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ABSTRACT
Background: Drought stress causes immense yield losses in plants annually. In recent times, the foliar application of biostimulants
has emerged as an effective strategy for enhancing plant stress resilience. Melatonin and mannitol are some of the most important
chemical substances that have applied foliar to plants to enhance stress tolerance. However, existing research has mostly focused
on the individual application of these substances.
Methods: We examined the impacts of individual and combined melatonin and mannitol on certain physiological and biochemical
parameters of tomato plants subjected to drought stress.
Result: Our results showed that plants subjected to combined melatonin and mannitol treatment recorded the highest chlorophyll
content under control and moderate drought stress and maintained significantly high (p0.05) amounts of phenol under all the stress
levels applied. Detached leaves in the combined treatment from the control and moderate stress groups lost the least amount of
water, with the plants recording the lowest wilting rate (27%) under severe drought stress. Combined melatonin and mannitol-
treated plants also recorded the highest amount of soluble sugar under moderate and severe drought stress. The highest level of
membrane stability was recorded in plants treated with combined mannitol and melatonin under control, moderate and severe
drought stress. On the other hand, individual mannitol and melatonin applications proved effective in maintaining high chlorophyll
content and ensuring the lowest rate of water loss, respectively, under severe drought stress. Taken together, combined melatonin
and mannitol showed potential effectiveness in ameliorating the adverse impacts of drought stress in tomato plants.
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INTRODUCTION
Abiotic stresses pose a significant challenge to crop
production (Laxman and Bhatt, 2017). These stresses
represent the most harmful stress factor, severely limiting
plant growth and development  (Mahajan et al., 2020).

Abiotic  stresses induce the accumulation of reactive
oxygen species (Kusvuran  and Dasgan, 2017), which can
cause irreversible damage in plants by hindering cellular
redox homeostasis and inducing high oxidative stress
levels (Sachdev et al., 2021).

Drought stress is the most destructive of all abiotic
stresses, adversely affecting plant growth and development
(Khan et al., 2020). The stress is caused by insufficient
water availability, leading to a breakdown of metabolic
processes in plants (Kumar et al., 2018). Drought stress
affects plant growth at the morphological, physiological
and molecular level (George et al., 2025).

Tomato (Solanum lycopersicum), a member of the
Solanaceae family, is among the most widely grown and
consumed vegetables globally (Nicola et al., 2009). It is rich
in essential nutrients such as vitamins A and C, potassium,
folate and antioxidants (Sestito and Palozza, 2019). However,
tomato is extremely sensitive to abiotic stresses which can
cause up to 70% yield losses depending on stress intensity
and duration. Drought stress is the most destructive stress
factor in tomato production (Krishna et al., 2022).
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In recent times, the foliar application of biostimulants
has emerged as an effective stress mitigation strategy for
plants (Mandal et al., 2023). Substances or microorganisms
of diverse nutrient characteristics applied to improve plant
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nutritional efficiency, resilience to abiotic stress and/or crop
quality traits can be classif ied as biostimulants.
Biostimulants come in different forms and perform diverse
functions. They may exist as naturally occurring or synthetic
substances (du Jardin, 2015).

Melatonin is a key bioactive component in vascular
plants (Sheshadri et al., 2018). The potential role of melatonin
in plant growth enhancement and regulation has been
widely reported (Sun et al., 2021). Melatonin applied
exogenously to a variety of crops, mitigated the effects of
abiotic stresses in these crops (Colombage et al., 2023).
Melatonin also enhanced seed germination and lateral
root growth in cucumber plants exposed to drought and
cold stress (Zhang et al., 2013).

Mannitol is an osmolyte found in higher plants that
aids in the defense against a host of abiotic stresses (Hema
et al., 2014). It is produced as a primary photo-synthetic
product in certain plant species (Mitoi et al., 2009). Mannitol
plays a vital role in plant physiology, serving as a carbon
storage mechanism and providing defense against
environmental stress (Patel and Williamson, 2016).

