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ABSTRACT

While ameliorating effects of melatonin (MT) on abiotic stress tolerance in plants are widely
reported, the mechanism that underlies this process remains elusive. This work investigated
mechanisms by which MT improved drought tolerance in pepper (Capsicum annuum) plants. A
foliar spray of 0.1 mM MT treatment was applied to plants grown at 80% and 40% of full field
capacity for 3 days. Drought stress caused a significant decrease in plant dry weight, relative water
content, leaf water potential, PSII efficiency (Fv/Fm ratio), chlorophyll, soluble protein, leaf and root
nitrogen content. Drought increased hydrogen peroxide, malondialdehyde (MDA), nitrate, ammonium,
free amino acids, soluble sugars, proline and glycine betaine. Drought also increased peroxidase (POD),
glutathione S-transferase (GST) and catalase (CAT) activities, electrolyte leakage (EL) and methylglyoxal
(MG). MT pre-treatment reduced oxidative stress and improved nitrogen metabolism by activating
various enzymes such as nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS),
glutamate synthetase (GOGAT) and glutamine dehydrogenase (GDH) activities. It also activated enzymes
related to the glyoxalase system (Gly I and Gly II) and decreased NO3

−, NH4
+ and free amino acid

content. Our study suggests a cost-effective and sustainable solution to improve crop productivity in
water-limited conditions, by enhancing plant growth, photosynthesis and nitrogen content.

Keywords: antioxidants, glyoxalase system, melatonin, nitrogen, nitrogen metabolism, pepper,
ROS, water stress.

Introduction

Sweet pepper (Capsicum annuum) is among the crops most commonly produced in the 
Mediterranean region (Rodríguez et al. 2020). Drought is among the most critical environ-
mental concerns in agriculture today, especially in dry and semi-dry climates including the 
Mediterranean area (Huang et al. 2021). Plant biologists have focused their efforts on 
studying the deleterious effects of drought on plants as well as techniques for mitigating 
those effects (Ahluwalia et al. 2021; Ahmad et al. 2022). Water supplies used for irrigation 
in agricultural output are progressively depleted due to climate change-driven increase in 
drought frequency and severity (Liu et al. 2020; Rawat et al. 2022) and population growth 
(Rocha et al. 2020). Drought stress inhibits plant growth and yield by reducing its 
photosynthetic capacity and results in an imbalance in the cellular redox modules, with antiox-
idant defences failing to counterbalance the increased creation of reactive oxygen species 
(ROS) (Sun et al. 2018). This leads a cascade of oxidative damage, impairing development 
and growth (Kerchev and Van Breusegem 2022). Drought stress can result in the accumulation 
of methylglyoxal (MG), a compound generated during the glycolysis process that can harm the 
membranes of cells by destroying lipids and proteins at high concentrations (Dorion et al. 
2021). Therefore, it is essential for plants to eliminate MG accumulation by upregulating 
enzymes associated with the glyoxalase system (Talaat and Todorova 2022). 

The major enzymes, glutamate synthetase (GOGAT), nitrate reductase (NR), glutamine 
synthetase (GS) and glutamine dehydrogenase (GDH), are involved in the metabolism of 
nitrogen in crop plants (He et al. 2022; Rizwan et al. 2022) and their activities accurately 
represent the degree of crop N absorption (Xia et al. 2020). 
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Drought stress dramatically lowers the soil water potential, 
which prevents the delivery of nitrogen (N) to the root 
surface, slows down root growth and significantly limits the 
available surface area of the root for nutrient absorption 
(Wang et al. 2019; Cao et al. 2022). Also, metabolic abnor-
malities brought about by a water shortage in the plant 
influence the synthesis, breakdown and metabolism of 
nitrogenous substances in plants (Ozturk et al. 2021). 
Among the most significant ways that plants have evolved 
to deal with drought is through regulation of nitrogen 
metabolism (Du et al. 2020a). 

The NR and nitrite reductase (NiR) work together to 
change the nitrate absorbed by the plants itself to ammonium 
(Yoneyama and Suzuki 2019). The amino acids synthesised by 
a sequence of N assimilation enzymes, such as GDH, GS and 
GOGAT, can then be used for the production of biomacro-
molecular compounds (Ca ̃  et 2020). Therefore, Nnas al. 
absorption and transport can be promoted in plants by raising 
N metabolic enzymes’ activity (Zhang et al. 2020). 

