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Abstract

Melatonin (N-acetyl-5-methoxytryptamine) is an essential molecule which regulates plant growth and development and 
alleviates the damaging effects of abiotic stresses. To evaluate the important functions of melatonin in response to salinity 
stress, the effects of exogenous melatonin on the antioxidant system and growth of tomato (Solanum lycopersicum L.) under 
150 mM NaCl stress were investigated. The application of 100 μM melatonin compensated the growth inhibition caused 
by salt-stress. Melatonin treated seedlings had an increased fresh and dry masses of shoots and roots. The application 
of 1 - 200 µM melatonin notably enhanced the relative chlorophyll content (SPAD index), root characteristics, and gas 
exchange in tomato seedlings subjected to salt stress compared to seedlings treated with salt stress alone. Moreover, 
melatonin pretreatment minimized accumulation of reactive oxygen species and improved activities of antioxidative 
enzymes including catalase, superoxide dismutase, glutathione reductase, and ascorbate peroxidase.
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Introduction

Environmental stress, such as salinity, directly impacts 
plants growth and development through osmotic and 
particular ion effects, and by leading to oxidative 
stress due to enhanced reactive oxygen species (ROS) 
production (Hasanuzzaman et al. 2013, Jiang et al. 2017). 
According to Ahuja (2010) and Zhang et al. (2011), 
many environmental stresses as drought, salinity, extreme 
temperatures are devastating for crops causing yield loses. 
Kaya et al. (2013) and Peng et al. (2017) declared soil 
salinity as a global problem. As described by Khan and 
Hemalatha (2016) and Liu et al. (2018) photosystems 
get impaired, production of reactive oxygen species is 
accelerated, and growth is reduced due to excessive NaCl 
concentration. Firstly, cellular organelles are damaged 

due to high concentrations of Na+, thus causing changes 
in of enzymatic activities, protein synthesis, respiration, 
and photosynthesis. Secondly, an imbalance in nutrients 
is resulted due to salinity, as it causes a decline in uptake 
and transport nutrients towards the shoot. Further, plants 
face a physiological drought condition as salinity hurdles 
root water uptake due to decreased osmotic potential of 
soil (Ruiz-Lozano et al. 2012).

Melatonin (N-acetyl-5-methoxytryptamine) is an 
organic compound with low molecular mass and exerting 
various biological activities; it represents a ubiquitous 
molecule in all living organisms from bacteria to mammals 
(Hardeland et al. 2011, Reiter et al. 2014, Nawaz et al. 
2016). The first discovery of melatonin in higher plants was 
reported by Dubbels et al. (1995) and Hattori et al. (1995). 
Later on, clear occurrence of melatonin in all organs of 
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plants including fruits, leaves, flowers, stems, seeds and 
roots has been evidenced (Arnao and Hernández-Ruiz 
2015). The beneficial role of melatonin has been proved by 
increasing number of reports. The useful role of this magic 
molecule has been confirmed in many plant processes 
including germination of seeds and seedling growth 
(Aguilera et al. 2015, Li et al. 2019a), germplasm storage 
(Zhao et al. 2011, Uchendu et al. 2013), development and 
growth of roots (Hernandez-Ruiz et al. 2005, Park and 
Back 2012); and in responses to many stress conditions 
including high temperature stress (Jahan et al. 2019), 
salt stress (Liu et al. 2019, Li et al. 2019c, Zhang et al. 
2019), drought stress (Wang et al. 2013, Liang et al. 2019, 
Yang et al. 2019b), cold stress (Bajwa et al. 2014, Cao 
et al. 2019), heavy metals (Kaya et al. 2019), pathogens 
(Wei et al. 2017), and ultraviolet radiation (Afreen et al. 
2006, Wei et al. 2019). Melatonin has multiple functions 
in plants, though, its possible role under abiotic stresses 
is still uncertain (Siddiqui et al. 2019). Yin et al. (2019) 
described its protective ability against abiotic stress 
in plants. Li et al. (2019b) suggested the involvement 
of melatonin in enhancing tolerance under both biotic 
and abiotic stresses in tomato plants, by regulation of 
several biological processes. Galano et al. (2011), Zhang 
et al. (2015), and Zhang et al. (2019) also witnessed the 
efficiency of exogenous melatonin in different crops for 
the amelioration of adverse effects of different stresses. 
Many other exogenous substances can be employed for 
improving productivity and enhancing tolerance in plants 
under stress conditions (Yang et al. 2015, Han et al. 2016). 
The following factors seemed to affect alleviating effects 
of melatonin: improvement in photosynthetic capacity, 
inhibition of chlorophyll degradation, enhancement 
of growth parameters and activities of antioxidant 
enzymes, and development of root morphology-related 
characteristics.

