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ARTICLE INFO ABSTRACT

Keywords: Developing new varieties of natural fibers that can grow throughout the year is very crucial to
Low-temperature stress replace and avoid the bad effect of synthetic fiber. As a result of its beneficial role in protecting
Melatonin

plants from abiotic stressors, melatonin (N-acetyl-5-methoxytryptamine) has gained recognition
as a novel plant growth regulator. This study aimed to investigates the role of exogenous mela-
tonin (200 pM) on two varieties of Corchorous olitorius and Corchorous capsularis in response to
low-temperature stress (8 °C) for different periods of treatment (0, 24, 36, and 48 h) based on
biochemical properties, and antioxidant system. The results demonstrated that exogenous
melatonin had inhibitory effects of low-temperature stress on seedlings at different period of
treatment when compared to non-melatonin treated seedlings, potentially improved photosyn-
thetic apparatus (total chlorophyll up to 29.93 and 33.37%; total carotenoid up to 29.93 and
19.05%; anthocyanin up to 40.47 and 31.94% in M33 and Y49, respectively), reduced oxidative
damage (MDA up to 53.59 and 44.28%; H05 up to 41.04 and 16.88% in M33 and Y49,
respectively) by boosting the antioxidant enzymes (SOD up to 12.75 and 4.65%; POD up to 39.08
and 81.39%; total phenolic up to 43.38 and 56.48% in M33 and Y49, respectively) reduced
electrolyte leakage (EL) up to 15.37 and 13.64% in M33 and Y49, respectively) and increased
osmoregulation (soluble sugars up to 25.86 and 25.86%; proline up to 105.19 and 172.07%; FAA
up to 48.50 and 30.06% in M33 and Y49, respectively) content. Thus, this study showed that
exogenous melatonin effectively mitigated the low-temperature-induced oxidative in C. olitorius
and C. capsularis seedlings by regulating the antioxidant system and improving the low-
temperature resistance.

Reactive oxygen species
Antioxidant system

1. Introduction

Plants are exposed to multiple biotic and abiotic stresses during their life cycle. Low-temperature stress is regarded as one of the
greatest environmental threats to plant distribution, crop growth, survival, and production in agriculture because of its detrimental
effects on plant growth and development [1-3], notably in temperate regions and high-altitude environments [4]. It inhibits a wide
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range of physiological processes in plants by directly influencing various metabolic reactions such as membrane fluidity, enzyme
activities, and metabolism homeostasis, while osmotic and oxidative stresses indirectly [2,5]. Photosynthetic apparatus is directly
affected by low-temperature stress, primarily by inducing photoinhibition at both photosystem I (PSI) and photosystem II (PSII) [6].
Reactive oxygen species inhibits plant growth by causing lipid peroxidation and protein oxidation within cells [7,8]. Therefore, plants
have adopted a robust antioxidant defense system consisting of both enzymatic and non-enzymatic antioxidants to protect cells from
the adverse effects of ROS [9-12]. Plants’ low-temperature tolerance molecular mechanisms are reasonably well recognized, and
recent research has predominantly focused on strategies for enhancing plant resistance to low-temperature stress [13,14].

Since melatonin was first detected in plants in 1995, and it is found in practically all plant organs, including leaves, flowers, fruits,
seeds, stems, and roots [15,16] and regulator which also performs various physiological functions in plants and enhances plant
tolerance to abiotic stress factors [17-19]. Melatonin enhances the plant’s resistance against various environmental stresses like
oxidative stress, salt, cold, drought, leaf senescence, heavy metals and drought [20]. Under different abiotic stresses, melatonin en-
hances the detoxification of a variety of free radicals and reactive oxygen species (ROS) including hydroxyl radical (OH®), peroxynitrite
anion (NOj3), singlet oxygen (105) and nitric oxide (NO®) through metabolites [21] and modulates the different
enzymatic/non-enzymatic antioxidant systems including superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX),
glutathione peroxidase (GSH-PX), phenolics and flavonoids [22-24] and redox status [25]. In recent years, melatonin’s significance in
abiotic stress responses in many species has been well-studied, but little is known about the effects of melatonin on jute plants. Tossa
jute (Corchorus olitorius L.) is a major lingo-cellulosic natural, annual, herbaceous bast fiber crop that produces biodegradable,
eco-friendly long and shiny fibers next to cotton [26]. Like other crops, jute plants experience a profoundly suppressive influence on
their physiology and biochemistry when exposed to low temperatures [27]. It has been reported that different biological reactions are
influenced by temperature in jute, and it has been found that early planting results in premature blooming and stunts plant devel-
opment and fiber yield due to thermal sensitivity. It was reported that some varieties can be planted early with the absence of pre-
mature flowering in appropriate sowing time [28]. In the subtropical regions of China, where low-temperature weather is
unpredictable, extending the cultivation season (early planting and late harvesting) is important. In jute-producing countries,
extending the growing season would be more profitable into late March and early April [29,30]. There was little research on low
temperature research on jute. In a previous research carried out to distinguish cold-tolerant and cold-sensitive jute variety at molecular
level using DNA fingerprinting [30]. In another study, it was screened out the low temperature tolerant and low temperature sensitive
varieties based on physiological and biochemical traits [27]. There is currently no research on the effect of melatonin treatment on
cultivated C. olitorius and C. capsularis at low temperature stress. Considering the significance of natural fiber obtained from jute and
extending the growing areas, this study was carried out to determine the effect of exogenously applied melatonin on C. olitorius and
C. capsularis at low-temperature stress. The main focus of this study was on physiological and biochemical changes in the plants when
leaves were pre-treated with melatonin prior to low-temperature stress, where ROS production, lipid peroxidation, photosynthesis
activity, different enzymatic and non-enzymatic antioxidant activities were evaluated. The results could be helpful in understanding
the physiological functions of melatonin in plants under low temperature stress.

2. Plant materials and experimental design

Seeds of M33 variety of C. olitorius and Y49 variety of C. capsularis were germinated in a growth medium containing three layers of
sterile filter paper in the germination chamber. Sprouted seedlings for 3 days were transferred into plastic culture pots (10 x 10 cm)
containing a mixture of peat and vermiculite (3:1,v/v) that also added quarter-strength Hoagland nutrient solution which was pre-
pared by the previously described method for subsequent growth [31]. The seedlings were nurtured in a controlled environment with a
temperature range of 28/16 °C, photoperiod of 16 h/8 h (light/dark), relative humidity of 60%, and 250 pmol m~2s~! of light in-
tensity. The water was continuously applied every other day. The melatonin solution were made by dissolving the substance in ethanol
and then diluting it with phosphate-buffered saline (PBS) to concentrations of 200 pM, as described by Li et al. [32]. At the 3-4 leaf
stage, seedlings were sprayed once daily with 200 pM melatonin solution and distilled water as a control for 5 days. After that, plants
were grown under low-temperature stress while others were grown normally as a control. This procedure developed four distinct plant
experimental groups: (i) Control + Water: raised at normal temperatures, sprayed with distilled water; (ii) Control + Melatonin: raised
at normal temperatures, sprayed with 200 pM melatonin solution; (iii) Low-temperature stress: seedling were kept in the chamber by
maintain 8 °C temperature for 48 h; (iv) Low-temperature stress + Melatonin: seedling kept in the chamber by maintain 8 °C tem-
perature for 48 h, sprayed with 200 uM melatonin solution. Leaf samples were collected at 0, 12, 24, 36, and 48 h for MDA, H50a,
electrolyte leakage, and antioxidant enzymes analyses. Each leaf sample contained top 3 leaves a minimum of three individual plants of
similar variety that were mixed to form one sample. Three biological replicate of each treatment of both species was performed at every
harvest for further analysis.

