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Abstract

Industrial hemp (Cannabis sativa L.) seedlings are sensitive to drought stress, which is a prevalent factor
influencing its growth seriously. To explore the effect of ascorbic acid (AsA) on hemp seedlings under drought
condition, a pot experiment was carried out to applicate AsA on two cultivars, ‘Yunmal’ (YM) and
‘Bamahuoma’ (BM). Three drought treatments were imposed: control (normal water), drought (50% substrate
moisture) and drought + AsA (50% substrate moisture + 200 mg/L AsA). The results showed that drought
stress significantly suppressed plant height and reduced plant fresh weight, with reductions of 59% and 75%
observed in YM, and 43% and 67% in BM, respectively. Although foliar treatment with AsA had little effect
on increasing plant fresh weight under drought conditions, it significantly enhanced the concentrations of
photosynthetic pigments and the activities of antioxidant enzyme (superoxide dismutase, SOD and peroxidase,
POD). The results suggested that harmful effects of drought stress on hemp seedlings were mitigated by
exogenous application of AsA, which decrease the breakdown of photosynthetic pigments, enhancing
antioxidant enzyme activities and strengthening the antioxidative defense system. Among these, compared to
drought treatment the carotene content and SOD activity exhibited the most significant increases after AsA
spraying. Specifically, exogenous AsA treatment increased the carotene content by approximately 108.40% in
YM and 88.53% in BM. Meanwhile, POD activity increased by 33.33% in YM and 60.94% in BM.
Furthermore, the study found that hemp plant response and tolerance to drought were cultivar-dependent.
Overall, these results provide a theoretical basis for understanding the mechanism by which AsA alleviates
drought stress.
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Introduction

Hemp (Cannabis sativa L.) is an annual herbaceous belonging to the Cannabaceae family, and it is one
of the oldest cultivated crops (Amaducci ez 4/, 2015). In China, industrial hemp is classified as having a
tetrahydrocannabinol (THC) content of less than 0.3% (m/m) in its dried inflorescences and leaves. Because
of its high commercial value, hemp has been involved into almost every aspect of people’s lives, including food,
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paper making, textile industry, and the new energy field (Chandra ez 4., 2017). In recent years, hemp has
attracted considerable attention from both the public and the scientific community because of its wide-ranging
applications and high therapeutic value.

Global climate change arouse a number of abiotic stresses (Raza ez 4l., 2023), and drought is one of the
most severe factors impacting crop fields and quality (Alamri ez 4/, 2020). Many plants physiological processes,
such as photosynthesis, membrane integrity, and phytohormones balance were interfered with drought.
Moreover, this disturbance leads to a decrease in biomass accumulation (Raza et 4/, 2023). Additionally,
drought-induced oxidative stress disrupts plant metabolism (affecting protein, carbohydrate and lipid
contents), and plants rely on their antioxidant systems for protection against such stress (Khan ez al., 2020).
During the growth period of hemp, drought stress can increase the incidence of diseases and insect pests, slow
growth, and delay seed maturation, ultimately affecting yield and quality (Jiang ez 4/., 2021). In addition to the
general effects of drought on plants, drought conditions also exert a significant influence on the linear density,
wax and fat content, as well as crystallinity of hemp fibers (Kwiatkowska ez al., 2024). However, the land
competition contradiction between food crops and hemp crops has intensified due to the shortage of cultivated
land resource (Gupta ez 4l., 2020). Consequently, the transfer of hemp cultivation to non-cultivated lands,
which are often characterized by drought conditions, has become an inevitable trend of the future (Asma ez 4/,
2023). Wayne ez al. (2024) found that during the growth period close to inflorescence maturity, light drought
stress can increase THC levels in high-THC hemp cultivar, and intense drought treatments led to significantly
decreased yield and THC and CBD concentrations. Therefore, it is necessary to study the tolerance of hemp
to drought stress and develop cultivation methods to improve yield and quality of industrial hemp under
drought.

