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Unveiling drought tolerance biomarkers in Cocoa: A comparative study under controlled and field conditions
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Abstract:
Drought stress poses a significant threat to cocoa (Theobroma cacao L.) cultivation, particularly as climate variability disrupts traditional rainfall patterns in expanding cocoa growing regions of India. This study aimed to identify reliable biochemical biomarkers indicative of drought tolerance in cocoa by comparing biochemical responses of eleven hybrids under controlled nursery and field-imposed drought conditions. Four key biochemical parameters including proline, nitrate reductase activity (NRA), superoxide dismutase (SOD), and glycine betaine were quantified and analysed using paired t-tests. Results revealed statistically significant differences in SOD and glycine betaine levels between nursery and field conditions, while proline and NRA exhibited consistent responses across environments. Tolerant hybrids maintained higher proline and NRA levels under drought, highlighting their potential as predictive biomarkers for early-stage drought screening. This comparative approach bridges the gap between controlled and field research, offering a practical strategy for accelerating the selection of drought-resilient cocoa genotypes. The findings underscore the utility of integrating biochemical markers into breeding programs to enhance climate resilience in cocoa cultivation.
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Introduction:
Cocoa (Theobroma cacao L.), revered as the 'food of the gods,' is a valuable crop within the Malvaceae family. As a crucial component in chocolate production, cocoa beans have become a sought-after commodity, empowering small-scale farmers through their participation in the global value chain. It is the smallest yet most impactful soft commodity globally, exerting significant influence on the food, confectionery, and retail industries. India leads the world in cocoa productivity, outpacing other major producers (DCCD., 2024). Now the production is expanding to non-traditional areas in Karnataka, Tamil Nadu, and Andhra Pradesh.  International Market Analysis Research and Consulting Group forecasts that India's chocolate market will expand from $2.6 billion in 2023 to $5.3 billion by 2032, driven by a robust compound annual growth rate of 7.7%, indicating a promising future for the industry. However, a divergence from this anticipated outcome can arise by the potential disruption to India's summer monsoon due to rising temperatures and inadequate rainfall, given its requirement for 1500-3000 mm annual rainfall and 24 liters of water per day in summer (Prasannakumari et al., 2009). 
Water availability is a primary constraint on plant growth, influencing vegetation patterns worldwide, and causing drought stress when soil water is insufficient or transpiration losses exceed compensation. The impact of drought stress is modulated by the duration and severity of the stress event. The movement of water through plants is driven by natural gradients of pressure and chemical potential. Severe drought disrupts water transport by increasing evaporative demand, leading to xylem embolism and reduced water flow through the plant (Tyree and Sperry 1989; Kaack et al. 2021). Embolism spread through the xylem network reducing hydraulic conductivity, ultimately leading to plant mortality (Johnson et al. 2020; Guan et al. 2021). Phloem transport is compromised during drought due to increased sugar concentration and viscosity, leading to nutrient starvation and impaired growth (Hölttä et al., 2009; Nikinmaa et al 2013). Prolonged water stress further triggers cellular desiccation, disrupts metabolic pathways and impairs photosynthesis (Bohnert and Jensen., 1996). Plants have developed diverse adaptations to counter water scarcity, including stress avoidance and tolerance mechanisms, enabling them to survive and grow in challenging environments. Water stress resilience is deeply rooted in an array of morpho-physio-biochemical and molecular mechanisms. Roots perceive water deficit, activating a stress response to mitigate cellular damage. Under requisite amounts, reactive oxygen species (ROS) are the major signaling molecule, but at higher concentrations, it possess lethality. The efficacy of the tolerance response to drought stress is contingent upon the integrity of stress perception and signaling pathways. Research on Theobroma cacao under a controlled environment suggests that the accumulation of osmolytes and antioxidants counteract ROS toxicity and regulate water homeostasis (Dzandu et al., 2021; Juby et al., 2021; Suchithra et al., 2023). However, the relevance of these results to cocoa trees under field conditions remains to be determined.
This study aims to discover biomarkers associated with drought tolerance, which can serve as reliable predictive indicators through a comprehensive comparative analysis among cocoa hybrids under both controlled and field conditions. By leveraging this robust approach, researchers can expedite the identification of drought tolerant cocoa hybrids at the nursery level, thereby circumventing the limitations and practical constraints of field based abiotic stress research. 