2.1. Chemicals and equipments

Thiobarbituric acid (TBA), trichloroacetic acid (TCA), polyvinylpyrrolidone, sulfosalicylic acid, ninhydrin, glacial acetic acid, and
toluene were provided from Tianjin Section Co., Ltd (Tianjin, China). 1-proline and HCl (HPLC grade) were obtained from Shanghai
Macklin, China. Melatonin obtained from Sigma-Aldrich, St. Louis, USA. All solvents and reagents were analytical grade, and all
aqueous solutions were developed using double distilled water.

The water-bath sonicator (KQ5200DE, 40 kHz) and Microplate Reader (Tianjin, China) were obtained from Kemio Chemical Re-
agent Co., Ltd. Whereas, spectrophotometer 2700 made by Shimadzu, Japan was used in this study. A Millipore system collected from
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ULTRA Scientific (North Kingstown, USA) was used to obtain ultrapure water.
2.2. Determination of photosynthesis activities

Total chlorophyll content and carotenoid content were measured by assessing the absorbance at 645, 663, and 470 nm in a
spectrophotometer according to the earlier reported formulae [33]:

Total chlorophyll (mg/g leaf fresh weight) = [20.2 (OD645) + 8.02 (OD663)] x V/1000 x W
Carotenoid (mg/g leaf fresh weight) = [OD470 + (0.114 * OD663) — (0.638 * OD645)] x V/1000 x W

According to previously described procedure [34], the chlorophyll stability index (CSI) was estimated and calculated as follows:
CSI = (Total Chl under stress/Total Chl under control) x 100.

2.3. Determination of H2O MDA, electrolyte leakage, SOD and POD activities

The activities of Malondialdehyde (MDA), Hydrogen peroxide (H203), superoxide dismutase (SOD), and peroxidase (POD) were
calculated to determine the extent of plasma membrane degeneration and lipid peroxidation [35]. In short, 0.2 g of fresh leaf samples
were extracted by ground in 5 mL of 0.5% thiobarbituric acid (TBA) dissolving 5% trichloroacetic acid (TCA) for MDA and H,0,
content determination; and for the determination of SOD and POD activities homogenized in 5 mL ice-cold 0.2 M phosphate buffer (pH
7.0-7.5) containing 0.1 mM EDTA and 2% polyvinylpyrrolidone (w/v), respectively. MDA, H,05, SOD, and POD assay kits were
collected from Nanjing Jian Cheng Bioengineering Institute, Nanjing, China to determine the activities. According to the earlier
approach, protein concentration was calculated using bovine serum albumin (BSA) as a reference protein [36].

Following the procedure outlined by the researcher [37], calculated electrolyte leakage (EL) indicates cell membrane damage. The
EL was calculated using the following equation: EL (%) = EC1/ECy x 100.

2.4. Determination of non-enzymatic antioxidant compounds

Total phenolic concentration was calculated using a modified Folin-Ciocalteu colorimetric method [38]. A spectrophotometer
measured the solution’s absorbance at 765 nm against a reagent blank. Total phenolic content was expressed in milligrams of gallic
acid equivalent mg of GAE/g FW).

Anthocyanin concentrations were determined by extracting about 0.03 g of fresh leaf samples in 2 mL of methanol-HCI (1% HCl, v/
v) and shaking the vials at random intervals for the next 48 h at 4 °C temperature. The supernatant was subjected to a vortex, filtered,
and spectrophotometric analysis at 530 nm and 657 nm (UV-1280, Shimadzu, Kyoto, Japan). The anthocyanin content was assessed
according to Mancinelli et al. [39].

2.5. Determination of proline, soluble sugars, and free amino acid

Proline content was measured using a previously observed method [40]. Afterwards homogenization of fresh leaf samples with 3%
aqueous sulfosalicylic acid, the mixture was extracted with acid ninhydrin, glacial acetic acid, and toluene. Then, at 520 nm,
absorbance was measured with a spectrophotometer, while toluene served as the standard. A standard curve was drawn using an
L-proline reference solution, and the proline content was determined from the slope of the line.

The soluble sugar content was measured following the previously published anthrone method [41]. Soluble sugar concentrations
were measured by comparing the absorbance at 630 nm to a reference glucose solution.

According to Lee & Takahashi. [42], the ninhydrin reagent method was utilized to determine the total free amino acid content, and
the absolute absorbance was measured at 570 nm.

2.6. Statistical analysis

Three replications were used to estimate all determinations. The statistical tool SPSS 22.0 (SPSS, Chicago, USA) was utilized to
perform a one-way analysis of variance (ANOVA). The LSD test was utilized to compare treatment means and find a statistically
significant difference (p > 0.05). Pearson’s correlation was utilized to analyze the correlation coefficient.

3. Results
3.1. Effect of exogenous melatonin on photosynthesis under low-temperature stress

To determine the function of exogenous melatonin under low-temperature stress, the authors initially focused on phenotypic
changes of C. olitorius and C. capsularis seedlings. Under standard conditions for both varieties, no significant changes or effect was
observed in the total chlorophyll and carotenoid content after melatonin pretreatment for 5 days. Low temperature significantly
reduced total chlorophyll content by 20.48-33.50% in M33 variety and 9.91 to 30.0 % in Y49 variety compared to control (Figs. 1a and
2a). Carotenoid content reduced by 13.42-34.05% in M33 and 6.51-21.71% in Y49 variety relative to control (Figs. 1b and 2b). But,
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foliar application of 200 pM exogenous melatonin in low-temperature stress-treated plants significantly increased the total chlorophyll
increased by approximately 4.36/10.08%, 22.90/27.06%, 29.93/33.72%, 22.45/1.36%, and carotenoid content was increased by
3.54/0%, 22.49/10.97%, 34.13/19.05%, 34.13/7.34%, respectively, for M33/Y49 at 12 h, 24 h, 36 h, 48 h in relative to stress.
Interestingly, in C. olitorius, the reduction and exogenous elevated total chlorophyll and carotenoid content were higher compared to
C. capsularis. In 24 and 36 h of treatment the melatonin alleviated total chlorophyll and carotenoid content was higher compared to
other treatments.

