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Abstract: Low temperatures seriously depress germination and seedling establishment in wheat
and it is of great significance to explore approaches to improve wheat tolerance to low tempera-
tures. In this study, the effects of seed pre-soaking and parental treatment with melatonin on seed
germination and low temperature tolerance during the early growing stage in wheat were stud-
ied. The results showed that pre-soaking with melatonin increased the germination rate, improved
antioxidant capacity and accelerated starch degradation under low temperature, which alleviated
low temperature-induced damage to the chloroplasts in coleoptiles of wheat seedlings. Parental
melatonin treatment during grain filling stage significantly decreased the grain weight. Seeds from
parental melatonin-treated plants showed higher germination rates and higher antioxidant enzyme
activity than the control seeds under low temperature. In addition, parental treatment with melatonin
modulated the activities of carbohydrate metabolism enzymes, which contributes to enhanced low
temperature tolerance in wheat offspring. It was suggested that both seed pre-soaking and parental
treatment with melatonin could be the effective approaches for low temperature tolerance induction
in wheat.
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1. Introduction

Low temperatures are one of the most prominent environmental stresses which greatly
limits crop plant development and grain yield [1]. Growth of winter wheat (Triticum
aestivum L.) is extremely vulnerable to low temperatures [2]. Wheat germination is easily
limited by low temperatures due to depressed metabolism activity [3]. In germinating
seeds, the reduction in amylase activity induced by low temperatures results in lower
degradation of seed storage reserves, such as starch, hence limiting the energy supply
available for seed germination [4]. Meanwhile, low temperatures disturb the antioxidant
systems [3], leading to a obvious reduction in the reactive oxygen species (ROS) scavenging
capacity [5]. Low temperatures increase the membrane viscosity of the photosynthetic
apparatus and thylakoid electron transport, leading to a lower photosynthetic carbon
assimilation efficiency [6]. The enzymes involved in carbohydrate metabolism are also very
sensitive to temperature changes, which is directly related to the plant growth [7].

As an important signal molecule, melatonin (N-acetyl-5-methoxytryptamine) is in-
volved in almost all processes in plants [8], such as seed germination [9], plant growth [10]
and grain filling [11]. A large body of evidence has shown that melatonin plays an im-
portant role in the adaptation of plants to abiotic stress, including drought [12], waterlog-
ging [13], heat [14], salt stress [15] and low temperature exposure [16]. Melatonin-induced

Molecules 2021, 26, 1192. https:/ /doi.org/10.3390/molecules26041192

https:/ /www.mdpi.com/journal/molecules


https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0003-0417-9151
https://doi.org/10.3390/molecules26041192
https://doi.org/10.3390/molecules26041192
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/molecules26041192
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/26/4/1192?type=check_update&version=2

Molecules 2021, 26, 1192

20f13

stress tolerance is associated with the activation of antioxidant defense systems [17]. For
instance, exogenously applied melatonin enhances the antioxidant capacity in both chloro-
plasts and mitochondria, which sustains the photosynthetic electron transport in the pho-
tosynthetic apparatus in barley under low temperature conditions [18]. Foliar melatonin
application during recovery promotes the cold priming-induced tolerance to subsequent
low temperatures in wheat [19]. In addition, the ameliorative effects of melatonin on
drought stress in grape cuttings has been illustrated [20]. Under cold stress, melatonin
treatment increases the concentration of proline, which helps to protect wheat seedlings
from cold stress [21].

Numerous studies have indicated that the changes induced by former stress events or
exogenous agents could be inherited by offspring plants [22,23]. Parental ABA treatment
during the grain filling stage increases the activities of antioxidant enzymes in germinating
seeds and leaves, hence favoring establishment of offspring seedlings in wheat under
low temperature stress [24]. Parental jasmonic acid treatment induced heritable modifi-
cations of DNA methylation which results in changes in the offspring transcriptome and
metabolome in dandelion [25]. In addition, our previous study documented that spraying
with melatonin promotes the seed germination of offspring wheat through enhancing amy-
lase activity and shortening germination time [26]. However, the mechanisms of induction
of low temperature tolerance by presoaking and parental treatment with melatonin are still
barely known.

Thus, these two melatonin treatments were applied to the germinating seeds and the
growing seeds in the parental plants during the grain filling phase. The seed germination
and seedling establishment under low temperature conditions were tested. It was hypothe-
sized that: (i) presoaking seeds with melatonin improves the seed germination under low
temperatures; (ii) the parental melatonin treatment during grain filling would enhance the
cold tolerance in offspring wheat.

2. Results
2.1. Effects of Seed Pre-Soaking with Melatonin on Seed Germination under Low Temperature

The germination rate, the length and dry weight of radicle and coleoptile were all
significantly reduced by low temperatures compared with those under normal temperature
conditions (CT1, Figure 1A). The germination rate in the melatonin treatment (MT) group
was significantly higher than that in the low temperature control (CT2). No significant
difference was found in either length or dry weight of radicle and coleoptiles between MT
and CT2.

The activities of antioxidant enzymes and concentration of malondialdehyde (MDA)
were higher under low temperature conditions than those under normal temperature
(Figure 1B, Figure S1). Seed pre-soaking with melatonin significantly improved the activity
of superoxide dismutase (SOD) under low temperature compared with CT2. A similar
trend was found in the activities of catalase (CAT) and ascorbate peroxidase (APX). In
addition, the MDA concentration in MT was significantly lower than that in CT2.

The concentrations of sucrose and soluble sugar were the highest while starch con-
centration was the lowest in CT1 among all treatments (Figure 1B, Figure S1). Under low
temperature conditions, melatonin pre-soaking significantly reduced the starch concentra-
tion in germinating seeds, while it increased the concentrations of sucrose and soluble sugar,
in relation to CT2. In addition, melatonin pre-soaking enhanced the proline concentration
under low temperature (Figure 1B, Figure S1).

After 7 days’ germination, fusiform chloroplasts were observed in the coleoptile close
to the cell wall with a clear and complete outer membrane under normal temperature
conditions (Figure 1C). The basal grains and stroma lamella were arranged in parallel
along the long axis of the chloroplasts. However, the development of chloroplasts was
significantly affected by low temperature exposure. The shape of swelling chloroplasts was
changed from fusiform to a round shape under low temperature. The outer membrane of
chloroplasts was separated from the cell wall, while the basal grains and stroma lamella
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were not completely formed. Under low temperature conditions, the outer membrane of
chloroplasts in MT was located much closer to the cell wall than those in CT2.
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Figure 1. Effects of pre-soaked with exogenous melatonin on wheat germination under low temper-
ature. (A), effects of pre-soaked with exogenous melatonin on seed germination rate (GR), length
of radicle and coleoptile, and dry weight of radicle and coleoptile after 7 days’ germination under
low temperature in wheat. Different small letters (a, b, and c) mean significant difference between
treatments at p < 0.05 level. (B), heatmap of antioxidant enzyme activity and metabolite concentration
in germinating seeds as affected by exogenous melatonin under low temperature. The difference
of antioxidant enzyme activity and metabolite concentration among these treatments is deviation
standardization and converted to a color scale. Increase and decrease of antioxidant enzyme activity
and metabolite concentration are indicated in the colorbar. SOD, superoxide dismutase; CAT, cata-
lase; APX, ascorbate peroxidase; MDA, malondialdehyde. (C), TEM images of chloroplasts in the
coleoptile of germinating seeds pre-soaked with exogenous melatonin. Top row images: bar = 10 um;
bottom row images: bar = 2 um. Ch, chloroplast; Cm, cell membrane; Sg, starch grain. CT1, normal
temperature control; CT2, low temperature control; MT, melatonin treatment under low temperature.
Data are expressed as mean + SE (n = 3).

