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Abstract: The strawberry (Fragaria × ananassa Duch.) is an important fruit crop cultivated worldwide
for its unique taste and nutritional properties. One of the major risks associated with strawberry
production is cold damage. Recently, melatonin has emerged as a multifunctional signaling molecule
that influences plant growth and development and reduces adverse consequences of cold stress.
The present study was conducted to investigate the defensive role of melatonin and its potential
interrelation with abscisic acid (ABA) in strawberry plants under cold stress. The results demonstrate
that melatonin application conferred improved cold tolerance on strawberry seedlings by reducing
malondialdehyde and hydrogen peroxide contents under cold stress. Conversely, pretreatment of
strawberry plants with 100 µM melatonin increased soluble sugar contents and different antioxidant
enzyme activities (ascorbate peroxidase, catalase, and peroxidase) and non-enzymatic antioxidant
(ascorbate and glutathione) activities under cold stress. Furthermore, exogenous melatonin treatment
stimulated the expression of the DREB/CBF—COR pathways’ downstream genes. Interestingly, ABA
treatment did not change the expression of the DREB/CBF—COR pathway. These findings imply that
the DREB/CBF-COR pathway confers cold tolerance on strawberry seedlings through exogenous
melatonin application. Taken together, our results reveal that melatonin (100 µM) pretreatment
protects strawberry plants from the damages induced by cold stress through enhanced antioxidant
defense potential and modulating the DREB/CBF—COR pathway.

Keywords: melatonin; abiotic stress; cold tolerance; antioxidant potential; gene expression

1. Introduction

The strawberry is an important and highly valued fruit because of its unique taste and
nutritional properties [1]. Multiple environmental stresses such as salinity, drought, cold, and
extreme heat directly threaten crop productivity, resulting in global food shortages [2,3]. Cold
stress is a major abiotic stress that critically inhibits crop growth, production, and geographical
distributions of plants [4]. Low temperatures result in large losses in strawberry production,
with severe frost damage resulting in a 20–30% reduction in yield owing to the damage to
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leaves and other organs [5]. However, under severe cold conditions, the internal defense
system of plants is insufficient to cope with oxidative stress and its side effects. Thus, effective
ways to improve the abiotic stress tolerance of strawberry plants are urgently needed.

Cold stress can affect physiological and biochemical changes such as photosynthesis,
respiration, and reactive oxygen species (ROS) production [6,7]. Elevated ROS levels cause
oxidative damage to DNA, proteins, and an increase in membrane lipid peroxidation, thus
inhibiting cellular functions and signal transduction pathways that negatively influence the
development of crops [8]. As a result, plants have evolved to be well-equipped with antioxidant
defense machinery to prevent the oxidative damage induced by elevated ROS levels [9].

Melatonin is a multifunctional phytoprotectant signaling molecule involved in multiple
physiological and biochemical functions in response to various environmental stresses [10].
As a free radical scavenger, melatonin can directly scavenge ROS in cellular compart-
ments, thereby alleviating oxidative stress in plants [11]. Moreover, melatonin protects
plants against a variety of environmental stresses, such as cold [12], heat [13], salinity [14],
drought [15], and heavy metals [16]. These studies have highlighted that melatonin en-
hances plant tolerance to several environmental stresses. Although the physiological and
molecular mechanisms of cold tolerance have been studied to some extent, melatonin-
mediated cold tolerance in the strawberry remains elusive.

Abscisic acid (ABA) is another essential hormone that acts as a stress indicator/signal
to assist plants in dealing with environmental stresses [17]. Exogenous ABA can improve
antioxidant activity by preventing cell damage from reactive oxygen species [18]. Mela-
tonin has been shown in studies to mediate ABA biosynthesis and metabolism regulation,
resulting in a decrease in ABA content under stress conditions. Moreover, melatonin
selectively downregulates the MdNCED3 gene (involved in ABA biosynthesis) and upregu-
lates MdCYP707A1 and MdCYP707A2 (ABA catabolic genes) in two Malus species under
drought-stressed conditions [19]. Exogenous melatonin application increased the endoge-
nous ABA content in Elymus nutans under salt stress conditions, which was significantly
inhibited by fluridone (ABA synthesis inhibitor). Pretreatment with ABA or fluridone had
no effect on endogenous MET concentration, implying that ABA may act as a downstream
signal in the melatonin-induced cold tolerance. Interestingly, melatonin can also induce
the expression of cold-responsive genes in plants, thereby increasing their resistance to
cold stress in an ABA-independent manner. This implies that melatonin-induced cold
tolerance might be involved in both ABA-dependent and ABA-independent pathways [20].
However, melatonin- and ABA-mediated changes in the antioxidant defense system of
strawberry seedlings facing cold stress are still unknown.