Drought stress mitigation methods, such as extensive
irrigation and genetic modification, have limitations in cost,
sustainability and acceptance. There is a need to find
alternative and more efficient means to mitigate the effects
of drought stress in plants. The foliar application of mannitol
and melatonin has been reported to enhance drought
stress tolerance in plants (Zhang et al., 2013; Mahmoud
et al., 2024). Although the individual effects of melatonin
and mannitol on  stress amelioration have been studied in
plants (Altaf et al., 2022; Mahmoud et al., 2024), limited
studies have investigated the impact of combined
melatonin and mannitol on drought tolerance in tomato
plants under drought stress. This study aims to examine
how mannitol, melatonin and their combination can affect
drought-stressed tomato plants, comparing their responses
to those treated with water to determine which treatment is
most effective at mitigating the effects of drought stress.

MATERIALS AND METHODS
Experimental site and design

The experiments were carried out in the screen house of
the Department of Plant and Environmental Biology,
University of Ghana from March to October, 2024. Seeds of
the tomato variety Roma Savana were used for this
experiment. The experiment was set up using the split-plot
design. Three main plots were established based on stress
severity: Severe drought stress, moderate drought stress
and no stress. Each main plot was further divided into 4
subplots/blocks according to the foliar treatments applied:
Mannitol, melatonin, mannitol + melatonin and a control.

Watering regime and treatment application

Watering was carried out once every five days in plants
under severe drought stress and once every three days for
those under moderate drought stress. Plants in the control

group were watered every other day. For foliar treatment,
2% mannitol and 0.1 mM melatonin were used. The
prepared solutions of mannitol, melatonin and their
combination were carefully and uniformly applied to the
leaves of tomato seedlings once a week. Plants in the
control group received a similar foliar spray with distilled
water.

Chlorophyll content

Total chlorophyll content was analysed according to the
methodology by Arnon (1949). Filtration was carried out
following the grinding of leaf samples from various
treatments with 10 mL of acetone. Afterwards, the
absorbance of the filtrate was determined at wavelengths
of 645 nm and 663 nm with a UV-visible spectrophotometer.
Total chlorophyll content was calculated with the formula:

Rate of water loss from leaves

The rate of water loss in leaf samples was determined
following the method outlined in Wang et al., (2011).
Leaves were dehydrated at room temperature for six (6)
hours. Three replicates of fresh weight measurements
(LWt) were made at 60-minute intervals. Following
exposure, the relative water loss (RWL) in leaves was
calculated as follows:

Where,
FW = Fresh leaf weight before desiccation.
LWt = Leaf weight t hours after desiccation.

Rate of plant wilting

Wilting rate was determined in tomato plants after 7 weeks
of exposure to stress treatment by counting the total number
of wilted leaves in each treatment group and expressing it
as a percentage of the total number of leaves.

Phenol content

Phenol content was analysed in triplicate following the
method outlined by Blainski et al. (2013). 0.7 g of fresh
leaves was ground in 10 mL of methanol and left overnight.
The homogenate was filtered and diluted with 100 ml of
water. A test tube was filled with approximately 200 L of
the diluted solution, 1.4 mL of distilled water and 0.1 mL of
50% Folin-Ciocalteu phenol reagent. After three minutes,
23% (w/v) of sodium carbonate was added to the mixture.
The resulting mixture was gently vortexed after two hours
and the absorbance was observed at 765 nm. Gallic acid
was used as a standard to determine total phenolic content.

Determination of membrane stability index

Membrane stability index was determined in triplicate
following the method reported by Sairam, (1994). Following
this method, 100 mg of leaves were put into well-labeled
boiling tubes containing 20 mL of double-distilled water.