2.2. Effects of Parental Melatonin Treatment on Germination of Offspring under Low Temperature.

At maturity, grain weight was significantly reduced by melatonin treatment compared
with the control (Figure 2A). Spike number per plant, grain number per spike and grain
yield per plant were not significantly affected by melatonin treatment.

The seed germination rate was significantly depressed by low temperature (Figure 2B,
Table S1). However, parental melatonin treatment significantly increased the germination
rate under low temperatures in relation to the control. In addition, the parental melatonin
treatment had no significant effect on either length or dry weight of radicle and coleoptile
under low temperature conditions.

Activities of antioxidant enzymes under low temperature were significantly higher
than those under NT (Figure 2C, Table S1, Figure S2). However, no significant difference in
SOD activity in germinating seeds was found between MT and N under low temperature.
Activities of CAT and APX were remarkably enhanced by MT treatment compared with the
control under low temperature. In addition, the increase in MDA concentration induced by
low temperature was lower in MT seeds than that in N seeds.

Low temperature lowered the starch degradation and increased the concentrations of
sucrose and soluble sugar in seeds compared with normal temperature (Figure 2C, Table S1,
Figure 52). Under low temperature conditions, parental melatonin treatment significantly
increased sucrose concentration while it decreased starch concentration, in relation to the
control. However, it had no significant effect on the concentration of soluble sugar under
low temperature. In addition, the proline concentration was not affected by either MT or
low temperature (Figure 2C, Table S1, Figure S2).
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Figure 2. Effects of parental melatonin treatment during grain filling on offspring wheat germination
under low temperature. (A), effects of spraying with melatonin during grain filling stage on grain
yield of wheat at maturity. SN, spike number per plant; GN, grain number per spike; GW, grain
weight; GY, grain yield per plant. Different small letters (a, b, and c) mean significant difference
between treatments at p < 0.05 level. (B), effects of parental melatonin treatment during grain
filling on seed germination rate (GR), length of radicle and coleoptile, and dry weight of radicle
and coleoptile after 7 days’ germination of offspring wheat under low temperature. Different small
letters mean significant difference between treatments at p < 0.05 level. (C), heatmap of antioxidant
enzyme activity and metabolite concentration in offspring wheat germinating seeds as affected by
parental melatonin treatment and low temperature. The difference of antioxidant enzyme activity
and metabolite concentration among these treatments is deviation standardization and converted
to a color scale. Increase and decrease of antioxidant enzyme activity and metabolite concentration
is indicated in the colorbar. SOD, superoxide dismutase; CAT, catalase; APX, ascorbate peroxidase;
MDA, malondialdehyde. MT, melatonin treatment; N, the control; LT, low temperature; NT, normal
temperature. Data are expressed as mean + SE (1 = 3).

2.3. Effects of Parental Melatonin Treatment during Grain Filling on Offspring Wheat Seedling
under Low Temperature.

The wheat plants under low temperature had significantly lower net photosynthetic
rate (Pn), stomatal conductance (Gs), maximum quantum efficiency of photosystem II
(Fv/Fm) and performance index (Plabs) than those under normal temperature (Figure 3,
Table S1). The Pn and Gs of MT plants were significantly higher than that of N plants under
low temperature. The chlorophyll a fluorescence parameters (i.e., Fv/Fm and Plabs) were
significantly enhanced by MT under low temperature compared with the control.

Compared with normal temperature, low temperature significantly reduced the ac-
tivities of cytoplasmic invertase (cytInv), vacuolar invertase (vacInv), cell wall invertase
(cwInv), phosphoglucomutase (PGM) and phosphofructokinase (PFK) in wheat seedlings
(Figure 4, Table S1, Figure S3). However, low temperature significantly increased the activ-
ity of UDP-glucose pyrophosphorylase (UGPase). Under low temperature, the activity of
Aldolase (Ald) was significantly enhanced by MT compared with the control. The activity
of glucose-6-phosphate dehydrogenase (G6PDH) was reduced in MT plants in relation to
the control.



Molecules 2021, 26, 1192

50f13

40 400
L EMTON A B
230} a {300 7,
1 a @
g, < a I TE
o} b 1
O 20 1200 5
= c £
[=) C
£ E
oy m I ﬂ i
= &}
[-]
0 0
C D
a a
0.9} a . e |
&E- 0.6 b _‘-;
& ¢ b &
12
! ﬂ I ﬁ
0.0 0
LT NT LT NT

Figure 3. Effects of parental melatonin treatment during grain filling on Pn (A), Gs (B), Fv/Fm (C) and
Plabs (D) in the last fully expanded leaf of offspring wheat seedlings under low temperature. Different
small letters (a, b, and c) mean significant difference between treatments at p < 0.05 level. MT, melatonin
treatment; N, the control; LT, low temperature; NT, normal temperature. Pn, net photosynthetic rate; Gs,
stomatal conductance; Fv/Fm, maximum quantum efficiency of photosystem II; Plabs, performance
index. Data are expressed as mean + SE (1 = 3).
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Figure 4. Heatmap of key carbohydrate metabolism enzyme activities in offspring wheat leaf as
affected by parental melatonin treatment and low temperature. cwInv, cell wall invertase; vacInv,
vacuolar invertase; cytInv, cytoplasmic invertase; UGPase, UDP-glucose pyrophosphorylase; PGM,
phosphoglucomutase; PGI, phosphoglucoisomerase; Go6PDH, glucose-6-phosphate dehydrogenase;
FK, fructokinase; HXK, hexokinase; PFK, phosphofructokinase; Ald, Aldolase; AGPase, ADP-glucose
pyrophosphorylase; Susy, sucrose synthase. The difference of activity for given enzyme among
these treatments is deviation standardization and converted to a color scale. Increase and decrease
in enzyme activity is indicated in the colorbar. MT, melatonin treatment; N, the control; LT, low
temperature; NT, normal temperature. Data are expressed as mean =+ SE (1 = 3).

