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Hemp, which has a wide range of industrial applications, has been marginalized due to its association with marijuana. This stigma has hindered research into improving its resilience to various stressors, resulting in underutilization and neglect. As cultivation expands globally, particularly in hot, dry regions of Africa, understanding drought stress mechanisms in hemp is crucial. This study investigates the drought adaptation mechanisms of three CBD flower hemp genotypes: Cannabis indica (MP) from Switzerland, Cannabis sativa (AQ) from South Africa, and Cannabis sativa (ZB) from Zimbabwe. Conducted under well-watered (WW-75% field capacity [FC]), mild drought (MD-40% FC), and severe drought (SD-0% FC) conditions, the research examines morphophysiological adaptations and proline accumulation in these genotypes, assessed 55 days after transplanting. Results revealed genotype-specific responses to watering regimes. MP demonstrated controlled water use and inherent drought tolerance, maintaining high assimilation rates (A) and superior photosynthetic performance (ΦPSII) under drought conditions. ZB maintained proline levels during drought recovery, suggesting optimized resource allocation and alternative stress-responsive mechanisms, while exhibiting effective morning water use and high non-photochemical quenching (NPQ) for photoprotection. AQ showed conservative water use strategies beneficial in water-limited environments. These findings provide a foundation for breeding programs aimed at developing robust and resilient hemp varieties suited to specific environmental conditions.
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1 Introduction

The economic importance of hemp cultivation is evident in its diverse applications in agriculture, industry, and healthcare. Hemp is utilized in various forms such as grain, fiber, and the highly sought-after cannabidiol (CBD) flower (Zheljazkov et al., 2023). Hemp grain is known for being a nutritional powerhouse, providing a rich source of protein and healthy fats. This makes hemp a valuable component in promoting food security and addressing dietary needs (Van Der Werf et al., 1996; Ehrensing, 1998; Small and Marcus, 2002; Salentijn et al., 2015). The robust fibers derived from hemp have versatile applications in the textile, paper, and construction industries, contributing to the development of sustainable and eco-friendly materials.

The CBD flower is associated with medicinal properties, leading to a rising demand in the wellness and pharmaceutical sectors. CBD, a non-psychoactive compound found in hemp, has been extensively studied for its potential therapeutic benefits, including anti-inflammatory, analgesic, and neuroprotective properties. Xiong et al. (2012) conducted research highlighting the neuroprotective potential of CBD, indicating its relevance in mitigating neurological disorders.

While hemp’s contributions are invaluable, there is an ongoing debate about its taxonomic classification within the Cannabis genus. The dispute centers around the monotypic perspective, which recognizes only C. sativa, and the polytypic viewpoint, which acknowledges both C. sativa and C. indica as distinct species (Small and Cronquist, 1976; Russo, 2019). Currently, the widely accepted taxonomy categorizes hemp under a single species, C. sativa L., with subspecies sativa, indica, and ruderalis, which offers some resolution to the taxonomic discourse (Warwick and Rightford, 2020). However, it’s important to note, as highlighted by McPartland (2018), that distinctions between C. sativa and C. indica go beyond taxonomy. Morphological differences, such as C. sativa’s taller, fibrous stalk compared to C. indica’s shorter, woody stalk, and phytochemical variations, such as C. sativa typically exhibiting a cannabinoid ratio with higher Δ9-tetrahydrocannabinol (THC) than CBD, while C. indica shows the opposite, are key factors. Additionally, differences in their original geographic range further differentiate the two species, with C. sativa predominantly found in Europe and C. indica in Asia.

The economic potential of hemp cultivation comes with environmental challenges, especially in drought-prone regions. This type of climate phenomena, marked by increased temperatures in the Pacific Ocean, results in extended dry periods and less rainfall, worsening water scarcity and drought stress in agricultural areas. Southern Africa, in particular, suffers severe consequences during drought events, impacting crop production, food security, and livestock (Baudoin et al., 2017; Sifundza et al., 2019; Mugiyo et al., 2023). Small-scale farmers, who lack sufficient water resources and irrigation systems, are especially vulnerable. Therefore, a better understanding of drought responses and adaptive strategies in hemp and other crops is vital.

Drought stress has a profound effect on plant growth and physiological processes. Researchers have extensively studied strategies that plants use to cope with water deficiency, such as stomatal regulation, osmotic adjustment, and activation of antioxidant defense mechanisms (Verslues et al., 2007). However, there is still much to learn about the complex interaction of these mechanisms, particularly in the case of hemp. Prolonged and severe drought stress can hinder growth, cause changes in plant morphology, and even lead to plant death. Understanding the nuanced responses and underlying mechanisms is crucial for developing strategies to enhance crop productivity and resilience under water-limited conditions (Ahmed et al., 2019).