C-repeat binding factors (CBFs)/dehydration-responsive element-binding proteins
(DREB) encode transcription factors that play an essential role in responses to environmen-
tal stimuli, including salt, drought, fungal infection, freezing, and cold stress [21,22]. These
CBF proteins can bind to the promoter regions of various cold-responsive genes, thereby
controlling their expression [23]. Similarly, overexpressing AtCBF3, AtCBF2, and AtCBF1
enhanced tolerance to drought, salt, and freezing by activating multiple downstream genes
such as those that are cold-inducible and responsive to dehydration [24,25]. Over the last
few years, substantial progress has been achieved in illuminating melatonin’s and ABA’s
protective role in response to various environmental stresses in different crops [26].

To the best of our knowledge, whether melatonin can improve strawberry cold tol-
erance and the underlying mechanism has not been reported. Thus, this study aimed to
determine the role of melatonin in improving the cold tolerance of strawberry plants. We
hypothesized that melatonin treatment would protect the strawberry cultivar ‘Benihoppe’
from the harmful effects of cold stress, especially the oxidative damage that occurs, and
improve cold stress tolerance by modulating the DREB/CBF—COR pathway and antiox-
idant defense system. Moreover, we aimed to explore melatonin’s role and its possible
interrelation with ABA in strawberry plants exposed to cold stress.
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2. Materials and Methods
2.1. Plant Materials and Growth Conditions

A conventional, widely planted strawberry seedling (Fragaria × ananassa Duch.) culti-
var, ‘Benihoppe’, was used in this study, which was provided by Zhenjiang Agricultural
Science Research Institute, Jurong, Jiangsu. The seedlings were sown in a plastic pot con-
taining a mixed substrate of garden soil and nursery substrate (1:1; v:v) and cultivated under
greenhouse conditions (16:8 h photoperiod, 25/20 ◦C (day/night), the relative humidity
of 65%). The pre-cultivation period was 18 days, with the intention of allowing seedlings
become adapted to new conditions. The plants were drip-irrigated, but no fertilizer was
applied during the study period.

2.1.1. Experiment 1

To determine the potential role of melatonin in mitigation of cold damage to strawberry
plants, six-leaf-stage strawberry seedlings were treated with exogenous melatonin and sub-
jected to cold stress treatment. The strawberry seedlings were sprayed with water or 10, 50,
100, 500, and 1000 µM melatonin solutions until the leaves dripped, once every 2 d for a total
of three applications. Two days after the last melatonin application, seedlings were subjected
to cold-temperature stress at 0/−4 ◦C (16/8 h) for 2 days. Nine additional plants were kept at
25◦ C and served as NT (normal temperature without melatonin application) plants. Samples
for gene expression were collected at 0, 3, 6, 12, 24, 48, and 96 h of cold treatment with 100 µM
melatonin, immediately flash-frozen in liquid nitrogen, and stored at −80 ◦C until analyzed.
After 2 days of cold treatment, oxidative stress indicators, soluble sugars, non-enzymatic
antioxidant concentration, and related antioxidant enzyme activities were measured.

2.1.2. Experiment 2

To determine the putative role of exogenous melatonin and ABA in cold stress re-
sistance, strawberry seedlings were pretreated with water or ABA (100 µM), fluridone
(50 µM), melatonin (100 µM), and melatonin (100 µM) + fluridone (50 µM), respectively for
3 times in a two-day interval. Two days after the last melatonin or other chemical applica-
tion, plants were subjected to cold stress for two days, as described earlier. After two days
of cold treatment, leaf samples were collected to perform further analysis, including both
gene expression and biochemical traits.

2.2. Determination of Leaf Malondialdehyde and Hydrogen Peroxide Concentrations

Malondialdehyde (MDA) is a critical biomarker of lipid peroxidation. Two days
after cold stress, the contents of MDA were measured using the thiobarbituric acid (TBA)
reaction as described previously. Briefly, 0.5 g of leaf tissue was homogenized with 5 mL
of 5% (w/v) trichloroacetic acid (TCA) solution followed by centrifugation at 1000× g for
10 min at 4 ◦C. One ml of supernatant was mixed with 2 mL of TCA containing a 0.5% (w/v)
TBA solution. The mixture was boiled at 95 ◦C for 30 min and immediately placed on ice
for cooling and centrifuged at 1000× g for 10 min. The absorbance of the supernatant was
measured at 450, 532, and 600 nm. The MDA content was calculated as µmol g−1 FW.