3. Discussion

In the present study, the seed germination rate was markedly reduced by low temper-
ature exposure, while both pre-soaking with melatonin and parental melatonin treatment
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significantly increased the germination rate in wheat under low temperature conditions. It
has been shown that exogenous melatonin treatment alleviated damage of low tempera-
ture and improved the seed germination in cucumber [27]. Melatonin also enhanced the
seed germination by osmotic regulation under salt stress in cotton [28]. It could activate
the antioxidant systems to protect the seeds against drought-induced oxidative stress in
wheat [29]. A similar result was found in Phacelia tanacetifolia, in which melatonin combined
with priming medium significantly alleviated the negative effects of light and high temper-
ature on seed germination [30]. Moreover, our previous study indicated that exogenous
melatonin treatment on parental plants significantly increased the endogenous melatonin
concentration in offspring germinating seeds [26]. During the seed germination phase,
starch is hydrolyzed into soluble sugar with the involvement of amylase to provide energy.
Low temperature decreases the activities of a-amylase and (-amylase, which hinders the
degradation of seed stored starch [4]. However, seeds pre-soaked with melatonin had a
higher starch degradation rate under low temperature stress, thus ensuring the energy
supply and maintaining turgor pressure for the expansion of tissues during seed germi-
nation [31]. In addition, the germinating seeds from melatonin-primed maternal plants
also showed accelerated starch degradation due to higher amylase activities under low
temperature [26]. All this is consistent with the results in the present study:.

Under low temperature conditions, the concentration of starch was significantly de-
creased while the concentration of soluble sugar was remarkably increased in germinating
seeds both pre-soaked and parental treatment with melatonin compared with the control. It
should be noted that melatonin stimulates root generation and vitality during germination
and may have a positive effect on strengthening cucumber roots [32]. A similar result
was found in rice under anoxic conditions [33]. However, there was no significant effect
of melatonin treatments on the growth of radicle and coleoptile under low temperature,
which might be due to the concentration effects of melatonin.

Both seed pre-soaking and parental treatment with melatonin significantly increased
the activity of antioxidant enzymes while decreased the concentration of MDA in ger-
minating seeds under low temperature. Low temperature-induced ROS accumulation
could induce membrane lipid peroxidation [16]. MDA is a major product of membrane
lipid peroxidation; on the contrary, its concentration is directly related to the extent of
cell peroxidation [34]. Melatonin induces low temperature tolerance by reducing the
MDA concentration in maize [31]. Antioxidant systems have key roles in prevent plants
against oxidative damage [35]. For instance, the higher activities of SOD, CAT and APX in
melatonin-primed barley plants help to mitigate the cell death induced by low temperature
stress [18]. The foliar application of melatonin also results in the elevation of SOD activity
in wheat under low temperature [21]. In agreement with this, our results indicated that the
increased capacity of ROS scavenging could reduce the low temperature damage and be
helpful for seed germination in melatonin-treated seeds under low temperature conditions.

Chloroplasts are easily affected adversely by low temperature, resulting in swollen
and distorted thylakoids and less starch granules [36]. Melatonin could suppress the dark-
induced senescence and chlorophyll degradation in barley leaves [37]. Under drought
stress, the chloroplasts in melatonin-treated plants showed complete and clear edges, which
cling to the cell wall [38]. Chloroplasts in melatonin-treated broccoli florets maintain a
well-developed membrane system and the matrix layer of thylakoidsis was visible and
arranged regularly [39], indicating that melatonin could promote the stress tolerance of
chloroplasts [40]. In the present study, melatonin pretreatment alleviated the damage
caused by low temperatures to the chloroplasts in the coleoptile, which should be beneficial
to seed germination.

In the offspring, the Pn and Gs of seedling leaves were significantly increased by
parental melatonin treatment under low temperature. Our previous studies have demon-
strated that wheat plants treated with melatonin could maintain a relatively higher Pn and
Gs compared with the control plants under low temperature conditions [19,26]. Melatonin
has positive effects on photosynthetic rate, instantaneous and intrinsic water use efficiency,
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carbon fixation and starch synthesis [41]. Here, the Fv/Fm and Plabs of the offspring
leaves were markedly improved by parental melatonin treatment under low temperature,
indicating that melatonin alleviated the low temperature-induced inhibition of photoelec-
tron transport in wheat. Plabs reflects comprehensively the number of active reaction
centers and the electron transfer efficiency on the acceptor side, and it is sensitive marker to
indicate the activity and state of PS II [42]. It has been documented that melatonin regulates
the quantum yield of PS II donor and acceptor sides under low temperature [11]. The
enhanced electron transport efficiency induced by parental melatonin treatment could be
due to the reduced inhibition of electron flow at PS II oxidation sites [43], which benefited
the low temperature tolerance of wheat seedlings.

In this study, parental melatonin treatment regulated the activities of carbohydrate
metabolism enzymes under low temperature conditions. The activity of enzymes related
to carbohydrate metabolism is the key factor in determining the physiological state and
growth of crops [44]. Melatonin may play an important role in helping plants adapt to the
later low temperature stress during cold acclimation [26]. It is well known that Ald cat-
alyzes fructose-1,6-diphosphate to produce glyceraldehyde-3-phosphate that is involved in
glycolysis and the pentose phosphate pathway (PPP) [45]. It has been shown that melatonin
regulated the expression of glycolysis-related proteins in wheat under PEG stress, includ-
ing Ald and hexokinase (HXK), and significantly increased the activity of nicotinamide
adenine dinucleotide transporter, hence indirectly regulating the electron transport in the
respiratory chain [41]. The G6PDH can represent the rate-limiting step of the pathway of
carbohydrate alienation other than glycolysis is a key enzyme in PPP [46]. Its function is
to provide reducing power (NADPH) and pentose phosphate for fatty acid and nucleic
acid synthesis, which is involved in membrane synthesis and cell division [46]. Overex-
pression of PsG6PDH from Populus euphratica activated the expression of stress-related
genes (including NtERD10b, NtERD10c and NtSOD) in tobacco plants, providing evidence
for the regulatory function of PsG6PDH in plants under low temperature stress [47]. The
activities of G6PDH is higher in melatonin-treated pomegranate fruit, maintaining suffi-
cient intracellular NADPH supply [48]. Here, parental melatonin treatment increased the
Ald and G6PDH activities of offspring seedlings under low temperature, indicating that
melatonin modulated the sugar metabolism in offspring under such conditions. Thus, the
parental melatonin treatment could improve the low temperature tolerance by regulating
carbohydrate metabolism in offspring wheat, especially by modulating the activities of Ald
and G6PDH.