The tomato (Solanum lycopersicum L.) is moderately 
sensitive towards salinity stress (Liu et al. 2015b). The 
current study was conducted to study the role of melatonin 
under salinity stress conditions on photosynthetic rate, 
root traits, response to oxidative stress and seedling health. 
The outcome of this study would contribute to the existing 
literature on the role of melatonin in plants. It would guide 
the cultivation faculty of vegetables with improved quality 
and better yields. 

Materials and methods

Plants, growth conditions, and treatments: The seeds 
of tomato (Solanum lycopersicum L.) cv. Fenli were 
purchased from a seed store in Shouguang Minghao Seed 
Industry Co. (Shouguang, China). The melatonin (N-acetyl-
5-methoxytryptamine) was purchased from Solarbio, 
(Haikou, Hainan, China). The NaCl was purchased from 
Xilong Scientific Co.) Haikou, Hainan, China.

The current study was conducted in the Hainan 
University of Haikou City, China (a.s.l. 14 m). Tomato 
seed were sowed into moistened Vermiculite in plug trays. 
After germination, tomato seedlings at 3 true-leaves stage 

(35 d after sowing) were transfer into plastic pots (top 
diameter of 10 cm, height of 8.5 cm, and bottom diameter 
of 7 cm) also filled with Vermiculite (12 g). The seedlings 
were pre-cultivated for 10 d to allow the adaption to new 
conditions. This study was carried out under controlled 
conditions (day/night temperatures of 24/13 °C, a relative 
humidity between 65 - 85 %, a photosynthetic photon flux 
density of 350 µmol m-2 s-1 and a 15-h photoperiod.

Then various concentrations of melatonin (0, 1, 50, 
100, 150, and 200 µM; 80 cm3 per plant) were applied 
directly into the soil for 12 d (once every third day). After 
12 d of melatonin pretreatment, seedlings were irrigated 
with 150 mM NaCl (80 cm3 per plant). Cntrol plants 
were irrigated with distilled water without the addition of 
NaCl or melatonin. There were three replicates for each 
treatment, each containing ten plants. The seedlings were 
treated with NaCl for 12 d and samples for calculating 
different parameters were collected. Quick freezing of 
samples was done by adding liquid nitrogen and the 
samples were stored at -80 °C.

Growth parameters and root morphology: Plant height 
was calculated after salt and melatonin treatment for 12 d. 
Fresh mass from 6 identical plants was determined on an 
electric balance (MSE24P-1-CE-DA, Cubis®, Sortorious, 
Göttingen, Germany). For measuring dry mass, seedlings 
were dried in an oven, first at 105 °C for 15 min and then 
at 70 °C for 72 h.

Root harvesting was done by picking three uniform 
plants. Roots were washed with deionized water. 
Imagery scan screen (Epson Expression 11000XL, Regent 
Instruments, Canada) was used to perform root scanning. 
Further, WinRHIZO 2003a software (Regent Instruments) 
was used for root image analysis.