Recent research has focused on the relationship between leaf chlorophyll fluorescence characteristics, membrane lipid peroxidation, and stress response in plants exposed to drought conditions (Kalaji et al., 2016). The study of photosynthesis, protective enzyme activity, and their interactions provides valuable insights into light energy conversion, utilization, and drought resistance (Zhu et al., 2020). Studies have also emphasized the inhibitory effects of drought on plant growth and photosynthesis and highlighted the importance of understanding these processes under water-limited conditions (Efeoğlu, 2009).

In regions like Zimbabwe, where outdoor hemp cultivation is allowed but irrigation systems are not widespread, vulnerability to drought stress is significant. Insufficient water resources greatly affect the growth and yield of hemp crops, which necessitates conducting comprehensive studies on the physiological and biochemical responses to drought stress. Proline, an amino acid, plays a crucial role in osmotic adjustment and stress mitigation in plants (Hayat et al., 2012a, b). Accumulation and recovery of proline under drought stress conditions act as a protective mechanism, helping to maintain cell turgor and overall cellular integrity (Raza et al., 2023).

This study aims to fill the current research gap by conducting experiments on potted plants. The study will be investigating different hemp genotypes under controlled water conditions. Our goal is to examine how drought stress affects various aspects of hemp, such as photosynthesis, chlorophyll fluorescence parameters, and proline accumulation. By doing this, we hope to gain a holistic understanding of how hemp responds to water-limited environments. Ultimately, our findings will not only contribute to the existing knowledge of hemp physiology but also help in the development of water-saving practices for hemp cultivation. This will promote sustainable and resilient hemp production, particularly in regions prone to drought.




2 Materials and methods



2.1 Plant materials

Three hemp genotypes, sourced from diverse geographical regions, exemplify distinct genetic lineages within the Cannabis species. Given advancements in our understanding of cannabis taxonomy, it’s crucial to provide detailed illustrations of their genetic diversity. Notably, beyond genetic makeup, these genotypes manifest pronounced differences in morphology; for instance, C. sativa exhibits a tall, fibrous stalk, while C. indica displays a shorter stature with a woody stalk, highlighting the multifaceted nature of genetic and phenotypic variation within the Cannabis genus (McPartland, 2018). The genotypes, including a Swiss genotype classified as Cannabis indica (genotype MP), a South African genotype as Cannabis sativa (genotype AQ), and a Zimbabwean genotype also as Cannabis sativa (genotype ZB), were selected to represent genetic diversity, considering their source locations, morphology, and environmental pressure adaptations. To protect intellectual property and prevent unauthorized propagation, the strain names were omitted and focused on describing characteristics. The germplasm used in this study were obtained as feminized seeds from individual suppliers, certified to have a THC content below 1% on a dry weight basis, in accordance with the regulations in Zimbabwe. The experiment was conducted in the 2023 season at the Kutsaga Research Station (-17.9190513, 31.1222), Harare, Zimbabwe, under a rain-out shelter. Sterilization was employed according to Gilbert et al. (2023) with modifications described below to ensure the seeds were devoid of fungal contamination. A surface sterilization method was employed, involving a 5% sodium hypochlorite solution followed by rinsing with distilled water. Sterilized seeds were then sown in Kutsaga float trays® with 242 cells, allowing them to germinate for 8-d. Afterward, well-established and uniform seedlings at day 21 after planting were transplanted into 20 L free-draining pots measuring 31.5 cm in diameter and 38 cm in height, from top to bottom. Each pot accommodated a single seedling and was filled with approximately 32 kg of a homogeneous sandy clay soil mixture, comprising 10% silt, 48% sand, and 42% clay. The soil used had a pH of 4.7 (extraction method with 0.01M CaCl2 solution) and an electrical conductivity (EC) of 13 µS cm-1, determined through soil tests conducted by Kutsaga’s ISO 17025 accredited Analytical Chemistry Laboratory in Harare, Zimbabwe. Throughout the growth period, plants were fertilized weekly with 50 mL of nutritive solution. The solution used was a mixture of COCOS A + B (House and Garden, Van De Zwaan, USA; total N 4%, K2O 9%, P2O5 3%; diluted 1:250) and N27% NITROGEN (House and Garden, Van De Zwaan, USA; total N 27%; diluted 1:100).