Total chlorophyll (mg/g) =

20.2(A645) + 8.02(A663)  (V/1000  W)

 100
FW-LWt

FW
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After 30 minutes incubation at 40C, the initial electrical
conductivity (C1) was taken with an electrical conductivity
meter. The samples were then heated to 100C, cooled
and the final electrical conductivity (C2) re-recorded. The
membrane stability index (MSI) was then calculated for
each treatment as follows:

Soluble sugar estimation

The amount of sugar in each sample was estimated in
triplicate with the protocol outlined by Bryant and Overell,
(1951) based on a phenol-sulphuric acid method. 50 mg
of leaf sample from each treatment group was put into a
boiling tube and 20 mL of 80% ethanol was added. After 60
minutes of heating on a hot plate at 50C, the resulting
extract was cooled and transferred with deionized water
into a 50 mL flask. This was followed by the addition of 2 mL
of 18% phenol and 5 mL of 3% conc H

2
SO

4
. Finally, the

flask was made up to the mark with deionized water.
Absorbance readings were taken at 490 nm and the sugar
content was determined using a standard curve.

Data analysis

Analysis of variance (ANOVA) was performed on the
collected data with the Minitab software (Version 17).
Means were compared using Tukey-pairwise comparison
analysis to determine significant differences at a probability
level of 5%.

RESULTS AND DISCUSSION
Chlorophyll content

Chlorophyll content in tomato plants decreased with
increasing drought stress (Fig 1), highlighting the harmful
effects of drought on the photosynthetic systems, as also
observed by Oguz et al. (2022). Under all stress levels, the
chlorophyll content of water-treated plants was significantly

lower (p0.05) than that of plants treated with mannitol,
melatonin and combined mannitol and melatonin. This
finding suggests that the exogenous application of these
compounds confers protective effects on chlorophyll
retention under drought stress, consistent with the
observations of Wei et al. (2022). According to research by
Adrees et al. (2015), mannitol reduces the harmful effects
of abiotic stress by improving the antioxidant machinery of
plants. Similarly, melatonin has been reported to induce
stress resilience in plants through its antioxidant activity,
stomatal conductance regulation and modulation of
hormone signaling pathways (Ikram et al., 2024). Under
control and moderate drought conditions, plants treated
with combined mannitol and melatonin exhibited the
highest chlorophyll content, whereas mannitol-treated
plants demonstrated the highest chlorophyll content under
severe drought stress. This observation may be due to the
fact that severe drought stress may have induced intense
osmotic stress in tomato plants, thereby enhancing
mannitol’s role in maintaining osmotic balance and
reducing chlorophyll degradation.

Phenol content

The biosynthesis of phenolic compounds is an important
physiological response to drought stress due to their pivotal
roles in mitigating stress (Park et al., 2023). Plants treated
with combined melatonin and mannitol maintained
significantly high (p0.05) amounts of phenol under all
stress levels (Fig 2). The increase in phenol content
indicates that the combined treatment enhances the
biosynthesis of phenols and may improve the tolerance of
plants under both stressed and non-stressed conditions.
Under the control, tomato plants recorded a 30.17, 37.16
and 139.29% increase in phenol accumulation for mannitol,
melatonin and combined mannitol and melatonin treatments,
respectively, relative to plants treated with water. Under
moderate drought stress, plants treated with the melatonin-
mannitol combination recorded the highest percentage

MSI = 1 -  100
C1

C2

Fig 1: Variation in mean chlorophyll content of biostimulant-treated tomato plants under drought stress.

Different alphabets show significant difference at (p0.05) according to Tukey’s

test.
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Fig 2: Variation in mean phenol concentration of biostimulant-treated tomato plants under drought stress.

Different alphabets show significant difference at (p0.05) according to Tukey’s

test.

Fig 3: Variations in mean rate of water loss in leaves of biostimulant-treated tomato plants under A: No drought stress B: Moderate

drought stress C: Severe drought stress.

Different alpbabets show significant difference at (p0.05) according to Tukey’s

test.



 Volume  Issue 5

increase in phenol accumulation of 82.65%, followed by
plants treated with mannitol (58.57%) and melatonin
(28.66%).