Agricultural research is exploring various cultivation techniques to enhance plant tolerance under stress,
including the development of stress-tolerant varieties and the use of chemical and physical treatment methods
(Qin ez al., 2021; Raza ez 4l., 2023). In production practice, foliar spray or seeds pre-treatment by chemicals
phytohormones are commonly used to mitigate deleterious effects of drought and enhance crop drought
tolerance (Noman ez al., 2015). Ascorbic acid (AsA) can be used as an antioxidant that can effectively remove
reactive oxygen species within a certain physiological range (Asada, 1992). It has been reported that exogenous
AsA played a vital role in promoting seed germination, improving plant growth and reducing the losses of yield
under stress conditions in maize, cauliflower, and sweet pepper (Noman ez 4/.,2015; Latif ez al., 2016; Khazaci
et al., 2020). AsA could protect plant cells from reactive oxygen species (ROS) generated during the plant’s
response to stress, and play a crucial role in several key physiological processes, including: photosynthesis,
respiration, and carbohydrate metabolism by acting as a co-factor for metabolic enzymes or by regulating
cellular redox-status (Mishra et al., 2024). Thus, we also speculated that the application of exogenous AsA
could improve the drought resistance of hemp plants by altering the contents of photosynthetic pigments,
increasing the antioxidant enzymes activity, and adjusting the osmoregulation substances. Nevertheless, there
is limited research on the relieving effects of exogenous AsA on hemp plants under drought condition. The
present study aimed to: (i) assess the effects of drought on the growth of hemp seedlings, (ii) evaluate the effects
of exogenous AsA in alleviating impairments caused by drought stress on hemp seedlings, and (iii) investigate
the differences in response and tolerance to drought stress among hemp cultivars. These findings will provide
avaluable reference and foundation for the cultivation practices and future studies of hemp.

Materials and Methods

Plant materials
Two industrial hemp cultivars, ‘Yunma 1’ (YM) for fiber production and ‘Bamahuoma’ (BM) for seed
production, were used in this study. Seeds of YM were sourced from Yunnan Industrial Hemp Co., Ltd.,
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Kunming, China and seeds of BM were obtained from Guangxi Academy of Agricultural Sciences, Nanning,
China.

Experimental treatments

This experiment was conducted in the greenhouse of School of Agriculture, Yunnan University, China.
Each pot (upper diameter: 18.5 cm, lower diameter: 14 cm, height: 14 cm) was filled with 500 g medium (peat
soil), into which 30 seeds were evenly sown, Seedlings were thin out to 10 plants per pots when seedling reached
a length of 5 cm. Throughout this period, hemp plants were watered regularly and weed were removed
manually. Once most plants reach approximately 20 cm in height, three treatments were imposed: control,
drought and drought with AsA application. Hemp plants in control group received normal watering (water
500 mL per pot every other day), while moisture content in the drought-stress pots was maintained at 50%
substrate moisture by weighing the pots every day and add water to the target stress level. For the drought with
AsA treatment, hemp leaves were sprayed with AsA solution (200 mg/L, confirmed by our preliminary
experiments) once every other day for a total of 3 times, starting one week after the drought initiation. Each
treatment was replicated three times, totaling 18 pots.

Determination of morphological indexes

Morphological attributes were assessed 15 days after the treatment, when its effects were most
pronounced (it was confirmed by our preliminary experiments). Plant height of hemp was measured from the
base of the plant main stem to the highest growing point using a flexible ruler, and its stem diameter was
measured at 10 cm from the plant’s base using a vernier caliper. The fresh weight of the above-ground plant was
determined using a digital scale.

Determination of physiological and biochemical indices

In order to evaluate the physiological and biochemical indexes, a whole plant and the third pair of true
leaves from 10 hemp plants in each treatment, which were sprayed with AsA after 15 days, were taken.
Moreover, each treatment was repeated three times.

The concentrations of chlorophyll a, chlorophyll b, and carotenoid were determined using the method
described by Arnon (1949). The spectrophotometer used in this experiment was Shanghai Metash Instruments
UV8000. SOD (superoxide dismutase) and POD (peroxidase) activities, MDA (malondialdehyde) contents,
and free proline amounts were measured using kits from Boxbio (Beijing Boxbio Science & Technology Co.,
Ltd.). The quantification of soluble protein and soluble sugar in plant leaves were performed by Bradford test
(Bradford, 1976) and the thiobarbituric acid (TBA) test, respectively. To assess the cell membrane damage
after drought stress, the relative conductivity of plant leachates was measured as described by Lutts et al. (1996).

Data analyses

The data were tested for normality and homogeneity of variance before being subjected to analysis of
variance (ANOVA) using SPSS 21.0. Means of treatments were compared using Duncan’s Multiple Range
Test at the 0.05 level of significance. Graphical representations were generated using OriginPro 2021
(9.8.0.200) software.