4. Materials and Methods
4.1. Plant Materials and Treatments
4.1.1. Seed Presoaking with Melatonin

Uniform seeds of winter wheat (cv. Jimai 44) were selected and disinfected with 1%
sodium hypochlorite for 15 min, then washed with distilled water 7 times and dried with
filter paper. The seeds were pre-soaked in 500 uM melatonin for 24 h. The concentration
of melatonin was optimum based on the preliminary experiments with a range of 100,
200, 500, 1000 and 2000 pM melatonin concentrations (Figure S4). Seeds pre-soaked with
distilled water were used as the control. Wheat seeds were provided by the Crop Research
Institute, Shandong Academy of Agricultural Sciences (Jinan, China). Melatonin was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Two pieces of filter paper were placed in each Petri dish with a diameter of 9 cm and
equal volume of distilled water was added to soak the paper. Then, 50 pre-soaked seeds were
put in each dish. Seeds pre-soaked with melatonin were cultivated at 12.0 + 0.5 °C (MT).
Half of seeds pre-soaked with distilled water was cultivated at 22.0 + 0.5 °C as the control
at normal temperature (CT1), and the other half was cultivated at 12.0 & 0.5 °C as the
control at low temperature (CT2). All seeds were germinated for 7 days in a dark incubator
(Saifu Experimental Instrument Co., Ltd., Ningbo, China). After 7 days’ germination, seeds
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were sampled for analysis. A randomized block experiment design was used with three
replicates per treatment.

4.1.2. Parental Treatment with Melatonin

The parental melatonin treatment was conducted in a field trial at the Gongzhuling Ex-
perimental Station of Northeast Institute of Geography and Agroecology, Chinese Academy
of Sciences (125.08° E, 43.72° N) in 2019. The same Jimai 44 winter wheat cv. was used.
Two melatonin treatments were set: (1) 5 mM melatonin in the amount of 2000 L-ha~! (MT)
and (2) the control without melatonin (N). The amount of sprayed melatonin solution was
determined according to the preliminary experiment. All sprays were carried out at dusk
on the 10th, 15th and 20th day after anthesis. The randomized block experiment design
was adopted with three replicates (plots) for each treatment. The plot size was 4 m x 2 m.
Spike number per plant, grain number per spike, grain weight and grain yield per plant
were determined at maturity. The harvested seeds were used for germination and seedling
establishment experiments (Figure 5).

Parental wheat Offspring wheat
Days of @@ 10—15—20—> 15—20——>

| |
i [ | [ ]
]| [
ot [ ==

Figure 5. Schematic representation of experiment II design. MT, melatonin treatment; N, the control;

LT, low temperature; NT, normal temperature. Spraying with melatonin and water during grain
filling stage is indicated with yellow and green arrow, respectively.

For the germination experiment, the harvested seeds that pretreated with melatonin
and water parentally (MT and N) were disinfected with 1% sodium hypochlorite for 15 min,
washed with distilled water seven times and dried with filter paper. The seeds were placed
in a petri dish with two layers of filter paper, 50 seeds per dish. Half of the dishes of each
type of seeds was cultivated at 12.0 & 0.5 °C (LT), and another half was at 22.0 + 0.5 °C as
control at normal temperature (NT). The dishes were placed in the dark environment of
incubator. Part of seeds were sampled for measurements after 7 days’ germination. The
rest seedlings were moved to plastic containers (25 cm x 15 cm x 15 ¢m) in the Hoagland
nutrient solution at 2-leaf stage [23]. Twelve plants were grown in each container. The
growing temperatures were 12 °C/8 °C (day/night) for the low temperature treatment
(LT) and 22 °C/18 °C (day/night) for control at normal temperature (NT), with a 12-h
photoperiod at 22,000 Lux. A randomized block experiment design was used with three
replicates per treatment. The latest fully expanded leaves were sampled for measurements
at 4-leaf stage.

4.2. Measurements
4.2.1. Germination Rate (GR), Length and Dry Weight of Radicle and Coleoptile

The germinated seeds of each dish were recorded to calculate germination rate (GR)
at the 7th day of germination, which is the percentage of the number of germinated seeds
to the total in each dish [49]. The lengths and dry weight of radicle and coleoptile were
measured for ten seeds in each replicate.

4.2.2. Extraction and Determination of Activities of Antioxidant Enzymes and
Concentration of MDA.

The measurements of activities of antioxidant enzymes and MDA concentration were
done according to Tan et al. [50]. Briefly, 0.5 g fresh samples were homogenized with
5 mL extraction buffer (50 mM phosphate buffer (pH 7.0) and 0.4% polyvinylpyrrolidone
(PVP)) in a mortar on ice. The homogenate was centrifuged at 10,000 x g for 30 min and the
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supernatant was used to determine activities of antioxidant enzymes and concentration
of MDA.

The activity of SOD was determined by the nitroblue tetrazolium (NBT) light reduction
method [51]. In brief, 3 mL reaction mixture consisted of 130 mM methionine, 750 uM
NBT, 100 uM EDTA-Na; and 0.05 mL enzyme extract in 50 mM phosphate buffer (pH 7.8).
The reaction was started with 20 uM riboflavin by exposure to 4000 Lux light density for
10 min. The absorbance was measured at 560 nm and one unit of SOD activity was the
amount of enzyme per g fresh sample required to inhibit 50% of the NBT reduction. The
activity of CAT was determined by monitoring the decrease of absorbance at 240 nm [52].
Three mL reaction mixture consisted of 30% HyO; and 0.1 mL enzyme extract in 200 mM
phosphate buffer (pH 7.0). Changes in readings at 240 nm were recorded for 1 min after
the starting H>O, of the reaction at 10-s intervals. The activity of APX was determined by
monitoring the decrease of absorbance at 290 nm [53].

Reaction mixture containing 20% trichloroacetic acid and 0.5% 2-thiobarbituric acid
was added to 1 mL the suspension and heated to 100 °C for 20 min. Then the mixture
was cooled and centrifuged at 4000 x g for 10 min. MDA concentration was measured at
532 nm and corrected by subtracting the absorbance at 600 nm and 450 nm [54].

4.2.3. Extraction and Determination of Sucrose, Soluble Sugar and Starch

One g of powdered dried germinating seeds was extracted thrice with 8 mL of 80%
(v/v) ethanol at 80 °C for 30 min. Then, the mixture was centrifuged at 2000x g. The
supernatant was collected to determine concentrations of sucrose and soluble sugar. The
pellet was extracted twice with 9.2 M HCIOy at 100 °C using centrifugation at 2000x g
to determine concentration of starch. The reaction mixture contained 0.9 mL supernatant
extract, 2 M NaOH, 0.1% resorcinol and 10 M HC] was measured at 500 nm to determine
the sucrose concentration. The reaction mixture contained 1.0 mL supernatant extract, 0.2%
anthrone reagent and distilled water was measured at 620 nm to determine the soluble
sugar concentration. Starch concentration was then measured following the same operation
of soluble sugar concentration analysis described above [51].

4.2 4. Extraction and Determination of Proline

Concentration of proline was measured following the ninhydrin method [55]. Briefly,
0.5 g fresh samples were mixed with 3% sulfosalicylic acid and heated at 100 °C for 15 min.
After cooling, the mixture was centrifuged at 4000x g for 10 min. The supernatant was
heated in boiling water bath for 15 min, and methylbenzene was then added after cooling.
The methylbenzene layer was measured at 520 nm after keeping in the dark for layering.

