Assessment of Drought Tolerance in Nine Plantain Cultivars [Musa paradisiaca L., (Musaceae)]: Biochemical Analysis of Stress Responses.

[bookmark: _GoBack]Abstract: 
The plantain banana is a monocotyledon belonging to the order Scitaminales or Zingiberales and the family Musaceae. Its profitable cultivation is traditionally carried out in areas with high rainfall. This plant, a member of the Musaceae family, is an important crop in Africa. It plays a major role in diversifying household incomes in both rural and urban areas, thus contributing to poverty reduction. Its evaluation under greenhouse conditions aims to identify cultivars that, at the juvenile stage, show good growth performance and are therefore better adapted to water stress. Nine (09) plantain banana cultivars seven (7) traditional and two (2) improved were selected at the nursery stage by the National Center for Agronomic Research (CNRA) and cultivated under controlled (greenhouse) conditions with different watering regimes, in order to identify those showing drought tolerance based on biochemical criteria. The study revealed that under adequate water supply, proline content remained low, ranging from 0.67 mg/g in Zakoi to 2.18 mg/g in French Sombre. Under water stress, proline content increased significantly, reaching 4.35 mg/g in Orishele. Soluble sugar content was also higher under water deficit conditions (59.35 mg/g) compared to normal watering (34.16 mg/g), with little variation among varieties. Chlorophyll content decreased under stress, from 51.04 SPAD in the control regime to 47.46 SPAD under stress conditions. Principal component analysis (PCA) showed that Zakoi and French Sombre were associated with proline and chlorophyll, while soluble sugars were linked to Big Ebanga and Orishele.
Keywords: Plantain banana, Water stress, Cultivars, Drought tolerance, Biochemistry.
INTRODUCTION
Plantain banana cultivation in Côte d’Ivoire plays a crucial role in ensuring food security for the population and occupies an important place in the country’s agricultural sector. In addition to being essential for the livelihood of both rural and urban communities (Orellana et al., 2002), this crop is also a key source of income, particularly for women, who represent nearly 80% of the active workforce in this sector. Côte d’Ivoire is also a major supplier to the West African subregion and the African diaspora in Europe, exporting between 30,000 and 50,000 tons of plantains each year (FAO, 2023).
With an estimated production of 1,677,000 tons, plantain ranks fourth among staple food crops in Côte d’Ivoire, after yam, cassava, and rice (CNRA, 2021). The country is the third-largest producer of plantain in West Africa, after Nigeria and Ghana (Thiémélé et al., 2017; FAO, 2018). However, this quantity remains insufficient due to the ever-increasing demand and the large volumes exported to the subregion and Europe. Furthermore, plantain production traditionally carried out in high-rainfall zones is negatively affected by reduced rainfall, prolonged dry seasons, and uneven precipitation distribution caused by climate change. The plantain varieties currently available were not selected for drought tolerance.
Côte d’Ivoire must therefore increase its production to meet both domestic and export demands. Agricultural research must support the development of this sector by providing high-performing cultivars that are tolerant to water deficit and drought, and capable of adapting to the evolving production environment one increasingly marked by water scarcity.
This study therefore aims to evaluate the effect of water deficit on biochemical variations at the juvenile stage of different plantain cultivars. The specific objectives are to determine the biochemical components of plantain varieties that exhibit tolerance to water deficit. The expected outcomes of this research will help identify and promote plantain cultivars tolerant to drought-induced water stress.
Materials and Methods
1.1 Study Site 
The study was conducted at the CNRA station in Anguédédou for plant production, and at the Central Biotechnology Laboratory (LCB) of the National Center for Agronomic Research (CNRA) for biochemical analyses. Both sites are located in the southeastern part of Côte d’Ivoire.  
1.2 Plant material
The plant material consisted of vivo plants from nine (09) plantain banana cultivars of various origins (Table I). The four (04) month-old vivo plants were obtained through decorticated-sucker multiplication (DSM) and were produced by the National Center for Agronomic Research (CNRA).
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Table I : Characteristics of the different plantain banana cultivars studied.
	Types
	Cultivars 
	Origins	
	General Characteristics
	Biological Cycle Duration and Yield