Measurement of chlorophyll content, carotenoid 
content, leaf photosynthesis parameters and SPAD 
index: Cold acetone (80 %, m/v, 10 cm3) was used for 
the extraction of chlorophyll from fresh leaves (0.5 g), 
followed by centrifugation of homogenate (5 000 g, 
10 min). Lichtenhaler and Wellburn method (1983) was 
used to determine chlorophyll a, chlorophyll b, and 
carotenoid content spectrophotometrically, and absorbance 
was recorded at 662, 645, and 470 nm, respectively. 
A SPAD-502 chlorophyll meter (Minolta Camera Co., 
Osaka, Japan) was used for measuring relative chlorophyll 
content of tomato leaves (every 3rd leaf was selected from 
top of each plant). A portable photosynthesis system 
(CIRAS-3, Hansatech Co., Amesbury, MA, USA) was 
used to measure net photosynthetic rate (PN), transpiration 
rate (E), stomatal conductance (gs), and intercellular 
CO2 concentration (ci), of the fully expanded leaves. All 
measurements were performed under a leaf temperature of 
25 ± 2 °C, a relative humidity of 65 ± 5 %, a photosynthetic 
photon flux density of 800 μmol m-2 s-1, and external CO2 
concentration of 360 μmol mol-1.

Determination of H2O2, O2
•−, malondialdehyde, and 

electrolyte leakage in leaves: Heath and Packer’s method 
(1968) was followed to measure the end product of lipid 
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peroxidation (malondialdehyde, MDA). In leaf samples, a 
solution consisting of 0.65 % (m/v) 2-thiobarbituric acid 
and 10 % (m/v) trichloroacetic acid was used for extraction 
purposes.

Similarly, a modified method of Velikova et al. (2000) 
was employed for H2O2 determination. For this purpose, 
homogenate of leaf tissues (0.07 g) was prepared by using 
5 % trichloroacetic acid solution, then it was centrifuged 
(12 000 g, 15 min). After centrifugation, potassium 
phosphate buffer (0.5 cm3, pH 7) and KI (1 cm3) were added 
to 0.5 cm3 supernatant, and absorbance was measured at 
390 nm. Finally, a standard curve was followed to estimate 
H2O2 content.

A modified method of Elstner and Heupel (1976) 
was employed for estimating superoxide in leaves by 
homogenizing leaf sample (0.5 g) with potassium phosphate 
buffer (3 cm3, pH 7.8). After centrifuging the homogenate, 
phosphate buffer (0.9 cm3, pH 7.8), and hydroxylamine 
hydrochloride (0.1 cm3) were added to 1 cm3 supernatant, 
and incubated at 25 °C for 20 min, followed by addition of 
sulfanilamide and α-naphthylamine. Then, centrifugation 
was done (15 000 g, 5 min) after adding the same volume 
of ethyl ether, and absorbance was measured at 530 nm. 
Finally, production rate of superoxide was calculated by 
using sodium nitrite as a standard solution.

The method of Zhang et al. (2012a) was used for 
measuring electrolyte leakage (EL) of leaves. Into 10 cm3 

of distilled deionized water in a test tube, 100 mg of fresh 
leaf sample was added. After two hours, an initial electrical 
conductivity was measured (ECI). Then, for measuring the 
final electrical conductivity (ECII), the eaction tube was 
boiled about 20 min followed by cooling at 25 °C. We 
also measured the electrical conductivity of water (ECIII). 
Finally, a following formula was used for calculation: 
EL [%] = 100 × (ECI - ECIII) / (ECII - ECIII).

Determination of antioxidant enzyme activities: 
Before performing enzymes assay, an ice-chilled 
extraction buffer consisting of 1 mM EDTA, 1.5 % (m/v) 
polyvinylpyrrolidone, 50 mM Tris-HCl, and 1 mM MgCl2 
(pH of 7.8) was used for homogenization of seedling 
samples collected from each treatment. For determining 
ascorbate peroxidase (APX), a crude extract was prepared 
by adding 2 mM of ascorbate (ASC). Centrifugation of 
homogenates was carried out at 13 000 g and 4 °C for 
20 min, the supernatant was used for assay of enzymes 
activities, such as catalase (CAT), APX, superoxide 
dismutase (SOD), and glutathione reductase (GR). The 
activities of CAT, APX, SOD, and GR were measured 
following the method of Aebi (1984), Nakano and 
Asada (1981), Beyer and Fridovich (1987), and Foyer 
and Halliwell (1976), respectively. The enzyme amount 
required to convert one µmole of substrate in one minute 
is equal to 1 Unit of a respective enzyme.