4.2.5. Transmission Electron Microscope (TEM)

Fresh sample (1 mm x 1 mm) was taken from the coleoptile center and operated on ice
bed filled with 2.5% glutaraldehyde. Then, the sample was fixed with 2.5% glutaraldehyde,
pumped using vacuum pump until the sample sunk to the bottom, and stored at 4 °C for
determination. The treated sample was eluted, embedded in paraffin, sectioned and stained
for transmission electron microscope (TEM) analysis (Hitachi HT7700, Tokyo, Japan) [56].

4.2.6. Gas Exchange and Chlorophyll a Fluorescence

The Pn and Gs of the latest fully expanded leaves were measured LI-6400XT (LI-
COR Co., Lincoln, NE, USA). The leaf chamber was equipped with 6400-02B red and
blue light sources with 1200 pmol-m~2:s~! during the measurement, and the CO; con-
centration was 400 pmol-mol~!. Measurement was carried out from 10:00 sy to 12:00 py.
Before measurement, leaves were acclimated in the chamber with 1200 pmol-m—2-s~1 light
sources, ambient relative humidity, a temperature of 25 °C and a CO, concentration of
400 umol~mol’1. During the measurement, the leaf chamber kept stable. The Fv/Fm and
Plabs were determined on the same leaf for gas exchange measurement by Fluorpen FP100
(Photon System Instruments, Drasov, Czech Republic) after a 30-min dark adaptation.
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4.2.7. Extraction and Determination of Carbohydrate Metabolism Enzymes

The key carbohydrate metabolism enzyme activities in leaf samples were determined
following Jammer et al. [7], including UGPase, G6PDH, fructokinase (FK), HXK, PFK, Ald,
ADP-glucose pyrophosphorylase (AGPase); sucrose synthase (Susy), PGM, phosphoglu-
coisomerase (PGI), cytInv, vacInv and cwInv. Briefly, 0.5 g fresh leaf samples were ground
in liquid frozen and homogenized using 1 mL extraction buffer (40 mM Tris- HCI (pH 7.6),
3 mM MgCl,, 1 mM EDTA, 0.1 mM PMSF, 1 mM benzamidine, 14 mM (3-mercaptoethanol,
24 uM NADP) and then incubated 30 min on ice. The homogenate was centrifuged at
13,200 g for 30 min under 4 °C. A fraction of the supernatant was dialyzed overnight with
20 mM potassium phosphate buffer (pH 7.4) at 4 °C for measuring the activities of FK, HXK,
Susy, cytInv and vacInv. Non-dialyzed supernatant was used for determining the activities
of UGPase, G6PDH, PFK, Ald, AGPase, PGM and PGI. The pellet was washed thrice
with pre-cooled distilled water, resuspended in 1 mL high salt buffer (1 M NaCl, 40 mM
Tris-HCI (pH 7.6), 3 mM MgCly, 1 mM EDTA, 0.1 mM PMSE, 1 mM benzamidine, 14 mM
-mercaptoethanol, 24 uM NADP), and then mixed at 4 °C overnight. The homogenate
was centrifuged at 13,200 g for 30 min under 4 °C, subsequently, the supernatant was
dialyzed for overnight with 20 mM potassium phosphate buffer (pH 7.4) at 4 °C for mea-
suring cwInv activity. The activities of cytInv, vacInv and cwInv were measured at 405 nm
and the activities of UGPase, G6PDH, FK, HXK, PFK, Ald, AGPase, Susy, PGM, PGI were
measured at 340 nm. The dynamics of absorbance at a given wavelength was monitored
using an Epoch Microplate Spectrophotometer (Biotek, Bad Friedrichshall, Germany) with
a 96-well microtiter format. The specific enzyme activity was analyzed within the linear
range of substrate conversion, while was expressed in nkat g~! FW.

4.3. Statistical Analysis

Data in experiment of seed presoaking with melatonin were subjected to the one-
way analysis of variance (ANOVA) using the SPSS 22.0 (SPSS Inc., Chicago, IL, USA) to
determine the differences between treatments. Data in experiment of parental treatment
with melatonin were subjected to the two-way ANOVA to determine the effects of parental
melatonin treatment, low temperature and their interaction. All data were firstly tested
for homogeneity of variance before the ANOVA. For the heatmap representation, the
difference of activity for given enzyme among the treatments is deviation standardization
and converted to a color scale. Data are expressed as mean + SE (1 = 3).

5. Conclusions

Pre-soaking with melatonin increased the seed germination rate by enhancing an-
tioxidant capacity and accelerating starch degradation under low temperature conditions,
and alleviated the low temperature-induced damage to the chloroplasts in wheat seedling
coleoptiles. Seeds from parental melatonin-treated plants had higher germination rate,
elevated activity of antioxidant enzymes than the control seeds under low temperature con-
ditions. In addition, parental melatonin treatment regulated the activities of carbohydrate
metabolism enzymes, contributing to the enhanced low temperature tolerance observed in
offspring wheat. It was suggested that both seed pre-soaking and parental treatment with
melatonin could be the effective approaches for the induction of low temperature tolerance
in wheat.

Supplementary Materials: Table S1 Output of two-way ANOVA for the interactive effects of mela-
tonin treatment and low temperature on the physiological traits in wheat. Figure S1 Effects of
pre-soaked with exogenous melatonin on antioxidant enzyme activity and metabolite concentration
after 7 days’ germination under low temperature in wheat. Figure S2 Effects of parental melatonin
treatment during grain filling on antioxidant enzyme activity and metabolite concentration after
7 days’ germination of offspring wheat under low temperature. Figure S3 Effects of parental mela-
tonin treatment during grain filling on key carbohydrate metabolism enzyme activities in the last
fully expanded leaf of offspring wheat under low temperature. Figure 54 Preliminary study to
determine the concentration of melatonin for pre-soaking wheat seeds.



Molecules 2021, 26, 1192 11 of 13

Author Contributions: X.L. and Q.G. proposed ideas and designed the experiment. H.Z., L.L. and
Z.W. carried out the experiments. H.Z. and L.L. performed analyses. H.Z., L.L., G.F. and X.L. wrote
and revised the manuscript. All authors contributed to the editing of the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (31701362),
National Natural Science Fund for Excellent Young Scholars (31922064), CAS Pioneer Hundred
Talents Program (C08Y194) and the Science & Technology Development Program of Jilin Province
(20190201118JC).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the authors.
Acknowledgments: Thanks for the support of funding.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References

1. Pearce, R.S. Plant freezing and damage. Ann. Bot. 2001, 87, 417—424. [CrossRef]

2. Frederiks, TM.; Christopher, ].T.; Sutherland, M.W.; Borrell, A.K. Post-head-emergence frost in wheat and barley: Defining the
problem, assessing the damage, and identifying resistance. J. Exp. Bot. 2015, 66, 3487-3498. [CrossRef]