	French
	Zakoi
	Nigeria
	-Complete inflorescence, large male bud present at maturity, varied color of pseudostem and bunch (green, red, brown, etc.), tolerant to black Sigatoka disease (Cercospora leaf spot)
-6 to 10 hands, 60 to 180 fingers; Length: 12 to 27 cm; Circumference: 1118 cm
	· 11 to 12 months
· Yield: 20 to 35 t/ha

	
	Pita 3*
	Nigeria
	
	

	
	French Sombre
	Cameroun 
	
	

	
	Fhia 21*
	Honduras
	
	

	Faux corne
	Banadyshie
	Côte d’Ivoire
	-Inflorescence with a reduced male bud at maturity
· 4 to 7 hands, length: 15 to 30 cm, circumference: 1312 cm
	· 11 to 12 months
· Yield: 15 to 30 t/ha

	
	Corne 1
	Côte d’Ivoire
	
	

	
	Orishélé
	Nigeria
	
	

	
	Big Ebanga
	Cameroun
	
	

	Bâtard
	Saci
	Côte d’Ivoire
	· Intermediate between French and Faux Corne, tolerant to cercospora leaf spot (black streak disease)
· 5 to 8 hands, 60 to 150 fingers, length: 14 to 32 cm, circumference: 1220 cm
	· 12 to 14 months
· Yield: 18 to 30 t/ha


 (*) : hybrid.
1.3 Other materials:
The substrate used consisted exclusively of potting soil and was contained in black perforated polyethylene bags measuring 29 cm in depth and 23 cm in diameter. The field capacity of these bags was estimated at 700 ml, determined using the weighing method.
The combined weight of the bag and dry substrate was first measured to obtain the initial weight (P1). The substrate was then irrigated to full saturation and left to rest for 24 hours. After this period, a second weighing was conducted to measure the weight at saturation (P2). The field capacity of the bags was calculated as the difference between P2 and P1, corresponding to the amount of water retained by the soil. This quantity was subsequently supplied at each watering using a watering can throughout the experiment.
1.4 Methods
1.4.1 Experimental design
The experimental setup, conducted under greenhouse conditions, was a split-plot design with two factors: watering frequency (main factor) and plantain banana cultivars (secondary factor). Two watering frequencies were evaluated: daily morning watering throughout the week (T1) and morning watering every fifteen days (T2). Nine plantain banana cultivars, whose characteristics are presented in Table I, were studied. The experimental design consisted of two blocks corresponding to the two watering frequencies. Within each block, the cultivars constituted the elementary plots. Within these plots, each cultivar was represented by three rows of five plants or repetitions. Each elementary plot consisted of three rows of five banana plants spaced 0.5 m apart both along the row and between rows. The dimensions of the elementary plots were 2.5 m in length and 1.5 m in width. Spacing between elementary plots was 0.5 m. The area of one block was 45 m². Considering the spacing between the two blocks, the total experimental area was 135 m².
The average greenhouse temperatures were 28 °C at 7 a.m., 40 °C at 1 p.m., and 33 °C at 5 p.m., with a daily average of 34 °C.
	
1.4.2 Leaf Sample Collection
As part of this study, leaves from plants grown in the greenhouse were collected and used as samples for biochemical assays. Specifically, the third leaf of each plant was harvested very early in the morning using a clean blade at the petiole. These collections allowed monitoring of the evolution of biochemical parameters and the assessment of the plants’ physiological responses to the different applied treatments.
To prevent oxidation or enzymatic degradation that could alter the analysis results, the collected leaf samples were immediately stored in liquid nitrogen at 196 °C. This preservation method ensures the integrity of biochemical compounds and prevents leaf browning, which could compromise assay accuracy.
All collected and preserved leaf samples were subsequently transported to the laboratory for biochemical analyses, ensuring reliable and representative measurements of the biochemical variations observed throughout the experiment.

1.4.2 Biochemical compounds

The biochemical compounds studied were total sugars, proline, and chlorophylls. These biochemical parameters are relevant indicators for assessing the plantain’s ability to withstand water deficit and to adjust its metabolism in response to adverse environmental conditions. 

