factors were included as random 

effects in the linear mixed model. Analysis of variance (ANOVA) was performed to test 

for significant parameter mean differences due to the genotype, water treatment and 

genotype-water treatment interactions followed by a Tukey’s Honest Significant 

Difference (HSD) post hoc test to compare parameter means. A Kruskal Wallis non-

parametric test was performed for non-normally distributed parameters (e.g., duration of 

soil water content decline), followed by a Dunn’s post hoc test.  

Multivariate analysis (partial least squares (PLS)) was performed to investigate the relation 

between the observed transpiration behaviour and the effect of 21 days of no watering 

(acquired leaf damage). PLS analysis was performed in STATISTICA 14.0 (TIBCO 

Statistica). An artificial X variable was created for the transpiration behaviour using the 
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maximum transpiration rate (Emax), critical SWC threshold (SWCcrit), and slope of 

transpiration reduction (SWCslope)), and the correlation was investigated in function of the 

Y variable (leaf damage). The loadings for X were -0.32 for Emax, -0.72 for SWCcrit and 

0.64 for SWCslope. Genotype classification was made based on the transpiration behaviour 

(X) and leaf damage (Y) variables.    

7.3 Results 

7.3.1 Significant differences observed in water usage, total leaf area and leaf damage 

among the Musa progenies and their parental lines  

Significant genotypic variations in the average number of days it took for the SWC to drop 

from 2.1 g g-1 (-0.01 MPa) to 0.7 g g-1 (-1.92 MPa) were observed (p < 0.001) (Table 7.2). 

The female parent, ‘917K-2’ reached the 0.7 g g-1 SWC six days earlier than the drought-

tolerant candidate male parent, ‘TMB2x9172’. Musa progenies, ‘MNK-17-12’ and ‘MNK-

17-5’, had the highest and lowest number of days, respectively, for their SWC to drop to -

1.92 MPa. The rest of the progenies took 18.3 to 32.0 days to reach that target SWC. In 

terms of male parent-diploid offspring heterosis between ‘TMB2x9172’ and its diploid two 

offsprings, ‘MNK-17-11’ and ‘MNK-17-12’ showed 13% and 23% heterosis, respectively, 

for water usage. 

The total leaf area (TLA) at the third week differed significantly across the studied banana 

genotypes (p < 0.05), water treatments (p < 0.001) and significant genotype x water 

treatment interactions were observed (p < 0.05) (Table 7.2). Water stress caused significant 

TLA reductions ranging between 8.1 and 59.8 %. The female parent (‘917K-2’) 

experienced a twice more TLA reduction than the male parent (‘TMB2x9172’). ‘MNK-

16-16’ and ‘MNK-17-12’, had the highest and least reductions in TLA, respectively. Under 

well-watered conditions, ‘MNK-17-6’ and ‘MNK-17-11’ were characterized by the 

highest and lowest TLAs, respectively, while ‘MNK-16-6’ and ‘MNK-16-16’ had the 

highest and lowest TLAs, respectively, under water stress conditions. Although the average 

reduction in TLA was 33.8 %, ‘MNK-16-16’ displayed almost 60% TLA reduction. 

Regarding the male parent-diploid offspring heterosis, the TLA of ‘MNK-17-12’ exceeded 

that of its male parent by 8 and 31% under well-watered and water stress conditions, 
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respectively, while ‘MNK-17-11’ had a negative heterosis of 9 and 16% under well-

watered and water stress conditions, respectively.   

The total leaf damage varied significantly among genotypes (p < 0.05), water treatments 

(p < 0.01) and the genotype x water treatment interactions (p < 0.01) (Table 7.2). The 

average leaf damage was 36.6 cm2 and 946.6 cm2 for well-watered and water stressed 

plants, respectively. The male parent ‘TMB2x9172’ and its offspring ‘MNK-16-5’, had the 

least total leaf damages of 157.9 cm2 and 124.7, respectively, under water stress conditions. 

The female parent (‘917K-2’) had eight times more damage than the male parent. ‘MNK-

17-9’ had the highest leaf area damage of 2087.4 cm2 under water stress conditions. Unlike 

under well-watered conditions, leaf damage varied significantly across genotypes under 

water deficit conditions (p < 0.05). Leaf damage increased with decreasing soil water 

content over time (Appendix 7.2). 

The TLAs at the third week were normalised and plotted in a ranking quadrant to check 

whether the studied genotypes were rather fast or slow growers under well-watered and 

water stress conditions (Figure 7.1). The female parent, ‘917K-2’, is one of the five 

genotypes situated in the fourth quadrant, which discriminates a relatively high TLA under 

well-watered conditions but a relatively low TLA under water stress conditions. On the 

other hand, the male parent ‘TMB2x9172’ and two progenies, ‘MNK-17-9’ and ‘MNK-

17-11’, as shown in quadrant III, were characterized by low TLAs relative to all tested 

genotypes under both water treatments.  Six progenies were situated in the first quadrant, 

which differentiates for relatively high TLA under both well-watered and water stress 

conditions. Four progenies, including ‘MNK-17-12’, ‘MNK-16-6’, ‘MNK-17-4’ and 

‘MNK-17-7’, were represented in quadrant II, which discriminates for a relatively higher 

TLA under water stress treatment but relatively low TLAs under well-watered conditions.  
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Table 7.2 Duration of soil water content (SWC) decline (-0.01 to -1.92 MPa), total leaf area (at three weeks) and total leaf damage (cumulative damage over the 

first three weeks of drought assessment) of 18 hybrid banana genotypes (two parents [‘917K-2’ and ‘TMB2x9172’] and their offsprings) grown under well-

watered and water stress conditions.  
   Days for SWC decline Total leaf area (cm2)  Total leaf damage (cm2) 

Genotype 

 

Ploidy  Water stress Well-watered Water stress Reduction (%) Well-watered Water stress 