2.2 Experiment design and treatments

The experimental design followed a factorial treatment structure, employing a completely randomized design with levels of hemp genotypes (i.e., MP, AQ and ZB), and three water management levels i.e., Well-Watered (WW-75% field capacity [FC] which was adequate water supply), Moderate Drought (MD-40% [FC] which is suboptimal moisture level), and Severe Drought (SD-0% [FC] which is Severe Water Stress), and its treatment combination replicated three times. Following transplanting, all plants were consistently maintained in a well-watered state, receiving 75% FC, a value determined to represent the true field capacity considering the soil’s physical properties. At 40-d after transplanting (DAT), the initiation of water management treatments—WW-75% FC, MD-40% FC, and SD-0% FC—marked a pivotal point in the experimental timeline (Figure 1). The WW-75% FC treatment, functioning as the control, maintained soil water at 75% FC by supplying an average of 30.2 L of water during the subsequent drought stress period, ensuring optimal soil moisture for sustained plant growth. In the MD-40% FC treatment, the soil water level was deliberately reduced to 40% FC for a period of 15-d, creating conditions that mimic moderate water scarcity. Throughout the 15-d drought stress period, an average of 12.1 L of water was supplied, strategically imposing a controlled reduction in water availability to induce a measurable stress response in the hemp genotypes. The SD-0% FC treatment represented the most challenging water stress scenario, with no water supplied during the drought stress period, reducing the soil water level to 0% FC for a period of 15-d. This extreme condition aimed to simulate severe drought stress, thereby challenging the adaptability and resilience of the genotypes to extreme water scarcity. To ensure consistent water levels, all pots were irrigated once every 2-d at 7.30am until they reached the desired field capacity. Soil field capacity for the water managements was maintained by monitoring using a Field scout TDR300 soil moisture meter (Spectrum Technologies, UK), with compensation of the water lost by addition of an equivalent amount of water. At 55 DAT—peak drought stress, the MD-40% FC and SD-0% FC treatments were discontinued, and all plants were transitioned back to the well-watered state, receiving 75% FC until the final harvest at 80 DAT (Figure 1).




Figure 1 | The study design included three treatments: well-watered (WW-75% FC), mild drought (MD-40% FC), and severe drought (SD-0% FC). Well-watered plants received regular irrigation, while mild drought plants had reduced irrigation (40% of field capacity) for 15-d. Severe drought plants received no irrigation for the same period. Visual indicators, such as solid blue bars and red bar inserts, represented the respective treatments. The treatments are depicted by solid blue and red colours, respectively.






2.3 Measurement parameters and methods



2.3.1 Gaseous exchange parameters

Stomatal conductance (gsw) and net assimilation rate (A) readings were obtained from the youngest, fully expanded fan leaves, using the LI-6800 portable photosynthesis system infrared gas analyzer (LI-COR, Lincoln, NE, USA). Leaves were allowed to acclimate to cuvette conditions at 20°C, with the flow rate was set at 500 μmol s-1, CO2 concentration at 400 μmol mol-1, and at photosynthetic photon flux density (PPFD) of 1000 μmol m-2 s-1 PPFD (Barcaccia et al., 2022). Measurements of gsw were conducted every 2-h at 8 am, 10 am, 12 pm, 2 pm, and 4 pm, while A measurements were taken between 10 am and 12 pm, all at 55 DAT—during the peak drought stress period. In addition, a gradient of light intensities ranging from 0 to 2000 μmol m-2 s-1 PPFD was applied for A measurements according to the user’s manual. Intrinsic water use efficiency (iWUE) was also calculated by dividing the A by gsw, for each data point.




2.3.2 Chlorophyll fluorescence parameters

Chlorophyll fluorescence assessments were conducted using the auxiliary equipment integrated into the LI-6800 portable photosynthesis system infrared gas analyzer (LI-COR, Lincoln, NE, USA). Following the nomenclature proposed by Baker and Rosenqvist (2004), measurements of photosystem II (PSII) efficiency were performed to evaluate the conversion of light energy into chemical energy during photosynthesis. The maximal photochemical efficiency of photosystem II (Fv/Fm) ratio, representing the ratio of variable fluorescence (Fv) to maximum fluorescence (Fm) when all PSII reaction centers are open, was utilized for this assessment. Fv, calculated as the difference between Fm (maximum fluorescence) and Fo (minimum fluorescence), was determined for dark-adapted samples at 55 DAT. The readings were taken during the night, commencing at 7.30 pm, ensuring that the plants experienced a period of darkness before measurement. This dark adaptation period considered the sunset time, occurring between 5.30 pm and 6 pm in Zimbabwe. To determine the efficiency of PSII under light adaptation, calculations were made for the quantum yield of PSII (ΦPSII) calculated from fluorescence as the difference between 1 and the steady-state F (Fs) divided by maximal F, light-adapted (Fm’). Additionally, measurements of light adapted electron transport rate (ETR) and non-photochemical quenching (NPQ) were conducted across a gradient of light intensities, ranging from 0 to 2000 μmol m-2 s-1 PPFD at 55 DAT.