1.4.3 Extraction and quantification of total sugars

A fresh mass of 0.15 g was taken for each cultivar and mixed with 5 ml of 80% ethanol. The prepared sample was left to rest for 48 hours to allow optimal extraction of soluble sugars. This incubation period facilitates the diffusion of sugars into the solvent. Afterward, the solution was filtered using a sieve to separate the liquid phase, containing the soluble sugars, from the leaf residues. The resulting extract was then placed in an oven at 80°C to concentrate the sugars by partial evaporation of the solvent. Quantification was performed using the phenol-sulfuric acid method according to Dubois et al. (1956). This quantification of soluble sugars is based on a colorimetric reaction with phenol and sulfuric acid, where the intensity of the color is proportional to the sugar concentration. After adding the reagent, the solution was homogenized using a vortex. Absorbance was measured at a wavelength of 485 nm and compared to a glucose standard curve to determine the corresponding sugar contents. 

1.4.4 Extraction and quantification of proline

Proline, or pyrrolidine-2-carboxylic acid, is an essential amino acid in protein composition. Its presence can be detected through an oxidation reaction using ninhydrin or triketohydrindene, which allows its identification in leaf samples (El Jaafari, 1993).
The method of Trolls and Lindsley (1955), simplified and adapted by Rasio et al. (1987), was used in this study. A mass of 150 mg of fresh leaves from each cultivar was placed in a test tube, to which 2 ml of 40% methanol was added. The samples were then heated at 85 °C in a water bath for 60 minutes, with the tubes covered in aluminum foil to prevent alcohol volatilization.
After cooling, 1 ml of the extract was taken, and the following reagents were added:
· 1 ml of acetic acid (CH₃COOH);
· 25 mg of ninhydrin (C₆H₆O₄);
· 1 ml of a mixture containing:
· 120 ml distilled water,
· 300 ml acetic acid,
· 80 ml orthophosphoric acid (H₃PO₄, d = 1.7).
The proline-containing solution was boiled for 30 minutes at 100 °C, causing the solution to turn red. After cooling, 5 ml of toluene was added and mixed. Two phases formed: a red upper phase containing proline and a transparent lower phase without proline. The upper phase was collected after removing the lower phase. To dehydrate the upper phase and remove water, a spatula of anhydrous sodium sulfate (Na₂SO₄) was added.
The optical density (OD) of the solution was measured using a spectrophotometer at a wavelength of 515 nm. The OD values obtained were converted to proline content using a calibration curve previously established from solutions of known proline concentrations. This curve allowed the determination of proline content in the plant leaves.

1.4.5 Measurement of Chlorophyll Content
 The chlorophyll content of the banana plant leaves was measured on a weekly basis. The assessment was conducted in the greenhouse, specifically on the third leaf of each plant, using the Chlorophyll Content Meter (CCM-200), a device that allows for rapid and non-destructive measurement of chlorophyll concentration (Figure 1). The plants were distributed according to the two treatments. For each measurement, the device was carefully placed on the surface of the third leaf of each plant, ensuring reproducibility of the readings and minimizing variations due to leaf position or environmental conditions. The values obtained were recorded and compared between the two treatments to analyze the effect of water deficit on leaf chlorophyll content.
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Figure 1: Chlorophyll content measurement  
1.4.6 Statistical data analysis
All experiments investigating the effect of irrigation frequency in the greenhouse and the impact of water deficit on biochemical parameters were analyzed using R software version 4.4.1. Analysis of variance (ANOVA) was employed to assess differences among the treatments. When significant differences were detected, the Newman-Keuls test (at a 5% significance level) was applied to compare the means.
In addition to ANOVA, a principal component analysis (PCA) was conducted using the biochemical parameters to identify the variables that best characterize the plant material.
2. Results and Discussion
2.1 Results
2.1.1 Effect of Watering Frequency on Proline Content (mg/g FW) of the Plants
  	The proline content is presented in Table II. It appears that in plants watered daily, proline levels range from 0.68 to 2.19 mg/g FW. The varieties French Sombre (2.19 mg/g FW) and Banadyshie (2.14 mg/g FW) recorded the highest contents, although they were not significantly different from the other varieties. In contrast, the variety Zakoi showed the lowest proline content (0.68 mg/g FW). Under the reduced watering regime (every fifteen days), proline content was generally higher. The maximum value (4.35 mg/g FW) was observed in Orishélé, which was significantly different from the varieties Big Ebanga and Zakoi. However, the varieties Corne 1, French Sombre, Saci, Pita 3, FHIA 21, and Banadyshie did not differ statistically from Orishélé.