917K-2 4x 22.0 a-d 8125.6 e-i 3992.6 a 50.9 40.3 a 1270.1 bc 

TMB2x9172 2x 28.3 b-e 5878.2 a-i 4471.2 a-c 23.9 12.2 a 157.9 a 

MNK-17-11 2x 32.0 de 5359.7 a-i 3768.7 a 29.7 62.9 a 404.1 ab 

MNK-17-12 2x 34.7 e 6364.7 a-i 5849.5 a-i 8.1 24.2 a 280.9 a 

MNK-16-1 3x 20.3 a-c 7541.5 b-i 4600.9 a-d 38.9 22.8 a 868 a-c 

MNK-16-2 3x 20.7 a-c 7716.6 d-i 5321.5 a-h 31.0 31.8 a 444.1 ab 

MNK-16-3 3x 18.3 a-c 8483.9 g-i 4260.4 a-d 49.8 123.4 a 600.1 a-c 

MNK-16-4 3x 22.0 a-c 8365.3 g-i 5028.3 a-e 39.9 23.8 a 474.6 ab 

MNK-16-5 3x 22.3 a-e 7622.2 c-i 5542.5 a-i 27.3 5.3 a 124.7 a 

MNK-16-6 3x 23.7 a-e 7114.5 a-i 5926.4 a-i 16.7 10.1 a 1641.3 cd 

MNK-16-8 3x 19.3 a-c 8112.2 e-i 5659.0 a-h 30.2 69.7 a 1236.6 bc 

MNK-16-16 3x 18.7 a-c 8869.5 hi 3565.6 a 59.8 10.5 a 970.3 bc 

MNK-17-4 3x 24.3 a-e 6356.9 a-i 4875.5 a-i 23.3 6.1 a 1826.9 d 

MNK-17-5 3x 17.0 a 8285.8 f-i 5128.9 a-f 38.1 10.3 a 1491.9 cd 

MNK-17-6 3x 21.3 a-c 8926.9 i 5294.0 a-g 40.7 64.2 a 605.6 a-c 

MNK-17-7 3x 33.0 de 6842.9 a-i 5105.9 a-f 25.4 67.6 a 667.2 a-c 

MNK-17-9 3x 24.7 b-e 6752.5 a-i 4386.9 a-d 35.0 33.9 a 2087.4 d 

MNK-17-10 3x 31.0 de 7670.2 b-i 4650.4 a-d 39.4 14.0 a 1496.9 cd 

Data represent the mean (n = 3). Different letters in the same column indicate significant genotypic differences. The total leaf area is the functional leaf area at three weeks i.e. 

it does not include the leaf damage. 
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at which stomatal closure starts, and that SWC triggers a decline in the transpiration rate 

to avoid drought stress. The slope of the decline is the rate at which the transpiration was 

limited by a decrease of stomatal and /or hydraulic conductance. The estimated SWCcrit 

threshold and the slope of decline in transpiration rate below this threshold varied among 

genotypes (Table 7.3).  

The highest SWCcrit was observed in the ‘MNK-17-6’ genotype (SWCcrit 4.92 g g-1, -

0.0002 MPa) (Table 7.3). The SWCcrit values were lowest in ‘MNK-17-4’ and ‘MNK-17-

5’ (SWCcrit 2.33 g g-1, -0.006 MPa). Subsequently, ‘MNK-17-4’ showed the highest slope 

of transpiration rate reduction (SWCslope) of 1.03 kg m-2 day-1, while ‘MNK-17-12’ had the 

lowest SWCslope (0.36 kg m-2 day-1) (Table 7.3). The rest of the genotypes had SWCcrit 

thresholds between 2.47 and 3.79 g g-1 (-0.005 and -0.001 MPa). The modelled maximum 

transpiration rate (Emax) ranged between 0.77 and 1.87 kg m-2 day-1.   

Table 7.3  Modelled critical soil water content threshold (SWCcrit), slope of transpiration 

reduction (SWCslope) and maximum transpiration rate (Emax) for 18 banana genotypes (two 

parents [‘917K-2’ and ‘TMB2x9172’] and their offsprings). The parameters were 

modelled according to a modified Jarvis-Stewart model (Eq. 7.7 – 7.10). Values between 

squared brackets represent the lower and upper values of the 95 % confidence intervals. 

Quadrant Genotype  SWCcrit (g g-1) SWCslope (kg m-2 day-1) Emax (kg m-2 day-1) 

I MNK-16-8 2.60 [2.06, 3.02] 0.60 [0.52, 0.68] 1.22 [0.95, 1.43] 

I MNK-17-5 2.33 [1.69, 2.79] 0.93 [0.75, 1,17] 1.43 [1.04, 1.73] 

I MNK-16-4 3.26 [3.04, 3.46] 0.54 [0.41, 0.65] 1.47 [1.25, 1.67] 

I MNK-16-5 3.34 [3.07, 3.64] 0.59 [0.50, 0.65] 1.62 [1.44, 1.79] 

I MNK-16-2 3.43 [3.17, 3.90] 0.58 [0.45, 0.70] 1.67 [1.63, 2.11] 

I MNK-17-6 4.92 [4.69, 5.16] 0.55 [0.41, 0.67] 2.32 [2.13, 2.43] 

II MNK-17-12 2.77 [2.39, 3.10] 0.36 [0.22, 0.45] 0.77 [0.63, 0.86] 

II MNK-17-7 2.62 [2.17, 3.12] 0.60 [0.40, 0.75] 1.15 [0.97, 1.34] 

II MNK-16-6 3.21 [2.90, 3.64] 0.49 [0.40, 0.57] 1.34 [1.16, 1.57] 

II MNK-17-4 2.33 [1.81, 2.79] 1.03 [0.52, 1.48] 1.42 [1.20, 1.62] 

III MNK-17-9 2.47 [1.33, 3.13] 0.69 [0.52, 0.93] 1.20 [0.72, 1.51] 

III MNK-17-11 3.32 [3.15, 3.46] 0.57 [0.44, 0.70] 1.41 [1.29, 1.54] 

III TMB2x9172 3.34 [3.12, 3.56] 0.56 [0.49, 0.62] 1.53 [1.43, 1.63] 

IV MNK-16-16 2.71 [2.27, 3.15] 0.68 [0.58, 0.77] 1.44 [1.23, 1.63] 

IV MNK-17-10 3.44 [3.24, 3.82] 0.55 [0.45, 0.64] 1.46 [1.38, 1.72] 

IV MNK-16-3 2.95 [2.81, 2.97] 0.72 [0.63, 0.81] 1.72 [1.57, 1.78] 

IV MNK-16-1 3.47 [3.18, 3.55] 0.60 [0.51, 0.68] 1.75[1.48, 1.78] 

IV 917K-2 2.89 [2.49, 3.20] 0.82 [0.72, 0.92] 1.85 [1.63, 2.02] 
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7.3.3 Correlation between the transpiration behaviour and the drought associated 

phenotype 

A significant positive correlation between the artificial variable X (transpiration behaviour) 

and associated leaf damage (r = 0.57, p < 0.05) was observed (Figure 7.3). Hence, the 

higher the transpiration behaviour, the more damage it acquired when irrigation was 

stopped. Despite the significant correlation between transpiration behaviour and leaf 

damage, some genotypes deviated significantly. For instance, ‘TMB2x9172’ (male parent) 

and five progenies, including ‘MNK-16-3’, ‘MNK-16-5’, ‘MNK-17-7’, ‘MNK-17-11’ and 

‘MNK-17-12’ and had less leaf damage than predicted by the transpiration behaviour while 

‘MNK-16-6’, ‘MNK-17-9’ and ‘MNK-17-10’ acquired more leaf damage than estimated 

by the transpiration behaviour (Figure 7.3). The leaf damage of the rest of the genotypes 

did not deviate significantly from the anticipated damage estimates at the 95% confidence 

interval. 