3.2. Impacts of melatonin on malondialdehyde (MDA), hydrogen peroxide (H203), and electrolyte leakage (EL) under low-temperature
stress

The histochemical examination revealed that ROS concentration remained nearly constant in both varieties, even when exogenous
melatonin was administered under control situations. On the other hand, the low-temperature treatment led to dramatic elevations in
ROS (H205 and MDA) accumulation. At different levels of low-temperature stress, the MDA concentrations increased from 40.92 to
225.55% in M33 and 201.18-731.01% in the Y49 variety compared to control (Figs. 3a and 4a). It has been demonstrated that
melatonin treatment caused the greatest reduction of low temperature-induced ROS accumulation resulting in approximately 39.92/
11.82%, 53.59/44.28%, 41.35/37.65%, and 49.05/38.79% for M33/Y49, respectively at 12 h, 24 h, 36 h, and 48 h in relative to stress.
Like MDA, H202 content significantly increased by low-temperature stress from 62.29 to 276.81% in M33 variety and 52.19-74.79% in
Y49 variety (Figs. 3b and 4b). It has been recorded that melatonin treatment reduced the low temperature-induced HyO, accumulation
by approximately 15.20/16.33%, 41.04/12.73%, 32.03/15.08%, and 35.33/16.87% respectively, for M33/Y49 at 12 h, 24 h, 36 h,
and 48 h in relative to stress. EL increased from 7.68 to 41.18% in M33 and 20.08-52.74% at a different level of low-temperature stress
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Fig. 1. Effect of low-temperature stress and exogenous melatonin treatments osmolyte content in total chlorophyll and carotenoid content in M33
variety. The values presented are means + SD (n = 3). Significant difference is exhibited by different letters above the bars at p < 0.05 among
treatments. (CK:Control, Mel:Melatonin, LTS:Low-Temperature Stress).
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Fig. 2. Effect of low-temperature stress and exogenous melatonin treatments osmolyte content in total chlorophyll and carotenoid content in Y49
variety. The values presented are means & SD (n = 3). Significant difference is exhibited by different letters above the bars at p < 0.05 among
treatments. (CK:Control, Mel:Melatonin, LTS:Low-Temperature Stress).

compared to control (Figs. 3c and 4c). But, in the treatment of melatonin, the EL level increased approximately 5.10-15.37%, for M33
and 10.32-13.64% at a different level of treatment relative to stress.

3.3. Effects of exogenous melatonin on activities of enzymatic antioxidants at low-temperature stress

To investigate the melatonin’s role in regulating plants’ antioxidative system during low-temperature stress, the SOD and POD
activities were analyzed after low-temperature stress with or without melatonin pre-treatment. As shown in Figs. 5 and 6, increased the
activities of SOD (approximately 0.53-14.09% for M33, 5.28-28.68% for Y49 with respect to control) and POD (approximately
118.68-373.28% for M33, 16.64-136.96% for Y49 respect to control) were after low-temperature stress. Interestingly, the application
of 200 pM exogenous melatonin induced further increases in the activities of these enzymes to different extents. The melatonin
treatment increased the SOD activities by approximately 8.34/3.85%, 12.75/4.65%, 6.39/1.95%, 7.28/3.03% (Figs. 5a and 6a), and
POD was increased by 39.08/81.39%, 13.71/37.09%, 9.49/21.91%, 16.37/3.63%, respectively, for M33/Y49 at 12h, 24 h, 36 h, 48 h
in relative to stress (Figs. 5b and 6b). Antioxidant enzymes are crucial in preventing damage to plants caused by oxidative stress.
Whereas melatonin foliar treatment with 200 pM caused gradual increases in SOD and POD in the two varieties of seedlings as
compared with their corresponding controls. Surprisingly, when compared to low-temperature stress alone, exogenous melatonin
increased the activity of those enzymes in most cases.
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Fig. 3. Effect of low-temperature stress and exogenous melatonin on Malondialdehyde (MDA), Hydrogen Peroxide (H,O5) and Electrolyte leakage
(EL) in M33 variety. The values presented are means + SD (n = 3). Significant difference is exhibited by different letters above the bars at p < 0.05
among treatments.
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Fig. 4. Effect of low-temperature stress and exogenous melatonin on Malondialdehyde (MDA), Hydrogen Peroxide (H20,) and Electrolyte leakage
(EL) in Y49 variety. The values presented are means + SD (n = 3). Significant difference is exhibited by different letters above the bars at p < 0.05
among treatments. (CK:Control, Mel:Melatonin, LTS:Low-Temperature Stress).
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Fig. 5. Effect of low temperature stress and exogenous melatonin on enzymatic and non-enzymatic antioxidants superoxidase dismutase (SOD)
activity and peroxidase (POD) activity in M33 variety. The values presented are means + SD (n = 3). Significant difference is exhibited by different
letters above the bars at p < 0.05 among treatments. (CK:Control, Mel:Melatonin, LTS:Low-Temperature Stress).

3.4. Effects of exogenous melatonin on non-enzymatic and total antioxidant activity at low-temperature stress

In almost all treatments, soluble sugar, proline, phenolic content, anthocyanin, and free amino acids contents increased compared
with control seedlings after melatonin application. After low temperature stress the content of anthocyanin in both of variety was high
at 36 h, and 48 h with the value of 82.60/61.36% and 61.62/36.47%, respectively, for M33/Y49 relative to stress (Figs. 7a and 8a). In
case of proline content increased from 12.97 to 105.19% in M33 and 54.43-172.07% in the Y49 variety compared to control (Figs. 7b
and 8b). Pre-treatment of leaves with melatonin increased the proline content by 15.68/15.68%, 23.92/7.98%, 30.90/10.42%, 38.27/
29.0%, respectively, for M33/Y49 at 12 h, 24 h, 36 h, 48 h in relative to stress. In M33, proline content increased at a higher level than
Y49 variety after melatonin treatment relative to stress (Figs. 7b and 8b). After temperature stress, free amino acid increased from
14.54 to 54.40% for M33, and 19.51-45.28% for Y49 regarding control. The pre-treatment with melatonin increased the free amino
acid by approximately 17.21/10.36%, 48.50/30.06%, 55.68/18.77%, 19.45/19.05%, respectively, for M33/Y49 at 12 h, 24 h, 36 h,
and 48 h in relative to stress (Figs. 7c and 8c). In the case of total phenolic increased from 14.66 to 43.38% for M33, and 10.04-56.48%
for Y49 (Figs. 7d and 8d); soluble sugar increased from 1.35 to 22.87% for M33, and 1.75-27.49% for Y49 respect to control (Figs. 7e
and 8e). Total phenolic levels further increased by approximately 8.26/6.59%, 6.83/1.34%, 7.23/3.09%, 2.09/6.14% and soluble
sugar increased by 6.19/25.86%, 11.52/19.19%, 10.95/10.09%, 10.85/0%, respectively, for M33/Y49 at 12 h, 24 h, 36 h, 48 h in
relative to stress in pre-treatment with exogenous melatonin.
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4. Discussion

Recent research indicates that melatonin protects plants from various abiotic stresses, including low temperature, heat, drought,
salinity, and heavy metal toxicity [5,23,43]. Low temperature causes some alterations in cell structure, cell membranes, and cell wall
compounds. The study aimed to explore the protective roles of melatonin in minimizing the low-temperature effects in C. olitorius and
C. capsularis plants. There are scarce studies on the interaction of melatonin with low temperature stress in both of Corchorous spp. Our
results revealed that the exogenous melatonin administration reduced the negative effects of low-temperature stress.