The use of bio-stimulators can reduce the negative impact 
of abiotic stresses (including drought) on plant performance 
(Altaf et al. 2022a). Among the several defensive substances 
naturally produced inside plants, melatonin (MT) seems to be 
a promoting bio-stimulator against water stress (Nawaz et al. 
2021), and it is crucial in a variety of biological activities, 
including photosynthesis (Yan et al. 2021), nitrogen 
metabolism regulation (Ren et al. 2022) and ROS scavenging 
(Gao et al. 2022) in challenging conditions. The mitigating 
impact of MT has been reported for a diverse range of plant 
species grown under drought conditions, such as tomato 
(Solanum lycopersicum) (Ibrahim et al. 2020; Altaf et al. 
2022a), cotton (Gossypium hirsutum) (Hu et al. 2021), tobacco 
(Nicotiana tabacum) (Liu et al. 2021) and  Phoebe sheareri (Li 
et al. 2023). However, the mechanistic basis of such mitigation 
remains to be explored in pepper. While previous studies have 
briefly mentioned the mitigating effects of melatonin on 
drought stress in other crops, our study provides novel insights 
into the mechanistic basis of this mitigation through the 
modulation of nitrogen metabolism. 

In this work, we have hypothesised that exogenous 
melatonin application may increase plant resilience to water 
scarcity by improving N metabolism. MT was found to activate 
a range of enzymes related to nitrogen metabolism, such as NR, 
NiR, GS, GOGAT and GDH, resulting in improved nitrogen 
content, photosynthetic traits and, ultimately, plant growth. 
It is therefore concluded that exogenous application of MT 
could provide an affordable and straightforward solution to the 
production of crops under conditions of limited water availability. 

Materials and methods

Plant cultivation and treatments

Sweet pepper (Capsicum annuum L.) plants of the variety 
‘Semerkand F1’, supplied by Nunhems Seeds Company, 

were grown in a greenhouse at the research station of 
Harran University, Sanliurfa, Turkey (37°10 013″N, 39°00 007″E), 
from the beginning of May 2022 to the beginning of June 
2022. After being surface sterilised in a solution of 1% 
NaOCl (v/v), pepper seeds were sown in a plate with washed 
sand and germinated under controlled plant growth conditions, 
with day time and night time temperatures fixed at 25 ± 2°Cand  
15 ± 2°C, respectively. One week after germination, seedlings 
were planted into a 5-L container holding dry soil and sand 
in an equal volume (two plants per container). A 0.10 mM MT 
containing Tween-20 (0.01%) was sprayed to half seedlings 
once a day for 3 days before starting the drought treatment. 
The concentration of 0.10 mM melatonin content used in 
the experiment was based on prior research with pepper 
plants (Kaya et al. 2022). The spraying solution was calibrated 
to 25 mL per pot and the foliar application was administered 
until the entire plant was thoroughly wetted. A pre-treatment 
period of three consecutive days with MT solutions was 
implemented before the onset of drought stress to ensure 
that the plants had taken up MT within their cells, following 
a methodology similar to a previous study conducted with 
pepper (Kaya et al. 2022). All seedlings were then divided into 
two groups (control and drought-affected; see Supplementary 
Fig. S1 for details). The control plants were treated with a 
solution containing only Tween-20 (0.01%). For control and 
drought treatment, the availability of soil water was kept at 
80% and 40% of total water holding potential, respectively. 
The type of soil was clay loam and its parameters included 
25.2% CaCO3, a pH of 7.8, 1.2% organic matter, 3.2 mg kg−1 

of available P and 1.4 dS m−1 of electrical conductivity. The 
exchangeable cation concentrations of Ca2+, K+, Mg2+ and 
Na+ were 25.7, 1.38, 12.9 and 0.69 cmol kg−1, respectively. 
The pH of irrigation water was 7.3 and the electrical conduc-
tivity was 0.54 dS m−1. Nitrogen, P2O5 and K2O were applied 
to the soil in amounts of 100, 50 and 120 mg kg−1 respectively, 
in the form of granular urea, triple superphosphate and 
potassium sulfate. Day time and night time temperatures 
were fixed at 25 ± 2°C and 15 ± 2°C, respectively. During 
the trial, the duration of illuminance remained around 11 h. 

The total soil water holding capacity was calculated before 
starting the drought treatment by examining three pots with 
drilled holes in each, which is a one-time measurement to 
determine the soil’s baseline water holding capacity. Air-
dried soil and washed sand were placed in equal parts in 
each 5-L container, which was then filled completely with 
distilled water and left to drain for a day. After reweighing the 
pots, the equation of Bonfim-Silva et al. (2015) was employed 
to calculate the soil’s total capacity for holding water. 

Similarly, the amount of water lost during the experiment 
was measured daily using the gravimetric method of da Silva 
Leite et al. (2019), which involves weighing the pots twice 
daily and adding back the water consumed by plants and 
evaporated water. These measurements were used to monitor 
the water status of the plants and ensure consistent drought 
stress treatment. 
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Each replicate consisted of three pots, with two plants per 
pot, and the experiment was repeated three times, resulting in 
a total of 18 plants per treatment. For determination of shoot 
and root dry weights, six plants were randomly selected from 
each treatment. After measuring the plant fresh weight, 
samples were dried in an oven set to 75°C for a period of 
3 days. The remaining 12 plants from each treatment were 
used for physiological and biochemical assays, with the 
youngest fully developed leaves selected for analysis. 