For the measurement of hydrogen peroxide (H2O2) content, 1 mL of the first reagent was
added to frozen samples of leaf tissue (0.1 g) and homogenized in an ice bath. The homogenate
was placed in a 1.5 mL centrifuge tube; after centrifugation at 8000× g at 4 ◦C for 10 min, the
supernatant was placed on ice for H2O2 measurement. The analysis was performed using
(H2O2) Content Assay Kit (BC3595; Solarbio Science & Technology Co., Ltd., Beijing, China)
according to the manufacturer’s instructions and expressed as µmol g−1 FW.

2.3. Determination of Soluble Sugars

The soluble sugar content was determined using the anthrone method, as described
by [27]. Briefly, 0.1 g samples were added to 2 mL of 80% (v/v) ethanol at 80 ◦C for 30 min.
Then, 100 µL of extracts was added with 2 mL of anthrone and boiled for 10 min. The
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absorption was measured at 630 nm, and the content was quantified using a calibration
curve for the sucrose standard as a reference.

2.4. Determination of Ascorbate and Glutathione Contents

For the measurement of ascorbate (AsA) contents, 1 mL of first reagent was added to
frozen samples of leaf tissue (0.1 g) and homogenized in an ice bath. The homogenate was
placed in a 1.5 mL centrifuge tube; after centrifugation at 8000× g at 4 ◦C for 20 min or
16,000× g at 4 ◦C for 20 min, the supernatant was placed on ice for AsA measurement. The
analysis was performed using the Micro AsA Content Assay Kit (BC1235; Solarbio Science
& Technology Co., Ltd., Beijing, China) according to the manufacturer’s instructions.

For the measurement of reduced glutathione (GSH) contents, 0.1 g of fresh leaf tissue
was weighed after rinsing it twice with PBS. We used the first part of the reagent in the kit to
moisten and wash the homogenizer (the homogenizer was precooled in advance). Then, 1 mL
of first reagent was added, and the sample was ground on ice. The sample was centrifuged
at 7100× g (GSH) at 4 ◦C for 10 min. The supernatant was collected and maintained at 4 ◦C.
GSH contents were determined using the Micro GSH Assay Kit (BC1185; Solarbio Science &
Technology Co., Ltd. Beijing, China) according to the manufacturer’s instructions.

2.5. Determination of Different Antioxidant Enzymatic Activities

Leaf tissues (0.5g) were ground in liquid nitrogen with mortar and pestle and homoge-
nized in 5 mL of extraction buffer (phosphate buffer, pH 7.5, containing 0.1 mM EDTA and 4%
polyvinylpolypyrrolidone). The homogenate was centrifuged at 12,000× g for 20 min, and
the supernatant was used for enzyme analysis [28]. The activities of antioxidant enzymes,
including ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT), were measured according to the methods described by Chen and Wang [29].

2.6. Determination of Total Antioxidant Capacity

The total antioxidant capacity (T-AOC) of strawberry seedlings was measured using the
total antioxidant capacity Assay Kit (BC1310; Solarbio., Science & Technology Co., Ltd. Beijing,
China) based on the ferric-reducing antioxidant power (FRAP) assay. The absorbance was
measured at 593 nm, and the T-AOC was calculated according to the standard curve.

2.7. Determination of Endogenous Melatonin and ABA

A total of 1 g of leaf sample was homogenized in 10 mL of dichloromethane and 6 mL
of H2O–propanol (2: 1, v/v) solution and then ultrasonicated for 35 min at 0 ◦C. The ho-
mogenate was centrifuged twice at 8000× g for 10 min at 4 ◦C, and the aliquot was collected,
followed by mixing with 6 mL of methanol. The liquid flowed through the C18 extraction
column and dried under nitrogen gas, and the powder was dissolved in 200 µL of methanol.
ABA content was determined by high-performance liquid chromatography (3200 Qtrap
Ultra high-performance liquid chromatography series triple quadrupole mass spectrometry
instrument, AB SCIEX): The column used was Agilent SB-C18 column (50 mm × 2.1 mm,
1.8 µm). The mobile phase A (0.5% formic acid, v/v) and a mobile phase B (methanol) were
maintained, using a gradient program as follows: 40 to 40% B (5 min), from 40 to 50%
B (5 min), and from 50 to 70% B (2 min). Column temperature: 40 ◦C. Injection amount:
2 µL. Melatonin content, as determined by high-performance liquid chromatography, was
roughly the same as ABA. However, the mobile phase A (1% formic acid, v/v) and a mobile
phase B (1% formic acid of acetonitrile, v/v) were maintained, using a gradient program
as follows: 95% A and 5% B (0.5 min), 10% A and 90% B (11 min), and 95% A and 5% B
(7.5 min). Column temperature 35 ◦C. Injection amount: 3 µL.