 

 

 

Figure 7.3  Relationship between modelled transpiration behaviour and the observed leaf damage 

of 18 test Musa spp. genotypes (two parents [‘917K-2’ and ‘TMB2x9172’] and their 

offsprings) deprived of water for 21 days. The area between the dotted lines represents the 

region where the observed leaf damage does not deviate from the predicted leaf damage based 
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on the transpiration behaviour at 95% confidence interval. Genotypes in red and green have more 

and less damage, respectively, than predicted based on the transpiration behaviour.  

The Emax strongly and positively correlated with the SWCcrit threshold (r = 0.71, p < 0.001) 

(Figure 7.4A). Thus, the higher the genotypic transpiration, the higher the SWC at which 

the transpiration was reduced. Despite the strong significant correlation between Emax and 

SWCcrit threshold, some genotypes deviated from this trend. For instance, the observed 

SWCcrit of the female parent (‘917K-2’) and four of its progenies (‘MNK-16-3’, ‘MNK-

16-16’, ‘MNK-17-4’, ‘MNK-17-5’) was lower than the value estimated from the Emax 

(Figure 7.4A). On the other hand, ‘MNK-17-6’, ‘MNK-17-10’, ‘MNK-17-11’ and ‘MNK-

17-12’ had higher SWCcrit values than predicted by the Emax. The observed SWCcrit values 

for the male parent (‘TMB2x9172’) and the rest of the progenies did not deviate 

significantly from the values predicted by their Emax. 

The SWCcrit and the SWCslope were negatively and significantly correlated (r = -0.49, p < 

0.05). Based on the recorded SWCcrit, the observed SWCslope of five of the 18 tested 

genotypes deviated from the estimated SWCslope (Figure 7.4B). While ‘917K-2’, ‘MNK-17-

5’ and ‘MNK-17-4’ had stronger slope reductions than predicted, lower SWCslope values 

were observed in ‘MNK-16-6’ and ‘MNK-17-12’. Genotype classification based on the 

SWCcrit threshold, the SWCslope and the leaf damage estimated from the transpiration 

behaviour is presented in Figure 7.3.  
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Figure 7.4 Relationship between (A) maximum transpiration rate (Emax) and critical soil water content threshold (SWCcrit) and (B) critical soil water content 

threshold and slope of transpiration reduction of 18 test Musa spp. genotypes (two parents [‘917K-2’ and ‘TMB2x9172’] and their offsprings) deprived of 

water for 21 days. The area between the dotted lines represents the region where the observed values of the SWCcrit (for A) and slope of transpiration reduction 

(Slope Erate) (for B) do not deviate from the predicted values based on the Emax (for A) and SWCcrit (for B) at 95% confidence interval. Genotypes in red and 

green had higher and lower SWCcrit,, respectively than predicted by the Emax (for A), while genotypes in red and green had higher and lower Slope Erate, 

respectively, than predicted by the SWCcrit (for B).   
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7.3.4 VPD and light triggered responses are at the basis of genotype-specific 

transpiration responses under well-watered conditions   

To investigate transpiration response to increasing VPD and PAR under higher resolution 

(i.e., mean Erate over one-hour intervals (kg m-2 h-1)), eight genotypes were selected based 

on the observed mean daily transpiration rates under well-watered conditions (Figure 7.2) 

and continuously phenotyped by keeping them on high precision balances. This 

representative set comprised genotypes with relatively low Erate (‘MNK-17-12’, 0.61 kg m-

2 day-1), moderate Erate (‘MNK-17-6’,‘MNK-17-7’,‘MNK-17-9’, ‘MNK-17-10’ and 

‘MNK-17-11’ with mean Erate ranging between 0.8 and 0.9 kg m-2 day-1) and high Erate 

(‘MNK-17-4’ and ‘MNK-17-5’, Erate greater than 1.2 kg m-2 day-1). Plant transpiration rate 

responses to fluctuating VPD and PAR were estimated by the Jarvis-Stewart model (Eq. 

7.7 -7.9).   

The transpiration rates of all genotypes continued to increase with increasing VPD (Figure 

7.5A). No significant genotypic differences were observed at low VPD values, but the 

slope of transpiration rate as a function of VPD varied across the genotypes. ‘MNK-17-4’, 

followed by ‘MNK-17-5’, had the highest transpiration rates with increasing VPD. ‘MNK-

17-12’ showed the lowest transpiration rate increase in response to increasing VPD.  

A similar trend was observed in transpiration response to increasing light intensity, 

whereby at low light intensities, no significant differences in transpiration rate responses 

were observed across the genotypes (Figure 7.5B). Significant genotypic differences were 

triggered at higher light intensities. In the same way as increasing VPD, ‘MNK-17-4’ 

attained the highest transpiration rates with increasing light intensity, while ‘MNK-17-12’ 

maintained the lowest transpiration rates.  
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7.4 Discussion  

Transpiration and growth responses to limiting water availability and fluctuating 

environmental conditions, including VPD and light intensity, have been shown to vary 

between and within plant species (Robinson and Bower, 1988; Leonardi et al., 2000; Hsiao 

et al., 2019; Hayat et al., 2020; Eyland et al., 2022). In this study, we crossed a drought-

sensitive ‘AAAA’ parent (‘917K-2’) with a drought-tolerant ‘AA’ parent (‘TMB2x9172’) 

(Chapter 4). By monitoring plant growth (functional TLA) and transpiration rates of Musa 

progenies and their parental genotypes, we detected significant genotype-specific 

responses to declining SWC, varying VPD and light intensity (Table 7.2, Figure 7.1, Figure 

7.2). These results confirm that a plant’s response to water stress is determined by both the 

genotype and prevailing environmental conditions.   