It is widely known that low temperatures can disrupt photosynthesis by causing the reduction of photosynthetic pigments, the loss
of chloroplast structure, the closing of stomata, and can induce the production of reactive oxygen species (ROS) and the accumulation
of malondialdehyde (MDA) and proline in plants [16,44,45]. Under biotic or abiotic stress, seedlings have reduced chlorophyll levels
due to impaired chlorophyll biosynthesis or increased chlorophyll decomposition [46]. The findings of this study showed that
low-temperature stress increased total chlorophyll and carotene levels and light-harvesting ability in C. olitorius and C. capsularis
seedlings when exogenous melatonin was applied. Melatonin possibly repairs the impairments in protein synthesis and improves the
chlorophyll synthesis that enhances the plant growth attributes [47]. Recent reports also indicated that melatonin effectively sup-
presses the low-temperature induced photosynthetic inhibition in gardenia [48]. Possibly, exogenous melatonin significantly mini-
mized photo-inhibition by boosting photosynthetic efficiency via bio-stimulatory pathways, improving photochemical performance
[49]. These findings corroborate earlier observations that melatonin treatment can increase cold tolerance in bermuda grass [2], wheat



S. Dey et al. Heliyon 9 (2023) e19125

0 CK [ CK+Mel [ LTS [ LTS+Mel

a
a
14 - ]at. & N 4
— b . b
" : b b = 3 a
'S _I_ rE w
g : b ab —}
@ 10 4 b e c
£ 2 e b .
2 < 3
c 81 e T
§ =] .
& 61 .E c d
£ S,
£ 4 [
24
0- T T T - 0 -
CK CK+Mel 12H 24H 36H 48H CK CK+Mel  12H 24H 36H 48H
a) b)
30 4 3.0 4
a a
a g a & a &
25 o = o 254 T I
b 2 b
M < b b
) b & I =
T 24 o 2.0 - S
3 E ..
© a =
o= . a c 34
5 181 5 154
C 5 b b 3
0
E g c d g
= 04 o 10
S
2
2
54 o 054
0 T T i y 0.0 4 v : : T
CK CK+Mel  12H 24H 36H 48H o e o =" o
c) d)
25
a a
~ 204 a '}
s :
TR
< . LI i b
w b b
O 154
o
£
¥ 4
©
S
2 10
o
Qo
3
o
@ s
o : ! : T
CK CK+Mel  12H 24H 36H 48H
e)
M33

Fig. 7. Effect of low-temperature stress and exogenous melatonin on anthocyanin, proline, free amino acid, phenolic compounds and soluble sugar
in M33 variety. The values presented are means + SD (n = 3). Significant difference is exhibited by different letters above the bars at p < 0.05
among treatments. (CK:Control, Mel:Melatonin, LTS:Low-Temperature Stress).

[50]1 and Arabidopsis [5] by enhancing the synthesis and slower decomposition of chlorophyll. It has been linked to exogenous
melatonin causes a delay in chlorophyll breakdown during abiotic stress by raising total chlorophyll concentration [6,51,52].
Membrane damage and electrolyte leakage are good indicators for measuring the level of lipid degradation and plasma membrane
permeability in response to various environmental stresses [53,54]. However, excessive ROS accumulation can cause membrane lipid
peroxidation, which can lead to cell membrane damage, loss of cellular integrity, and cell fatalities [54]. In our research, a steady rise
in ROS (H203), MDA and EL was observed throughout the entire treatment suggests that the level of oxidative damages and loss of
integrity of the plasma membrane is affected by the length of stress, which is consistent with previous results in maize, soybeans, and
cucumbers [51]. Melatonin and several of its metabolites are known free radical scavengers and broad-spectrum antioxidants, and it
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Fig. 8. Effect of low-temperature stress and exogenous melatonin on anthocyanin, proline, free amino acid, phenolic compounds and soluble sugar
in Y49 variety. The values presented are means + SD (n = 3). Significant difference is exhibited by different letters above the bars at p < 0.05 among

treatments. (CK:Control, Mel:Melatonin, LTS:Low-Temperature Stress).

has been proposed that they directly scavenge ROS [5,55]. It was revealed that, exogenous melatonin minimizing the low-temperature
mediated oxidative damages as revealed by the reduced MDA and ROS levels, authors speculated that the ROS levels were lower
compared with non-melatonin treated plants under low temperature stress. Hydrogen peroxide (H2053) is toxic, destructive ROS and
more stable than other that can be used as an indicator of ROS scavenging activity. In contrast, malondialdehyde concentration can be
used indicate membrane damage [56]. It was reported that HyO» is subsequently removed by APX, POD, CAT and GPX through
different pathways [57]. Our results showed that during low-temperature stress, exogenous melatonin suppressed HoO3 and Oqe-
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formation, leading to a fall in ROS production; this effect was more pronounced in the C. olitorius compared to the C. capsularis which
might be due to direct enhancement antioxidant activities under low temperature stress. It has reported that reported that concen-
tration 150 pM melatonin improved low temperature tolerance by reducing the ROS burst by alleviated the damaging effect of
hydrogen peroxide, balancing photosynthetic efficiency, lowering EL and MDA level and elevating antioxidant activity. In this study,
melatonin-mediated the proline accumulation under low temperature stress showed the synergetic capacity of melatonin to cope the
oxidative damages. Previous findings showed that exogenous melatonin enhanced the proline content in under different stresses [58,
59], which are support the findings of current study and indicating antioxidant potential of melatonin in regulating proline metabolism
during stressful conditions. Thus, it supported the report that exogenous melatonin has a strong effect on endogenous melatonin
accumulation under low-temperature stress to mitigate low temperature-induced oxidative stress. These finding indicate that mela-
tonin could protect C. olitorius and C. capsularis seedlings from the negative effects of low temperature stress by inhibiting the accu-
mulation of HyO,, electrolyte leakage and MDA concentration; and enhances low temperature stress tolerance.

Different antioxidant enzymes and non-enzyme activities are responsible for eliminating reactive oxygen species (ROS) when
plants are stressed [60]. Authors found that under low-temperature stress increased the activities of the antioxidant enzymes (SOD,
POD) compared to non-stressed plants. Whereas plants treated with melatonin demonstrated further considerable increased of SOD,
POD activity. The increased in SOD, CAT and APX activities may be linked to the increased levels of ROS [61], indicating the activation
of the plant defense system against oxidative stress [61]. SOD and POD act as important antioxidant enzymes that can eliminate
redundant ROS from plant tissues, protecting the plasma membrane from peroxidation [62]. In plant cells, SOD converts O3 to O, and
H20,, while H303 can be further scavenged by POD and other antioxidant enzymes [2,32]. Our findings agree with other results [52,
63], indicating activation and elevation of different enzymatic antioxidant such as SOD and POD protect ROS induced damage by
low-temperature stress [64].

It has been reported that exogenous melatonin application might activate the enzymatic or non-enzymatic antioxidant system to
maintain the redox balance [2,50]. Exogenous melatonin progressively increased the accumulation of soluble sugar, proline, total
phenolic, anthocyanin, and free amino acids, suggesting the potential function of melatonin in increasing crop yield compared with
control plants. It also reported that compatible solutes (proline, sugar, and amino acids) protect plants from environmental stress by
osmoregulation, scavenging ROS accumulation and maintaining membrane integrity [65]. Melatonin-treated plants had even higher
proline and phenolic compound, which could result from melatonin’s antioxidant activity preventing proline breakdown [66]. Our
finding reported that plants’ phenolic compounds markedly increased in the low-temperature stressed plants compared to the control,
and the melatonin-treated plants were able to retain significantly greater phenolic substance content under low-temperature stress,
which are supported by others [50,67], and indicating this have a role in stress tolerance at low temperatures via increased phenolic
levels contribute to ROS detoxification and increase cell wall thickness [68]. In C. olitorius and C. capsularis, melatonin treatment was
found to accumulation of anthocyanin in both of species, which was also reported in other crops [69]. These consequences provided
additional evidence that melatonin promoted redox homeostasis by activating the enzymatic and non-enzymatic antioxidant mech-
anisms in defending plants against abiotic stress and recovering from oxidative stress-induced damage at the cellular level, as pre-
viously demonstrated and reported [50,70].