2.1.2 Effect of watering frequency on the total sugar content (mg/g FW) of the plants
The analysis of the results presented in Table II showed that under daily watering conditions, the total sugar content ranged from 30.43 to 38.58 mg/g FW, with no significant differences observed among the varieties. Under the reduced watering regime, the total sugar content increased in all varieties, with a maximum value observed in Pita 3 (65.94 mg/g FW), which was significantly higher than that of Big Ebanga (48.76 mg/g FW). However, the varieties Saci, Corne 1, Orishélé, FHIA 21, Banadyshie, Zakoi, and French Sombre did not differ statistically from Pita 3.
2.1.3 Effect of watering frequency on the total chlorophyll content (mg/g FW) of the plants
The total chlorophyll content of the different cultivars according to watering frequency is presented in Table II. Under daily watering conditions, the Saci cultivar (53.70 SPAD) showed the highest value, statistically equivalent to those of French Sombre, Big Ebanga, Orishélé, Pita 3, FHIA 21, and Banadyshie. The lowest significantly different value among the others (43.52 SPAD) was recorded for Zakoi.
Under reduced watering frequency, chlorophyll content was generally lower. The highest value (50.74 SPAD) was observed in French Sombre, which, however, did not differ significantly from Corne 1 and Saci. In contrast, Zakoi (42.47 SPAD) exhibited a significantly lower value compared to the other cultivars
.
	Cultivars
	Proline content (mg/g FW)
	Total sugar content (mg/g FW)
	Chlorophyll content (SPAD)  

	
	T1
	T2
	T1
	T2
	T1
	T2

	Big Ebanga
	1.77def
	2.25bcdef
	33.26cd
	48.76bc
	52.31ab
	47.62fg

	Saci
	0.92f
	3.20abcd
	33.45cd
	61.59ab
	53.70a
	48.55efg

	Corne 1
	0.96f
	2.89abcde
	33.40cd
	55.68ab
	49.70cdef
	49.29def

	Orishélé
	1.39ef
	4.35a
	38.58cd
	63.81ab
	51.30abcd
	46.83g

	Pita 3
	1.25ef
	3.89ab
	32.63cd
	65.94a
	52.68ab
	47.95fg

	Fhia 21
	0.99f
	3.30abcd
	35.23cd
	61.43ab
	51.58abcd
	46.57g

	Banadyshie
	2.14cdef
	3.63abc
	32.23d
	53.83ab
	51.80abc
	47.70fg

	Zakoi
	0.68f
	2.32bcdef
	30.43d
	60.07ab
	43.52h
	42.47h

	French Sombre
	2.19bcdef
	3.09abcd
	38.26cd
	63.09ab
	52.87ab
	50.74bcde

	P<
	0.001
	0.001
	0.001

	Mean
	1.36b
	3.21a
	34.16b
	59.35a
	51.04a
	47.46b

	P<
	0.001
	0.001
	0.001


[bookmark: _Toc202194297]Table II: Biochemical parameters of plants subjected to different watering regimes














For the same parameter, values followed by the same letter are not significantly different according to the Newman-Keuls test at the 5% significance level.