Materials and methods:
Experimental site and water stress imposition
Drought-tolerant genotypes identified during the preliminary study (Binimol, 2005) were used to develop hybrids, which were screened for their tolerance at 40 per cent and 100 per cent field capacities (Juby et al., 2021). Based on this, eleven hybrids including seven tolerant (H101, H113, H102, H103, H119, H85, and H74) and four susceptible (H8, H49, H55, H65) were selected and established in the field. The field was managed to induce drought conditions by controlling irrigation and applying plastic mulches.
Biochemical analysis
Biochemical parameters including proline (µg g-1) (Bates et al., 1973), glycine betaine (µmol g-1 dw-1) (Grieve and Grattan, 1983), nitrate reductase activity (mmol nitrite g-1hr-1) (Evans and Nason, 1953), and superoxide dismutase (units-1 mg protein-1g-1) (Dhindsa et al., 1981) were analysed under drought stress conditions using standard procedures.
Results and discussion:
Biomarkers are molecular messengers providing critical insights into an organism’s cellular state in response to external stimuli and its level varies significantly from the baseline found in healthy ones (Paniagua-Michel and Olmos-Soto, 2016, and Bodaghi et al., 2023). Its significant variation during abiotic and biotic stress factors can be exploited for the development of stress tolerant crops. During drought, the plant employs biochemical adaptation strategies involving the accumulation of osmoprotectants and antioxidants along with the regulation of nitrate assimilation.
When the hybrids were forwarded to field-level drought screening, an increase in proline, glycine betaine, SOD, and NRA was observed for both tolerant and susceptible hybrids. Comparative analysis of biochemical parameters between nursery and field levels based on paired t-test emphasizes that a statistical significance at 1% probability was found with SOD activity (4.56*), glycine betaine content (11.80*) while proline content (0.28) and NRA activity (0.46) were non-significant (Table 1). The hybrids exhibited similar biochemical responses with respect to proline and NRA activity in both environments under drought stress. Studies have shown that leaf proline increases significantly with decreasing levels of soil moisture (Darwish et al., 2016). Proline, a key compatible solute is synthesized in foliar tissues and allocated to roots, where it facilitates the maintenance of cellular balance and stability (Wang et al., 2022). Beyond its established function in osmoprotection and homeostatic regulation, it is involved in the maintenance of subcellular integrity, enhancement of antioxidant capacity through redox modulation, and optimization of photosynthetic efficiency via regulation of photosystem II and chlorophyll metabolism (Arshaf and Foolad, 2007, and Altuntas et al., 2020). Drought-induced proline accumulation has been found in diverse crops including wheat (Mwadzingeni et al., 2016), coffee (Patil et al., 2019), tea (Rahimi et al., 2019), and cotton (Tisarum et al., 2024). A direct association between proline and relative water content is observed in cocoa, highlighting its role in maintaining cellular turgidity during water-limited scenarios (Dzandu et al., 2021). 
[bookmark: _Hlk196430218]Nitrate reductase (NR) is a pivotal enzyme in nitrogen metabolism, serving as a rate-limiting step (Campbell, 1988; Caravaca et al., 2004) that directly regulates the reduction of nitrate to nitrite (Chamizo-Ampudia et al., 2017; Han et al., 2022), ultimately influencing the efficiency of plant nitrogen utilization (Han et al., 2022). Drought stress led to marked changes in enzyme levels, with nitrate reductase activity exhibiting a progressive decline as drought severity increased (Foyer et al., Zhou et al., 2022). Research has revealed that hybrids with increased tolerance to osmotic stress tend to have elevated NR activity, implying that high NR activity is a key component of stress tolerance mechanisms (Baroowa and Gogoi 2014) which is in complement with tolerant cocoa hybrids recording the highest NR. Hence, a minimal decrease in activity has been correlated with increased drought tolerance, indicating that the ability to maintain enzyme function under drought conditions is a critical component of plant resilience (Chandra et al. 2004). Variations in NR activity can serve as a sensitive indicator of the severity of water stress (Caravaca et al., 2005, and May et al., 2011). Due to its responsiveness to the internal metabolic and physiological status, NR has emerged as a widely used biomarker for stress detection in plant biology research (Srivastava., 1980). The results suggest that proline and NRA can serve as a reliable indicator of drought tolerance at nursery screening enabling breeders to select promising varieties efficiently. 
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Figure1. Showing the variation among cocoa hybrids towards drought stress at nursery and field level a. Proline (µg g-1) b. NRA (mmol nitrite g-1hr-1) c. SOD (units-1 mg protein-1g-1) d. Glycine betaine (µmol g-1 dw-1).
	Hybrids
	Proline (µg g-1)
	t-Test
	NRA (mmol nitrite g-1hr-1)
	t-Test
	SOD (units-1 mg protein-1g-1)
	t-Test
	Glycine betaine (µmol g-1 dw-1)
	t-Test