Chlorophyll content and operation of PSII

The content of leaf chlorophyll was measured as per the 
procedure of Strain and Svec (1966) using 90% acetone 
extract. The absorbance values for chlorophyll a and 
chlorophyll b were determined at 663.5 nm and 645 nm, 
respectively. The measurement of chlorophyll fluorescence 
was carried out with a Mini-PAM chlorophyll fluorometer 
(Walz, Germany) using dark-adapted samples. Parameters 
such as maximal, minimal and variable fluorescence (Fm, Fo 
and Fv, respectively) were recorded, and the maximum 
quantum efficiency of PSII (Fv/Fm ratio) was evaluated. 

Leaf water relations

A Pressure Chamber Instrument (PMS model 600, USA) was 
used to measure the leaf water potential. To calculate leaf 
relative water content (RWC), the method of Yamasaki and 
Dillenburg (1999) was used. After weighting leaf samples, 
they were put inside the vials with distilled water for 
incubation for a day, after which time the leaf was cleared 
of any surface water and the leaf turgid weight (TW) was 
appraised. To determine the leaf dry weight (DW), these 
samples were finally oven-dried to a consistent weight at 
65°C. RWC was computed using the following equation: 
RWC = [(FW – DW)/(TW – DW)] × 100. 

Thermal image processing and analysis

Infra-red imaging using a thermal camera (FLIR T540) was 
used to measure canopy temperatures during the daytime 
when the canopy was at its warmest. The camera was 
mounted on a tripod, adjusted for emissivity, and captured 
thermal images of the entire canopy. The images were 
processed using FLIR Tools software to measure temperatures, 
and the mean temperature values were calculated. To obtain a 
representative sample of the canopy, six readings were taken 
in total, with two readings taken from each side of the plant, 
selected from various directions. 

Leaf free amino acid and proline content

The leaf free amino acids and proline content were measured 
using the procedures described by Rosen (1957) and Bates 
et al. (1973), respectively. A sulfosalicylic acid (3%, 10 mL) 
solution was used to extract 0.5 g of leaf tissue. Each 

filtrate sample received 2 mL of glacial acetic acid (60% v/v) 
and acid-ninhydrin (2.5% w/v) solutions. The solution was 
then heated in a 100°C water bath for 1 h. The quantities 
of free amino acids and proline were measured using a 
spectrophotometer at A520 nm and A580 nm, respectively. 

Glycine betaine (GB), soluble sugar and soluble
proteins

To assess the GB content, the procedure of Grieve and Grattan 
(1983) was employed. First, the samples of dried leaves were 
powdered. After adding 20 mL of deionised water to the dry 
sample, it was shaken at 25°C for 24 h. A 2N H2SO4 at a 1:1 
ratio was then treated with the prepared sample. To initiate 
the reaction, a 0.5 mL of the extract was treated with cool 
potassium iodide (0.2 mL). The sample mixture underwent 
a complete 15-min 10 000g centrifugation. A measurement of 
absorbance at 365 nm was taken. The GB standards ranged 
from 50 to 200 μg mL−1 and were prepared with 2N H2SO4. 

Soluble sugars content was quantified as described by Fales 
(1951) method. Excised leaves were placed in 15 mL of 
distilled water and then permitted to boil in a water bath for 
20 min before cooling naturally. A 3 mL of anthrone was 
added to the boiling sample. The absorbance at 620 nm was 
measured 

The spectrophotometric technique described by Smith 
et al. (1985) was adopted to estimate the soluble proteins 
concentration. In a nutshell, 0.1 M phosphate buffer (pH 6.75) 
was used to pulverise 1.0 g of freshly obtained leaf tissue. Each 
tube had 1.5 mL of the bicinchoninic acid (BCA) reagent 
and 5 μL of the sample supernatant was mixed after being 
centrifuged at 15 000g for 15 min. After 5 min of heating in 
boiling water, the samples were then cooled to the ambient 
temperature. At 562 nm, the absorbance readings were 
recorded. 

Hydrogen peroxide (H2O2) and malondialdehyde
(MDA) content

The protocol of Velikova et al. (2000) was used to measure the 
leaf H2O2. A 3 mL solution of 1% TCA was used to extract 
500 mg of fresh leaf material. The OD at 390 nm was 
measured. Leaf MDA was quantified as per Weisany et al. 
(2012). Following the homogenisation of 200 mg of fresh 
leaf tissue in trichloroacetic acid (TCA, 5 mL), the mixture 
was centrifuged at 12 000g for 5 min. Then, 1 mL of the 
sample solution was mixed with 4 mL of 0.5% thiobarbituric 
acid (processed in 20% TCA). The mixture solution was 
incubated to in a 90°C water bath for 30 min. After the 
mixture had cooled, absorbances at 532 nm were recorded. 