2.1.4 Principal Component Analysis of the Different Biochemical Variables of Plantain Classes
Analysis of variance (ANOVA) was employed to evaluate the behavior of the different plantain varieties in response to the applied treatments. This was followed by a mean comparison test using Fisher’s method, allowing the distinction of varieties with significant differences. In addition, a principal component analysis (PCA) was conducted to highlight the discriminating characteristics of the plantain groups and to visualize the relationships among the measured variables.
The PCA allowed the variables to be distributed according to their contribution to the factorial axes. Examination of Figure 2 shows that proline content (PC) and chlorophyll content (ChlC) are strongly correlated with axis 1, which alone explains 61.6% of the total variance. The individuals associated with this axis are mainly the varieties Zakoi and French Sombre (Figure 3), indicating a marked physiological response to water stress in these genotypes. In contrast, total sugar content (TSC) is correlated with axis 2, representing 25.9% of the variance. The individuals most representative of this axis are Big Ebanga, Zakoi, Banadyshie, and Orishélé (Figure 3), suggesting a greater metabolic involvement of these genotypes through sugar accumulation in response to stress
.
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[bookmark: _Toc202194286]Figure 2: Correlation circle from the PCA showing the representation of biochemical variables in the plane defined by axes 1 and 2
Chlorophyll content (T.chl), total sugar content (TS), and proline content (TP).
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[bookmark: _Toc202194287]Figure 3: Correlation circle from the PCA showing the representativeness of the cultivars in the plane defined by axes 1 and 2 

2.2 Discussion
The results regarding proline content show significant variation depending on irrigation conditions and banana varieties. Under optimal water supply, proline content remains low, with a maximum value of 2.18 mg/g fresh matter (FM) observed in the French Sombre variety and a minimum of 0.67 mg/g FM recorded in the Zakoi variety. Low proline content under normal irrigation conditions is generally interpreted as a sign of absence of water stress. Proline is an amino acid that plays a key role in stress response, notably as a compatible solute that helps stabilize cellular structures under stress. According to Verma and Shukla (2015), low proline levels under optimal irrigation suggest that plants do not experience major osmotic stress and that their metabolism remains stable and unperturbed.
Conversely, under reduced watering (every fifteen days), an increase in proline content is observed in all varieties, which is a classic indicator of water stress. Proline content ranges from 4.35 mg/g for the Orishélé variety to 2.25 mg/g for Big Ébanga. This increase in proline is often associated with plant responses to water stress, as proline helps protect cells from osmotic stress by stabilizing cell membranes and maintaining protein integrity. Studies by Bates et al. (1973) demonstrated that proline acts as an osmolyte, allowing plants to better manage dehydration by modulating their internal water balance. The differences in proline content among varieties may reflect differences in their capacity to respond to water stress. For example, Orishélé, with the highest proline content under low watering, may be more sensitive to water deficit and produce more proline to counteract drought effects. In contrast, Big Ébanga, with relatively lower proline under the same conditions, may be better adapted to drought management and thus less likely to generate a pronounced proline response. Trovato et al. (2008) observed that more drought-tolerant plants tend to accumulate less proline because they can better regulate their metabolism under water stress.
The results concerning soluble sugar content show interesting variations depending on irrigation conditions and banana varieties. Under optimal watering, soluble sugar levels remain relatively low and similar among varieties, with a maximum of 38.57 mg/g observed in Orishélé and a minimum of 30.43 mg/g in Zakoi. These low values under normal irrigation are typical of plants in the absence of stress, where soluble sugar synthesis is optimally regulated for the plant’s metabolic needs. According to Sánchez et al. (2018), under non-stress conditions, soluble sugars mainly serve as basic metabolites for respiration and growth, and their concentration is relatively stable. However, under water stress, a significant increase in soluble sugar content is observed, indicating a plant stress response. Soluble sugar values range from 48.76 mg/g for Big Ébanga to 65.94 mg/g for Pita 3. This increase under stress is often an adaptive mechanism allowing plants to better manage dehydration. Soluble sugars, notably glucose and fructose, act as osmolytes that help maintain water balance and protect cells from osmotic stress. Slama et al. (2015) demonstrated that accumulation of soluble sugars is a common response to water stress, where sugars play a crucial role in regulating cellular osmotic pressure and protecting proteins and cell membranes. Differences among varieties, with higher sugar levels in Pita 3 (65.94 mg/g) compared to Big Ébanga (48.76 mg/g), may reflect varietal strategies to cope with water stress. Some varieties, like Pita 3, may have a stronger sugar accumulation response, which could be linked to better osmoprotective capacity under drought. In contrast, varieties like Big Ébanga appear to show a milder response, indicating greater tolerance to water stress. Research has shown that certain plant varieties accumulate more soluble sugars under water stress, helping them maintain growth and physiological functions despite drought conditions (Chaves et al., 2007).
The results regarding chlorophyll content show that under optimal watering, chlorophyll levels remain high and relatively similar among varieties. The maximum chlorophyll content is recorded in Saci (53.69 SPAD), while the minimum is observed in Zakoi (43.51 SPAD). These results suggest that under optimal irrigation, banana plants maintain high chlorophyll levels, indicative of good physiological health and optimal photosynthetic capacity. Previous studies show that high chlorophyll content is often associated with optimal vegetative growth and efficient photosynthesis under non-stress conditions (Chaves et al., 2002). However, under water stress, a decrease in chlorophyll content is generally observed, reflecting a typical stress response. In this study, chlorophyll content gradually decreased, ranging from 42.46 SPAD for Zakoi to 50.74 SPAD for French Sombre. Although the decrease is less marked in varieties like French Sombre, it remains significant overall. This reduction in chlorophyll is a plant defense mechanism under water stress, where reducing photosynthesis limits water loss through transpiration. Guo et al. (2016) showed that under water stress, plants reduce chlorophyll production to limit water uptake, slowing growth while promoting survival under low water availability. Differences among varieties under water stress, particularly chlorophyll content variation, may be attributed to distinct varietal strategies for coping with stress. For example, Zakoi, with relatively lower chlorophyll under stress, may be more sensitive to drought, while varieties like French Sombre maintain relatively higher chlorophyll levels. Some plants can sustain higher chlorophyll under water stress, preserving part of their photosynthetic capacity (Chen et al., 2015).
Principal component analysis (PCA) allowed grouping of measured variables into main axes according to their contribution to variance. Axis 1, explaining 61.6% of total variance, is strongly correlated with proline content (TP) and chlorophyll content (T.CHL). These indicators are essential in plant responses to water stress: proline acts as an osmoprotectant, reducing oxidative damage and stabilizing cellular structures (Sethy & Sharma, 2021), while maintaining chlorophyll preserves photosynthetic activity despite water deficit (Farooq et al., 2009). Varieties Zakoi and French Sombre, strongly associated with this axis, appear to effectively mobilize these defense mechanisms, reflecting active biochemical tolerance. Axis 2, explaining 25.9% of variance, is correlated with soluble sugar content, another key stress adaptation indicator. These compounds facilitate osmotic adjustment by maintaining cell turgor, enhancing tissue resilience during drought (Yancey et al., 1982; Sankar et al., 2007). Varieties Big Ebanga, Zakoi, Banadyshie, and Orishélé project onto this axis, indicating a tendency to accumulate soluble sugars as an adaptive strategy. The repeated projection of Zakoi on both axes highlights the robustness of its physiological profile, making it a prime candidate for breeding programs targeting drought tolerance.