2.8. Extraction of Total RNA and Quantitative Real-Time PCR (qRT-PCR) Analysis

The total RNA of leaf samples was extracted using an RNA Extraction Kit (Pudi, Shang-
hai, China). A NanoDrop Spectrophotometer was used to analyze the quantity and purity
of the RNA. The first-strand cDNA was synthesized with the PrimeScript RT reagent kit
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following the manufacturer’s protocol. The RT-PCR gene-specific primers were designed and
synthesized by Nanjing TSINGKE Biotechnology Firm using Primer Premier 5 (Version 5.0).
Table S1 displays the primer sequence list. The qRT-PCRs were performed in an Applied
Biosystems 7500 Real-time PCR system (CA, USA) using the SYBR Premix Ex Taq kit described
earlier [30]. The quantitative qRT-PCR conditions consisted of denaturation at 95 ◦C for 4 min,
accompanied by 40 cycles of denaturation at 95 ◦C for 25 s, annealing at 60 ◦C for 20 s, and
extension at 72 ◦C for 43 s. The PCR reaction was performed in a 20 µL volume with 10 µL of
Master Mix (SYBR Green), 1 µL of cDNA, 8.6 µL of ddH2O, and 0.2 µL of each primer. The
relative gene expression was calculated using the comparative CT method [31].

2.9. Statistical Analysis

The statistical analysis was performed using the statistical SPSS 19.0 program (SPSS
Inc., Chicago, IL, USA). Each treatment comprised 3 biological replicates, and the leaves
collected from three seedlings were referred as one biological replicate. Data were analyzed
by one-way analysis of variance (ANOVA), and the differences among the treatment means
were compared using the least-significant difference (LSD) test at p ≤ 0.05 [32].

3. Results
3.1. Effects of Melatonin on Phenotypes of Strawberry Leaves

Reduced growth and progressive leaf chlorosis were the most noticeable signs of cold
stress in strawberry seedlings compared with plants kept at normal conditions (25 ◦C)
(Figure 1). After melatonin treatment, growth restriction caused by cold stress was allevi-
ated to a large extent, exhibiting a low degree of wilting. These results indicate that exogenous
melatonin application improved the cold stress resistance of strawberry seedlings.
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Figure 1. Effects of exogenous application of melatonin on plant survival (%) (A) and growth (B) of
strawberry seedlings under cold stress. Plants treated with distilled water under the normal conditions
(25 ◦C) served as control (NT). The strawberry seedlings were pretreated with distilled water (LT), 10 µM
melatonin (LT + 10MET), 50 µM melatonin (LT + 50MET), 100 µM melatonin (LT + 100MET), 500 µM
melatonin (LT + 500MET), and 1000 µM melatonin (LT + 1000MET) 3 times in a two-day interval and then
exposed to cold stress for 2 days. Graphs represent the mean of three biological replicates. Values labeled
with different letters indicate significant differences among treatments at (p≤ 0.05) by LSD.