Results

Effect of drought and AsA on hemp growth

Drought significantly reduced stem diameter, plant height, and plant fresh weight of both hemp
cultivars (Error! Reference source not found.). Under drought stress, the plant fresh weight was decreased by
74.63% and 67.38%, the plant height was decreased by 58.91% and 43.38%, and the stem diameter was
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decreased by 46.15% and 37.96% in YM and BM, respectively, compared to the control. Moreover, compared
with drought treatment, the application of AsA under drought significantly increased plant height by 43.06%
and 37.01% in YM, BM, respectively. Additionally, plant fresh weight was heavier with AsA application, but

no significant increases were detected.
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Figure 1. Effects of drought and AsA on hemp growth index
Different lowercases above the bars show significant difference between treatments (p < 0.05). YM: industrial hemp

cultivars ‘Yunma 1’; BM: industrial hemp cultivars ‘Bamahuoma’

Effect of drought and AsA on photosynthetic pigments in hemp leaves

Drought has a significant impact upon all assessed photosynthetic pigments, including chlorophyll a,
chlorophyll b, carotenoids, and total chlorophyll (Figure 2). Compared with the control, drought induced
decreases of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids contents by 25.77%, 36.95%,
29.65%, and 49.81% in YM, while the reduction were 35.31%, 61.14%, 46.09%, and 34.96% in BM,
respectively. However, the content of photosynthetic pigment increased after AsA was applied compared to
the drought treatments without AsA application. Specifically, chlorophyll a and carotenoids contents increased
by approximately 30.88% and 108.40% in YM, and by 53.41% and 88.53% in BM, respectively. The application
of AsA allowed the chlorophyll a and carotenoid contents to recover to the level that showed no significant

difference from the control treatment.
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Figure 2. Effects of drought and AsA on photosynthetic pigments in hemp seedling

Different lowercases above the bars show significant difference between treatments (p < 0.05). YM: industrial hemp

cultivars ‘Yunma 1’; BM: industrial hemp cultivars ‘Bamahuoma’

Effects of drought and AsA antioxidant enzymes in hemp plant

As shown in Figure 3, drought led to a significant increase in the activities of SOD and POD in hemp
plants compared to the control treatment. Specifically, drought stress significantly increased SOD activities by
34.36% in YM and 49.70% in BM, while POD activities also showed a substantial increase, rising by 132.62%
in YM and 181.55% in BM. The application of AsA under drought further enhanced activities of antioxidant
enzymes in hemp plants, with SOD increasing by 4.37% in YM and 38.81% in BM, and POD increasing by
33.33% in YM and 60.94% in BM.
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Figure 3. Effects of drought and AsA on antioxidant enzymes in hemp seedling

Different lowercases above the bars show significant difference between treatments (p < 0.05). YM: industrial hemp

cultivars ‘Yunma 1’; BM: industrial hemp cultivars ‘Bamahuoma’
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Effects of drought and AsA on osmotic regulation substance in hemp plant

Compared to control group, the level of osmotic regulation substances (soluble sugar, soluble protein
and proline contents) in hemp plants were increased significantly under drought stress (Error! Reference
source not found.). For YM, the increase was about 41.31%, 40.66%, 78.87% in soluble sugar, soluble protein
and proline, respectively. For BM, the increase was about 107.77%, 149.17%, 39.65% in soluble sugar, soluble
protein and proline respectively. The highest soluble sugar and proline contents were obtained in drought +
AsA treatment. Compared to drought treatment, there were about 4.44% and 21.50% increase in soluble sugar
contents, and 27.83% and 42.62% increase in proline contents in YM and BM respectively. However, soluble
protein contents of BM decreased (about 14.51%) at AsA treatment as compared to drought only treatment.
Meanwhile, there were differences between the two varieties in the preference for producing osmotic potential
regulating substances. In BM, drought stress is alleviated by producing numerous soluble protein and proline,
in contrast to YM, which produces a large amount of soluble sugar to response drought.
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Figure 4. Effects of drought and AsA on osmotic regulation substance in hemp seedling
Different lowercases above the bars show significant difference between treatments (p < 0.05). YM: industrial hemp

cultivars ‘Yunma 1’; BM: industrial hemp cultivars Bamahuoma’

Effects of drought and AsA on cell membrane damage in hemp plant

Drought disturbed the membrane stability in both cultivar (Error! Reference source not found.).
There was a marked difference for MDA concentration between hemp cultivars when grown under drought
and drought + AsA conditions. Compared to the control, MDA concentration increased in both cultivars
under drought. Among them, drought caused an increase of about 433.85% in MDA concentration in YM,
while it increased by 21.01% in BM. However, neither drought nor drought + AsA treatment had significant
effects on MDA concentration of BM. Compared to the control, relative conductivity increased by
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approximately 26.85% in YM and 133.59% in BM under drought stress. However, the application of AsA
during drought conditions reduced the relative conductivity in BM by 41.89%, bringing it to a level that
showed no significant difference from the control.
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Figure 5. Effects of drought and AsA on cell membrane damage in hemp seedling
Different lowercases above the bars show significant difference between treatments (p < 0.05). YM: industrial hemp

cultivars ‘Yunma 1’; BM: industrial hemp cultivars ‘Bamahuoma’