2.3.3 Biochemical analysis (proline determination)

Biochemical analysis of proline was done during the last day of drought stress and at 14-d of drought recovery. Analysis was based on Lee et al. (2018) and Gill et al. (2022) with modifications described below. The youngest fully expanded leaves were harvested, and proline accumulation analysis was immediately conducted to minimize changes in proline levels. Proline from 30 mg of fresh leaf material was extracted by homogenization in 200 μL of 1% aqueous sulfosalicylic acid (w/v) using a plastic micro pestle (MRS Scientific, UK) until a paste-like consistency was achieved. Another 800 μL of 1% aqueous sulfosalicylic acid (w/v) was added to the homogenized samples, followed by further grinding for 1 min to make it more efficient in extracting and quantifying proline from the leaf samples. The plant extract was divided into batches, and 66 μL of each extract was transferred to a separate Eppendorf tube, 132 μL of acid ninhydrin reagent (1.25% ninhydrin in 80% glacial acetic acid) was added. The Eppendorf tubes were placed in a 5L general purpose water bath at 95°C and incubated for 60 min to allow the reaction between proline and ninhydrin. After incubation, the reaction was stopped by immersing the tubes in an ice bath for 10 min. Following cooling, the absorbance of each reaction mixture was measured at 510 nm using a spectrophotometer (Thermo Scientific GENESYS 20-Monochromator, UK). A standard curve was obtained and the generated linear equation (R2 = 0.99) was used to calculate proline in plant extracts (Supplementary Figure 1).





2.4 Statistical analysis

Data was analyzed using a two-way analysis of variance (ANOVA) through the General Linear Model procedure in the Statistica Version 13.3 software (TIBCO Software Inc, USA). The effects of genotype (G), and water management (WM), as well as the interaction effects of these two factors (i.e., G × WM) on the various traits measured in the study were tested. To determine significant differences between means, Tukey’s Honestly Significant Difference (HSD) test was applied at a significance level of 5%. Figures representing key photosynthetic parameters were generated across different soil moisture levels (WW-75%FC, MD-40% FC, and SD-0% FC), using Sigma Plot 10.0 software (Systat Software Inc., Chicago, IL, USA). The gsw curve captured the diurnal stomatal dynamics, governing gas exchange, while the A curve revealed the plant’s carbon assimilation performance. These curves were then used to establish a linear correlation between A and gsw. Light curves for ΦPSII, ETR, and NPQ were plotted, showcasing the efficiency of light conversion, highlighting changes in electron flow through the photosynthetic chain, and illustrating plant responses to light stress.





3 Results



3.1 Rainout shelter conditions and visible hemp responses to soil moisture differences

Average maximum temperatures ranged from 24.7°C to 31.6°C, with minimum temperatures varying between 2.9°C and 18.6°C. Evaporation rates ranged from 2.6 mm to 10.5 mm, while sunshine hours fluctuated between 2.4 and 10.5-h (Supplementary Figure 2). Under the WW-75% FC treatment, the hemp plants maintained a healthy morphological status with green leaves. However, in the MD-40% FC treatment, visible signs of stress were observed, as evidenced by slight yellowish discoloration on the bottom leaves. The most noticeable differences in plant response occurred under the SD-0% FC treatment, where severe water stress was evident. The leaves displayed a pronounced yellowish-brown to purple coloration and exhibited a loss of turgor (Supplementary Figure 3).




3.2 Diurnal stomatal conductance dynamics under varying water availability

Highly significant differences (P<0.001; Figures 2A–C), were observed for gsw. Across the three water management treatments, stomatal conductance (gsw) exhibited a diurnal pattern that was specific to each genotype. In the WW-75% FC treatment, the gsw of all three genotypes remains relatively high throughout the day (Figure 2A), with values ranging from approximately 0.3 to 0.5 mol H2O m-2 s−1. At 8 am and 10 am, the gsw is high and statistically similar among the genotypes. As the day progresses to 12 pm, 2 pm, and 4 pm, there is a noticeable decrease in gsw. By 4 pm, a significant reduction is observed, particularly in ZB. This trend suggests that while WW-75% FC treatment allow for higher stomatal activity, diurnal variations still lead to a decline as the day progresses, likely due to increasing temperature and evaporative demand. Under MD-40% FC treatment, the gsw shows a marked decrease compared to the WW-75% FC treatment. At 8 am, all three genotypes have relatively high conductance, but it starts to decline sharply by 10 am and 12 pm (Figure 2B). MP and AQ show similar conductance trends, whereas ZB tends to have slightly lower values at these times. By 2 pm and 4 pm, gsw decreases further for all genotypes, with no significant differences among them at 4 pm. This indicates that moderate drought stress reduces overall stomatal activity and that the response varies slightly among genotypes. In SD-0% FC treatment, the gsw is consistently low throughout the day for all genotypes, reflecting the plants’ response to extreme water deficiency (Figure 2C). The values range from approximately 0.1 to 0.2 mol H2O m-2 s−1, indicating a substantial reduction in stomatal activity. At all times of the day, there are no significant differences among the genotypes, across all time points.