CONCLUSION
	This study highlighted the variation in biochemical responses of different plantain varieties to water deficit, focusing on proline, soluble sugars, and chlorophyll content. The results reveal significant differences among varieties, reflecting their distinct strategies for coping with water stress. Proline, a key osmoprotectant, increased under reduced watering, with particularly high levels in the Orishélé variety, suggesting heightened sensitivity to water stress. Similarly, soluble sugars increased under stress, confirming their role in regulating osmotic balance and protecting cells. The Pita 3 variety notably showed substantial sugar accumulation, emphasizing its capacity to manage dehydration. Chlorophyll analysis also revealed a decrease under water stress, indicating reduced photosynthesis to limit water loss. However, varieties such as French Sombre were able to maintain relatively higher chlorophyll levels, suggesting greater drought tolerance. Principal component analysis grouped these indicators into significant axes, showing that varieties like Zakoi and French Sombre effectively mobilize physiological defense mechanisms, while varieties such as Big Ébanga, Banadyshie, and Orishélé rely more on the accumulation of soluble sugars to cope with stress. In conclusion, the findings of this study provide valuable insights for selecting plantain varieties with greater tolerance to water stress. The Zakoi variety, in particular, stands out for its physiological robustness and could be an excellent candidate for breeding programs aimed at increasing crop resilience under drought conditions.	
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