Electrolyte leakage (EL)

The measurement of EL was conducted using the method 
described by Dionisio-Sese and Tobita (1998). Leaf samples 
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were stored in deionised water-filled vials at ambient 
temperature for 24 h on a rotating shaker for measurement 
of the first electrolyte conductivity (EC1). After 20 min of 
autoclaving at 120°C, the second electrolyte conductivity 
(EC2) was measured. The EL was computed as per the 
equation below: 

ELð%Þ = ðEC1=EC2Þ × 100 

Antioxidant enzymes

Fresh leaf tissue weighing 0.5 g was extracted using 1% 
soluble polyvinyl pyrrolidine and Na-P buffer (50 mM). 
The extracted solution was then centrifuged at 20 000g for 
15 min. All enzyme activities were tested using the extract 
solution. Catalase (CAT) and peroxide (POD) activity were 
quantified as per the protocol of Chance and Maehly (1955). 
In order to measure glutathione S-transferase (GST) activity, 
the procedure of Hossain et al. (2006) was employed. Gly I 
and Gly II activities were quantified as per the methods of 
Chakravarty and Sopory (1998) and Principato et al. (1987), 
respectively. 

Methylglyoxal (MG) levels

After being homogenised in 5% perchloric acid with a 500 mg 
leaf material, the extract was centrifuged at 11 000g for 
10 min at 4°C. A concentrated solution of potassium carbonate 
was also employed to neutralise the colour at 25°C after 
removing the colour from the supernatant by adding charcoal. 
Absorbance values were recorded at 288 nm (Wild et al. 
2012). 

Key enzymes of N metabolism

In order to assay the NR and NiR activities, fresh leaf tissue 
(1:5 w/v) was extracted in a chilled pestle and mortar with 
100 mM potassium phosphate buffer. The sample solution 
was centrifuged and the filtrate was obtained for NR and 
NiR activity measurement. 

The Debouba et al. (2006) method was used to measure NR 
activity. The extract was treated with NADH to kick off the 
reaction and then was incubated at 27°C for 30 min, 
combined with 500 mM zinc acetate (0.1 mL). The production 
of nitrite was established following the generation of 
diazotation. The absorbances at 540 nm were measured once 
it had cooled to a room temperature. A NaNO2 calibration 
graph was used to determine the amount of nitrite. A decrease 
in the NO2 quantity was employed to assess the NiR activity 
(Debouba et al. 2006). The reaction was started by adding a 
0.1 M NaHCO3 solution containing 4.3 mM sodium dithionite 
to the reaction mixture. The reaction was halted by stirring 
and boiling for 1 min at 27°C for 30 min. At 540 nm, the 
remaining NO2 ions in the solution were recorded. 

Glutamine synthetase, glutamate dehydrogenase
and glutamate synthase

Fresh leaf tissue was triturated in 50 mM Tris-HCl buffer 
(pH 7.6) containing 1 mM EDTA, 1 mM MgCl2, 10  mM  
β-mercaptoethanol, 1 mM dithiothreitol and 0.5% 
polyvinylpyrrolidone (PVP) to quantify the activities of GS 
and GDH. The GS activity was measured as per the protocol 
of Agbaria et al. (1998). A sample cocktail (2.0 mL) included 
1 mM ADP, the enzyme extract, 50 mM glutamine, MgCl2 

(20 mM), Tris-HCl buffer (50 mM) and sodium arsenate 
(20 mM). The OD was read at 540 nm after centrifuging at 
3000g for 10 min. The activity GDH was quantified by 
recording NADH oxidation at 340 nm as per Groat and 
Vance (1981). 

Fresh leaf material (1:5, w/v) was extracted in potassium 
phosphate buffer (50 mM) containing 1 mM phenylmethyl-
sulfonyl fluoride (PMSF), 10 mM KCl, 2 mM EDTA, 
ethylene glycol (3.58 M) and 14 mM β-mercaptoethanol for 
the measurement of GOGAT activity. After centrifuging the 
sample solution at 20 000g for 20 min, an aliquot was 
taken and used to quantify the NADH-GOGAT activity. The 
protocol of Groat and Vance (1981) was employed to measure 
the NADH-GOGAT activity by screening for NADH oxidation 
at 340 nm. 

Determination of total N, NO3 and NH4

The determination of total nitrogen content in dried plant leaf 
and root samples was performed using the Kjeldahl method. 
To measure the concentrations of NO3 and NH4, fresh leaf 
and root tissues were extracted in distilled water and then 
thoroughly warmed. To determine nitrate levels, the sample 
solution was prepared according to the procedure outlined 
in Cataldo et al. (1975). Specifically, the solution contained 
0.1 mL of the filtrate, 0.2 mL of concentrated H2SO4 and 
0.2 mL of 5% salicylic acid. Next, the extracted material 
was treated with 1 mL of 4 M NaOH. The absorbance of the 
resulting extract was measured at 410 nm after appropriate 
cooling. 

The Nessler reagent was used to assess the concentration 
of ammonium according to Molins-Legua et al. (2006). To  
measure the concentration of ammonia in the sample, the 
reaction solution was prepared using 0.1 mL of the filtrate, 
the Nessler reagent, 0.01 mL of 10% K-Na tartrate and 
2.4 mL of redistilled water. The optical density was then 
measured at 425 nm. 