5. Conclusion

Melatonin, a well-known chemical, plays many crucial roles in plants. The role of melatonin in plant physiology in response to low-
temperature stress was investigated. The current study demonstrated that effect of melatonin on C. olitorius and C. capsularis seedlings
under low-temperature stress and result revealed that it had protective effects on growth. During low-temperature stress, plants treated
with 200 pM melatonin, recovered more rapidly than untreated plants by enhancing photosynthetic efficiency and enzymatic as well as
non-enzymatic antioxidant activities, limiting ROS accumulation, mitigating oxidative damage. Therefore, melatonin increases low
temperature tolerance in C. olitorius and C. capsularis seedlings. Thus, our findings suggest that as a signal molecule melatonin had a
strong role in low-temperature stress tolerance and provided new insights into potential application of melatonin to increase the low-
temperature tolerance and production of C. olitorius and C. capsularis throughout the year.

Funding statement

This research was supported by the Chinese Agriculture Technology Research System (CARS -16-E04) and Agricultural Science and
Technology Innovation Program (ASTIP-IBFC03).

Author contribution statement
Defang Li, Susmita Dey and Ashok Biswas: Conceived and designed the experiments. Susmita Dey and Ashok Biswas: Performed the

experiments; Analyzed and interpreted the data; Wrote the paper. Yong Deng, Ziggiju Mesenbet Birhanie, and Chen Wentao:
Contributed reagents, materials, analysis tools or data.

Data availability statement
Data will be made available on request.

12



S. Dey et al.

Heliyon 9 (2023) e19125

Additional information

No additional information is available for this paper.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to

influence the work reported in this paper.

References

[1]

[2]

[31
[4]
[5]
(6]
[71
[81
[91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]

[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]

A. Mishra, K.B. Mishra, LI. Hoermiller, A.G. Heyer, L. Nedbal, Chlorophyll fluorescence emission as a reporter on cold tolerance in Arabidopsis thaliana
accessions, Plant Signal. Behav. 6 (2011) 301-310, https://doi.org/10.4161/psb.6.2.15278.

Z.Hu, J. Fan, Y. Xie, E. Amombo, A. Liu, M.M. Gitau, A.B.M.M. Khaldun, L. Chen, J. Fu, Comparative photosynthetic and metabolic analyses reveal mechanism
of improved cold stress tolerance in bermudagrass by exogenous melatonin, Plant Physiol. Biochem. 100 (2016) 94-104, https://doi.org/10.1016/j.
plaphy.2016.01.008.

V. Chinnusamy, J.K. Zhu, J.K. Zhu, Cold stress regulation of gene expression in plants, Trends Plant Sci. 12 (2007) 444-451, https://doi.org/10.1016/j.
tplants.2007.07.002.

V.C. Andaya, D.J. Mackill, Mapping of QTLs associated with cold tolerance during the vegetative stage in rice, J. Exp. Bot. 54 (2003) 2579-2585, https://doi.
0rg/10.1093/jxb/erg243.

V.S. Bajwa, M.R. Shukla, S.M. Sherif, S.J. Murch, P.K. Saxena, Role of melatonin in alleviating cold stress in Arabidopsis thaliana, J. Pineal Res. 56 (2014)
238-245, https://doi.org/10.1111/jpi.12115.

X. Jiang, H. Li, X. Song, Seed priming with melatonin effects on seed germination and seedling growth in maize under salinity stress, Pakistan J. Bot. 48 (2016)
1345-1353.

Y.Y. Cao, M.T. Yang, S.Y. Chen, Z.Q. Zhou, X. Li, X.J. Wang, J.G. Bai, Exogenous sucrose influences antioxidant enzyme activities and reduces lipid peroxidation
in water-stressed cucumber leaves, Biol. Plant. (Prague) 59 (2015) 147-153, https://doi.org/10.1007/510535-014-0469-7.

K. Nahar, M. Hasanuzzaman, M.M. Alam, M. Fujita, Roles of exogenous glutathione in antioxidant defense system and methylglyoxal detoxification during salt
stress in mung bean, Biol. Plant. (Prague) 59 (2015) 745-756, https://doi.org/10.1007/s10535-015-0542-x.

S.S. Gill, N. Tuteja, Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants, Plant Physiol. Biochem. 48 (2010) 909-930,
https://doi.org/10.1016/j.plaphy.2010.08.016.

S. Erdal, M. Genisel, H. Turk, R. Dumlupinar, Y. Demir, Modulation of alternative oxidase to enhance tolerance against cold stress of chickpea by chemical
treatments, J. Plant Physiol. 175 (2015) 95-101, https://doi.org/10.1016/j.jplph.2014.10.014.

S.M. Ghaderian, R. Ghasemi, H. Heidari, S. Vazirifar, Effects of Ni on superoxide dismutase and glutathione reductase activities and thiol groups: a comparative
study between Alyssum hyperaccumulator and non-accumulator species, Aust. J. Bot. 63 (2015) 65-71, https://doi.org/10.1071/BT14282.

Y.E. Chen, J.M. Cui, G.X. Li, M. Yuan, Z.W. Zhang, S. Yuan, H.Y. Zhang, Effect of salicylic acid on the antioxidant system and photosystem II in wheat seedlings,
Biol. Plant. (Prague) 60 (2016) 139-147, https://doi.org/10.1007/s10535-015-0564-4.

C.K. Augspurger, Reconstructing patterns of temperature, phenology, and frost damage over 124 years: spring damage risk is increasing, Ecology 94 (2013)
41-50, https://doi.org/10.1890/12-0200.1.

M. Ashraf, M.R. Foolad, Roles of glycine betaine and proline in improving plant abiotic stress resistance, Environ. Exp. Bot. 59 (2007) 206-216, https://doi.org/
10.1016/j.envexpbot.2005.12.006.

K. Back, D.X. Tan, R.J. Reiter, Melatonin biosynthesis in plants: multiple pathways catalyze tryptophan to melatonin in the cytoplasm or chloroplasts, J. Pineal
Res. 61 (2016) 426-437, https://doi.org/10.1111/jpi.12364.

H. Cai, Y. Dong, Y. Li, D. Li, C. Peng, Z. Zhang, X. Wan, Physiological and cellular responses to fluoride stress in tea (Camellia sinensis) leaves, Acta Physiol. Plant.
38 (2016) 1-11, https://doi.org/10.1007/s11738-016-2156-0.

M.B. Arnao, J. Hernandez-Ruiz, Functions of melatonin in plants: a review, J. Pineal Res. 59 (2015) 133-150, https://doi.org/10.1111/jpi.12253.

M.F. Seleiman, S. Ali, Y. Refay, M. Rizwan, B.A. Alhammad, S.E. El-Hendawy, Chromium resistant microbes and melatonin reduced Cr uptake and toxicity,
improved physio-biochemical traits and yield of wheat in contaminated soil, Chemosphere 250 (2020), 126239, https://doi.org/10.1016/j.
chemosphere.2020.126239.