Rate of water loss from leaves

Detached leaves of water-treated plants in the control group
consistently lost significantly more (p0.05) water than
leaves treated with biostimulants (Fig 3A). At the end of a 6-h
period, water-treated plants had lost 17% of their water
content, compared with 7.39%, 7.51% and 9.37% of water
loss in detached leaves of combined melatonin and
mannitol-treated plants and individual melatonin and
mannitol-treated plants, respectively. Under moderate
drought stress, leaves of water-treated plants recorded
the highest water loss rate of 29.25% after an hour, peaking
at 32.95% after 6 hours (Fig 3B). Combined melatonin
mannitol-treated leaves showed the lowest rate of water
loss of 5.96% after 6 hours. Detached leaves of water-
treated plants under severe drought lost more than 60%
percent of their water content after 1-hr of dehydration. The
leaves continued to lose water, losing 68% of their water
content by the end of the experiment (Fig 3C). Detached
leaves of mannitol-treated plants, on the other hand, lost
12.13% of their water content, while plants subjected to
melatonin and combined treatments lost 4.46% and
10.53% of their water content respectively. The enhanced
water retention capability in biostimulant treated plants
suggests that single and combined application of melatonin
and mannitol improved water retention and overall plant
water-use efficiency in plants.

Rate of wilting in tomato plants

Under control and moderate drought, plants did not show
significant difference (p0.05) in the mean percentage rate
of wilting (Fig 4). However, under severe drought stress,
the mean percentage rate of wilting in water-treated plants
was about 61%, which was significantly higher (p0.05)

than that of biostimulant-treated plants. Plants treated with
combined melatonin and mannitol recorded a significantly
lower (p0.05) rate of wilting (27%) compared to those
treated with mannitol alone (33%) and melatonin alone
(35%). The observed trends in wilting under severe drought
stress highlight the potential effectiveness of the combined
melatonin and mannitol treatment in enhancing water
retention and reducing drought-induced physiological
damage. The ability of the combined melatonin and mannitol
treatment to maintain turgor pressure and minimize wilting
emphasizes their dual role in osmoprotection (Ikram et al.,
2024) and oxidative stress reduction (Afzal et al., 2023),
making this combination a highly effective strategy for
enhancing drought tolerance in tomato plants.

Soluble sugar content

In response to drought stress, plants accumulate soluble
sugars (sucrose, glucose and fructose) as an adaptation
mechanism (Amoah et al., 2024). Sugars are involved in
stress defense mechanisms such as stomatal closure,
energy production, reactive oxygen species (ROS) scavenging
and the protection of cellular structures. Under moderate
and severe drought stress, plants treated with combined
mannitol and melatonin recorded the highest amount of
soluble sugar, followed by single treatments of mannitol
and melatonin, respectively, indicating enhanced stress
tolerance in the biostimulant treated plants.

Membrane stability index

Membrane integrity is crucial for the survival of cells under
stress; once the membrane is compromised, cells will
lose their ions and sugars, leading to metabolic disorder
(Patel and Williamson, 2016). The highest levels of
membrane stability were recorded in plants treated with
the combined mannitol and melatonin under control,
moderate and severe drought stress (Table 1) thus showing
consistently better membrane integrity compared with those
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Fig 4: Variation in mean rate of wilting of biostimulant-treated tomato plants under drought stress.

Different alphabets show significant difference at (p0.05) according to Tukey’s

test.
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treated individually with mannitol or melatonin. Plants treated
with water recorded the lowest membrane stability indices
under all drought conditions (Table 1), indicating greater
susceptibility to cellular damage induced by drought.

CONCLUSION
In this work, we have confirmed that the application of
mannitol and melatonin, either singly or in combination, is
effective in imparting drought tolerance to tomato plants
under stress. It was, however, showed that the combined
effects of the two compounds were effective in drought
stress mitigation. The foliar application of combined
melatonin and mannitol to tomato plants under drought
stress improved chlorophyll content, reduced the rate of
water loss as well as wilting and enhanced membrane
stability and soluble sugar accumulation. The foliar
application of combined melatonin and mannitol represents
a potential means of ensuring resilience in plants exposed
to drought stress.

