Tolerance of Plantain Banana [Musa paradisiaca L., (Musaceae)] to Water Deficit: Agro-morphological and Physiological Responses under Greenhouse Conditions

Abstract:
Plantain, a monocotyledon belonging to the Musaceae family, is a key crop in Côte d’Ivoire. It plays an essential role in food security and income diversification, contributing significantly to poverty reduction, especially in rural areas. However, in the face of climate change and decreasing rainfall, identifying drought-tolerant varieties has become a priority. Nine plantain cultivars, including seven traditional and two improved ones, were selected at the nursery stage. They were then grown under controlled greenhouse conditions and subjected to different watering regimes to identify those with drought tolerance traits, based on the evaluation of vegetative growth and physiological parameters. Daily watering led to a significantly higher average number of living leaves (3.78) compared to the low watering regime (3.49). The cultivar Pita 3 recorded the greatest plant heights, with 3.57 cm under daily watering and 3.47 cm with watering every two weeks. In contrast, the lowest values (2.27 cm and 2.11 cm) were observed with French Sombre. The cultivar Zakoi stood out with a larger collar diameter (4.01 cm), compared to values ranging from 1.35 cm to 2.3 cm in other cultivars. Regarding leaf area, Pita 3 (382.37 cm²) and Zakoi (367.59 cm²) outperformed the others, while French Sombre had the lowest values (224.99 cm²). The study revealed that the lifespan of the plantlets varied significantly among the cultivars, ranging from 47.46 days (Banadyshie and French Sombre) to 63.46 days (Fhia 21). Finally, daily watering resulted in a higher average nitrogen content (18.84 mg/g) and lower leaf moisture (17.95%) compared to the biweekly watering regime, which showed 17.67 mg/g and 21.48%, respectively. These results indicate that the cultivars Pita 3 and Zakoi exhibit better drought tolerance and could be prioritized in drought adaptation strategies.
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INTRODUCTION
Plantain cultivation in Côte d'Ivoire is of paramount importance for ensuring food security and holds a significant place in the country’s agriculture. In addition to playing a crucial role in the livelihood of rural and urban communities (Orella et al., 2002), this crop is a vital source of income, particularly for women, who represent nearly 80% of the active workforce in this sector. Côte d'Ivoire plays a major role in supplying plantain to the West African sub-region and the African diaspora in Europe, with annual exports estimated between 30,000 and 50,000 tons. However, to ensure national food security, the Ivorian government decided in March 2022 to temporarily suspend the export of staple food products, including plantain. This measure, initially planned for three months, has been extended several times, including in January 2024 for an additional six months (Presidency of the Republic of Côte d’Ivoire, 2022).
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. The country is the third-largest supplier of plantain in West Africa, behind Nigeria and Ghana (Thiémélé et al., 2017). Nevertheless, this quantity remains insufficient due to ever-increasing demand and the volume exported to the sub-region and Europe. As part of the first strategic objective of the National Agricultural Investment Plan (PNIA), aimed at "Promoting strategic products for food security and sovereignty," the Ivorian government has designated plantain as a national strategic crop.
The government's goals are clear: (i) achieve a national production of 3 million tons by 2030; (ii) increase yields to at least 15 tons per hectare; (iii) meet at least 80% of the population's plantain consumption needs; and (iv) reduce post-harvest losses, currently estimated at 40% during periods of abundance, by half (MINADER, 2017).
Therefore, Côte d'Ivoire must increase its production to meet its own needs. Agronomic research must support the development of this sector by providing high-performing cultivars that are tolerant to water deficit and drought, and adapted to the production environment in the context of climate change.
This study aims to evaluate the effect of water stress on the growth of young plantain cultivars in a greenhouse setting. The specific objectives of this work are, on the one hand, to assess vegetative growth parameters and plant lifespan, and on the other hand, to characterize their physiological status.
MATERIALS AND METHODS
Study Site 	
The study was conducted under greenhouse conditions at the Central Biotechnology Laboratory (CBL), located within the Directorate General of the National Center for Agronomic Research (CNRA). This laboratory is situated in the city of Abidjan (Côte d’Ivoire), specifically in Adiopodoumé Km 17, Yopougon municipality (5°20’N; 4°7’W). 
Plant Material
The plant material consisted of plantlets from nine (09) plantain cultivars of various origins (Table 1). The plantlets were obtained through multiplication on pared corms (MSD method), following the protocol described by Kouakou et al. (2019).  