3.  Shah, T; Latif, S.; Khan, H.; Munsif, F; Nie, L. Ascorbic acid priming enhances seed germination and seedling growth of winter
wheat under low temperature due to late sowing in Pakistan. Agronomy 2019, 9, 757. [CrossRef]

4. Li, X, Jiang, H.; Liu, F; Cai, J.; Dai, T.; Cao, W.; Jiang, D. Induction of chilling tolerance in wheat during germination by
pre-soaking seed with nitric oxide and gibberellin. Plant Growth Regul. 2013, 71, 31-40. [CrossRef]

5. Ruelland, E.; Vaultier, M.N.; Zachowski, A.; Hurry, V. Cold signalling and cold acclimation in plants. Adv. Bot. Res. 2009, 49,
35-150. [CrossRef]

6.  Lambers, H.; Chapin, ES., III; Pons, T.L. Plant Physiological Ecology; Springer: New York, NY, USA, 2008.

7. Jammer, A.; Gasperl, A.; Luschin-Ebengreuth, N.; Heyneke, E.; Chu, H.; Cantero-Navarro, E.; Grokinsky, D.K.; Albacete, A.A;
Stabentheiner, E.; Franzaring, J.; et al. Simple and robust determination of the activity signature of key carbohydrate metabolism
enzymes for physiological phenotyping in model and crop plants. J. Exp. Bot. 2015, 66, 5531-5542. [CrossRef] [PubMed]

8.  Marta, B.; Szafranska, K.; Posmyk, M.M. Exogenous melatonin improves antioxidant defense in cucumber seeds (Cucumis sativus L.)
germinated under chilling stress. Front. Plant Sci. 2016, 7, 575. [CrossRef]

9. Park, S.; Back, K. Melatonin promotes seminal root elongation and root growth in transgenic rice after germination. J. Pineal Res.
2012, 53, 385-389. [CrossRef]

10. Murch, S.J.; Campbell, S.S.; Saxena, PK. The role of serotonin and melatonin in plant morphogenesis: Regulation of auxin-induced
root organogenesis in in vitro-cultured explants of st. John’s Wort (Hypericum perforatum L.). In Vitro. Cell. Dev. Biol. Plant 2001,
37,786-793. [CrossRef]

11. Fan, J.; Hu, Z.; Xie, Y.; Chan, Z.; Chen, K.; Amombo, E.; Chen, L.; Fu, J. Alleviation of cold damage to photosystem II and
metabolisms by melatonin in bermudagrass. Front. Plant Sci. 2015, 6, 925. [CrossRef]

12. Liang, B.; Ma, C.; Zhang, Z.; Wei, Z.; Gao, T.; Zhao, Q.; Ma, F; Li, C. Long-term exogenous application of melatonin improves
nutrient uptake fluxes in apple plants under moderate drought stress. Environ. Exp. Bot. 2018, 155, 650-661. [CrossRef]

13.  Zhang, Q; Liu, X;; Zhang, Z.; Liu, N.; Li, D.; Hu, L. Melatonin improved waterlogging tolerance in alfalfa (Medicago sativa) by
reprogramming polyamine and ethylene metabolism. Front. Plant Sci. 2019, 10, 44. [CrossRef] [PubMed]

14. Manafi, H.; Baninasab, B.; Gholami, M.; Talebi, M.; Khanizadeh, S. Exogenous melatonin alleviates heat-induced oxidative
damage in strawberry (Fragaria x ananassa Duch. cv. Ventana) plant. Plant Growth Regul. 2021. [CrossRef]

15. Michard, E.; Simon, A.A. Melatonin’s antioxidant properties protect plants under salt stress. Plant Cell Environ. 2020, 43,
2587-2590. [CrossRef]

16. Kolodziejezyk, I; Dzitko, K.; Szewcz, R.; Posmyk, M.M. Exogenous melatonin improves corn (Zea mays L.) embryo proteome in
seeds subjected to chilling stress. J. Plant Physiol. 2016, 193, 47-56. [CrossRef]

17.  Arnao, M.B.; Hernandez-Ruiz, ]. Functions of melatonin in plants: A review. J. Pineal Res. 2015, 59, 133-150. [CrossRef] [PubMed]

18. Li, X;; Yan, D,; Jiang, D.; Liu, F. Melatonin enhances cold tolerance in drought-primed wild-type and abscisic acid-deficient
mutant barley. J. Pineal Res. 2016, 61, 328-339. [CrossRef]

19. Sun, L, Li, X;; Wang, Z.; Sun, Z.; Zhu, X,; Liu, S.; Song, F,; Liu, F.; Wang, Y. Cold priming induced tolerance to subsequent low

temperature stress is enhanced by melatonin application during recovery in wheat. Molecules 2018, 23, 1091. [CrossRef]


http://doi.org/10.1006/anbo.2000.1352
http://doi.org/10.1093/jxb/erv088
http://doi.org/10.3390/agronomy9110757
http://doi.org/10.1007/s10725-013-9805-8
http://doi.org/10.1016/S0065-2296(08)00602-2
http://doi.org/10.1093/jxb/erv228
http://www.ncbi.nlm.nih.gov/pubmed/26002973
http://doi.org/10.3389/fpls.2016.00575
http://doi.org/10.1111/j.1600-079X.2012.01008.x
http://doi.org/10.1007/s11627-001-0130-y
http://doi.org/10.3389/fpls.2015.00925
http://doi.org/10.1016/j.envexpbot.2018.08.016
http://doi.org/10.3389/fpls.2019.00044
http://www.ncbi.nlm.nih.gov/pubmed/30774639
http://doi.org/10.1007/s00344-020-10279-x
http://doi.org/10.1111/pce.13900
http://doi.org/10.1016/j.jplph.2016.01.012
http://doi.org/10.1111/jpi.12253
http://www.ncbi.nlm.nih.gov/pubmed/26094813
http://doi.org/10.1111/jpi.12350
http://doi.org/10.3390/molecules23051091

Molecules 2021, 26, 1192 12 of 13

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

Meng, J.; Xu, T.; Wang, Z.; Fang, Y.; Xi, Z.; Zhang, Z. The ameliorative effects of exogenous melatonin on grape cuttings under
water-deficient stress: Antioxidant metabolites, leaf anatomy, and chloroplast morphology. J. Pineal Res. 2014, 57, 200-212.
[CrossRef]

Turk, H.; Erdal, S.; Genisel, M.; Atici, O.; Demir, Y.; Yanmis, D. The regulatory effect of melatonin on physiological, biochemical
and molecular parameters in cold-stressed wheat seedling. Plant Growth Regul. 2014, 74, 139-152. [CrossRef]

Molinier, J.; Ries, G.; Zipfel, C.; Hohn, B. Transgeneration memory of stress in plants. Nature 2006, 442, 1046-1049. [CrossRef]
Bruce, T.; Matthes, M.; Napier, J.; Pickett, J. Stressful “memories” of plants: Evidence and possible mechanisms. Front. Plant Sci.
2007, 173, 603-608. [CrossRef]