Discussion

Drought stress and AsA significantly affects the growth of hemp plants

Drought stress disrupts plant growth, reducing plant height (Shemi ez 4/, 2021), reducing shoot and
grain mass (Parveen ez 4., 2021). In the present study, a marked disturbance in growth of hemp was also
observed in plants under drought. According to these results, plants growth is susceptible to drought stress.
Moreover, this research found that the AsA spraying treatment under drought stress promotes on stem
diameter, plant fresh weight, and plant height (Figure 1). Those indicated that AsA spraying under drought
conditions has a mitigation effect on hemp plants growth. Similar results have also been observed in other plant
species. In maize, under 65% field water capacity, application of 100 mmol/L AsA slightly increased plant
height as compared to without AsA treatment (Noman ez 4/, 2015). In cucumber, foliar-applied AsA (50
mg/L) was effective in enhancing AsA improved the fresh and dry weights under 60% field water capacity (Naz
et al., 2016). These results may be due to AsA’s role in promoting cell elongation and increasing cell division in
cotton and Nicotiana tabacum (de Pinto et al., 1999; Song et al., 2019).

AsA significantly increase the contents of photosynthetic pigments in hemp leaves

As crucial components of the thylakoid membrane, photosynthetic pigments play a role in receiving
light energy and directly participating in the photosynthetic process (Ansari e al., 2019). In various plant
species, such as cotton (Zahoor ez al., 2017) and strawberries (Li ez al., 2021), drought stress adversely impacted
the levels of photosynthetic pigments, damaged the photosynthetic apparatus, and reduced the concentration
ofkey enzymes involved in photosynthetic reactions. Consequently, substantial losses in plant growth and yield
occur as a result of drought. In this study, under drought stress, the chlorophyll content of hemp showed a
substantial decline, consistent with the results of in other species (Figure 2) (Khazaei ez al., 2020; Noman ez 4/.,
2015). However, photosynthetic pigment content in drought treated plants significantly increased when
exogenous AsA applied, compared with plant grown under drought without the application of AsA. Itis worth
mentioning that carotenoids were the most affected among the photosynthetic pigments. This may be because
carotenoids play a role as photo protectant and antioxidant (Morelli and Rodriguez-Concepcion, 2023), and
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thus, are usually preferentially degraded over chlorophyll under stress conditions (Seel ez al., 1992). Therefore,
when exogenous AsA was applied, it effectively mitigated the degradation of carotenoids, and increasing the
content of carotenoids. In Zheng’s study, chlorophyll content was promoted due to the over-accumulation of
AsA that scavenged reactive oxygen species (ROS) and inhibited the expression of senescence-related genes in
Arabidopsis thaliana (Zheng et al., 2020). In this sense maybe the AsA plays a crucial role in restoring plant
photosynthetic capacity, helping to alleviate the damage caused by drought stress.