Table 1: Characteristics of the Different Plantain 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 the pseudostem and bunch (green, red, brown, etc.), tolerant to cercospora leaf spot (black streak disease)
· 6 to 10 hands, 60 to 180 fingers. Length: 12 to 27 cm. Circumference: 11–18 cm
	· 11 to 12 months 
· Yield: 20–35 t/ha

	
	Pita 3*
	Nigeria
	
	

	
	French Sombre
	Cameroun 
	
	

	
	Fhia 21*
	Honduras
	
	

	False horn
	Banadyshie
	Côte d’Ivoire
	· Inflorescence with reduced male bud at maturity
· 4 to 7 hands, length: 15 to 30 cm, circumference: 13–12 cm
	· 11 to 12 months
· Yield: 15 to 30 t/ha

	
	Corne 1
	Côte d’Ivoire
	
	

	
	Orishélé
	Nigeria
	
	

	
	Big Ebanga
	Cameroun
	
	

	Mule
	Saci
	Côte d’Ivoire
	· Intermediate between French and False Horn, tolerant to cercospora leaf spot (black streak disease)
· 5 to 8 hands, 60 to 150 fingers, length: 14 to 32 cm, circumference: 12–20 cm
	· 12 to 14 months
· Yield: 18 to 30 t/ha


(*) : Hybrid


Other Materials 
The growing substrate used consisted exclusively of potting soil placed in black perforated polyethylene bags measuring 29 cm deep and 23 cm in diameter. The field capacity of these bags was determined using a water volume of 700 ml, following the weighing method of Klute (1986).
First, the combined weight of the bag and dry substrate was measured to obtain the initial weight (P1). Then, the substrate was watered to full saturation and left to rest for 24 hours. A second weighing was performed to measure the saturated weight (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 then applied at each watering using a watering can throughout the experiment..
Methods
Experimental design
The experimental design adopted under greenhouse conditions was a split-plot with two factors: watering frequency (main factor) and plantain cultivars (secondary factor). Two watering frequencies were evaluated: daily watering (T1) and watering every fifteen days (T2) (in the mornings). Nine plantain cultivars were studied, with their characteristics presented in Table 1.
The experimental setup thus consisted of two blocks corresponding to the two watering frequencies. Within each block, the cultivars constituted the elementary plots. Each plot contained three rows of 5 plants or repetitions. The elementary plots consisted of three rows of 5 plantain plants spaced 0.5 m apart both within and between rows. The dimensions of each elementary plot were 2.5 m in length and 1.5 m in width. Spacing between elementary plots was 0.5 m. The area of each block was 45 m². Considering the spacing between the two blocks, the total trial area was 135 m².
Average greenhouse temperatures were 28 °C at 7 a.m, 40 °C at 1 p.m., and 33 °C at 5 p.m., resulting in a daily average temperature of 34 °C.
Evaluation of Vegetative Growth and Plant Lifespan
Vegetative Growth
Vegetative growth was evaluated every two weeks throughout the experiment using the following parameters:
· Pseudostem height, measured with a tape measure from the base (collar) to the shoot apex, at the “V” formed by the last two functional leaves;
· Collar diameter (CD), measured with à caliper;
· Number (Nb) of living leaves, determined by counting;
· Leaf area (LA), measured using the CI-202 Portable Laser Leaf Area Meter (Figure 1). The leaf area value is read directly on the device by passing the leaf from base to tip between the clamps.