Statistical analysis

Statistical significance was determined using Tukey’s test in a 
post hoc analysis at a significance level of P ≤ 0.05. The data 
was presented using standard errors and means and SAS 
software (ver. 9.4, SAS Institute, Cary, NC, USA) was used 
for data analysis and graph creation. 
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Results

Exogenous MT treatment enhanced drought
tolerance, leaf water relations and transpiration
cooling in pepper

To investigate the impact of exogenous melatonin on drought 
tolerance, various plant growth and photosynthesis-related 
parameters were evaluated. Under drought stress, the 
shoot, root and total dry mass of plants were significantly 
reduced (P ≤ 0.05) by 30%, 55% and 34%, respectively, 
compared to control plants (Fig. 1a–c). However, externally 
applied melatonin showed significant increases in plant 
growth-related attributes, including the shoot, root and 
total dry mass, by approximately 26%, 80% and 32%, 
respectively (Fig. 1a–c). No significant (P < 0.05) effects of 
melatonin treatment were observed under normal conditions. 
Additionally, under drought stress, pepper seedlings’ chlorophyll 
a and b concentrations, as well as PSII efficiency (Fv/Fm), were 
significantly decreased (P ≤ 0.05) compared to control plants, 
with reductions of 53%, 30% and 23%, respectively. However, 

when melatonin was externally applied under drought 
conditions, there were significant increases in these 
photosynthesis-related traits by 56%, 30% and 29%, 
respectively, compared to plants that were only exposed 
to drought stress (Fig. 1d–f ). The melatonin treatment 
did not have a significant (P ≤ 0.05) effect on the traits of 
control plants. 

Drought stress significantly lowered leaf RWC and water 
potential (ΨI). MT significantly (P ≤ 0.05) enhanced leaf 
RWC and leaf ΨI by 33% and 80%, respectively (Fig. 2a, b). 
The control plants did not exhibit significant changes after 
pre-treatment with MT. Drought-affected plants shown 
wilting symptoms (Fig. 2c) that were not present in 
MT-treated plants. 

An infra-red image was used to measure the canopy 
temperatures of pepper plants receiving various treatments. 
The foliage temperatures were significantly raised by 
drought in comparison to the control treatment (30.4°C vs  
34.2°C, respectively). MT application significantly lowered 
canopy temperature to 31.7°C if drought-stressed plants 
(Fig. 2c), suggesting better transpiration cooling. 

Fig. 1. Effect of melatonin (MT) on agronomical and photosynthetic characteristics of pepper plants
exposed to drought conditions. (a) Shoot dry matter (DM), (b) root DM, (c) total plant DM,
(d, e) chlorophyll a and b content and (f ) chlorophyll fluorescence Fv/Fm ratio. Plants were sprayed
either with 0.10 mM melatonin (+MT) or water (mock control; −MT). Data is mean ± s.e.
(n = 6–8). Tukey’s test was performed to determine the significant differences between groups
and bars labelled with different lower case letters are statistically different at P ≤ 0.05.
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Fig. 2. Effect of melatonin (MT) on water-related characteristics of pepper plants exposed to
drought conditions. (a) Leaf relative water content (RWC), (b) leaf water potential (Ψl) and
(c) plant phenotype and leaf temperature. Plants were sprayed either with 0.10 mM melatonin
(+MT) or water (mock control; −MT). Data is mean ± s.e. (n = 6–8). Tukey’s test was
performed to determine the significant differences between groups and bars labelled with
different lower case letters are statistically different at P ≤ 0.05. Digital and infra-red
photographs were taken at harvest stage.

Exogenous MT treatment improved synthesis of
compatible solutes under drought stress

Proline, soluble sugar, glycine betaine and free amino acid 
contents were increased by 94%, 29%, 30% and 46%, respec-
tively (Fig. 3a–d), but soluble protein content decreased by 
45% compared to control plants when subjected to drought 
stress (Fig. 3e). Pre-treatment of MT further increased proline, 
glycine betaine, soluble sugar and soluble protein content by 
22%, 16%, 9% and 39%, respectively. Thus, beneficial effects 
of exogenous MT application could be attributed to better 
osmotic adjustment by means of compatible solutions. 

MT decreased oxidative stress and boosts
antioxidant enzyme activity under drought stress

The oxidative stress experienced by plants under drought 
stress conditions (Bernardo et al. 2019) was assessed in this 
study, with a focus on the extent of oxidative damage and the 

possible mitigating effects of MT treatment. When compared 
to control plants, drought-stressed plants had higher levels of 
the oxidative stress markers, H2O2, MDA and EL ratio, which 
were 2.4, 3.4 and 1.7-fold higher, respectively. Priming with 
MT decreased these oxidative stress indicators by 32%, 25% 
and 30%, respectively (Fig. 4a–c). Exogenous application of 
MT was found to be beneficial in reducing drought-induced 
oxidative damage, lowering EL, improving membrane stability 
and promoting pepper plant growth under drought. 