Li, X.; Cai, J.; Liu, F; Dai, T.; Cao, W,; Jiang, D. Cold priming drives the sub-cellular antioxidant systems to protect photosynthetic
electron transport against subsequent low temperature stress in winter wheat. Plant Physiol. Biochem. 2014, 82, 34-43. [CrossRef]
Verhoeven, K.J.E,; Verbon, E.H.; Van Gurp, T.P,; Oplaat, C.; De Carvalho, J.F,; Morse, A.M.; Stahl, M.; Macel, M.; McIntyre, L.M.
Intergenerational environmental effects: Functional signals in offspring transcriptomes and metabolomes after parental jasmonic
acid treatment in apomictic dandelion. New Phytol. 2018, 217, 871-882. [CrossRef] [PubMed]

Li, X.; Brestic, M.; Tan, D.-X,; Zivcak, M.; Zhu, X; Liu, S.; Song, E; Reiter, R.].; Liu, F. Melatonin alleviates low PS I-limited carbon
assimilation under elevated CO, and enhances the cold tolerance of offspring in chlorophyll b-deficient mutant wheat. J. Pineal
Res. 2018, 64, €12453. [CrossRef] [PubMed]

Posmyk, M.M.; Batabusta, M.; Wieczorek, M.; Sliwinska, E.; Janas, K.M. Melatonin applied to cucumber (Cucumis sativus L.) seeds
improves germination during chilling stress. J. Pineal Res. 2009, 46, 214-223. [CrossRef] [PubMed]

Chen, L.; Liu, L.; Lu, B.; Ma, T;; Jiang, D.; Li, J.; Zhang, K.; Sun, H.; Zhang, Y.; Bai, Z; et al. Exogenous melatonin promotes seed
germination and osmotic regulation under salt stress in cotton (Gossypium hirsutum L.). PLoS ONE 2020, 15, €0228241. [CrossRef]
[PubMed]

Li, D.; Batchelor, W.D.; Zhang, D.; Miao, H.; Li, H.; Song, S.; Li, R. Analysis of melatonin regulation of germination and antioxidant
metabolism in different wheat cultivars under polyethylene glycol stress. PLoS ONE 2020, 15, e0237536. [CrossRef]

Tiryaki, I.; Keles, H. Reversal of the inhibitory effect of light and high temperature on germination of Phacelia tanacetifolia seeds by
melatonin. J. Pineal Res. 2012, 52, 332-339. [CrossRef] [PubMed]

Cao, Q.; Li, G; Cui, Z.; Yang, F; Jiang, X.; Diallo, L.; Kong, F. Seed priming with melatonin improves the seed germination of
waxy maize under chilling stress via promoting the antioxidant system and starch metabolism. Sci. Rep. 2019, 9, 15044. [CrossRef]
Zhang, N.; Zhao, B.; Zhang, H.; Weeda, S.; Yang, C.; Yang, Z.; Ren, S.; Guo, Y. Melatonin promotes water-stress tolerance, lateral
root formation, and seed germination in cucumber (Cucumis sativus L.). ]. Pineal Res. 2013, 54, 15-23. [CrossRef] [PubMed]
Byeon, Y.; Back, K. Low melatonin production by suppression of either serotonin N-acetyltransferase or N-acetylserotonin
methyltransferase in rice causes seedling growth retardation with yield penalty, abiotic stress susceptibility, and enhanced
coleoptile growth under anoxic conditions. J. Pineal Res. 2016, 60, 348-359. [CrossRef]

Xu, S; Hu, J; Li, Y;; Ma, W,; Zheng, Y.; Zhu, S. Chilling tolerance in nicotiana tabacum induced by seed priming with putrescine.
Plant Growth Regul. 2011, 63, 279-290. [CrossRef]

Agarwal, S.; Sairam, R.K,; Srivastava, G.C.; Tyagi, A.; Meena, R.C. Role of ABA, salicylic acid, calcium and hydrogen peroxide on
antioxidant enzymes induction in wheat seedlings. Plant Sci. 2005, 169, 559-570. [CrossRef]

Kratsch, H.A.; Wise, R.R. The ultrastructure of chilling stress. Plant Cell Environ. 2000, 23, 337-350. [CrossRef]

Arnao, M.B.; Hernandez-Ruiz, J. Protective effect of melatonin against chlorophyll degradation during the senescence of barley
leaves. J. Pineal Res. 2009, 46, 58—63. [CrossRef]

Khan, M.N.; Zhang, J.; Luo, T,; Liu, J.; Rizwan, M.; Fahad, S.; Xu, Z.; Hu, L. Seed priming with melatonin coping drought stress in
rapeseed by regulating reactive oxygen species detoxification: Antioxidant defense system, osmotic adjustment, stomatal traits
and chloroplast ultrastructure perseveration. Ind. Crop. Prod. 2019, 140, 111597. [CrossRef]

Wu, C,; Cao, S.; Xie, K.; Chi, Z.; Wang, J.; Wang, H.; Wei, Y,; Shao, X.; Zhang, C.; Xu, E; et al. Melatonin delays yellowing of
broccoli during storage by regulating chlorophyll catabolism and maintaining chloroplast ultrastructure. Postharvest Biol. Technol.
2021, 172, 111378. [CrossRef]

Zhao, H.; Ye, L.; Wang, Y.; Zhou, X,; Yang, J.; Wang, J.; Cao, K,; Zou, Z. Melatonin increases the chilling tolerance of chloroplast in
cucumber seedlings by regulating photosynthetic electron flux and the ascorbate-glutathione cycle. Front Plant Sci. 2016, 7, 1814.
[CrossRef]

Cui, G.; Sun, F; Gao, X;; Xie, K.; Zhang, C.; Liu, S.; Xi, Y. Proteomic analysis of melatonin-mediated osmotic tolerance by
improving energy metabolism and autophagy in wheat (Triticum aestivum L.). Planta 2018, 248, 69-87. [CrossRef] [PubMed]
Schansker, G.; Srivastava, A.; Strasser, R.J. Characterization of the 820-nm transmission signal paralleling the chlorophyll a
fluorescence rise (OJIP) in pea leaves. Funct. Plant Biol. 2003, 30, 785-796. [CrossRef] [PubMed]

Zhang, Y.; Yang, S.; Chen, Y. Effects of melatonin on photosynthetic performance and antioxidants in melon during cold and
recovery. J. Biol. Plant 2017, 61, 571-578. [CrossRef]

Shokat, S.; Sehgal, D.; Vikram, P; Liu, F.; Singh, S. Molecular markers associated with agro-physiological traits under terminal
drought conditions in bread wheat. Int. J. Mol. Sci. 2020, 21, 3156. [CrossRef]