[image: ]
Figure 1: Measurement of leaf area using the CI-202 Portable Laser Leaf Area Meter.
 Lifespan of the plants
The leaves of each plant were monitored daily until their senescence or complete drying, which marked the end of the plant’s life (death). The survival durations of the plants were then determined. 
Characterization of the Physiological Status of the Plants
The physiological status of the plantlets was evaluated at regular intervals of seven (7) days by measuring leaf temperature, humidity, and nitrogen content (Hui Sun et al. (2022) ; Dong et al. (2022)). These three parameters were all assessed using the third leaf, with the help of the Chlorophyll Content Meter CCM-200 (Silla et al., 2010) (Figure 2). The third leaf was identified by counting from the base to the top of the plant. The values were automatically provided by the device when the leaf was placed between its clamps, precisely at one of the greenest parts.
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Figure 2: Measurement of physiological parameters using the Chlorophyll Content Meter CCM-200
Statistical Analysis of Data
All data collected on the effect of water deficit on the physiological and vegetative growth parameters of banana plants in the greenhouse were analyzed using R software version 4.4.1. Analysis of variance (ANOVA) was performed to compare the mean values of the treatments studied. When significant differences were found, the Newman-Keuls test at a 5% significance level was used to group treatments into homogeneous classes.
In addition to the ANOVA, a principal component analysis (PCA) was conducted based on the vegetative growth and physiological parameters to identify the most relevant variables for distinguishing between banana cultivars. 
 RESULTS AND DISCUSSION
Results
Effect of Watering Frequency on the Vegetative Growth of the Plants
 Number of Living Leaves
The results presented in Table 2 indicate that the highest mean number of living leaves (4.7) was recorded in the control treatment of the Big Ebanga cultivar. This value differs significantly from those of the other cultivars, which ranged from 4.26 to 3.26.
Under the low watering regime (every fifteen days), the highest mean number of living leaves (4.05) was also observed in the Big Ebanga cultivar. However, this value is not significantly different from those recorded for the Banadyshie, FHIA21, Orishele, Saci, and Corne 1 cultivars, which ranged from 3.89 to 3.56. The Zakoi cultivar recorded the statistically lowest mean number of living leaves (3.20).
Overall, daily watering led to a significantly higher mean number of leaves (3.78) compared to that observed in banana plants subjected to the low watering regime (3.49). 
 Plant Height
The average plant heights are presented in Table 2. The PITA 3 variety stands out significantly from the others with the highest heights regardless of the watering frequency. These values were 3.57 cm and 3.47 cm for plants watered daily and every fifteen days, respectively. In contrast, the lowest values were recorded for the French Sombre variety (2.27 cm and 2.11 cm).Overall, no significant difference was observed between the plant heights under the two watering treatments (2.76 cm and 2.71 cm).	
Collar Diameter
The analysis of the results presented in Table 2 showed that under daily watering conditions, the Zakoi variety was the most performant. Indeed, the largest collar diameter, significantly measured at 4.01 cm, was recorded on the plants of this cultivar. The collar diameters of all the other cultivars were statistically similar across both watering regimes, ranging from 2.3 cm to 1.35 cm. 
Leaf Area
The average leaf areas of the plants are presented in Table 2. The PITA 3 and Zakoi varieties stand out significantly from the others, with the highest leaf areas regardless of the watering frequency. For PITA 3, the observed values are 382.37 cm² for plants watered daily and 371.64 cm² for those watered every fifteen days. For Zakoi, the leaf areas reach 367.59 cm² and 331.35 cm² under the same conditions, respectively. In contrast, the lowest values were recorded for the French Sombre variety, with 224.99 cm² under daily watering and 197.24 cm² under watering every fifteen days.
Table 2: Growth parameters of plants subjected to different watering regimes
	Varieties
	Nb of living leaves 
	Plant height (cm)
	CD (cm)
	LA (cm2)

	
	T1
	T2
	T1
	T2
	T1
	T2
	T1
	T2

	Big Ebanga
	4.70A 
	4.05BC
	3.14B
	3.01BC
	1.35B
	1.95B
	284.62D
	283.68D

	Saci
	4.26B
	3.56DEFGH
	2.94BC
	2.73CDE
	2.09B
	1.80B
	261.17DEF
	252.92DEF

	Corne 1
	4.03BC
	3.65CDEFG
	2.85BCD
	2.42FG
	1.73B
	1.45B
	279.86DE
	239.39EFG

	Orishélé
	3.79CDEF
	3.68CDEFG
	2.60DEF
	2.42 FG
	1.62B
	1.59B
	254.88DEF
	217.34FG