The activities of GST, CAT and POD were measured to 
confirm the alleviating effect of MT on oxidative detoxifi-
cation in drought-stressed pepper plants. In drought-affected 
plants, activities of GST, CAT and POD was elevated by 71%, 
75% and 131%, respectively, when compared to those in 
control plants (Fig. 5a–c). The activities of these enzymes 
were enhanced further after treatment with MT in drought-
stressed plants. These findings suggested that the use of MT 
might strengthen antioxidant defence in plants subjected to 
drought treatment. 
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Fig. 3. Effect of melatonin (MT) on biochemical characteristics of pepper plants exposed to
drought condition. (a) Proline, (b) soluble sugar (SS), (c) glycine betaine (GB), (d) free amino
acid (FAA) and (e) soluble protein (SP). Plants were sprayed either with 0.10 mM melatonin
(+MT) or water (mock control; −MT). Data is mean ± s.e. (n = 6–8). Tukey’s test was
performed to determine the significant differences between groups and bars labelled with
different lower case letters are statistically different at P ≤ 0.05. FW, fresh weight; DW, dry weight.

MT increased the glyoxalase system enzyme
activities and decreases the amount of
methylglyoxal under drought

In response to drought, the content of methylglyoxal (MG) 
increased by 80% (Fig. 5d). When drought-stressed plants 
were compared to control plants, there was a substantial 
increase (29%) in Gly I but a slight decrease in Gly II (12%) 
(Fig. 5e, f ). The activities of Gly I and Gly II in drought-stressed 
plants pre-treated with MT were considerably higher, but MG 
levels were lower than in plants treated with MT alone under 
drought. This shows that MT effectively increases drought 
tolerance by activating the glyoxalase system and reducing 
MG concentration. 

MT modulated nitrogen metabolism under
drought

Nitrogen metabolism-related enzyme activities, as well as 
nitrite, ammonium and total nitrogen content, were measured 

in the plant to see if MT-upregulation of nitrogen metabolism-
related parameters improves pepper plant tolerance to drought 
stress. During drought treatment, the activities of enzymes 
related to nitrogen metabolism, including NR, NiR, GS, 
GOGAT and GDH, were significantly reduced (Fig. 6a–e). 
Plants supplemented with MT had 20%, 22%, 24%, 29% and 
30% higher NR, NiR, GS, GOGAT and GDH levels, respectively, 
than those in drought-stressed plants. 

Drought stress significantly (P ≤ 0.05) elevated ammonium 
(NH4 

+)-N content by 51% and 59%, and nitrate (NO3 
−)-N by 

39% and 31% but reduced total nitrogen (N) content by 36% 
and 35% in the leaves and roots, respectively, compared to 
those in control plants (Fig. 7a–f ). MT reduced NH4 

+ contents 
–by 18% and 25%, and NO3 content by 18% and 10%, but 

increased N content by 22% and 20% in leaves and roots, 
respectively, in those of drought-stressed plants alone. This 
demonstrates that MT in the presence of drought mitigated 
an increase in NO3 

− and NH4 
+ contents (thus reducing their 

potential toxicity to cell metabolism) while increasing total 
N content in plants. 
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Fig. 6. Effect of melatonin (MT) on activity of enzymes related to nitrogen metabolism in pepper plants
exposed to drought conditions. (a) Nitrate reductase (NR), (b) nitrit reductase (NiR), (c) glutamine
synthetase (GS), (d) glutamate synthase (GOGAT) and (e) glutamate dehydrogenase (GDH). Plants
were sprayed either with 0.10 mMmelatonin (+MT) or water (mock control; −MT). Data is mean ± s.e.
(n = 6–8). Tukey’s test was performed to determine the significant differences between groups and bars
labelled with different lower case letters are statistically different at P ≤ 0.05. FW, fresh weight.

Discussion

MT improved plant growth and water relation
under drought

Drought stress has been shown to have a harmful effect on 
plant performance (Khan et al. 2019) including plant 
growth (Al-Huqail et al. 2020), leaf water content (Ichsan 
et al. 2020) and redox characteristics (Bernardo et al. 2019). 
Osmolytes, such as proline, glycine betaine and soluble 
sugars, are produced by plants due to drought stress to 
maintain high osmotic pressure and water potential within 
the cells, maintaining the integrity of the cell membranes and 
enhancing drought resistance in crops (Du et al. 2020a). In the 
present study, plants experiencing drought stress had lower 
RWC and leaf water potential (Ψl). Soluble sugars, proline 
and glycine betaine levels were all increased to maintain 
the water status of plant under drought conditions. The 

accumulation and synthesis of soluble compounds, such as 
amino acids, particularly proline and soluble sugars, control 
osmoregulation during drought (Casta ̃neda and González 
2021). The results of current study showed that both free 
amino acid and proline concentrations increased in response 
to drought, which is in agreement with prior research 
conducted by Du et al. (2020b) and Cao et al. (2022). This 
finding supports the notion that increased accumulation of 
free amino acids and proline is a common response of 
plants to water deficit conditions. Proline also protects plant 
cells from oxidative damage and effectively neutralises ROS in 
addition to acting as an osmoprotectant (Ould said et al. 
2021). Thus, MT-mediated proline synthesis could represent 
an additional mechanism by which plants enhance their 
drought tolerance. 