Exogenous AsA could affect the physiological indexes of hemp under drought

Membrane lipids peroxidation and impair of plant cell functions were due to the formation of
superoxide radical and hydrogen peroxide (H,O-) which triggered by drought stress (Farooq ez al., 2020). To
alleviate such lasting effects and adapt to drought condition, plants usually accumulate antioxidants that enable
them to maintain ROS homeostasis and withstand drought stress for a period of time (Dumanovic ez al., 2021).
In Arabidopsis thaliana, contents of POD and SOD increased after 10 days of no watering (Liu ¢z al., 2020).
Similarly, when subjected to 35-40% field water capacity, rapeseed increased SOD and POD activities to better
scavenge ROS (Khan ez al, 2020). Consistent with studies in other plant species, drought affects the
antioxidant enzymes activity of hemp plants in a significant way. In this study, we observed additionally
enhancement of antioxidant enzymes with the application of AsA (Figure 3). This suggested AsA could serve
as an antioxidant that reducing the generation of active oxygen, thus promoting the accumulation of biomass
in plant (Loutfy ez al, 2020). Drought stress disturb osmotic regulation by three main reasons: affecting
osmotic regulation substances contents, influencing cell membrane related substances, and damaging
membrane integrity (Raza et 4l., 2023). Sugar molecule act as an important nutrient as well as regulators of
metabolism, stress response and development (Sami ez 4/, 2016). In herbaceous peony (Paconia lactiflora Pall.),
the content of soluble sugar increased to maintain osmotic homeostasis when seven days after watering was
stopped, and the soluble sugar content continued to increase as the drought period prolonged (Li ez 4/., 2020).
Proline plays a crucial role in osmoregulation, accumulating as a small molecule during drought stress and
raising the osmotic pressure within cells to help them withstand drought conditions (Raza ez al., 2023). In the
present study, proline and soluble sugar contents had increased significantly in both cultivars under drought
and drought + AsA treatments compared with control (Figure 4). Especially, the greater impact of drought on
proline contents of BM compared to YM cultivar indicates that BM is more responsive to osmoregulation.
Moreover, Malondialdehyde (MDA) is one of the products of membrane lipid peroxidation, which can
increase the permeability of cell membrane (Davey ez 4l., 2005). The change of MDA content can directly
reflect the damage degree of cell membrane. Studies have shown that MDA content usually increases when
plants reccive stress (Ma ez al., 2015). As the result of the destruction of the cell membrane caused by drought
stress, electrolyte leakage in the tissue increased, and the relative conductivity changed, consequently (Rolny ez
al., 2011). In both cultivars, MDA contents and relative conductivity were improved under drought (Figure
5), this result is similar to that in pepper, where plants under 60% ficld water capacity had MDA contents 25%
higher than those under full irrigation (Yildirim ez 4/, 2019), further proves that drought has a significant
impact on the integrity of plant cell membranes. Meanwhile, enhancing of MDA content and electrolyte
leakage indicates that drought stress caused oxidative damage to the membrane can be due to enhancing H,O,
level (Hemmati ez al., 2018). Shafiq ez al. (2014) reported that AsA reduces the generation of active oxygen
species and mitigates their effects on the cell membrane, which aligns with the findings of this study, showing
that relative conductivity decreases significantly in BM treated with AsA spraying under drought stress.

Differences in responsive to exogenous AsA and drought stress between two cultivars
Crop cultivars vary in their tolerance (or sensitivity) to stress conditions (Hu ez 4/., 2019). In this study,

two industrial hemp varieties (BM and YM) were used. BM is mainly cultivated for seeds, while YM is grown
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primarily for fiber. Moreover, the two varieties originate from different province of China (Guangxi and
Yunnan provinces, respectively). The different origins and uses of the hemp cultivars may lead to varying
response to drought. In this study, YM and BM plants treated with AsA showed improved drought tolerance,
but with different physiological responses. Specifically, regarding osmotic regulation substance contents, the
increase in soluble sugar was greater in YM compared to BM. Meanwhile, BM showed a more significant
increase in soluble protein accumulation than YM. The differences in osmotic regulation substance contents
under drought stress between two hemp cultivars suggest that drought stress and exogenously applied AsA are
associated with the genetic nature of hemp. Similarly, Mohammad ez 4/. (2024) reported changes in soluble
protein and proline contents in several barley species under drought stress and AsA treatment. Their results
showed a similar tendency to this study, the content of osmoregulatory substances increased under drought
stress, but the extent of the increase varied among different cultivars. Additionally, there were notable
differences in MDA contents and peroxidase activity between BM and YM. In the control treatment, the MDA
content in leaf was similar in the tested two varieties was almost the same. However, YM accumulated
significantly higher contents of MDA than BM under drought and drought + AsA. Moreover, compared to
YM, BM showed a larger reduction in relative conductivity and a smaller accumulation of MDA contents,
when sprayed with AsA under drought. In this study, regardless of the treatment, POD activity in YM was
consistently significantly higher than that in BM. These differences indicated that effect of AsA is crop cultivar
depended, which was also reflected in maize(Noman ez 4/, 2015).

Conclusions

Our results indicated that AsA spraying could enhance the resistance of plants under stress, possibly due
to its antioxidant function. There were differences in drought response between the tested hemp cultivars, BM
and YM. In summary, this study had confirmed the alleviating effect of exogenous AsA on drought stress in
hemp. However, we focused solely on examining the impact of AsA on the morphological traits and
physiological parameters of hemp seedlings in a pot experiment. Thus, further study is still needed to address
the molecular mechanism by which AsA alleviates drought stress in hemp. Moreover, the feasibility and
effectiveness of applying AsA in field conditions should be assessed to support the cultivation of industrial
hemp in arid and semi-arid regions.
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