Conflict of interest

The authors declare no conflict of interest.

REFERENCES
Adrees, M., Ali, S., Iqbal, M., Aslam Bharwana, S., Siddiqi, Z.,

Farid, M., Ali, Q., Saeed, R., Rizwan, M. (2015). Mannitol
alleviates chromium toxicity in wheat plants in relation to
growth, yield, stimulation of anti-oxidative enzymes,
oxidative stress and Cr uptake in sand and soil media.
Ecotoxicology and Environmental Safety. 122: 1-8. https:/
/doi.org/10.1016/J.ECOENV.2015.07.003.

Afzal, M., Nawaz, K., Hussain, K., Iqbal, I., Riaz, H., Rouf, Z.A.,
Javeria, M., Akram, R., Khaliq, M., Attique, A., Zainab, R.,
Waqar, U. (2023). Foliar application of mannitol as an
effective approach to ameliorate the salt stress-induced
toxicity in two varieties of maize (Zea mays L.). Pakistan
Journal of Botany. 55(2): 459-467. https://doi.org/10.
30848/PJB2023-2(37).

Altaf, M.A., Shahid, R., Ren, M.X., Naz, S., Altaf, M.M., Khan, L.U.,
Tiwari, R.K., Lal, M.K., Shahid, M.A., Kumar, R., Nawaz,
M.A., Jahan, M.S., Jan, B.L., Ahmad, P. (2022). Melatonin
improves drought stress tolerance of tomato by modulation
plant growth, root architecture, photosynthesis and
antioxidant defense system. Antioxidants. 11(2). https://doi.
org/10.3390/antiox11020309.

Amoah, J.N., Ode, M., Gyamfi, A. (2024). Effect of drought acclimation

on sugar metabolism in millet. Protoplasma. 262(1): 35-

49. https://doi.org/10.1007/s00709-024-01976-5.

Arnon, D.I. (1949).  Copper Enzymes in Isolated Chloroplasts.

Polyphenoloxidase in Beta vulgaris. Plant Physiology.

24(1): 1-15. https://doi.org/10.1104/pp.24.1.1.

Blainski, A., Lopes, G.C.,  De Mello, J.C.P. (2013). Application and

analysis of the folin ciocalteu method for the determination

of the total phenolic content from Limonium brasiliense

L. Molecules. 18(6): 6852-6865. https://doi.org/10.3390/

molecules18066852.

Bryant, F. and Overell, B. (1951). A new paper chromatography

solvent for amino-acids. Nature. 168: 167-168.

Colombage, R., Singh, M.B., Bhalla, P.L. (2023). Melatonin and

abiotic stress tolerance in crop plants. International

Journal of Molecular Sciences. 24(8). https://doi.org/10.

3390/ijms24087447.

du Jardin, P. (2015). Plant biostimulants: Definition, concept, main

categories and regulation. Scientia Horticulturae. 196:

3-14. https://doi.org/10.1016/j.scienta.2015.09.021.

George, A., Murali, R., Jolly, G.E., Jincy, M. (2025). Drought stress

on barley crop: A review. Agricultural Reviews. https://

doi.org/10.18805/ag.r-2715.

Hema, R., Vemanna, R. S., Sreeramulu, S., Reddy, C. P., Senthil-

Kumar, M., Udayakumar, M. (2014). Stable expression of

mtlD gene imparts multiple stress tolerance in finger millet.

PLoS One. 9(6): 31-35. https://doi.org/10.1371/journal.

pone.0099110.

Ikram, M., Mehran, M., Rehman, H., Ullah, S., Bakhsh, M.Z.M., Tahira,

M., Maqsood, M.F.K., Rauf, A., Ghafar, S., Haider, K.,

Konuşkan, Ö., Toprak, Ç.C., Erden, Z., Sabagh, A.El.