A) B)  

 
 

 

 

Figure 7.5 Modelled transpiration rate (Erate) response of eight banana genotypes as a function of 

(A) vapor pressure deficit (VPD) (at PAR = 100 Wm-2, SWC = 3 g g-1, -0.002 MPa) and (B) 

photosynthetic active radiation (PAR) (at VPD = 2 kPa, SWC = 3 g g-1, -0.002 MPa) (n = 3). Data 

represent the modelled transpiration rate response based on Equations 7.7 – 7.9 with 95% 

confidence interval. Erate are considered significantly different if the confidence intervals do not 

overlap.    
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7.4.1 Musa progenies show differential growth and transpiration behaviour in 

response to declining SWC and fluctuating VPD and light intensity 

The significant reduction in total leaf area observed under water stress conditions can be 

explained by a lower stomatal conductance, lower transpiration rate and accelerated leaf 

death or aging. Banana plants are quite sensitive to high VPD and/ or low SWC and lower 

their stomatal conductance to avoid water stress (Eyland et al., 2022). However, this is 

often insufficient and consequently, accelerated leaf damage occurs (Table 7.2, Appendix 

7.2). Water stress is known to induce leaf death of the older leaves, which plays a major 

role in plant survival by avoiding huge transpiration losses, hence contributing to the 

maintenance of a favourable water balance at whole plant level as well as the redistribution 

of nutrient resources to younger plant tissues (Munné-Bosch and Alegre 2004; Martin‐

StPaul et al., 2013; Blackman et al., 2019; Guo et al., 2021). Water stress due to extended 

periods without precipitation can be minimized by low water usage, particularly in slow-

growing genotypes with small leaf areas (Vadez, 2014). 

Classification of the parental lines and their progenies in different quadrants indicated a 

broad range of growth behaviour (Figure 7.1). Genotypes grouped into quadrants II and III 

were slow growers and some showed relatively good tolerance to soil moisture deficit. For 

instance, the diploid male parent ‘TMB2x9172’ (quadrant III) and its two diploid 

progenies, ‘MNK-17-12’ (quadrant II) and ‘MNK-17-11’ (quadrant III), induced the 

isohydric drought avoidance mechanisms relatively early (at a high SWC) (Table 7.2, 

Figure 7.4) and acquired relatively low leaf damage (Figure 7.3, Appendix 7.3). The 

similar phenotypic performance of ‘TMB2x9172’, ‘MNK-17-11’ and ‘MNK-17-12’ 

matches their close genetic distance (Chapter 6; Figure 6.2). This study has however shown 

that a low leaf area is no guarantee for low leaf damage during water stress conditions. For 

example, ‘MNK-17-9’ (quadrant III) postponed its isohydric drought avoidance 

mechanism until a relatively low SWC (Table 7.3) and consequently acquired a higher 

amount of damage (Figure 7.3, Appendix 7.3). Moreover, quadrant II genotypes also 

showed varying degrees of water usage (Table 7.2) and drought avoidance (Table 7.3). For 

instance, despite its low acquired leaf area, ‘MNK-17-4’ acquired a lot of damage (Table 

7.2). The model predicted ‘MNK-17-4’ (triploid) to induce the isohydric drought 

avoidance mechanism late but strongly (Figure 7.4). This risk-taking behaviour (i.e. 
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delayed induction of the drought avoidance mechanism) and high transpiration behaviour 

of ‘MNK-17-4’ resulted in high leaf damage (Table 7.2, Appendix 7.3). On the other hand, 

although the triploid progeny, ‘MNK-16-6’, had relatively low transpiration rates (Figure 

7.2), it acquired a high leaf damage (Figure 7.3). The model predicted an early but weak 

induction of the isohydric drought avoidance mechanism in ‘MNK-16-6’ (Figure 7.4). 

Among quadrant II genotypes, ‘MNK-16-6’ and ‘MNK-17-4’ (both triploids) have the 

closest genetic proximity (Chapter 6; Figure 6.2) to which their similar phenotype (i.e. both 

acquired low leaf area, high leaf damage and moderately fast soil water depletion (~ 24 

days)) can be linked. The variations in the SWCcrit thresholds and the slope of decline in 

transpiration rate indicate genotype-specific stomatal and /or hydraulic control levels 

(Table 7.3).   

Nevertheless, slow growers are generally of less interest to farmers as they tend to bring 

forth low yields during optimal conditions (Stevens et al., 2020). Consequently, the 

adoption of such drought-tolerant but slow-growing quadrant II and III genotypes would 

be rather limited to certain agroecological zones. In contrast, quadrant I and IV genotypes 

are expected to be preferred by farmers as they show good growth potential under optimal 

conditions.   

The ranking of the tetraploid female parent, ‘917K-2’ and triploid offsprings, ‘MNK-16-

1’, ‘MNK-16-16’, ‘MNK-16-3’, ‘MNK-17-10’, in quadrant IV indicates that they are fast-

growing plants under well-watered conditions but show a considerable fall-out with 

reductions in TLA during water stress conditions. The genotypes in quadrant I are fast 

growers with a limited fallback in growth under water stress conditions. A reduction in 

growth under water stress can be attributed to several scenarios: (i) the plant had a high 

water usage, a low drought avoidance (reaction at low SWC and/or low slope), reached 

critical SWC early, and experienced accelerated leaf damage (parent ‘917K-2’, ‘MNK-16-

3’, ‘MNK-16-8’, ‘MNK-16-16’, ‘MNK-17-5’), (ii) the plant has a high water usage but 

avoids drought (reaction at high SWC and/or high slope) and hence slows down 

transpiration and growth and limits damage in this way ( ‘MNK-16-2’, ‘MNK-16-4’, 

‘MNK-16-5’, ‘MNK-17-6’), (iii) the drought avoidance reaction (i.e. reaction at high SWC 

and/or slope) is not sufficient and damage accumulates (‘MNK-16-1’ and ‘MNK-16-6’). 

Irrespective of some phenotypic differences, the quadrant ranking of some progenies was 
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consistent with the genetic clustering or relationships reported in the previous chapter 

(Chapter 6). For instance, close genetic relationships include: ‘MNK-16-5’, ‘MNK-17-5’ 

and ‘MNK-17-6’ (quadrant I), ‘MNK-17-11’ and ‘TMB2x9172’ (quadrant III) and ‘MNK-

17-10’ (quadrant IV).  

This study’s test genotypes displayed relatively high mean daily transpiration rates (0.61 - 

1.38 kg m-2 day-1) under well-watered conditions (at soil water potential -0.01 MPa) 

(Figure 7.2). These high transpiration rates can be linked to the pedigree of the female 

parent, ‘917K-2’, which is an offspring of the EAHB cultivar, ‘Enzirabahima’ (Brown et 

al., 2017; Tumuhimbise et al., 2018). Although plant transpiration varies with the 

environment, EAHBs are generally characterized by high transpiration rates (Kissel et al., 

2015; Kayongo et al., 2015; van Wesemael et al., 2019) due to their rapid and prolonged 

stomatal conductance (Eyland et al., 2021). Nonetheless, multiple reports in literature have 

shown varying whole-plant transpiration rates among several Musa species, including wild 

banana relatives and edible varieties (van Wesemael et al., 2019; Eyland et al., 2021; 2022; 

Gambart, 2023).  