Figure 2 | Diurnal curves of leaf stomatal conductance (gsw). Measurements were taken every 2-h from 8am to 4pm on the fourth fan-leaf counting from the top, using LI-6800 LICOR. MP (C. indica), AQ (C. sativa) and ZB (C. sativa). Times are shown in 12 h format, well-watered (WW-75% FC ); (A), moderate drought (MD-40% FC); (B), and severe drought (SD-0% FC); (C). The letters on the plots highlight statistical differences. Values are presented as mean ± se (n = 5).






3.3 Light response of net assimilation rate under drought stress

Across the different water managements, an increase in light intensity corresponded to a highly significant (P<0.001; Figures 3A–C) increase in A across all genotypes. Genotype ZB had the highest A value at a light intensity of 2000 μmol m-2 s-1, reaching a peak of 28.4 μmol·CO2 m-2 s-1. The MP genotype had a lower A value, while genotype AQ had the lowest A value, approximately half of ZB’s value. Interestingly, genotype AQ, showed a unique response characterized by a plateau effect at higher light levels, with the WW-75% FC treatment reaching a peak of 11.7 μmol·CO2 m-2 s-1 at 2000 μmol m-2 s-1 PPFD. Under MD-40% FC treatment, the A rates of all three genotypes are reduced compared to the WW-75% FC treatment (Figure 3B). The response to increasing PPFD is less pronounced, with maximum A rates reaching approximately 20 μmol·CO2 m-2 s-1. MP maintains the highest A rates across all light intensities, while ZB shows the lowest. Under SD-0% FC treatment, the A rates are substantially reduced for all genotypes (Figure 3C). The rates range from 0 to approximately 5 μmol·CO2 m-2 s-1 across the PPFD spectrum, indicating a minimal response to increasing light intensity.




Figure 3 | The net assimilation rate (A), measured in μmol CO2 m-2 s−1, plotted against photosynthetic photon flux density (PPFD) ranging from 0 to 2000 μmol•m-2 s -1 on young fully expanded leaves using LI-6800 LICOR at 45-d after transplanting. MP (C. indica), AQ (C. sativa) and ZB (C. sativa). Well-watered (WW-75% FC); (A), moderate drought (MD-40% FC); (B), and severe drought (SD-0% FC); (C). Values are presented as mean ± se (n = 5).






3.4 Intrinsic water use efficiency under drought stress

There was a highly significant interaction (P<0.001; Figures 4A–C) between water management and genotype for intrinsic water use efficiency (iWUE). In Figure 4A, which represents the WW-75% FC treatment, the A rate shows a positive correlation with gsw. As gsw increases from approximately 0.0 to 0.4 mol·H2O m-2 s-1, the A rate also increases, reaching up to about 28 μmol·CO2 m-2 s-1 for the ZB genotype. The AQ and MP genotypes display lower A rates compared to ZB but still follow a similar trend of increasing A rate with increasing gsw. Under MD-40% FC treatment, distinct patterns emerge among the different genotypes (Figure 4B). The MP genotype shows a tendency to shift toward the far right of the graph. The data points for MP extend to higher gsw values (up to 0.4 mol·H2O m-2 s-1) and demonstrate a relatively higher A rate compared to the other genotypes. The AQ and ZB genotypes exhibit clustering in the lower to mid-range gsw values (approximately 0.0 to 0.2 mol·H2O m-2 s-1). Their A rates are more varied but generally lower than those of MP, indicating that these genotypes do not maintain as high gsw under MD-40% FC treatment as MP. Figure 4C, representing SD-0% FC treatment, the A rate is significantly reduced across all genotypes. The A rates do not exceed 10 μmol·CO2 m-2 s-1, and most data points cluster around lower values of gsw (0.0 to 0.2 mol·H2O m-2 s-1). This suggests a substantial impact of SD-0% FC treatment on photosynthetic activity, regardless of the genotype.




Figure 4 | Intrinsic water-use efficiency (iWUE) taken on young fully expanded leaves using LI-6800 LICOR at 55-d after transplanting. MP (C. indica), AQ (C. sativa) and ZB (C. sativa). Well-watered (WW-75% FC); (A), moderate drought (MD-40% FC); (B), and severe drought (SD-0% FC); (C). Values are presented as mean ± se (n = 5).






3.5 Light response of chlorophyll fluorescence parameters under drought stress

A highly significant interaction (P<0.001; Figures 5A–I) between water management and genotype for ΦPSII, NPQ, and ETR. Genotype MP and ZB both showed slightly higher ΦPSII under the WW-75% FC treatment (Figure 5A), compared to AQ at lower PPFD values. The decline in ΦPSII suggests light saturation effects as PPFD increases. Under MD-40% FC treatment, ΦPSII still decreases with increasing PPFD, but the values are generally lower compared to the WW-75% FC treatment (Figure 5B). MP maintains higher ΦPSII at lower PPFD, while AQ and ZB exhibit similar declines. Under SD-0% FC treatment, ΦPSII is substantially lower across all genotypes and PPFD levels, indicating significant photoinhibition or stress (Figure 5C). MP, AQ, and ZB show minimal differences, with ΦPSII values clustering closely together.