	Pita 3
	3.79CDEF
	3.46EFGH
	3.57A
	3.47A
	2.30B
	2.27B
	382.37A
	371.64AB

	Fhia 21
	3.34FGH
	3.77CDEF
	2.85BCD
	2.50EFG
	1.76B
	1.65B
	325.62C
	255.89DEF

	Banadyshie
	3.94BCD
	3.89BCDE
	2.92BC
	2.45FG
	1.99B
	1.76B
	296.99CD
	220.10FG

	Zakoi
	3.26GH
	3.20H
	2.89BC
	2.56EF
	4.01A
	1.69B
	367.59AB
	331.35BC

	French Sombre
	3.71CDEFG
	3.42 FGH
	2.27GH
	2.11H
	1.41B
	1.35B
	224.99FG
	197.24G

	P<
	0.001
	0.001
	0.1
	0.001

	Mean
	3.78A
	3.49B
	2.76A
	2.71A
	2.01A
	1.66B
	288.13A
	272.75B

	P<
	0.001
	0.1
	0.05
	0.05


Nb = Number; CD = Collar Diameter of the plants; LA = Leaf Area
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.




Effect of watering regime on the lifespan of plantlets
The lifespan of the plantlets varies from 47 to 63 days depending on the genotype (Table 3). Analysis of variance indicates differences in the varieties’ sensitivity to water deficit. The comparison of means using the Newman-Keuls test (α = 5%) allowed classification of the varieties into three distinct groups based on their survival duration under water stress. The varieties Fhia 21 and Orishélé have statistically identical lifespans (63.46 days and 62.2 days), which are significantly longer than those of Banadyshie and French Sombre (47.46 days). The other cultivars recorded intermediate lifespans between these two groups.

Table 3: Average lifespan of plantlets of the different studied cultivars
	Varieties
	Survival time
of plantlets (days)

	Fhia 21
	63.46A

	Orishélé
	62.20A

	Zakoi
	58.06AB

	Big Ebanga
	57.40AB

	Pita3
	56.46AB

	Corne 1
	56.33AB

	Saci
	53AB

	Banadyshie
	47.46B

	French sombre
	47.46B

	P<
	0.01











In one column, means followed by the same letter are not significantly different at the 5% level (Newman-Keuls test).
Effect of Watering Frequency on the Physiological Status of the Plants 
Leaf Temperature
The analysis of the results presented in Table 4 showed that under daily watering conditions, the Banadyshie variety stood out with the significantly highest leaf temperature (62.95 °C). All other cultivars were statistically similar, regardless of watering regime, with average leaf temperatures ranging from 29.05 °C to 30.40 °C.
Leaf humidity
Leaf humidity of the plants is presented in Table 4. The highest value (29.72%) was recorded for the Banadyshie variety under the biweekly watering treatment. For the Zakoi, Pita 3, and Corne 1 varieties, a significant difference was observed between the two treatments. In each case, leaf humidity was higher under the low watering regime. Conversely, for the other cultivars, leaf humidity did not vary significantly between the two treatments.Overall, daily watering resulted in a significantly lower average leaf humidity (17.95%) compared to the low watering regime (21.48%).
Nitrogen content
The nitrogen contents of the different varieties according to the watering frequency are presented in Table 4. Regardless of the water condition, the nitrogen contents of the Zakoi cultivar were the lowest (16.48 mg/g and 16.10 mg/g). Overall, daily watering resulted in a significantly higher average nitrogen content (18.84 mg/g) compared to that observed under the low watering regime (17.67 mg/g).














	

Table 4: Physiological parameters of plants pubjected to different watering regimes
	Varieties
	Leaf temperature (°C)
	Leaf humidity (%)
	Nitrogen content
(mg/g)