Analysis of data: SPSS statistical software (IBM SPSS 
22.0, IBM Corporation, New York, USA) was used for 
performing statistical analysis. Means ± SEs of three 
replicates were used to present the data. Duncan’s multiple 
tests (P < 0.05) was employed for analyzing the difference 

between treatments. Originpro 2020b (Originlab Corp., 
Northampton, MA, USA) software was used to perform 
the hierarchical cluster analysis (complete clustering 
algorithm) and making a dendrogram among studied 
parameters. Figures were also produced using Originpro 
2020b software.

Results

The plant height was significantly decreased (of about 
37 %) after the addition of NaCl as compared to control 
(Fig. 1). Pretreatment with 0, 1, 50, 100, 150, and 200 µM 
melatonin alleviate the growth inhibition. The melatonin 
application (at a rate of 100 µM) also alleviate negative 
effect of NaCl on root and whole plant fresh and dry 
masses (Fig. 2).

Compared with control, net photosynthetic rate, 
transpiration rate, stomatal conductance, and intercellular 
CO2 concentration were significantly reduced by salt stress 
(Fig. 3). However, this salt stress-induced reduction in PN, 
ci, gs, and E was alleviated with melatonin pretreatment at 
various concentrations (1 - 200 µM) and the most effective 
concentration was 100 µM. For example, melatonin 
pretreated tomato seedlings at 100 µM concentration 
followed by salt stress exhibited a decrease in PN, ci, gs, 
and E by 80.5, 83.6, 36.8, and 82.5 %, respectively, as 
compared with salt stress without pretreatment. Likewise, 
salt treatment reduced chlorophyll a, chlorophyll b, and 
carotenoid content, and this salt stress-induced reduction 
was alleviated by melatonin pretreatment (Fig. 4A-C). A 
dramatic decrease was shown in the SPAD index (relative 
chlorophyll content index) after 12-d treatment with NaCl, 
from 48.03 in control plants to 36.84 in the salt-stressed 
plant, while at 100 µM melatonin-pretreated plants it was 
45.53 (Fig. 4D).

The decrease of total root volume, root length, root 

Fig. 1. Influence of NaCl alone or in combination with various 
concentrations of melatonin in tomato seedlings on plant height. 
C – control, S - 150 mM NaCl, S+M1 - 150 mM NaCl + 1 µM 
melatonin, S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 
- 150 mM NaCl + 100 µM melatonin, S+M150 - 150 mM NaCl 
+ 150 µM melatonin, S+M200 - 150 mM NaCl + 200 µM 
melatonin. Means ± SEs, n = 3, significant differences are marked 
by different lowercase letters (at P < 0.05) according to Duncan’s 
multiple range test.
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Fig. 2. Influence of NaCl alone or in combinations with various concentration of melatonin on plant fresh mass (A), plant dry mass 
(B), root fresh mass (C), and root dry mass (D), in tomato seedlings. C - control, S - 150 mM NaCl, S+M1 - 150 mM NaCl + 1 µM 
melatonin, S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 - 150 mM NaCl + 100 µM melatonin, S+M150 - 150 mM NaCl + 
150 µM melatonin, S+M200 - 150 mM NaCl + 200 µM melatonin. Means ± SEs, n = 3, significant differences are marked by different 
lowercase letters (at P < 0.05) according to Duncan’s multiple range test.