R. Hardeland, Melatonin in plants — diversity of levels and multiplicity of functions, Front. Plant Sci. 7 (2016) 1-14, https://doi.org/10.3389/fpls.2016.00198.
N. Zhang, Q. Sun, H. Zhang, Y. Cao, S. Weeda, S. Ren, Y.D. Guo, Roles of melatonin in abiotic stress resistance in plants, J. Exp. Bot. 66 (2015) 647-656, https://
doi.org/10.1093/jxb/eru336.

L.C. Manchester, A. Coto-Montes, J.A. Boga, L.P.H. Andersen, Z. Zhou, A. Galano, J. Vriend, D.X. Tan, R.J. Reiter, Melatonin: an ancient molecule that makes
oxygen metabolically tolerable, J. Pineal Res. 59 (2015) 403-419, https://doi.org/10.1111/jpi.12267.

C. Rodriguez, J.C. Mayo, R.M. Sainz, I. Antolin, F. Herrera, V. Martin, R.J. Reiter, Regulation of antioxidant enzymes: a significant role for melatonin, J. Pineal
Res. 36 (2004) 1-9, https://doi.org/10.1046/j.1600-079X.2003.00092.x.

H. Shi, C. Jiang, T. Ye, D.X. Tan, R.J. Reiter, H. Zhang, R. Liu, Z. Chan, Comparative physiological, metabolomic, and transcriptomic analyses reveal mechanisms
of improved abiotic stress resistance in bermudagrass [Cynodon dactylon (L). Pers.] by exogenous melatonin, J. Exp. Bot. 66 (2015) 681-694, https://doi.org/
10.1093/jxb/eru373.

Z. Ulhassan, Q. Huang, R.A. Gill, S. Ali, T.M. Mwamba, B. Ali, F. Hina, W. Zhou, Protective mechanisms of melatonin against selenium toxicity in Brassica napus:
insights into physiological traits, thiol biosynthesis and antioxidant machinery, BMC Plant Biol. 19 (2019) 1-16, https://doi.org/10.1186/512870-019-2110-6.
M. Batabusta, K. Szafraniska, M.M. Posmyk, Exogenous melatonin improves antioxidant defense in cucumber seeds (Cucumis sativus L.) germinated under chilling
stress, Front. Plant Sci. 7 (2016), https://doi.org/10.3389/fpls.2016.00575.

S. Majumder, P. Saha, K. Datta, S.K. Datta, Fiber Crop, Jute Improvement by Using Genomics and Genetic Engineering, Elsevier Inc., 2020, https://doi.org/
10.1016/b978-0-12-818581-0.00022-x.

S. Dey, A. Biswas, S. Huang, D. Li, L. Liu, Y. Deng, A. Xiao, Z.M. Birhanie, J. Zhang, J. Li, Y. Gong, Low temperature effect on different varieties of Corchorus
capsularis and Corchorus olitorius at seedling stage, Agronomy 11 (2021), https://doi.org/10.3390/agronomy11122547.

M.M. Islam, M.S. Ali, Agronomic research advances in jute crops of Bangladesh, AASCIT J. Biol. 3 (2017) 34-46.

M. Islam, S. Ali, Agronomic Research Advances in Jute Crops of Bangladesh Agronomic Research Advances in Jute Crops of Bangladesh, 2018.

M.B. Hossain, A. Awal, M.A. Rahman, S. Haque, H. Khan, Distinction between cold-sensitive and -tolerant jute by DNA polymorphisms, J. Biochem. Mol. Biol. 36
(2003) 427-432, https://doi.org/10.5483/bmbrep.2003.36.5.427.

D.R. Hoagland, D.I. Arnon, The water-culture method for growing plants without soil, Circ. - Calif. Agric. Exp. Stn. (1950) 347.

H. Li, J. Chang, H. Chen, Z. Wang, X. Gu, C. Wei, Y. Zhang, J. Ma, J. Yang, X. Zhang, Exogenous melatonin confers salt stress tolerance to watermelon by
improving photosynthesis and redox homeostasis, Front. Plant Sci. 8 (2017) 1-9, https://doi.org/10.3389/fpls.2017.00295.

H.K. Lichtenthaler, A.R. Wellburn, Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents, Biochem. Soc. Trans. 11
(1983) 591-592, https://doi.org/10.1042/bst0110591.

13


https://doi.org/10.4161/psb.6.2.15278
https://doi.org/10.1016/j.plaphy.2016.01.008
https://doi.org/10.1016/j.plaphy.2016.01.008
https://doi.org/10.1016/j.tplants.2007.07.002
https://doi.org/10.1016/j.tplants.2007.07.002
https://doi.org/10.1093/jxb/erg243
https://doi.org/10.1093/jxb/erg243
https://doi.org/10.1111/jpi.12115
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref6
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref6
https://doi.org/10.1007/s10535-014-0469-7
https://doi.org/10.1007/s10535-015-0542-x
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.jplph.2014.10.014
https://doi.org/10.1071/BT14282
https://doi.org/10.1007/s10535-015-0564-4
https://doi.org/10.1890/12-0200.1
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1016/j.envexpbot.2005.12.006
https://doi.org/10.1111/jpi.12364
https://doi.org/10.1007/s11738-016-2156-0
https://doi.org/10.1111/jpi.12253
https://doi.org/10.1016/j.chemosphere.2020.126239
https://doi.org/10.1016/j.chemosphere.2020.126239
https://doi.org/10.3389/fpls.2016.00198
https://doi.org/10.1093/jxb/eru336
https://doi.org/10.1093/jxb/eru336
https://doi.org/10.1111/jpi.12267
https://doi.org/10.1046/j.1600-079X.2003.00092.x
https://doi.org/10.1093/jxb/eru373
https://doi.org/10.1093/jxb/eru373
https://doi.org/10.1186/s12870-019-2110-6
https://doi.org/10.3389/fpls.2016.00575
https://doi.org/10.1016/b978-0-12-818581-0.00022-x
https://doi.org/10.1016/b978-0-12-818581-0.00022-x
https://doi.org/10.3390/agronomy11122547
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref28
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref29
https://doi.org/10.5483/bmbrep.2003.36.5.427
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref31
https://doi.org/10.3389/fpls.2017.00295
https://doi.org/10.1042/bst0110591

S. Dey et al. Heliyon 9 (2023) e19125

[34] R.K. Sairam, P.S. Deshmukh, D.S. Shukla, Tolerance of drought and temperature stress in relation to increased antioxidant enzyme activity in wheat, J. Agron.
Crop Sci. 178 (1997) 171-178, https://doi.org/10.1111/7.1439-037X.1997.tb00486.x.

[35] F. Wu, J. Dong, Y. Cai, F. Chen, G. Zhang, Differences in Mn uptake and subcellular distribution in different barley genotypes as a response to Cd toxicity, Sci.
Total Environ. 385 (2007) 228-234, https://doi.org/10.1016/j.scitotenv.2006.02.016.

[36] Bradford, Rapid and sensitive method for quantitation of microgram quantities of protein utilizing principle of protein-dye, Anal. Biochem. 72 (1976) 248-254,
https://doi.org/10.1016/j.¢j.2017.04.003.