Significant differences in daily transpiration rates were detected among genotypes (two 

parents and their progenies), water treatments and genotype by water treatment interactions 

(p < 0.001). As expected from its relatively low daily transpiration rates under both water 

treatments, ‘MNK-17-12’ took the longest time to reach a water potential of -1.92 MPa 

(Table 7.2). The relatively low leaf area of ‘MNK-17-12’ (even under well-watered 

conditions) is a crucial drought avoidance trait that limits absolute water usage, thereby 

resulting in slower water depletion (Tardieu, 2012; Eyland et al., 2022). ‘MNK-17-12’ can 

benefit from sustained carbon uptake and consequently continued photosynthesis during 

water stress conditions, given that its stomata close more gradually (as indicated by the 

lowest slope of reduction) than drastically, as seen in risk-taking triploid progenies such as 

‘MNK-17-4’ and ‘MNK-17-5’ (Figure 7.4B). The late reaction of ‘MNK-17-12’ to 

declining SWC but low slope of transpiration reduction can be associated to its low 

transpiration rate.  

Similar to Eyland et al. (2022), genotype-specific SWCcrit thresholds below which the 

maximum transpiration rates decline drastically were observed (Table 7.3). Between the 

two parental genotypes, ‘TMB2x9172’ (male) had a higher SWCcrit threshold and lower 
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Emax (SWCcrit = 3.34 g g-1, Emax = 1.53 kg m-2 day-1) than ‘917K-2’ (female) (SWCcrit = 2.89 

g g-1, Emax = 1.85 kg m-2 day-1). This result confirms ‘TMB2x9172’ as the more drought-

tolerant and “conservative” parent and ‘917K-2’ as the drought-sensitive “risk-taking” 

parent. With the lowest SWCcrit and the shortest period to reach a water potential of -1.92 

MPa (Table 7.2), ‘MNK-17-5’ (triploid) was the least “conservative” and most “risk-

taking” among the studied banana genotypes. On the other hand, the relatively high SWCcrit 

value observed in the ‘MNK-17-6’ triploid progeny indicates an early stomata control 

response (i.e., increase in stomatal resistance) to declining SWC compared to the rest of 

the genotypes (Table 7.3).  

Among the eight genotypes studied for their response to increasing VPD and light 

intensity, ‘MNK-17-4’ had the fastest Erate increase (Figure 7.5). Previous studies showed 

that genotypes with the most rapid Erate increase under a gradual increase in VPD and light 

intensity also showed a risk-taking water consuming behaviour (Eyland et al., 2021; 

Eyland et al., 2022). ‘MNK-17-12’ had the lowest Erate in response to increasing VPD and 

light (Figure 7.5), we deduce that this genotype thrives best in environments with high 

atmospheric evaporative demand. The online transpiration phenotyping on a smaller subset 

confirmed the first experiment except for ‘MNK-17-6’. 

7.4.2 Transpiration behaviour variables are correlated 

This study revealed significant correlations between several transpiration variables (Figure 

7.3, Figure 7.4). The significant positive correlation between the transpiration behaviour 

and leaf damage (r = 0.57) observed in this study implies that genotypes with high 

transpiration behaviour have a high-water usage and consequently, high leaf damage due 

to water stress can be expected. These genotypes are ‘risk takers’ which continue to 

consume water by maintaining their maximum transpiration rate (Emax) until a low soil 

water content and /or keeping a relatively high transpiration rate after the drought 

avoidance mechanism kicks in (Table 7.3, Appendix 7.3). Such ‘risk-taking’ behaviour 

suggests that generally, genotypes with high water consumption (i.e. high transpiration 

behaviour) will not do well in environments with frequent and severe droughts as they will 

experience high damage. However, the advantage of genotypes that have high transpiration 

potentials is that they tend to be fast growers and, hence, will bring forth more vigorous 
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vegetative growth and yield compared to slow-growing genotypes (Stevens et al., 2020), 

considering that photosynthesis is dependent on transpiration (von Caemmerer and Baker, 

2007). This association between transpiration and growth potential was confirmed by the 

significant positive correlation between Emax and growth observed in this study (r2 = 0.25, 

p < 0.036). Fast-growing cultivars are particularly ideal for environments with short rain 

seasons. However, as indicated earlier, the observed leaf damage of some genotypes 

deviated from the damage predicted from their transpiration behaviour (Figure 7.3). As 

such, triploid Musa progenies, including ‘MNK-16-6’, ‘MNK-17-9’ and ‘MNK-17-10’, 

are very sensitive to water stress as they acquired a higher leaf damage than predicted based 

on their transpiration. Ideally, a genotype that grows fast but is conservative when drought 

strikes and saves itself from damage is desirable.  

The strong positive correlation between Emax and SWCcrit (r = 0.71, p < 0.001) implies that 

if a genotype has a high transpiration potential (high Emax) it will experience water deficit 

at a high soil water content (i.e., high SWCcrit). This result is in accordance with an earlier 

report on banana wild banana relatives by Eyland et al. (2022). For this study, however, 

deviations from this trend were also observed (Figure 7.4A). For instance, ‘MNK-16-6’, 

‘MNK-17-6’, ‘MNK-17-10’, ‘MNK-17-11’ and ‘MNK-17-12’ had higher SWCcrit values 

than predicted by their respective Emax, making them conservative in that sense. 

Conversely, ‘MNK-16-3’, ‘MNK-17-4’, ‘MNK-17-5’ and ‘917K-2’ (female parent) 

displayed a risk-taking behaviour given that they had lower SWCcrit values than predicted 

by their Emax.  

The significant negative correlation between SWCcrit and the slope of reduction of 

transpiration (r = -0.49, p < 0.05) indicates that if a genotype reacts early to declining soil 

moisture (e.g., increases stomatal resistance at high SWC), it will not react drastically (has 

a low slope of reduction) because there is still plenty of water available in the soil. 

However, if a genotype maintains its Emax for longer (i.e., has low SWCcrit), the slope of 

transpiration reduction will be high because, at that point, the soil water is more limited. 