	
	Nursery
	Field
	
	Nursery
	Field
	
	Nursery
	Field
	
	Nursery
	Field
	

	H101
	2726.81
	1220.35
	0.28
	9.8
	13.297
	0.46
	0.27
	0.508
	4.56*
	9.7
	76.36
	11.80*

	H113
	520.85
	1070.13
	
	7.24
	6.305
	
	0.207
	0.599
	
	9.93
	51.86
	

	H102
	454.25
	1281.63
	
	9.9
	11.722
	
	0.248
	0.485
	
	11.31
	74.38
	

	H103
	500.87
	892.24
	
	8.09
	8.588
	
	0.247
	0.476
	
	13.79
	79.57
	

	H119
	412.95
	789.45
	
	7.56
	10.073
	
	0.163
	0.513
	
	9.23
	80.56
	

	H85
	2293.88
	888.28
	
	7.72
	8.008
	
	0.227
	0.384
	
	8.43
	51.86
	

	H74
	1555.89
	860.61
	
	9.83
	5.436
	
	0.254
	0.557
	
	8.85
	49.63
	

	H8
	354.34
	536.45
	
	4.04
	3.969
	
	0.188
	0.178
	
	6.15
	42.71
	

	H49
	400.96
	633.3
	
	4.12
	4.911
	
	0.193
	0.275
	
	6.87
	48.15
	

	H55
	386.31
	487.03
	
	3.92
	4.204
	
	0.156
	0.255
	
	5.36
	47.16
	

	H65
	325.7
	546.33
	
	4
	2.918
	
	0.213
	0.202
	
	7.11
	40.48
	



Table 1. t-test comparison between nursery and field level quantification of proline, NRA,  SOD, and Glycine betaine during drought stress.
Conclusion
This study successfully identified and validated key biochemical biomarkers, namely proline content and nitrate reductase activity, as reliable indicators of drought tolerance in cocoa hybrids under both controlled and field conditions. While SOD activity and glycine betaine content showed environment-specific variation, their overall elevated levels in tolerant hybrids further support their auxiliary role in stress mitigation. The consistent performance of certain hybrids across conditions underscores the potential for early-stage nursery screening to accurately predict field-level drought resilience. Ultimately, our research bridges the gap between laboratory insights and field applicability, laying the groundwork for a more sustainable and scientifically guided strategy for managing abiotic stress in cocoa and potentially other perennial crops.
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