[37] N. Lakra, K.K. Nutan, P. Das, K. Anwar, S.L. Singla-Pareek, A. Pareek, A nuclear-localized histone-gene binding protein from rice (oshbp1b) functions in salinity
and drought stress tolerance by maintaining chlorophyll content and improving the antioxidant machinery, J. Plant Physiol. 176 (2015) 36-46, https://doi.org/
10.1016/j.jplph.2014.11.005.

[38] J. Xu, Y. Zhang, Z. Guan, W. Wei, L. Han, T. Chai, Expression and function of two dehydrins under environmental stresses in Brassica juncea L, Mol. Breed. 21
(2008) 431-438, https://doi.org/10.1007/5s11032-007-9143-5.

[39] A.L. Mancinelli, Interaction between light quality and light quantity in the photoregulation of anthocyanin production, Plant Physiol. 92 (1990) 1191-1195,
https://doi.org/10.1104/pp.92.4.1191.

[40] Bates, et al., Rapid determination of free proline for water-stress studies, Plant Soil 207 (1973) 205-207.

[41] Yemn, Willis, The estimaion of carbohydrates in plant extracts by anthrone, Biochem. J. 57 (1954) 197, https://doi.org/10.1111/j.2042-7174.1999.tb00969.x.

[42] Y.P. Lee, T. Takahashi, An improved colorimetric determination of amino acids with the use of ninhydrin, Anal. Biochem. 14 (1966) 71-77, https://doi.org/
10.1016/0003-2697(66)90057-1.

[43] J.Fan, Z. Hu, Y. Xie, Z. Chan, K. Chen, E. Amombo, L. Chen, J. Fu, Alleviation of cold damage to photosystem II and metabolisms by melatonin in Bermudagrass,
Front. Plant Sci. 6 (2015) 1-14, https://doi.org/10.3389/fpls.2015.00925.

[44] J. Hao, F. Gu, J. Zhu, S. Ly, Y. Liu, Y. Li, W. Chen, L. Wang, S. Fan, C.J. Xian, Low night temperature affects the phloem ultrastructure of lateral branches and
raffinose family oligosaccharide (RFO) accumulation in RFO-transporting plant melon (Cucumismelo L.) during fruit expansion, PLoS One 11 (2016) 1-15,
https://doi.org/10.1371/journal.pone.0160909.

[45] S.L. Yang, S.S. Lan, F.F. Deng, M. Gong, Effects of calcium and calmodulin antagonists on chilling stress-induced proline accumulation in Jatropha curcas L,
J. Plant Growth Regul. 35 (2016) 815-826, https://doi.org/10.1007/500344-016-9584-3.

[46] S. Perveen, M. Shahbaz, M. Ashraf, Regulation in gas exchange and quantum yield of photosystem II (PSII) in salt-stressed and non-stressed wheat plants raised
from seed treated with triacontanol, Pakistan J. Bot. 42 (2010) 3073-3081.

[47] S. Ali, R.A. Gill, Z. Ulhassan, N. Zhang, S. Hussain, K. Zhang, Q. Huang, M. Sagir, M.B. Tahir, M.B. Gill, T.M. Mwamba, B. Ali, W. Zhou, Exogenously applied
melatonin enhanced the tolerance of Brassica napus against cobalt toxicity by modulating antioxidant defense, osmotic adjustment, and expression of stress
response genes, Ecotoxicol. Environ. Saf. 252 (2023), 114624, https://doi.org/10.1016/j.ecoenv.2023.114624.

[48] D. Zhao, R. Wang, J. Meng, Z. Li, Y. Wu, J. Tao, Ameliorative effects of melatonin on dark-induced leaf senescence in gardenia (Gardenia jasminoides Ellis): leaf
morphology, anatomy, physiology and transcriptome, Sci. Rep. 7 (2017) 1-19, https://doi.org/10.1038/541598-017-10799-9.

[49] P. Wang, X. Sun, C. Li, Z. Wei, D. Liang, F. Ma, Long-term exogenous application of melatonin delays drought-induced leaf senescence in apple, J. Pineal Res. 54
(2013) 292-302, https://doi.org/10.1111/jpi.12017.

[50] H. Turk, S. Erdal, M. Genisel, O. Atici, Y. Demir, D. Yanmis, The regulatory effect of melatonin on physiological, biochemical and molecular parameters in cold-
stressed wheat seedlings, Plant Growth Regul. 74 (2014) 139-152, https://doi.org/10.1007/510725-014-9905-0.

[51] B. Huang, Y.E. Chen, Y.Q. Zhao, C.B. Ding, J.Q. Liao, C. Hu, L.J. Zhou, Z.W. Zhang, S. Yuan, M. Yuan, Exogenous melatonin alleviates oxidative damages and
protects photosystem II in maize seedlings under drought stress, Front. Plant Sci. 10 (2019) 1-16, https://doi.org/10.3389/fpls.2019.00677.

[52] Q.H. Han, B. Huang, C.B. Ding, Z.W. Zhang, Y.E. Chen, C. Hu, L.J. Zhou, Y. Huang, J.Q. Liao, S. Yuan, M. Yuan, Effects of melatonin on anti-oxidative systems
and photosystem II in cold-stressed rice seedlings, Front. Plant Sci. 8 (2017) 1-14, https://doi.org/10.3389/fpls.2017.00785.

[53] J. Liu, W. Wang, L. Wang, Y. Sun, Exogenous melatonin improves seedling health index and drought tolerance in tomato, Plant Growth Regul. 77 (2015)
317-326, https://doi.org/10.1007/510725-015-0066-6.

[54] F. Zeng, T. Jiang, Y. Wang, Z. Luo, Effect of UV-C treatment on modulating antioxidative system and proline metabolism of bamboo shoots subjected to chilling
stress, Acta Physiol. Plant. 37 (2015) 1-10, https://doi.org/10.1007/511738-015-1995-4.

[55] M.K. Hasan, G.J. Ahammed, L. Yin, K. Shi, X. Xia, Y. Zhou, J. Yu, J. Zhou, Melatonin mitigates cadmium phytotoxicity through modulation of phytochelatins
biosynthesis, vacuolar sequestration, and antioxidant potential in Solanum lycopersicum L, Front. Plant Sci. 6 (2015) 1-14, https://doi.org/10.3389/
fpls.2015.00601.

[56] L.J. Quan, B. Zhang, W.W. Shi, H.Y. Li, Hydrogen peroxide in plants: a versatile molecule of the reactive oxygen species network, J. Integr. Plant Biol. 50 (2008)
2-18, https://doi.org/10.1111/j.1744-7909.2007.00599.x.

[57]1 K. Apel, H. Hirt, Reactive oxygen species: metabolism, oxidative stress, and signal transduction, Annu. Rev. Plant Biol. 55 (2004) 373-399, https://doi.org/
10.1146/annurev.arplant.55.031903.141701.

[58] Z.Zhang, L. Liu, H. Li, S. Zhang, X. Fu, X. Zhai, N. Yang, J. Shen, R. Li, D. Li, Exogenous melatonin promotes the salt tolerance by removing active oxygen and
maintaining ion balance in wheat (Triticum aestivum L.), Front. Plant Sci. 12 (2022) 1-13, https://doi.org/10.3389/fpls.2021.787062.

[59] Y. Bai, S. Xiao, Z. Zhang, Y. Zhang, H. Sun, K. Zhang, X. Wang, Z. Bai, C. Li, L. Liu, Melatonin improves the germination rate of cotton seeds under drought stress
by opening pores in the seed coat, PeerJ 2020 (2020) 1-29, https://doi.org/10.7717/peerj.9450.