Fig. 3. Influence of NaCl alone or in combination with various concentrations of melatonin on A - net photosynthetic rate (PN); 
B - intercellular CO2 concentration (ci); C - stomatal conductance (gs); D - transpiration rate (E) in tomato seedlings. C - control,  
S - 150 mM NaCl, S+M1 - 150 mM NaCl + 1 µM melatonin, S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 - 150 mM NaCl + 
100 µM melatonin, S+M150 - 150 mM NaCl + 150 µM melatonin, S+M200 - 150 mM NaCl + 200 µM melatonin. Means ± SEs, n = 3, 
significant differences are marked by different lowercase letters (at P < 0.05) according to Duncan’s multiple range test.
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surface area, root tips and root forks showed a noticeable 
reduction after NaCl application (Fig. 5). Interestingly, 
these root growth parameters showed maximum at 
100 μM melatonin The tomato leaves exposed to NaCl 
stress showed increased O2

•− generation and H2O2 content, 
relative to the control plants. However, NaCl-induced 
accumulation of H2O2 and O2

•− were significantly reduced 
by the application of melatonin (from 50 to 150 μM) and 
100 μM treatment showed a maximum removal efficiency 
of O2

•− and H2O2 (Fig. 6A,B). Similarly, compared to 
the control, a significant increase in both EL and MDA 
content was observed in NaCl stressed tomato leaves, and 
a melatonin-pretreatment at 50, 100, and 150 μM doses 
attenuated these increases (Fig. 6C,D).

The impact of salt stress and melatonin application on the 
activity of antioxidant enzymes was also investigated. The 
activities of SOD, GR, CAT, and APX showed significant 
enhancement under salinity stress. When compared with 
salinity stress alone, activities of all four antioxidant 
enzymes were further enhanced with pretreatment of 
melatonin, except at 200 μM concentration, and under an 
application of 100 μM melatonin, the highest activity of all 
antioxidant enzymes was detected (Fig. 7).

The hierarchical cluster analysis (complete clustering 
algorithm) was carried out for a total of 27 dependent 
variables. The dendrogram illustrated that all the traits 
could be grouped into four major clusters (Fig. 1 Suppl.).

Discussion

Many abiotic stresses limit plant growth and biomass 
production and salinity is one of them as explained by 
Gómez-Pando et al. (2010) and Jampeetong and Brix 
(2009). The current study highlights the significant decline 
in almost all of the growth parameters of plants under salt 
stress but this decline was significantly alleviated by the 
exogenous melatonin, which has been proved as a plant 
growth regulator (Zhang et al. 2013). Ke et al. (2018), 
Li et al. (2019c), Yin et al. (2019), Zafar et al. (2019), 
and Zhang et al. (2020) showed that leaf senescence can 
be delayed by application of melatonin and also plant 
resistance against cold, drought, salt, and many other 
abiotic stresses can be enhanced. Results of the current 
study indicated that growth and biomass production 
could be effectively increased by 100 µM melatonin 
(Figs. 1 and 2). In rapeseed seedlings, Liu et al. (2018) 
also confirmed alleviation of salt-induced growth (root 
dry mass, root fresh mass, plant dry mass, and plant fresh 
mass) inhibition by melatonin application. Li et al. (2012) 
and Wang et al. (2016a) also justify such a beneficial 
role of melatonin as a plant growth regulator under salt 
stress. Thus our results confirmed the alleviation of salt 
stress-inhibited plant growth with the help of exogenous 
melatonin.

One of the basic physiological processes is photo-

Fig. 4. Influence of NaCl alone or in combination with various concentrations of melatonin on chlorophyll a (A), chlorophyll b (B), 
carotenoids (C), and SPAD index (D), in tomato seedlings. C - control, S - 150 mM NaCl, S+M1 - 150 mM NaCl + 1 µM melatonin, 
S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 - 150 mM NaCl + 100 µM melatonin, S+M150 - 150 mM NaCl + 150 µM 
melatonin, S+M200 - 150 mM NaCl + 200 µM melatonin. Means ± SEs, n = 3, significant differences are marked by different lowercase 
letters (at P < 0.05) according to Duncan’s multiple range test.
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synthesis. As reported by Parida and Das (2005) and 
Takahashi and Murata (2008), rate of saccharide 
production is reduced under salinity. Usually, higher 
content of chlorophyll result in higher photosynthesis 
and hence better plant performance. In the current study, 
it is revealed that NaCl application decreased the SPAD 
index, net photosynthetic rate, transpiration rate, stomatal 
conductance, and intercellular CO2 concentration in tomato 
leaves (Figs. 3A-D and 4D) and these characteristics were 
improved by pretreatment with melatonin. Liang et al. 
(2015) revealed that in rice seedlings, melatonin delays 
senescence and improves chlorophyll content by direct 
reduction of ROS and enhanced antioxidant capacity. The 
protective role of melatonin pretreatment has been proved 
under salinity in many plants. Many studies reported that 
photosynthesis and chlorophyll content were improved 
in tomato seedlings (Zhou et al. 2016, Yin et al. 2019), 