Canopy temperature is a critical indicator of crop water 
potential and is used to plan irrigation for a variety of crops 
(Virnodkar et al. 2020). Drought treatment increased the 
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Fig. 7. Effect of melatonin (MT) on nitrogen content and profile in pepper plants exposed to drought
conditions. (a) Leaf ammonium (NH +

4 ), (b) root ammonium (NH +
4 ), (c) leaf nitrate (NO −

3 ), (d) root
nitrate (NO −

3 ), (e) leaf total nitrogen and (f ) root total nitrogen. Plants were sprayed either with
0.10 mM melatonin (+MT) or water (mock control; −MT). Data is mean ± s.e. (n = 6–8). Tukey’s
test was performed to determine the significant differences between groups and bars labelled with
different lower case letters are statistically different at P ≤ 0.05. FW, fresh weight; DW, dry weight.

canopy temperature from 30.4°C to 34.2°C in the present 
experiment. Drought stress causes stomata to close quickly, 
transpiration to decrease and leaf temperature to rise (Gräf 
et al. 2021). High canopy temperatures inhibit plant growth 
and can reduce biomass and yield (Sofi et al. 2019). The 
treatment of MT reduced the canopy temperature to the 
level comparable to the control treatment. This shows that 
MT-improved plant growth might be due to lower canopy 
temperatures. 

MT improves traits related to photosynthesis
under drought

The maximum photochemical efficiency (Fv/Fm) and chloro-
phyll content were both negatively impacted by drought 
stress; similar findings that drought-induced decreases in 
those attributes have also been observed in coffee (Coffea 
arabica) (de Souza et al. 2020) and rice (Oryza sativa) 
plants (Xia et al. 2022). Due to overproduction of ROS and 
altered cellular enzyme activity in our experiment, the 
amount of chlorophyll decreased under drought. Decreased 
chlorophyll content could be due to the lower N metabolism 
in drought-affected plants, given that chlorophyll levels are 
often used as a proxy for leaf N status (Zahoor et al. 2017; 

Xia et al. 2020). One more explanation for the decrease in 
chlorophyll concentration could be due to either a faster rate 
of breakdown of the chlorophyll or a drop in the enzyme’s 
activity required for chlorophyll synthesis (Altuntaş et al. 
2020). Moreover, enhanced traits related to photosynthesis 
and MT-induced decreased H2O2 indicate that MT helps to 
lessen the negative impacts of drought on photosynthetic 
traits, possibly by slowing the build-up of H2O2, similar to 
what was reported in rice (Silalert and Pattanagul 2021). 
MT has also been noted to elevate the chlorophyll synthesis 
in coffee plants (Campos et al. 2019) and tomatoes (Ibrahim 
et al. 2020) under drought. 

MT alleviated oxidative stress and upregulates
the antioxidant defence system under drought

Drought stress induces oxidative stress by interfering with 
electron transport throughout the photosynthetic process 
(Dalal and Tripathy 2018). MDA and H2O2 are well-known 
oxidative damage metrics and both were elevated under 
drought in the current study, indicating increased oxidative 
stress in drought-treated plants (Iqbal et al. 2018; Sohag 
et al. 2020). 

Antioxidant defence systems are built by plants to regulate 
ROS build-up within cells (Guidi and Tattini 2021). In our 
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studies, GST was upregulated. GST has the potential to 
detoxify H2O2 by employing the reagent glutathione (Majeed 
et al. 2018). CAT and POD levels also increased (Fig 5b, c). MT 
pre-treatments alleviated oxidative stress in drought-treated 
plants, as indicated by lower H2O2 and MDA levels. Additional 
elevations in GST were achieved with the pre-treatment of MT 
under drought, showing that GST plays a positive function in 
detoxifying H2O2. This confirms the role of MT as an inducer 
of antioxidant enzymatic activity and eliminating ROS. 
Melatonin is a multifunctional molecule that is known as an 
all-purpose antioxidant per se (Yan et al. 2021; Huang et al. 
2022). 

MT-upregulated glyoxalase system under
drought

The glyoxalase system contains enzymes Gly I and Gly II to 
scavenge excess methylglyoxal (MG) build-up under harsh 
conditions (Li 2019; Altaf et al. 2022b). MG build-up reportedly 
increased in rapeseed (Brassica napus) (Hasanuzzaman et al. 
2017) and soybean (Glycine max) (Hasan et al. 2020) under 
drought stress conditions. In pepper plants, water stress 
increased Gly I activity while lowered Gly II activity. MT 
treatment decreased the buildup of MG and improved the 
activity of both enzymes, demonstrating the contribution of 
MT to drought tolerance through boosting the glyoxalase 
system. MT-downregulated MG synthesis has been reported in 
potatoes (Solanum tuberosum) under drought stress (El-Yazied 
et al. 2022). The process of glycolysis in cells results in the 
production of methylglycoxal (MG), a newly discovered 
signalling molecule involved in the responses and tolerance 
of plants to abiotic stress (Li 2019). 