Contrary to this trend, two progenies, ‘MNK-16-6’ and ‘MNK-17-12’, showed a risk-

taking behaviour by having lower slopes of transpiration reduction than anticipated by their 

SWCcrit (Figure 7.4B).  
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The above plant behaviours are inherent genotypic responses to mitigate water stress 

effects. However, the effectiveness and benefits of these different responses will depend 

on how quickly water becomes available through rain, considering that EAHB production 

systems are predominantly rain-fed. Further, knowledge of the above correlations is useful 

in determining the most suitable environment for the growth of each progeny evaluated in 

this study, depending on the drought scenario, particularly in the EAHB region where 

drought frequencies are becoming higher (Haile et al., 2020). For instance, considering 

their high growth potential but rapid soil moisture depletion, ‘MNK-16-2’, ‘MNK-16-4’, 

‘MNK-16-5’ and ‘MNK-17-6’ are suited for environments with sufficient rainfall or short 

drought periods. The good growth potential exhibited by ‘MNK-16-3’, ‘MNK-16-8’, 

‘MNK-16-16’, ‘MNK-17-5’ and ‘MNK-17-10’, under well-watered conditions but 

considerable growth reduction during water deficit conditions suggests that these 

genotypes are only suited for environments with sufficient rainfall. On the other hand, 

‘MNK-17-11’ and ‘MNK-17-12’ had slower soil water depletion and were relatively 

tolerant to water stress conditions and hence will sustain growth in EAHB areas with a 

longer drought period. Moreover, the slow Erate increase of ‘MNK-17-12’ upon gradual 

increase in light and VPD (Figure 7.5) reinforces its conservative nature and suitability in 

harsher environments. ‘MNK-17-12’ also had the lowest percentage reduction in TLA 

under water stress conditions (Table 7.2). Contrary to ‘MNK-17-12’, ‘MNK-17-4’ had the 

fastest Erate increase response to increasing light and VPD (Figure 7.5), making it less 

suited for dry environments with high evaporative demand.  

The contrasting phenotypic behaviour of some progenies which genetically grouped 

together (Chapter 6; Figure 6.2) could partly be attributed to the significant impact of the 

environment on the expression of evaluated phenotypic traits. Phenotypic expression in 

plants is the result of a complex interaction between the genotype and environment (De 

Leon et al. 2016; Napier et al., 2023). A recent study by Eyland et al. (2022) reported a 

discord between the phenotype and genotype of some banana wild relatives evaluated for 

their transpiration responses under optimum and water stress conditions. For instance, 

despite M.acuminata ssp. errans being genetically close to M.acuminata ssp. banksii and 

microcarpa, a distinct phenotype was observed.  
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7.5 Conclusions  

This study reports the performance of banana hybrids developed purposely for enhanced 

drought tolerance and avoidance. Although the number of progenies is rather low for 

segregation studies, the differential phenotypic behaviour of study’s progenies indicates 

that genes for drought tolerance or sensitivity may be segregating. The total leaf area 

(functional), leaf damage and transpiration rates were influenced by the genotype, water 

treatment and genotype by water treatment interaction. The suitability of a given improved 

genotype will, however, depend on the prevailing drought events (Tardieu, 2012; Vadez, 

2014; Eyland et al., 2022). Given their good growth under both well-watered and stress 

conditions but relatively fast soil water depletion, triploid progenies ‘MNK-16-2’, ‘MNK-

16-4’, ‘MNK-16-5’ and ‘MNK-17-6’ are suited for environments with relatively short dry 

periods. While the female parent line, ‘917K-2’ and its triploid offspring, ‘MNK-16-3’, 

‘MNK-16-8’, ‘MNK-16-16’ and ‘MNK-17-5’ have high growth potentials under optimum 

conditions, their growth is significantly and negatively impacted even during short dry 

periods. Such genotypes can only thrive well in environments with sufficient precipitation. 

The male parent, ‘TMB2x9172’ and two progenies, ’MNK-17-11’ and ‘MNK-17-12’, are 

quite tolerant to water stress and seem to have good potential in areas with a longer dry 

season. The suitability of MNK-17-11’ and ‘MNK-17-12’ in areas with a prolonged dry 

season was further exemplified by their expression of heterosis for water usage. Moreover, 

‘MNK-17-12’ had positive heterosis for TLA under both well-watered and water stress 

conditions. Lastly, further research is required to check whether the results from these pot 

assays with small plants provide an accurate account of the response of older plants that 

have a more developed corm. Despite the challenges posed by the complexity of drought 

tolerance, this study gives hope that developing banana cultivars that can withstand water 

stress conditions is possible.    
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7.6 Appendices 

 

 

 

Appendix 7.1 Environmental conditions measured in the greenhouse hosted at the 

Bioversity International phenotyping facility in Leuven, Belgium. VPD values are 

the mean of eight environmental sensors evenly distributed across the greenhouse. 

Light intensity (PAR) was recorded in the centre of the greenhouse.  
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Appendix 7.2 Leaf area damage of 18 banana genotypes (two parents [917K-2 and 

TMB2x9172] and their offsprings) increased with progressive declining soil water content.  
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Appendix 7.3 Classification of 18 banana genotypes (two parents [917K-2 and TMB2x9172] and their offsprings) based on the transpiration behaviour and 

associated leaf damage. 

 Genotype  Transpiration 

behaviour 

Leaf damage 

(cm2) 

Classification based on water deficit 

(i.e. is not able to keep Emax) 

Classification based on 

Erate reduction 

General phenotype 

MNK-17-4 2.7 1827 is not responsive to water deficit and 

is able to keep Emax until a low soil 

water content (risk taker) 

has a strong reduction 

in Erate 

acceptable damage in relation to 

transpiration behaviour 

MNK-17-5 2.2 1492 is not responsive to water deficit and 

is able to keep Emax until a low soil 

water content (risk taker) 

has a strong reduction 

in Erate 

acceptable damage in relation to 

transpiration behaviour 

MNK-17-9 1.1 2087 no deviating transpiration behaviour no deviating 

transpiration behaviour 

drought sensitive, has more damage as 

anticipated by transpiration behaviour 

 

917K-2 

 

0.8 

 

1270 

is not responsive to water deficit and 

is able to keep Emax until a low soil 

water content (risk taker) 

has a strong reduction 

in Erate 

acceptable damage in relation to 

transpiration behaviour 

 

MNK-16-16 

 

0.6 

 

970 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

acceptable damage in relation to 

transpiration behaviour 

 

MNK-17-7 

 

0.5 

 

667 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

has less damage as anticipated by 

transpiration behaviour 

 

MNK-16-8 

 

0.5 

 

1237 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

acceptable damage in relation to 

transpiration behaviour 

 

MNK-16-3 

 

0.4 

 

600 

is not responsive to water deficit and 

is able to keep Emax until a low soil 

water content (risk taker) 

no deviating 

transpiration behaviour 

has less damage as anticipated by 

transpiration behaviour 

 

MNK-17-11 

 

-0.5 

 

404 

is very responsive to water deficit 

reducing Emax at a high soil water 

content 

no deviating 

transpiration behaviour 

has less damage as anticipated by 

transpiration behaviour 

 