watermelon seedling (Li et al. 2017a), lettuce seedling 
(Yan et al. 2016), and cucumber seedling (Wang et al. 
2016a, Zhang et al. 2020). Under drought, it has been 
reported by Liu et al. (2015a) that antioxidant capacity 
and photosynthesis of tomato seedlings are enhanced 
by melatonin treatment. Similarly, Hasan et al. (2015) 
reported melatonin induced-improvement of tolerance of 
tomato seedlings to Cd stress, by enhancement of plant 
biomass and hence photosynthesis. Nawaz et al. (2018) 
revealed that seedlings pretreated with melatonin showed 
increased SPAD index, photosynthetic assimilation, 
and plant growth under vanadium toxicity. Similarly, 
under salt stress, tolerance is enhanced by biosynthesis 
of melatonin in chloroplasts (Zheng et al. 2017). It was 
also shown by Jiang et al. (2016) that in maize under salt 
stress, chlorophyll content and PN were reduced less by 
1 μM melatonin application. In our study, for improving 

Fig. 5. Influence NaCl alone or in combination with various concentrations of melatonin on root length (A), root volume (B), surface 
area (C), root crossings (D), root tips (E), and root forks (F), in tomato seedlings. C - control, S - 150 mM NaCl, S+M1 - 150 mM NaCl 
+ 1 µM melatonin, S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 - 150 mM NaCl + 100 µM melatonin, S+M150 - 150 mM 
NaCl + 150 µM melatonin, S+M200 - 150 mM NaCl + 200 µM melatonin. Means ± SEs, n = 3, significant differences are marked by 
different lowercase letters (at P < 0.05) according to Duncan’s multiple range test.
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photosynthesis under salinity stress, 100 µM melatonin 
was found as the most effective one as compared to 1 or 
200 µM concentrations.

Chlorophyll a, chlorophyll b, and carotenoids are the 
primary photosynthetic pigments which are decreased by 
salt stress, possibly due to an accumulation of sodium ions 
that may cause changes in fine structure of chloroplast 
(Kao et al. 2003, Siddiqui et al. 2008). Xie et al. (2018) 
and Yin et al. (2019) demonstrated that the accumulation 
of chlorophylls and carotenoid is enhanced significantly 
by melatonin pretreatment. The results are in line with 
the study of Zhang et al. (2017b) on melon showing that 
exogenous melatonin maintains chlorophyll stability under 
cold stress. Moreover, Wei et al. (2015), Shi et al. (2015,) 
and Chen et al. (2018) determined that under different 
environmental stresses, the decrease in photosynthetic 
pigments might be alleviated by melatonin treatment. 
Our data also confirm these results. It was revealed a 
higher content of photosynthetic pigments under salinity 
stress after application of melatonin compared with salt 
treatment alone (Fig. 4A-C).

The significant factors contributing to the efficiency 
of nutrients uptake in plants are root size and root 
architecture (O’Toole and Bland 1987, Fitter et al. 1991, 
2008, Cruz et al. 2004, Postma and Lynch 2012). Meister 
et al. (2014), Rogers and Benfey (2015), Wissuwa et al. 
(2016) and Meng et al. (2019) suggested that plant growth 
can be improved by the enhancement of nutrient uptake 