[60] T.C. de Souza, P.C. Magalhaes, E.M. de Castro, N.P. Carneiro, F.A. Padilha, C.C.G. Jtnior, ABA application to maize hybrids contrasting for drought tolerance:
changes in water parameters and in antioxidant enzyme activity, Plant Growth Regul. 73 (2014) 205-217, https://doi.org/10.1007/510725-013-9881-9.

[61] M. Yousefzadeh Najafabadi, P. Ehsanzadeh, Photosynthetic and antioxidative upregulation in drought-stressed sesame (Sesamum indicum L.) subjected to foliar-
applied salicylic acid, Photosynthetica 55 (2017) 611-622, https://doi.org/10.1007/s11099-017-0673-8.

[62] S. Xiao, L. Liu, H. Wang, D. Li, Z. Bai, Y. Zhang, H. Sun, K. Zhang, C. Li, Exogenous melatonin accelerates seed germination in cotton (Gossypium hirsutum L.),
PLoS One 14 (2018) 1-18, https://doi.org/10.1371/journal.pone.0216575.

[63] M.G. Dawood, Alleviation of salinity stress on Vicia faba L. plants via seed priming with melatonin, Acta Biol. Colomb. 20 (2014) 223-235, https://doi.org/
10.15446/abc.v20n2.43291.

[64] H. Xia, Z. Ni, R. Hu, L. Lin, H. Deng, J. Wang, Y. Tang, G. Sun, X. Wang, H. Li, M. Liao, X. Lv, D. Liang, Melatonin alleviates drought stress by a non-enzymatic
and enzymatic antioxidative system in kiwifruit seedlings, Int. J. Mol. Sci. 21 (2020), https://doi.org/10.3390/ijms21030852.

[65] S. Farouk, A.A. Al-Hugqail, Sustainable biochar and/or melatonin improve salinity tolerance in borage plants by modulating osmotic adjustment, antioxidants,
and ion homeostasis, Plants 11 (2022) 1-22, https://doi.org/10.3390/plants11060765.

[66] V. Sarropoulou, K. Dimassi-Theriou, I. Therios, M. Koukourikou-Petridou, Melatonin enhances root regeneration, photosynthetic pigments, biomass, total
carbohydrates and proline content in the cherry rootstock PHL-C (Prunus avium x Prunus cerasus), Plant Physiol. Biochem. 61 (2012) 162-168, https://doi.org/
10.1016/j.plaphy.2012.10.001.

[67] X.Wang, C. Li, D. Liang, Y. Zou, P. Li, F. Ma, Phenolic compounds and antioxidant activity in red-fleshed apples, J. Funct.Foods 18 (2015) 1086-1094, https://
doi.org/10.1016/}.jff.2014.06.013.

[68] D. Samec, E. Karalija, I. Sola, V. Vujéi¢ Bok, B. Salopek-Sondi, The role of polyphenols in abiotic stress response: the influence of molecular structure, Plants 10
(2021) 1-24, https://doi.org/10.3390/plants10010118.

[69] Q. Sun, N. Zhang, J. Wang, Y. Cao, X. Li, H. Zhang, L. Zhang, D.X. Tan, Y.D. Guo, A label-free differential proteomics analysis reveals the effect of melatonin on
promoting fruit ripening and anthocyanin accumulation upon postharvest in tomato, J. Pineal Res. (2016) 138-153, https://doi.org/10.1111/jpi.12315.

[70] L.Y. Wang, J.L. Liu, W.X. Wang, Y. Sun, Exogenous melatonin improves growth and photosynthetic capacity of cucumber under salinity-induced stress,
Photosynthetica 54 (2016) 19-27, https://doi.org/10.1007/s11099-015-0140-3.

14


https://doi.org/10.1111/j.1439-037X.1997.tb00486.x
https://doi.org/10.1016/j.scitotenv.2006.02.016
https://doi.org/10.1016/j.cj.2017.04.003
https://doi.org/10.1016/j.jplph.2014.11.005
https://doi.org/10.1016/j.jplph.2014.11.005
https://doi.org/10.1007/s11032-007-9143-5
https://doi.org/10.1104/pp.92.4.1191
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref40
https://doi.org/10.1111/j.2042-7174.1999.tb00969.x
https://doi.org/10.1016/0003-2697(66)90057-1
https://doi.org/10.1016/0003-2697(66)90057-1
https://doi.org/10.3389/fpls.2015.00925
https://doi.org/10.1371/journal.pone.0160909
https://doi.org/10.1007/s00344-016-9584-3
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref46
http://refhub.elsevier.com/S2405-8440(23)06333-8/sref46
https://doi.org/10.1016/j.ecoenv.2023.114624
https://doi.org/10.1038/s41598-017-10799-9
https://doi.org/10.1111/jpi.12017
https://doi.org/10.1007/s10725-014-9905-0
https://doi.org/10.3389/fpls.2019.00677
https://doi.org/10.3389/fpls.2017.00785
https://doi.org/10.1007/s10725-015-0066-6
https://doi.org/10.1007/s11738-015-1995-4
https://doi.org/10.3389/fpls.2015.00601
https://doi.org/10.3389/fpls.2015.00601
https://doi.org/10.1111/j.1744-7909.2007.00599.x
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.3389/fpls.2021.787062
https://doi.org/10.7717/peerj.9450
https://doi.org/10.1007/s10725-013-9881-9
https://doi.org/10.1007/s11099-017-0673-8
https://doi.org/10.1371/journal.pone.0216575
https://doi.org/10.15446/abc.v20n2.43291
https://doi.org/10.15446/abc.v20n2.43291
https://doi.org/10.3390/ijms21030852
https://doi.org/10.3390/plants11060765
https://doi.org/10.1016/j.plaphy.2012.10.001
https://doi.org/10.1016/j.plaphy.2012.10.001
https://doi.org/10.1016/j.jff.2014.06.013
https://doi.org/10.1016/j.jff.2014.06.013
https://doi.org/10.3390/plants10010118
https://doi.org/10.1111/jpi.12315
https://doi.org/10.1007/s11099-015-0140-3

	Exogenous melatonin enhances low-temperature stress of jute seedlings through modulation of photosynthesis and antioxidant  ...
	1 Introduction
	2 Plant materials and experimental design
	2.1 Chemicals and equipments
	2.2 Determination of photosynthesis activities
	2.3 Determination of H2O2, MDA, electrolyte leakage, SOD and POD activities
	2.4 Determination of non-enzymatic antioxidant compounds
	2.5 Determination of proline, soluble sugars, and free amino acid
	2.6 Statistical analysis

	3 Results
	3.1 Effect of exogenous melatonin on photosynthesis under low-temperature stress
	3.2 Impacts of melatonin on malondialdehyde (MDA), hydrogen peroxide (H2O2), and electrolyte leakage (EL) under low-tempera ...
	3.3 Effects of exogenous melatonin on activities of enzymatic antioxidants at low-temperature stress
	3.4 Effects of exogenous melatonin on non-enzymatic and total antioxidant activity at low-temperature stress

	4 Discussion
	5 Conclusion
	Funding statement
	Author contribution statement
	Data availability statement
	Additional information
	Declaration of competing interest
	References