MNK-17-12 

 

-0.5 

 

281 

is very responsive to water deficit 

reducing Emax at a high soil water 

content 

has a low reduction in 

Erate 

has less damage as anticipated by 

transpiration behaviour 

 

MNK-16-5 

 

-0.6 

 

125 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

has less damage as anticipated by 

transpiration behaviour 
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 Genotype  Transpiration 

behaviour 

Leaf damage 

(cm2) 

Classification based on water deficit 

(i.e. is not able to keep Emax) 

Classification based on 

Erate reduction 

General phenotype 

 

MNK-16-4 

 

-0.6 

 

475 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

acceptable damage in relation to 

transpiration behaviour 

 

TMB2x9172 

 

-0.7 

 

158 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

has less damage as anticipated by 

transpiration behaviour 

 

MNK-16-6 

 

-0.7 

 

1641 

is not responsive to water deficit and 

is able to keep Emax until a low soil 

water content (risk taker) 

has a low reduction in 

Erate 

drought sensitive, has more damage as 

anticipated by transpiration behaviour 

 

MNK-16-2 

 

-0.7 

 

444 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

acceptable damage in relation to 

transpiration behaviour 

 

MNK-16-1 

 

-0.7 

 

868 

no deviating transpiration behaviour no deviating 

transpiration behaviour 

acceptable damage in relation to 

transpiration behaviour 

 

MNK-17-10 

 

-0.8 

 

1497 

is very responsive to water deficit 

reducing Emax at a high soil water 

content 

no deviating 

transpiration behaviour 

drought sensitive, has more damage as 

anticipated by transpiration behaviour 

 

MNK-17-6 

 

-2.8 

 

606 

is very responsive to water deficit 

reducing Emax at a high soil water 

content 

no deviating 

transpiration behaviour 

acceptable damage in relation to 

transpiration behaviour 

Erate = Transpiration rate; Emax = maximum transpiration rate.  
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Chapter 8: General overview and implications of the study 

8.1 Introduction 

Banana (Musa spp.) is one of the major food crops in the world and a key income source 

for smallholder resource-limited rural farmers, particularly in central and east African 

regions. However, the potential of the banana crop has not been fully realized due to several 

production challenges, including biotic and abiotic constraints. Drought is the primary 

limiting abiotic constraint, causing large banana yield losses due to significant reductions 

in bunch weight and loss of productive mats. Sustainable banana production in the East 

African region, where East African highland bananas (EAHB) dominate the cropping 

system, is greatly threatened by recurrent droughts caused by climate change and 

variability. The high vulnerability of EAHBs to moisture stress necessitates developing 

drought-tolerant cultivars that can sustain growth during periods of limited soil water. The 

present study, therefore, specifically aimed to (i) assess the effects of drought on banana 

production and identify management strategies deployed by farmers (ii) determine the 

response of 14 Musa genotypes to water stress based on phenotypic and physiological traits 

and to select promising genotypes for use in banana drought tolerance breeding (iii) to 

analyse the hybridisation success of the two selected drought-tolerant candidate male 

parental lines based on pollination success, embryo recovery and embryo germination rates 

and to generate genotypes for use in subsequent genetic drought tolerance analyses (iv) to 

determine the variability of water usage and assess the growth behaviour and transpiration 

responses of secondary banana hybrids and their parental lines to  declining soil water 

content in function of light intensity and vapour pressure deficit and (v) determine the 

genetic relationships and genetic diversity among 55 banana genotypes using DArT-based 

SNP markers.  

The study identified several (15) effects of drought on banana growth, bunch yield and 

yield-related attributes that should be considered during the screening and assessment of 

germplasm for drought tolerance, especially under field conditions. Twelve drought 

mitigation measures were deployed by banana farmers in the study region at different times 

(i.e., before or during drought period) and for different purposes. Three drought-tolerant 
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candidate genotypes were also identified, and two of them were used as male parents in 

subsequent banana crosses. Given its high hybridization efficiency and success, 

TMB2x9172 appeared to be the ideal drought-tolerant candidate male parent for generating 

progeny populations for subsequent drought tolerance studies compared to TMB2x9722-

1.  

The study also reported for the first time the performance of banana hybrids developed 

purposely for enhanced drought tolerance and avoidance. Great variability in water usage 

among test F1 Musa spp. (with an EAHB background), growth and transpiration responses 

to declining soil water content in conjunction with fluctuating environmental conditions 

caused by a meiotic event were detected. Principal component (PC) analysis classified the 

F1 progenies into two heterotic groups based on the genetic background of their parental 

genotypes. Further, genetic prediction based on PC analysis revealed that NM101F1, 

MNK-17-11 and MNK-17-12 were the most genetically similar to the drought-tolerant 

candidate male parent (TMB2x9172), while the rest of the F1s had a higher genetic 

resemblance with their female parent (917K-2). NM101F1, MNK-17-11 and MNK-17-12 

have the potential to be used in future gene discovery and or advanced field testing for 

drought tolerance.  

8.2 Implications and recommendations of research findings to banana drought 

tolerance breeding  

8.2.1 Assessing drought effects on banana production and on-farm coping strategies 

by farmers – a study in the cattle corridor of Uganda 

Knowledge of the impact of water stress on the growth and yield of East African highland 

bananas (EAHBs), as well as the genetic diversity maintained on-farm, would largely 

support the successful breeding and deployment of cultivars with improved drought 

tolerance in the East African Great Lakes region (EAGL). This study’s findings indicate 

that drought poses a major threat to sustainable banana production and food- and income 

security in Uganda’s cattle corridor region or the EAGL region in general. Therefore, there 

is an urgent need for banana breeders to improve the existing EAHBs for drought tolerance 

through classical or modern breeding approaches. Further, researchers should consider 
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farmers’ traits or indicators of drought tolerance or sensitivity during screening of 

germplasm for drought tolerance. This will ensure that the traits measured by researchers 

are translated back to the farmers and only then will farmers be convinced that the 

recommended varieties or hybrids are drought-tolerant. Particularly, for field experiments, 

scientists should prioritise floral and yield-related traits such as flowering time, bunch 

weight, number and size of hands and fingers. These traits are the most important indicators 

of the impact of water stress / drought on banana yield. Still on-farm, farmers need to 

prioritise preventive coping strategies and ensure timely deployment of mitigation 

practices. Lastly, there is a need to strengthen data collection and climate information 

systems to generate more reliable data for better climate predictions.  

8.2.2 Response of banana (Musa spp.) to water stress based on phenotypic and 

physiological traits 

The three promising drought-tolerant genotypes, including ‘ITC.0987’, ‘TMB2x9722-1’ 

and ‘TMB2x9172’, are valuable genetic resources for banana drought tolerance and are 

recommended for further field testing to confirm whether the observed WUE increase 

under stress will translate into reasonable yield, particularly during the drought seasons. 