and utilization efficiency due to modifications in root 
architecture. Root architecture can be changed in response 
to NaCl toxicity, as mentioned by Van Hoorn et al. (2001), 
Flores et al. (2002), Mahajan and Tuteja (2005), and Shafi 
et al. (2010). Adverse effects of NaCl limiting root growth 
in tomato plants are reported by Li et al. (2019b). Under 
salt stress, root growth is reduced from many possible 
reasons. Soils with high salt content account for a great 
decline in surface area and length of roots, followed by 
reduced uptake of nutrients and water. The current study 
showed the adverse effect of NaCl application on tomato 
root growth, root volume, total root length, root surface 
area, and root tips and these root traits were improved 
with melatonin pretreatment (Fig. 5), and thus melatonin 
pretreatment contributed to better growth of whole 
seedlings. Arnao and Hernández Ruiz (2007) reported 
that new root development and stimulation of root growth 
indicate the physiological roles of melatonin. Wang et al. 
(2016b) also reported that in Arabidopsis, root structure 
and morphology is affected by melatonin. Moreover, the 
relationship between the application of melatonin and 
root growth has been noted in tomato (Liu et al. 2015a), 
cucumber (Zhang et al. 2013, 2017a), watermelon (Nawaz 
et al. 2018), and rice (Han et al. 2017, Liang et al. 2017) 
in abiotic stress.

According to Wilhelm and Selmar (2011), the 
photosynthesis efficiency gets reduced by NaCl stress, 
thus resulting in obstruction of electron transfer and 

Fig. 6. Influence of NaCl alone or in combination with various concentrations of melatonin on hydrogen peroxide (H2O2) content 
(A), O2

•− generation (B), electrolyte leakage (C), and malondialdehyde (MDA) content (D), in tomato seedlings. C - control,  
S - 150 mM NaCl, S+M1 - 150 mM NaCl + 1 µM melatonin, S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 - 150 mM NaCl + 
100 µM melatonin, S+M150 - 150 mM NaCl + 150 µM melatonin, S+M200 - 150 mM NaCl + 200 µM melatonin. Means ± SEs, n = 3, 
significant differences are marked by different by lowercase letters (at P < 0.05) according to Duncan’s multiple range test.
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excess radiation energy accumulation leading to ROS 
accumulation. Zhang et al. (2012b) further mentioned that 
peroxidation of lipids caused by excess ROS increases 
the permeability of cell membranes and destruction of 
their functions. Our results show that the elevations of 
EL and MDA were consistent with the accumulation of 
H2O2 and O2

•− induced by salinity stress (Fig. 6). Still, this 
phenomenon can be suppressed by melatonin application. 
These findings are in line with the conclusion of many 
other studies of plants under oxidative stress (Zhang et al. 
2012c, Wang et al. 2013, Wei et al. 2015, Gao et al. 2019, 
Yang et al. 2019a). Li et al. (2012), Zhang et al. (2014), 
and Zhao et al. (2018) reported a decrease in NaCl stress-
induced oxidative damage by exogenous melatonin. The 
accumulation of H2O2 and O2

•− leads to the peroxidation 
of lipids, which ultimately results in membrane damage 
and electrolyte leakage (Sairam and Srivastava 2002, 
Khalid et al. 2014, Siddiqui et al. 2019). In abiotic stress, 
the integrity of the membrane can be assessed by several 
indicators; one of these is electrolyte leakage. The protective 
effect of melatonin in salinity-induced membrane damage 
is suggested by the reduction of MDA, H2O2, O2

•−, and 
electrolyte leakage. MDA content and electrolyte leakage 
caused by salt stress can be significantly be reduced by 
1 μM melatonin (Jiang et al. 2016). The MDA content 
and relative conductivity can be decreased by melatonin 

pretreatment in tomato seedling (Hasan et al. 2015) and 
cucumber seedling (Zhang et al. 2020).