(2024). Mechanistic review of melatonin metabolism and

signaling pathways in plants: Biosynthesis, regulation

and roles under abiotic stress. Plant Stress. 14: 100685.

https://doi.org/10.1016/J.STRESS.2024.100685.

Khan, R., Ma, X., Shah, S., Wu, X., Shaheen, A., Xiao, L., Wu, Y.,

Wang, S. (2020). Drought-hardening improves drought

tolerance in Nicotiana tabacum at physiological, biochemical

and molecular levels. BMC Plant Biology. 20: 1-19.

Krishna, R., Ansari, W. A., Soumia, P.S., Yadav, A., Jaiswal, D.K.,

Kumar, S., Singh, A.K., Singh, M., Verma, J.P. (2022).

Biotechnological interventions in tomato (Solanum

lycopersicum) for drought stress tolerance: Achievements

and future prospects. BioTech. 11(4): 1-22. https://doi.

org/10.3390/biotech11040048.

Table 1: Variation in mean soluble sugar content and membrane stability indices of biostimulant-treated tomato plants under drought

stress conditions.

Treatment Soluble sugar content (g/mL) Membrane stability index (%)

blocks Control  Moderate Severe Control Moderate Severe

Mannitol 0.24±0.0b 0.39±0.3b 0.34±0.0b 82.3±0.0a 69.3±1.2b 47.2±0.4b

Melatonin 0.27±0.0a 0.34±0.00c 0.31±0.0c 75.6±1.2b 70.0±0.3b 43.0±0.1c

M+M 0.26±0.4a 0.43±0.0a 0.43±0.0a 80.2±0.6a 78.3±0.0a 51.5±0.3a

Water 0.28±0.3a 0.24±0.24d 0.24±0.02d 75.0±0.0b 51.3±0.2c 27.1±0.6d

Different alphabets show significant difference at (p0.05) according to Tukey’s test.

Combined Application of Mannitol and Melatonin Improves Water Retention and Biochemical Parameters of Drought-stressed....



 Volume  Issue 7

Kumar, S., Sachdeva, S., Bhat, K.V.,Vats, S. (2018). Plant responses
to drought stress: Physiological, biochemical and molecular
basis. Biotic and Abiotic Stress Tolerance in Plants. 1-
25. https://doi.org/10.1007/978-981-10-9029-5_1.

Kusvuran, S. and Dasgan, H.Y. (2017). Effects of drought stress
on physiological and biochemical changes in Phaseolus
vulgaris L. Legume Research. 40(1): 55-62. https://doi.
org/10.18805/lr.v0i0.7025.

Laxman, R.H. and Bhatt, R.M. (2017). Abiotic stress management
in fruit crops. Abiotic Stress Management for Resilient
Agriculture. 46(3): 399-412. https://doi.org/10.1007/978-
981-10-5744-1_18.

Mahajan, M., Kuiry, R., Pal, P.K. (2020). Understanding the consequence
of environmental stress for accumulation of secondary
metabolites in medicinal and aromatic plants. Journal of
Applied Research on Medicinal and Aromatic Plants.
18: 100255. https://doi.org/10.1016/j.jarmap.2020.100255.

Mahmoud, T.S.M., Rohim, F.M., Elsayed, S.I.M., Saleh, S. A. (2024).
Enhancing growth and productivity of ‘anna’ apple orchards:
Mitigating abiotic stresses through moringa leaf extract
and mannitol foliar application at critical stages. Applied
Fruit Science. 66(2): 373-383. https://doi.org/10.1007/
s10341-024-01039-2.

Mandal, S., Anand, U., López-Bucio, J., Radha, Kumar, M., Lal, M.K.,
Tiwari, R.K., Dey, A. (2023). Biostimulants and environmental
stress mitigation in crops: A novel and emerging approach
for agricultural sustainability under climate change.
Environmental Research. 233. https://doi.org/10.1016/
j.envres.2023.116357.