Van der Linde, K.; Gutsche, N.; Letters, H.M.; Lindermayr, C.; Mueller, B.; Holtgrefe, S.; Scheibe, R. Regulation of plant cytosolic
aldolase functions by redox-modifications. Plant Physiol. Biochem. 2011, 49, 946-957. [CrossRef] [PubMed]


http://doi.org/10.1111/jpi.12159
http://doi.org/10.1007/s10725-014-9905-0
http://doi.org/10.1038/nature05022
http://doi.org/10.1016/j.plantsci.2007.09.002
http://doi.org/10.1016/j.plaphy.2014.05.005
http://doi.org/10.1111/nph.14835
http://www.ncbi.nlm.nih.gov/pubmed/29034954
http://doi.org/10.1111/jpi.12453
http://www.ncbi.nlm.nih.gov/pubmed/29149482
http://doi.org/10.1111/j.1600-079X.2008.00652.x
http://www.ncbi.nlm.nih.gov/pubmed/19141087
http://doi.org/10.1371/journal.pone.0228241
http://www.ncbi.nlm.nih.gov/pubmed/32004326
http://doi.org/10.1371/journal.pone.0237536
http://doi.org/10.1111/j.1600-079X.2011.00947.x
http://www.ncbi.nlm.nih.gov/pubmed/22225610
http://doi.org/10.1038/s41598-019-51122-y
http://doi.org/10.1111/j.1600-079X.2012.01015.x
http://www.ncbi.nlm.nih.gov/pubmed/22747917
http://doi.org/10.1111/jpi.12317
http://doi.org/10.1007/s10725-010-9528-z
http://doi.org/10.1016/j.plantsci.2005.05.004
http://doi.org/10.1046/j.1365-3040.2000.00560.x
http://doi.org/10.1111/j.1600-079X.2008.00625.x
http://doi.org/10.1016/j.indcrop.2019.111597
http://doi.org/10.1016/j.postharvbio.2020.111378
http://doi.org/10.3389/fpls.2016.01814
http://doi.org/10.1007/s00425-018-2881-2
http://www.ncbi.nlm.nih.gov/pubmed/29564630
http://doi.org/10.1071/FP03032
http://www.ncbi.nlm.nih.gov/pubmed/32689062
http://doi.org/10.1007/s10535-017-0717-8
http://doi.org/10.3390/ijms21093156
http://doi.org/10.1016/j.plaphy.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21782461

Molecules 2021, 26, 1192 13 of 13

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

Wakao, S.; Benning, C. Genome-wide analysis of glucose-6-phosphate dehydrogenases in Arabidopsis. Plant J. 2005, 41, 243-256.
[CrossRef] [PubMed]

Lin, Y;; Lin, S.; Guo, H.; Zhang, Z.; Chen, X. Functional analysis of PsG6PDH, a cytosolic glucose-6-phosphate dehydrogenase
gene from Populus suaveolens, and its contribution to cold tolerance improvement in tobacco plants. Biotechnol. Lett. 2013, 35,
1509-1518. [CrossRef] [PubMed]

Aghdam, M.S; Luo, Z; Li, L.; Jannatizadeh, A.; Fard, ].R.; Pirzad, F. Melatonin treatment maintains nutraceutical properties of
pomegranate fruits during cold storage. Food Chem. 2020, 303, 125385. [CrossRef]

Almansouri, M.; Kinet, ].M.; Lutts, S. Effect of salt and osmotic stresses on germination in durum wheat (Triticum durum Desf.).
Plant Soil 2001, 231, 243-254. [CrossRef]

Tan, W,; Liu, J.; Dai, T.; Jing, Q.; Cao, W,; Jiang, D. Alterations in photosynthesis and antioxidant enzyme activity in winter wheat
subjected to post-anthesis water-logging. Photosynthetica 2008, 46, 21-27. [CrossRef]

Gao, J. Experimental Guidance for Plant Physiology; China Higher Education Press: Beijing, China, 2006.

Verma, S.; Dubey, R.S. Lead toxicity induces lipid peroxidation and alters the activities of antioxidant enzymes in growing rice
plants. Plant Sci. 2003, 164, 645-655. [CrossRef]

Zheng, C.; Jiang, D.; Liu, E; Dai, T,; Jing, Q.; Cao, W. Effects of salt and waterlogging stresses and their combination on leaf
photosynthesis, chloroplast ATP synthesis, and antioxidant capacity in wheat. Plant Sci. 2009, 176, 575-582. [CrossRef]

Shah, K.; Kumar, R.G.; Verma, S.; Dubey, R.S. Effect of cadmium on lipid peroxidation, superoxide aniongeneration and activities
of antioxidant enzymes in growing rice seedlings. Plant Sci. 2009, 161, 1135-1144. [CrossRef]

Soliman, A.S.; El-feky, S.A.; Darwish, E. Alleviation of salt stress on Moringa peregrina using foliar application of nanofertilizers.
J. Hortic. Forest. 2015, 7, 36—47. [CrossRef]

Sun, L.; Song, F; Guo, J.; Zhu, X; Liu, S.; Liu, F; Li, X. Nano-ZnO-induced drought tolerance is associated with melatonin
synthesis and metabolism in maize. Int. ]. Mol. Sci. 2020, 21, 782. [CrossRef] [PubMed]


http://doi.org/10.1111/j.1365-313X.2004.02293.x
http://www.ncbi.nlm.nih.gov/pubmed/15634201
http://doi.org/10.1007/s10529-013-1226-2
http://www.ncbi.nlm.nih.gov/pubmed/23690038
http://doi.org/10.1016/j.foodchem.2019.125385
http://doi.org/10.1023/A:1010378409663
http://doi.org/10.1007/s11099-008-0005-0
http://doi.org/10.1016/S0168-9452(03)00022-0
http://doi.org/10.1016/j.plantsci.2009.01.015
http://doi.org/10.1016/S0168-9452(01)00517-9
http://doi.org/10.5897/JHF2014.0379
http://doi.org/10.3390/ijms21030782
http://www.ncbi.nlm.nih.gov/pubmed/31991760

	Introduction 
	Results 
	Effects of Seed Pre-Soaking with Melatonin on Seed Germination under Low Temperature 
	Effects of Parental Melatonin Treatment on Germination of Offspring under Low Temperature. 
	Effects of Parental Melatonin Treatment during Grain Filling on Offspring Wheat Seedling under Low Temperature. 

	Discussion 
	Materials and Methods 
	Plant Materials and Treatments 
	Seed Presoaking with Melatonin 
	Parental Treatment with Melatonin 

	Measurements 
	Germination Rate (GR), Length and Dry Weight of Radicle and Coleoptile 
	Extraction and Determination of Activities of Antioxidant Enzymes and Concentration of MDA. 
	Extraction and Determination of Sucrose, Soluble Sugar and Starch 
	Extraction and Determination of Proline 
	Transmission Electron Microscope (TEM) 
	Gas Exchange and Chlorophyll a Fluorescence 
	Extraction and Determination of Carbohydrate Metabolism Enzymes 

	Statistical Analysis 

	Conclusions 
	References