Figure 5 | Quantum yield of PSII (ΦPSII); (A–C) calculated from fluorescence as the difference between 1 and the steady-state F (Fs) divided by maximal F light-adapted (Fm')., non-photochemical quenching (NPQ); (D–F) and electron transport rate (ETR); (G–I) taken at different light intensities (0, 500, 1000, 1500 and 2000 μmol•mol-1 PPFD) on young fully expanded leaves at 55-d after transplanting. MP (C. indica), AQ (C. sativa) and ZB (C. sativa). Well-watered (WW-75% FC), moderate drought (MD-40% FC), and severe drought (SD-0% FC). Values are presented as mean ± se (n = 5).



In Figure 5D, under the WW-75% FC treatment, NPQ increases with PPFD, indicating enhanced energy dissipation as heat to protect the photosystem. ZB shows the highest NPQ values, suggesting a robust photoprotective mechanism, followed by MP and AQ. Under MD-40% FC treatment, NPQ still increases with PPFD, but the differences between genotypes are less pronounced (Figure 5E). ZB maintains slightly higher NPQ, indicating effective energy dissipation under moderate drought. In Figure 5F, under SD-0% FC treatment, NPQ values are highest under severe drought across all genotypes, reflecting increased stress and the need for photoprotection. ZB continues to show higher NPQ, followed by MP and AQ, but the differences are minimal.

In Figure 5G, WW-75% FC treatment, ETR increases with PPFD for all genotypes, with MP and ZB showing higher rates compared to AQ, indicating more efficient electron transport under the WW-75% FC treatment. Under MD-40% FC treatment, ETR increases with PPFD but at a reduced rate compared to the WW-75% FC treatment (Figure 5H). MP maintains a higher ETR than AQ and ZB, suggesting better electron transport efficiency under stress. In Figure 5I, ETR values are significantly reduced under SD-0% FC treatment across all PPFD levels. MP, AQ, and ZB exhibit similar ETR values, indicating severe limitations in electron transport due to extreme drought stress.

After dark adaptation, Fv/Fm was significantly (P<0.05; Table 1) affected by the interaction between water management and genotype. Genotype MP showed remarkable stability, with Fv/Fm values of 0.83 under WW-75% FC treatment, increasing by 1.2% under MD-40% FC treatment, and remaining stable with no change under SD-0% FC treatment. Genotype AQ exhibited an increase of 3.7% under MD-40% FC treatment, but a significant decrease of 2.4% under SD-0% FC treatment. Genotype ZB maintained a stable Fv/Fm value of 0.85 under WW-75% FC treatment and MD-40% FC treatment, but experienced a 5.9% decrease to 0.80 under SD-0% FC treatment.


Table 1 | Fv/Fm and proline content across three genotypes (MP, AQ, ZB) under different water management treatments.






3.6 Influence of drought on proline accumulation

There was a significant interaction (P<0.001; Table 1), involving both water management and genotype. Genotype MP shows a significant increase in proline content under both MD-40% FC treatment (51.2%) and SD-0% FC treatment (69.8%) compared to WW-75% FC treatment. Genotype AQ exhibits a moderate increase in proline content under MD-40% FC treatment (37.8%) and a slight increase under SD-0% FC treatment (10.8%). Genotype ZB has a minimal increase in proline content under MD-40% FC treatment (5.3%) and a decrease under SD-0% FC treatment (15.8%), Throughout the drought recovery period, there was a general decline in proline concentrations, with significant differences (P<0.05; Table 1) observed only among the three genotypes (Figure 6). It is important to highlight that genotype ZB showed significant increases in proline levels during drought recovery phases, especially under MD-40% FC treatment recovery (34.4% increase).




Figure 6 | Proline accumulated (mg mL-1). Values are presented as mean ± se (n = 3), values with different letters showing significant difference among hemp species, after 20 days drought recovery period using Tukey's Honestly Significant Difference (HSD). MP (C. indica), AQ (C. sativa) and ZB (C. sativa).






3.7 Shoot fresh during drought recovery

The interaction effects between water management and genotype on shoot fresh weight (SFW) were not statistically significant (P>0.05, Table 2). Interestingly, Genotype ZB shows minimal reduction in SFW under drought conditions, with only a 2.4% decrease from well-watered to severe drought. Genotype AQ exhibits resilience with a slight increase in SFW under mild drought and a stable SFW under severe drought, showing only a 0.3% decrease from mild to severe drought. Genotype MP is more affected by drought, with an 8.8% decrease in SFW from WW-75% FC treatment to SD-0% FC treatment.


Table 2 | Shoot fresh weight (SFW) across three genotypes (MP, AQ, ZB).