Mitoi, E., Holobiuc, I., Blindu, R. (2009). The effect of mannitol on
antioxidative enzymes In vitro long term cultures of
Dianthus tenuifolius and Dianthus spiculifolius. Rom
J. Biol Plant Biol. 54(1): 25-30.

Nicola, S., Tibaldi, G., Fontana, E. (2009). Tomato production systems
and their application to the tropics. Acta Horticulturae.
821(821): 27-34. https://doi.org/10.17660/ActaHortic.
2009.821.1.

Oguz, M.C., Aycan, M., Oguz, E., Poyraz, I. (2022). Drought stress
tolerance in plants: Interplay of molecular, biochemical
and drought stress tolerance in plants: Interplay of molecular,
biochemical and physiological responses in important
development stages. https://doi.org/10.3390/physiologia
2040015.

Park, Y.J., Kwon, D.Y., Koo, S.Y., Truong, T.Q., Hong, S., Choi, J.,
Moon, J., Kim, S.M. (2023). Identification of drought-
responsive phenolic compounds and their biosynthetic
regulation under drought stress in Ligularia fischeri.
Frontiers in Plant Science. 1-16. https://doi.org/10.3389/
fpls.2023.1140509.

Patel, T.K. and Williamson, J.D. (2016). Mannitol in plants, fungi
and plant; fungal interactions. Trends in Plant Science.
21(6): 486-497. https://doi.org/10.1016/j.tplants.2016.
01.006.

Sestito, R. and Palozza, P. (2019). Lycopene and Down-regulation
of Cyclin D1, pAKT and pBad. Nutritional, Medicinal and
Therapeutic Properties; CRC Press: Boca Raton, FL,
USA. 133.

Sachdev, S., Ansari, S. A., Ansari, M. I., Fujita, M., Hasanuzzaman,
M. (2021). Abiotic stress and reactive oxygen species:
Generation, signaling and defense mechanisms. Antioxidants.
10(2): 1-37. https://doi.org/10.3390/antiox10020277.

Sairam R.K. (1994). Effect of moisture stress on physiological
activities of two contrasting wheat genotypes. Indian
Journal of Experimental Biology. 32: 584-593.

Sheshadri, S.A., Nishanth, M.J., Yamine, V., Simon, B. (2018). Effect
of Melatonin on the stability and expression of reference
genes in Catharanthus roseus. Scientific Reports. 8(1):
1-11. https://doi.org/10.1038/s41598-018-20474-2.

Sun, C., Liu, L., Wang, L., Li, B., Jin, C., Lin, X. (2021). Melatonin:
A master regulator of plant development and stress
responses. Journal of Integrative Plant Biology. 63(1):
126-145. https://doi.org/10.1111/jipb.12993.

Wang, B.Q., Zhang, Q.F., Liu, J.H., Li, G.H. (2011). Overexpression
of PtADC confers enhanced dehydration and drought
tolerance in transgenic tobacco and tomato: Effect on
ROS elimination. Biochemical and Biophysical Research
Communications. 413(1): 10-16. https://doi.org/10.1016/
j.bbrc.2011.08.015.

Wei, J., Liang, J., Liu, D., Liu, Y., Liu, G., Wei, S. (2022). Melatonin-
induced physiology and transcriptome changes in banana
seedlings under salt stress conditions. Frontiers in Plant
Science. 1-16. https://doi.org/10.3389/fpls.2022.938262.

Zhang, N., Zhao, B., Zhang, H. J., Weeda, S., Yang, C., Yang, Z.C.,
Ren, S., Guo, Y.D. (2013). Melatonin promotes water-
stress tolerance, lateral root formation and seed germination
in cucumber (Cucumis sativus L.). Journal of Pineal
Research. 54(1): 15-23. https://doi.org/10.1111/j.1600-

079X.2012.01015.x.

Combined Application of Mannitol and Melatonin Improves Water Retention and Biochemical Parameters of Drought-stressed....