Very importantly, breeders could utilise these valuable superior candidates as male parents 

to cross with other cultivars (having desirable agronomic and taste attributes) to improve 

banana drought tolerance anytime soon. Moreover, these candidates could be used to 

generate Musa populations segregating for drought tolerance that are required in several 

genetic investigations, such as quantitative trait loci analysis, marker-trait associations, 

etc., under well-watered and water stress conditions. This study also confirmed the high 

sensitivity of ‘Mpologoma’ to water stress, as previously reported by farmers in the cattle 

corridor of Uganda (Chapter 3). Therefore, ‘Mpologoma’ is recommended as a drought-

sensitive check in routine drought tolerance screening experiments. Furthermore, this study 

recommends plant height, total leaf area, total dry matter and WUE as promising traits to 

detect the significant impact of water stress on the early growth stage. Therefore, 

researchers should consider these traits in future screening initiatives.    
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8.2.3 Evaluation of hybridisation success of two improved drought-tolerant candidate 

diploid bananas (Musa spp.) 

In this study, two promising drought-tolerant candidates, including ‘TMB2x9722-1’ and 

‘TMB2x9172’, were each crossed with four tetraploid breeding lines (‘660K-1’, ‘917K-

2’, ‘1201K-1’ and ‘222K-1’) having enhanced pest and disease resistance and bunch yield. 

‘TMB2x9172’ had relatively higher pollination success, embryo recovery and germination 

compared to ‘TMB2x9722-1’. Therefore, ‘TMB2x9172’ is not only a valuable genetic 

resource for generating progeny populations for subsequent drought tolerance 

investigations but also for integrating drought tolerance in banana through crossbreeding. 

On the other hand, the poor hybridization success observed in crosses with ‘TMB2x9722-

1’ could greatly limit its utilization in banana drought tolerance crossbreeding programs. 

Nonetheless, the putative drought tolerance genes in ‘TMB2x9722-1’ could be identified, 

extracted, stacked and incorporated into commercial cultivars using genetic engineering 

techniques. Given that ‘TMB2x9722-1’ is a potential host of drought tolerance genes/ 

alleles, it might be worthwhile to cross it with ‘TMB2x9172’ to generate and select 

offspring that are even more drought tolerant. Lastly, further investigation of the possible 

causes for the low male fertility levels (e.g., pollen and embryo studies) in ‘TMB2x9722-

1’ is required as this knowledge will be essential in improving its usability in banana 

drought tolerance improvement through crossbreeding.  

8.2.4 Genetic relationships and diversity analysis of banana germplasm using 

Diversity Array Technology (DArT)-based SNP markers: implications for banana 

drought tolerance breeding 

Neighbour-joining (NJ) clustering provided important insight into the genetic relationships 

among 54 Musa genotypes. The study’s genotypes were grouped into two major clusters. 

Cluster I comprised genotypes solely containing the ‘acuminata’ genome (except for 

‘TMB2x9722-1’ whose genomic constitution is not yet known) while all the genotypes 

with a ‘balbisiana’ genome clustered together in cluster II.  The study further zoomed into 

the genetic relationships among 16 selected Musa progenies. The unique sub-clustering of 

these progenies is indicative of greater genetic similarity among progenies within a given 

sub-cluster. Principal component analysis (PCA) was consistent with the NJ tree and 
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partially grouped the progenies into two heterotic groups based on the genetic distances 

from their parental genotypes. PCA predicted that three of the Musa progenies, including 

‘NM101F1’, ‘MNK-17-11’ and ‘MNK-17-12’, were the most genetically identical to the 

drought-tolerant candidate male parent (‘TMB2x9172’) while the 35 remaining progenies 

had closer genetic proximity to the female parent (‘917K-2’).  The genetic diversity of the 

study population was affected by the presence of common ancestors. For instance, 

‘Calcultta-4’ is either a male parent or grandparent of many of the study’s genotypes, 

particularly the breeding lines and progenies. Nonetheless, the DArT-based SNP markers 

used in this study distinguished the germplasm. This study lays a foundation for further 

exploration (e.g. gene discovery) and validation of drought tolerance, particularly within 

the progenies.  

8.2.5 Differential growth and transpiration responses among banana hybrids - hope 

for banana drought tolerance breeding?   

Improving drought tolerance of EAHBs predominantly grown in the EAGL region without 

compromising their great agronomic and taste qualities would potentially impact the 

livelihoods of millions of banana farmers in the region. The water-conservative and 

relatively drought-tolerant hybrids, including ‘MNK-17-11’ and ‘MNK-17-12’, should be 

further tested for their growth and yield potential under both optimum and water stress 

field conditions. In this field testing, the agronomic traits reported by farmers in Chapter 3 

should be given priority to ensure that the traits measured by scientists reflect farmers’ 

perceptions of drought tolerance and /or sensitivity. The contrasting phenotypic response 

of genetically similar progenies could be either due to the significant impact of the 

environment on the plant’s phenotype or the underlying genetic differences between these 

progenies. The consistent genetic clustering (Chapter 6) and similar phenotypic behaviour 

of ‘MNK-17-11’ and ‘MNK-17-12’ with the drought-tolerant male parent (‘TMB2x9172’) 

implies that ‘TMB2x9172’ is a suitable ‘transferer’ of tolerance genes into its offsprings. 

The great variation in the water usage, growth and transpiration behaviour in relation to 

the fluctuating environment of the Musa progenies implied that the suitability of a given 

genotype would depend on the prevailing drought scenario. Therefore, the studied 

progenies could be deployed in environments that best suit them. The great genotypic 

variation in response to water stress conditions also implied that the tested Musa progenies 
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were segregating for drought tolerance at some loci. Therefore, further research (with a 

larger progeny segregating population) into the mode of inheritance of tolerance to water 

stress is recommended. Progeny studies normally utilise hundreds of progenies, but in this 

study, it was challenging to generate several progenies due to insufficient funds (huge 

research budget cut), inability to travel to the banana fields where crosses were done (due 

to the national travel ban during the recent Covid-19 pandemic), numerous administrative 

challenges and time limitations. Still, because of the Covid-19 lockdown and travel ban, 

monitoring the banana embryos and plantlets developing on growth media in the tissue 

culture laboratory was impossible. As such, a considerable number of tissue culture 

plantlets were lost to contamination during the lockdown. Despite the above challenges, 

the preliminary results from the few Musa progenies give hope that banana drought 

tolerance improvement through crossbreeding is possible.  

 

 

 