4 Discussion

In this study, the major morphophysiological adaptations and proline signaling of three distinct hemp genotypes—MP (C. indica), AQ (C. sativa), and ZB (C. sativa)—originating from Switzerland, South Africa, and Zimbabwe, respectively were investigated. During the study, these genotypes were exposed to water management stress in a generally warm to hot climate, characterized by occasional temperature fluctuations. The evaporation rates indicated varying degrees of water loss. When water was abundant, hemp plants displayed resilience with green leaves, demonstrating their ability to adapt to well-watered conditions. However, when subjected to moderate water deficit, signs of stress were observed across all genotypes, highlighting the genotype-specific responses to this level of water scarcity. Severe water deficit triggered pronounced stress responses, such as yellowish-brown to purple discoloration in the AQ genotype and turgor loss in leaves, which was particularly noticeable in the ZB genotype. These observations emphasize the impact of severe water deficit conditions on hemp genotypes, and underscore the need for a nuanced understanding of their responses to different water management strategies.

The study also examined the morphological differences and drought tolerance mechanisms among different hemp genotypes. The environmental conditions in Zimbabwe and South Africa, characterized by warm climates and diverse soil compositions, may contribute to C. sativa’s adaptability to arid conditions. On the other hand, the cooler climate in Switzerland may influence the growth of C. indica. Morphological differences, such as taller structures in C. sativa and a more compact appearance in C. indica, could affect water utilization efficiency and drought response. Previous studies on other crops suggest that leaf shape, size, and stomatal density are crucial factors in drought tolerance. These findings align with observations by Mateva et al. (2023) on bambara groundnut (Vigna subterranea (L.) Verdc.). They identified differential deep root foraging and density patterns in genotypes sourced from dry and wet regions, highlighting the significant influence of environmental factors on plant traits and unintentional selection by farmers (Mateva, 2022). With these findings in mind, future research on hemp genotypes could benefit from a holistic approach that incorporates both above and below-ground phenotyping to develop more resilient varieties.



4.1 Diurnal stomatal dynamics and genotypic responses to water deficit: adaptability and water use strategies

Distinctive patterns in gsw, a key parameter influencing water loss and overall plant water status, were observed. Stomatal behavior exhibited diurnal variation, consistent across different water treatments, indicating dynamic gaseous exchange throughout the day (Farooq et al., 2009). Under optimal water conditions, ZB consistently exhibited higher gsw throughout most of the day compared to MP and AQ. However, in the afternoon, ZB showed a decline in gsw while MP recorded higher values. This afternoon data is valuable for distinguishing stress-sensitive and stress-insensitive genotypes. This genotype-specific variation in stomatal regulation aligns with previous research highlighting the significance of stomatal conductance (gsw) in plant responses to water availability (Seleiman et al., 2021). As explained by Farooq et al. (2009) and Gill et al. (2022), stomatal closure is associated with reduced leaf turgor, water potential, and overall biomass accumulation.




4.2 Interplay of assimilation rates, stomatal conductance, under varying light, and drought stress

In the investigation, it was found that under scenarios of increased light intensity (2000 μmol m-2s-1 PPFD) combined with sufficient water availability, the ZB and MP genotypes demonstrated significantly higher A compared to the AQ genotype. However, when exposed to stress-inducing conditions characterized by drought stress and intense light, a noticeable trade-off emerged. The MP genotype exhibited elevated A under both moderate and severe water deficit conditions, while the ZB genotype had the lowest A in both treatments. This suggests a dynamic utilization of resources, highlighting the adaptability of each genotype to varying environmental challenges. Reduced A in plants serves as a reliable indicator of compromised growth, yield, and metabolic processes, often associated with environmental stress such as drought (Jones et al., 2018). This decline reflects the plant’s impaired ability to effectively capture and convert carbon dioxide, disrupting the synthesis of essential molecules crucial for growth and development (Smith et al., 2020). Furthermore, the subsequent shift in the energy budget may result in altered resource allocation, further impacting overall plant resilience in challenging conditions (García-Tejero et al., 2019).

Further investigation was conducted to explore the relationship between A and gsw to calculate iWUE (Rouhi et al., 2007; Herppich et al., 2020; Li et al., 2021). iWUE reflects a plant’s efficiency in utilizing water for photosynthetic carbon assimilation, indicating its ability to optimize carbon gain while minimizing water loss. The study highlighted the varied responses among genotypes to drought stress. The genotypes ZB and AQ demonstrated a conservative water use strategy, while MP showed a potential trade-off between water use efficiency and carbon gain under mild drought stress. This emphasizes that different hemp genotypes, landraces, or species may have disparate responses. Some may prioritize water conservation through significant stomatal closure, while others use adaptive strategies to balance photosynthetic needs with water conservation.