MT improved nitrogen metabolism under
drought

Drought-induced physiological abnormalities unavoidably 
influence the synthesis, breakdown and metabolism of 
nitrogenous substances (Cao et al. 2022). Overall, this may 
result in a shortage of the substrate needed by enzymes 
involved in nitrogen metabolism, which could explain why 
those enzyme activities declined in this study under drought 
conditions. The ability of a plant to assimilate nitrogen, 
produce proteins and engage in overall N metabolism is all 
dependent on the activities of nitrogen metabolism-related 
key enzymes (Wen et al. 2019). Consequently, the reactions 
of these crucial enzymes are crucial for plant growth and 
development (Gaudinier et al. 2018; Rizwan et al. 2022). 
Data obtained in this study confirmed that under drought, 
the NR, NiR, GS, GOGAT and GDH activities of pepper leaves 
considerably decreased (Fig 6a–e). Reduced activities of these 
enzymes due to drought may eventually lead to decreased 
protein synthesis, most likely due to reduced assimilation of 
N. Because of a lack of substrates, a chain of events occurs, 
resulting in a decrease in the activity of specific enzymes 

involved in N metabolism. Under stressful conditions, it has 
been shown that plant biostimulators increase the activation 
of essential N metabolism enzymes and increase soybean 
stress tolerance via modifying N metabolism to delay the 
rate of leaf ageing (Zhang et al. 2020). The activities of 
nitrogen metabolism-related enzymes significantly increased 
when exogenous melatonin (MT) was applied to pepper plants 
under drought conditions in this study. These findings are 
consistent with previous research, which has shown that 
exogenous MT can help to maintain a consistent level of 
nitrogen assimilation by upregulating significant enzyme 
activities and offsetting the negative effects of drought on 
these essential enzyme activities in nitrogen metabolism 

+(Cao et al. 2022). Inorganic N forms such as NH4 and 
NO3 

− are the primary N sources for crop plants (Gruffman 
et al. 2014). For crops, ammonium is a preferred source of 
nitrogen because it requires less energy to metabolise. 
However, high NH4 

+ concentrations can damage the plant’s 
cells and induce N metabolism dysfunction (Dubey et al. 
2021). Limiting the overabundance of NH4 

+ in plant tissues 
is regarded as a crucial ability to tolerate drought stress 
(Zou et al. 2021). In our study, drought resulted in a 

+substantial rise in both NH4 and NO3 
−-N contents, but 

reduced nitrogen content in the roots and leaves of pepper 
plants, as previously reported in soybean plants (Cao et al. 
2022). Decreased NR and NiR activity, as also observed in 
soybean (Du et al. 2020a), is most likely the cause of leaf 
NO3 

− accumulation under drought conditions. NO3 
− in 

leaves altered guard cell depolarisation, thereby causing 
stomatal closing, which leads to decreased photosynthesis 
activity and, as a result, reduced plant growth (Schäfer et al. 
2018). One of possible reasons of increased canopy tempera-
ture caused by drought could be high NO3 

− accumulation 
within the leaf cell, which causes stomatal closure, reducing 
transpiration and increasing canopy temperature, as observed 
in our study. 

Exogenous MT may increase the activity of critical N 
metabolism enzymes while decreasing NO3 

− and NH4 
+ 

concentrations, all of which lead to an increase in protein 
assimilation. Exogenous MT increased NR and NiR activity 
in the presence of drought, lowering NO3 

− concentration. 
The NR and NiR collaborate to convert the NO3 

− taken up by 
the plant into NH4 

+ (Yoneyama and Suzuki 2019). Reduced 
+NH4 in the plant tissues due to exogenous MT under 

drought could be attributed to increase in the activity of the 
GS and GOGAT enzymes, which convert NH4 

+ to glutamine 
and glutamate, respectively (Wang et al. 2020). 

Conclusions

Our study demonstrates that the application of melatonin can 
stimulate the antioxidant defence system, lower ROS levels, 
enhance RWC and upregulate nitrogen metabolism in sweet 
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pepper plants under water-limited conditions. These findings 
suggest that exogenous melatonin application can serve as a 
sustainable and cost-effective solution to reduce crop losses 
and improve potential yields in water-limited conditions. Our 
study also underscores the need for further investigation into 
the molecular processes underlying melatonin action and its 
impact on nutrient absorption to improve plant tolerance 
and adaptation to drought. The development of low cost 
and eco-friendly technologies like melatonin application is 
crucial in the context of global warming and our findings 
provide new insights into the potential of melatonin in crop 
production. 

Supplementary material

Supplementary material is available online. 
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