For reducing oxidative stress in plants and scavenging 
excessive ROS, there exists a defense system containing 
antioxidant enzymes and other antioxidants. According 
to Manchester et al. (2015), plants can be protected from 
oxidative stress by melatonin, which directly enhances 
the activity of antioxidative enzymes and so scavenging 
free radicals and excess ROS. For instance, salt stress-
induced oxidative stress can significantly be alleviated 
by melatonin in tomato (Siddiqui et al. 2019, Yin el al. 
2019) and in cucumber (Wang et al. 2016a, Zhang et al. 
2020), cadmium-induced oxidative stress in rice (Byeon 
et al. 2015) and paraquat-induced oxidative stress in 
Arabidopsis thaliana (Weeda et al. 2014). Similarly, as 
mentioned by Li et al. (2017b), under low-temperature 
stress, the content of ROS can be reduced and the activity 
of an antioxidant enzyme can be enhanced by melatonin 
in wheat seedlings. The current study also demonstrated 
that in tomato seedlings under salinity stress, production 
of reactive oxygen species was reduced and the activity 
of the antioxidant enzyme was enhanced by exogenous 
melatonin (Fig. 7). Melatonin is also known as a broad-
spectrum antioxidant (Arnao and Hernández-Ruiz 2014), a 
potential antioxidant (Manchester et al. 2015, Reiter et al. 
2016, Yang et al. 2019a), and a free radical scavenger 

Fig. 7. Influence of NaCl alone or in combination with various concentrations of melatonin on superoxide dismutase (SOD) activity (A), 
catalase (CAT) activity (B), ascorbate peroxidase (APX) activity (C), and glutathione reductase (GR) activity (D), in tomato seedlings.  
C - control, S - 150 mM NaCl, S+M1 - 150 mM NaCl + 1 µM melatonin, S+M50 - 150 mM NaCl + 50 µM melatonin, S+M100 - 150 mM 
NaCl + 100 µM melatonin, S+M150 - 150 mM NaCl + 150 µM melatonin, S+M200 - 150 mM NaCl + 200 µM melatonin. Means  
± SEs, n = 3, significant differences are marked by different by lowercase letters (at P < 0.05) according to Duncan’s multiple range test.
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(Reiter et al. 2007). The theory of melatonin role as a plant 
protectant under any stress by reducing stress-induced 
oxidative stress at a cellular level is supported by these 
findings.

The significant role of melatonin in the defense 
system of plant is proved by many studies, and exogenous 
melatonin can alleviate any stress-induced oxidative 
stress. Melatonin is a pleiotropic molecule acting as an 
amphiphilic agent; thus it passes quickly through cell 
membrane into subcellular compartments. Exogenous 
melatonin can be employed in agriculture or in horticulture 
for ameliorating decline of the stress-induced damage in 
crops. In-depth and excessive research is still needed on the 
mechanism of action of melatonin, for better development 
of its application potential.

The dendrogram analysis classified all studied 
parameters into four major groups (Fig. 1 Suppl.). The 
possible mode of action for alleviation of salt stress in 
tomato seedlings pretreated with melatonin is summarized 
in (Fig. 2 Suppl.). It is thus concluded that melatonin acts 
as a cost-effective, stable and environmental friendly 
molecule which is easily available and can protect plants 
against environmental stresses such as salt stress, by 
ameliorating the root growth and biomass production, 
enhancing photosynthesis and antioxidant enzymes 
activity, and minimizing oxidative stress.

Conclusions

The current study found out that plant growth was severely 
reduced by NaCl application. In a dose-dependent manner, 
melatonin pretreatment of tomato seedlings significantly 
enhanced stress tolerance. Melatonin pretreatment 
improved the growth and biomass production, enhanced 
the activity of antioxidant enzymes, reduced H2O2, O2

•−, 
EL, and MDA content, promote root growth, enhanced 
photosynthetic assimilation and photosynthetic pigments 
content. Under salinity stress, such events enhanced salinity 
tolerance of tomato seedlings with melatonin pretreatment. 
It is hoped that in agriculture, a positive influence of 
melatonin on salt tolerance can open novel opportunities 
for its use. The role of melatonin in root growth promotion 
is widely reported, but further investigation regarding 
nutrient uptake due to melatonin is still needed; as there is 
little evidence regarding the role of melatonin in nutrient 
uptake and transport.
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