4.3 Insights from chlorophyll fluorescence and biochemical variations among genotypes

Drought stress poses considerable challenges to plant growth, especially impacting ΦPSII (Sapeta et al., 2023). Our study aligns with existing research, supporting a significant decrease in ΦPSII activity under severe drought stress. Notably, the MP genotype consistently exhibited superior photosynthetic performance, maintaining high ΦPSII values even under drought stress, in contrast to the responses of ZB and AQ genotypes. This robust performance in MP correlated with elevated ETR, reflecting higher A and growth, as suggested by (Wang et al., 2021). Higher Fv/Fm values were observed in MP, attributed to its ability to maintain cellular hydration under drought stress, preventing photoinhibition and preserving the D1 protein associated with PSII (Abid et al., 2018; Makonya et al., 2020). While ZB and AQ genotypes generally exhibited healthy plants with Fv/Fm values close to the theoretical maximum under well-watered and moderate drought stress conditions, severe drought stress led to a decline in Fv/Fm values, indicating compromised ETR. ZB and AQ recorded Fv/Fm values of 0.8 under severe drought stress, a threshold considered indicative of stress in many plant species (Makonya, 2019). The reduction in Fv/Fm is often associated with an increase in the efficiency of NPQ (Guan et al., 2015; Możdżeń et al., 2015; Bano et al., 2021).

Notably, the ZB genotype demonstrated pronounced NPQ under well-watered conditions, as well as during moderate and severe drought stress, spanning diverse light intensities. The impact of light intensities or photon flux densities on photosynthesis is noteworthy (Huang et al., 2021). In conditions of low light, plants tend to augment the antenna size of photosystems, enhancing the capture and transfer of excitation energy to the photosynthetic reaction centers (Green and Parson, 2003). Conversely, when exposed to excessive light, as observed in our study, plants dissipate surplus excitation energy through NPQ of the excited state of Chlorophyll a, releasing it as heat (Miu, 2012; Saglam et al., 2014; Liu et al., 2019; Bano et al., 2021; Hu et al., 2023). Our study underscores this dynamic interplay between drought stress, light intensities and the plant’s photoprotective mechanisms, with the ZB genotype serving as a noteworthy example.

Proline accumulation is indicative of osmotic regulation, has been reported in numerous studies (Marin et al., 2010; Abid et al., 2018; Gill et al., 2022). The MP genotype consistently showed increased proline levels under both moderate and severe drought stress, aligning with trends observed in drought-tolerant germplasms of peanut (Furlan et al., 2020) and rice (Dien et al., 2019). This emphasizes the importance of up-regulating P5CS, a key enzyme in proline biosynthesis, as a significant factor influencing proline production, as highlighted in the study by Parkash and Singh (2020). As expected, proline concentrations generally decreased during the drought recovery period. However, the ZB genotype-maintained proline concentrations without decline, suggesting optimized resource allocation or alternative stress-responsive mechanisms. This ability to moderate proline levels after stress, avoiding excessive energy expenditure (Forlani et al., 2019), implies preparedness for recurring stress, acting as a preventive measure (Wang et al., 2018). ZB’s resilience may also involve enhanced antioxidant production or specific gene activation (Seok et al., 2023), contributing to its strong capacity to sustain growth and biomass production under water stress. This suggests that ZB possesses physiological or genetic traits that confer drought resilience. Similarly, AQ demonstrates effective adaptation to fluctuating water availability, adjusting its physiological processes to cope with both moderate and severe water stress without significant biomass loss.

Future studies should validate these hypotheses to enhance our understanding of ZB’s complex stress adaptation strategies. Addressing the non-significant water management effects and G × WM interaction by increasing sample size and replicating under different environmental conditions would provide more robust conclusions. Given the significant genotype effect, research should include a broader range of genotypes to capture the full scope of genetic variability in drought response. Incorporating physiological and biochemical parameters such as root depth, leaf water potential, pigment composition, photosynthetic complex stoichiometry, and the presence of reactive oxygen species would offer deeper insights into drought tolerance mechanisms.





5 Conclusion

In this study, the major morphophysiological adaptations and proline signaling of three hemp genotypes—MP (C. indica), AQ (C. sativa), and ZB (C. sativa)—were investigated under varying water management conditions. ZB maintained proline levels during drought recovery, suggesting optimized resource allocation and alternative stress-responsive mechanisms, while MP showed increased proline levels under drought, indicating reliance on osmotic regulation. ZB exhibited dynamic stomatal conductance and high non-photochemical quenching (NPQ), highlighting its effective water use and photoprotective strategies. MP maintained high assimilation rates (A) and superior photosynthetic performance (ΦPSII) under drought stress. These findings underscore the importance of proline accumulation, gsw, A, and photoprotective mechanisms in drought resilience. Future research should include a broader range of genotypes and additional physiological and biochemical parameters to fully understand the genetic variability in drought response and enhance the development of drought-tolerant hemp varieties.
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