	
	T1
	T2
	T1
	T2
	T1
	T2

	Big Ebanga
	29.73B
	30.21B
	16.26EFG
	17.17DEF
	19.20AB
	17.79FGH

	Saci
	29.88B
	29.93B
	24.60ABC
	24.83ABC
	19.65A
	18.02EFGH

	Corne 1
	29.05B
	29.81B
	15.72EFG
	22.94BCD
	18.37CDEF
	18.25DEFG

	Orishélé
	29.49B
	29.99B
	10.71GH
	9.77 H
	18.94ABCD
	17.50GH

	Pita 3
	30.12B
	30.53B
	20.95CDE
	27.55AB
	19.48AB
	17.84FGH

	Fhia 21
	30.05B
	30.43B
	16.84DEF
	18.92CDE
	18.99ABCD
	17.36H

	Banadyshie
	62.95A
	30.59B
	23.81ABC
	29.72A
	19.07ABC
	17.68FGH

	Zakoi
	29.45B
	29.89B
	12.13FGH
	22.94BCD
	16.48I
	16.10I

	French Sombre
	30.40B
	30.44B
	21.02CDE
	20.77CDE
	19.34AB
	18.71BCDE

	P<
	0.1
	0.05
	0.01

	Mean
	33.05A
	30.21A
	17.95B
	21.48A
	18.84A
	17.67B

	P<
	0.1
	0.001
	0.001


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.



Principal Component Analysis of the Various Agro-Physiological Variables of Plantain
The studied variables were distributed on the biplot formed by axes 1 and 2, according to their respective contributions (Figure 3). It appears that leaf area (LA), collar diameter (CD), nitrogen content (N), and plant survival duration (PSD) were correlated with axis 1, which explains 39.4% of the variance. The varieties associated with this axis are Zakoi and French Sombre (Figure 4). Leaf humidity (LH), plant height (PH), and leaf temperature (LT) were correlated with axis 2, which explains 26.5% of the variance (Figure 3). The varieties associated with this axis are Orishélé, Banadyshie, and Pita 3 (Figure 4).
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Figure 3: Correlation circle from the PCA showing the representativeness
of the agro-physiological variables in the plane formed by axes 1 and 2. 
TF: Leaf temperature; NFV: Number of living leaves; HP: Plant height; N: Nitrogen content;
SF: Leaf area;DC: Stem base diameter; DSP: Plant survival duration

[image: C:\Users\Joel ABOGNI\Documents\Rplot98.png]
Figure 4: Correlation circle from the PCA showing the representation of individuals in the plane defined by axes 1 and 2

Discussion
The data analysis shows that the number of living leaves is significantly influenced by the watering frequency. Plants watered daily have à higher average number of living leaves than those watered every fifteen days.This result confirms that water is a critical limiting factor for banana growth, as it maintains cell turgor, promotes cell division, and supports photosynthesis (Souza et al., 2018). The variety Big Ebanga stands out with an average of 4.7 leaves under daily watering, a value significantly higher than the other varieties. Even under water stress, this variety retains a higher number of leaves than the others, suggesting better drought tolerance. In contrast, the variety Zakoi shows the poorest performance with only 3.20 leaves under low watering frequency. These results corroborate those of Rahman et al. (2019), who demonstrated that reducing irrigation frequency significantly decreases leaf production in sensitive species.
Plant height did not vary significantly between the two watering regimes. However, certain varieties such as Pita 3 maintain greater heights under both conditions, suggesting morphological adaptability. This stability could be attributed to deeper rooting or more efficient water use, as highlighted by Zhang et al. (2019), who emphasized that some varieties can compensate for reduced water availability through internal physiological mechanisms. Conversely, the variety French Sombre remained significantly smaller, indicating increased sensitivity to water deficit.
Collar diameter is a good indicator of plant vigor. In this study, the Zakoi cultivar had the largest collar diameter under daily watering. This performance could be linked to better resource mobilization toward conductive and supportive tissues. Rahman et al. (2019) reported that water availability directly influences secondary tissue growth, especially in young Musa spp. plants. The absence of significant differences for other cultivars may reflect a slower effect of water stress on this parameter, which is often more stable in the short term.
Leaf area is one of the traits most sensitive to water deficit because it is directly linked to photosynthetic capacity. The cultivars Pita 3 and Zakoi stood out with the largest leaf areas regardless of watering frequency. This result may indicate good resilience of these cultivars to water stress and an ability to maintain light interception area. According to Afolayan et al. (2002), leaf area reduction is a common adaptive mechanism in plants subjected to drought, thereby limiting water loss through transpiration. The variety French Sombre, on the other hand, exhibits the smallest leaf areas, confirming its vulnerability to stress. This finding aligns with observations by Tardieu (2005), who also highlighted French Sombre’s sensitivity to drought conditions, with marked reductions in vegetative growth and leaf production under water deficit.
The variability in plant lifespan can be attributed to genetic differences among genotypes. Indeed, drought tolerance often varies according to the genetic characteristics of the varieties, as shown by the work of Bapela et al. (2022), For example, Wang et al. (2020) compared the drought tolerance of nine banana genotypes and observed significant differences in morphological and physiological parameters such as leaf thickness, plasma membrane permeability, and malondialdehyde content. These results confirm that some genotypes exhibit greater tolerance to water stress than others. The FHIA 21 and Orishele varieties demonstrated greater tolerance to water stress compared to the Banadyshie and French Sombre varieties, which exhibited significantly shorter lifespans. This difference could be attributed to the resistant varieties' ability to maintain turgor and physiological functions under water deficit conditions. Studies have shown that certain banana varieties, such as FHIA 21 and PITA 3, display better vegetative growth and higher yields even under stress conditions, suggesting a better adaptation to environmental constraints (N'guetta et al., 2015). These authors showed that some varieties implement mechanisms to regulate transpiration and optimize water use. The variability in plant lifespan can be attributed to genetic differences among genotypes. Indeed, drought tolerance often varies according to the genetic characteristics of the varieties, as demonstrated by the work of Bapela et al. (2022).
Leaf temperature is an important indicator of transpiration and the plant’s water status. Our results reveal a significantly higher leaf temperature in the variety Banadyshie under daily watering. This temperature increase may indicate stomatal closure, reducing transpiration and thus limiting leaf cooling (Jones, 1999). Abnormally high temperatures can also result from heat stress caused by limited thermal regulation capacity. According to Costa et al. (2007), leaf temperature is influenced by the water balance, and its increase is generally associated with reduced evapotranspiration, a consequence of stomatal closure.
The results show that plants watered every fifteen days generally present higher leaf humidity than those watered daily.This trend is significant, particularly for the varieties Zakoi, Pita 3, and Corne 1. This phenomenon may seem paradoxical but is explained by an adaptive strategy in plants subjected to moderate water stress, leading to stomatal closure, which limits water loss and locally increases relative humidity in the leaf tissue (Taiz et al., 2017). However, for some varieties, no significant difference is observed, suggesting a variable response depending on the genotype. These observations confirm the findings of Zhang et al. (2019), who showed that the leaf water content response to water stress strongly depends on the specific adaptive capacity of each cultivar.
Nitrogen is an essential nutrient for vegetative growth, particularly because it is a component of chlorophyll and proteins. Analysis of the results indicates that nitrogen content is significantly influenced by the watering regime. Indeed, a higher average content is observed in plants watered daily. This finding is consistent with the results of Hu et al. (2023), who demonstrated that water availability enhances nutrient uptake and their translocation to the leaves. The low nitrogen content observed in the Zakoi cultivar may indicate a physiological limitation in mineral absorption under water stress. For example, Li et al. (2018) demonstrated that in rice, drought limited nitrogen absorption, but ammonium supply could mitigate this effect by stimulating associated metabolic pathways.
CONCLUSION
	This study highlighted the differential effects of watering frequency on the agro-morphological and physiological performance of several plantain varieties. The results show that water is a major limiting factor for banana development, significantly influencing key parameters such as the number of living leaves, leaf area, nitrogen content, and leaf moisture. In general, daily watering promoted better vegetative growth and more efficient nitrogen assimilation, while less frequent watering induced variable adaptive responses depending on the genotype. Some varieties, notably Fhia 21, Orishele, Pita 3, and Saci, demonstrated better tolerance to water stress through an enhanced ability to maintain turgor, effective thermal regulation, and conservation of physiological potential. Others, such as Zakoi, Banadyshie, and French Sombre, proved more sensitive to water deficit, reflecting lower efficiency in compensatory mechanisms. Ultimately, this research underscores the need to select drought-tolerant varieties to strengthen the resilience of tropical agricultural systems, especially in the context of increasing climate variability. The promotion of these genotypes, combined with appropriate management practices, could represent an effective strategy to secure plantain production. However, further investigations, including advanced molecular and physiological approaches, are necessary to better understand the adaptation mechanisms and to guide sustainable varietal selection.
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