Horticulturae 2022, 8, 194 6 of 18

3.2. Melatonin Application Reduces MDA and H2O2 Contents

For evaluating the influence of melatonin in alleviation of cold-induced oxidative
stress, we measured the contents of MDA and H2O2 in the leaves of strawberry plants
(Figure 2a,b). Cold stress significantly increased the contents of MDA and H2O2 in straw-
berry leaves, in comparison to the control, by 37% and 87%, respectively, suggesting that
cold treatment caused severe oxidative stress in strawberry plants. In contrast, strawberry
seedlings that were pretreated with 100 µM melatonin had profoundly alleviated stress
markers (MDA and H2O2), which decreased in MET-treated plants by 43% and 47%, re-
spectively, in comparison to the cold stress plants. Moreover, the higher concentration of
melatonin (500–1000 µM) inhibited strawberry growth by excessive production of H2O2
and MDA, followed by cold stress. These findings indicate that 100 µM melatonin had
the most obvious effect on reducing the MDA (about 22%) and increasing protection from
lipid peroxidation. Cold stress significantly increased the accumulation of soluble sugars
by 64% compared to control plants, and the content of sugars was further elevated by the
melatonin pretreatment (Figure 2c).
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Figure 2. Effects of exogenous melatonin on MDA (A), H2O2 (B), and soluble sugar concentrations
(C) in strawberry seedlings under cold stress. Plants treated with distilled water under the normal
conditions (25 ◦C) served as control (NT). The strawberry seedlings were pretreated with distilled
water (LT), 10 µM melatonin (LT + 10MET), 50 µM melatonin (LT + 50MET), 100 µM melatonin
(LT + 100MET), 500 µM melatonin (LT + 500MET), and 1000 µM melatonin (LT + 1000MET) 3 times
in a two-day interval and then exposed to cold stress for 2 days. Graphs represent the mean of
three biological replicates. Values labeled with different letters indicate significant differences among
treatments at (p ≤ 0.05) by LSD.
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3.3. Effects of Melatonin on Nonenzymatic Antioxidants

Non-enzymatic antioxidants (AsA and GSH) were measured in the leaves of straw-
berry plants (Figure 3). The AsA content was increased when the strawberry seedlings
were exposed to cold stress by 32% compared with NT plants. In addition, AsA content
was further increased by (111%) in 100 µM melatonin-pretreated cold-stressed seedlings
compared to the NT seedlings (Figure 3a). Likewise, when strawberry seedlings were
exposed to LT, the GSH content was also increased in LT plants by 9% compared with NT
plants (Figure 3b). Furthermore, the 100 µM melatonin concentration significantly increased
GSH content by 47% than NT plants (Figure 3b). In contrast, the higher concentration of
melatonin (500 or 1000 µM) decreased the GSH content.
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Figure 3. Effects of exogenous melatonin on non-enzymatic antioxidants (AsA (A) and GSH (B))
in strawberry seedlings under cold stress. Plants treated with distilled water under the normal
conditions (25 ◦C) served as control (NT). The strawberry seedlings were pretreated with distilled
water (LT), 10 µM melatonin (LT + 10MET), 50 µM melatonin (LT + 50MET), 100 µM melatonin
(LT + 100MET), 500 µM melatonin (LT + 500MET), and 1000 µM melatonin (LT + 1000MET) 3 times
in a two-day interval and then exposed to cold stress for 2 days. Graphs represent the mean of
three biological replicates. Values labeled with different letters indicate significant differences among
treatments at (p ≤ 0.05) by LSD.

3.4. Effects of Melatonin on Antioxidant Enzyme Activities

Antioxidant enzyme activities were markedly enhanced in the leaves of strawberry
seedlings by exogenous melatonin under cold stress conditions compared with untreated
plants (Figure 4). Furthermore, the different melatonin treatments showed distinct behavior
for increasing antioxidant enzyme activities. Melatonin applications enhanced APX activity
compared with the control, and the highest activity was found in 100 µM-melatonin-treated
plants, which accounted for 93% (Figure 4a). The CAT activity revealed an increasing
trend similar to SOD activity. However, CAT activity in 100 µM- and 500 µM-melatonin-
treated seedlings was considerably higher than in other concentrations at 70% and 59%,
respectively, more than only-LT plants (Figure 4b). Similarly, POD activity showed an
increasing pattern with increasing melatonin concentration and reached a maximum level
at 100 µM melatonin and was 81% higher than in LT plants (Figure 4c). SOD activity was
shown to increase with increasing melatonin concentrations under cold stress except for
higher levels (500 and 1000 µM) of melatonin (Figure 4d), and the highest activity was
observed in 100 µM-treated plants, and it was 61% higher than in NT plants.
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Figure 4. Effects of exogenous melatonin on the activities of antioxidant enzymes (APX (A) CAT (B),
POD (C), and SOD (D)) in strawberry seedlings under cold stress. Plants treated with distilled water
under the normal conditions (25 ◦C) served as control (NT). The strawberry seedlings were pretreated
with distilled water (LT), 10 µM melatonin (LT + 10MET), 50 µM melatonin (LT + 50MET), 100 µM
melatonin (LT + 100MET), 500 µM melatonin (LT + 500MET), and 1000 µM melatonin (LT + 1000MET)
for 3 times in a two-day interval and then exposed to cold stress for 2 days. Graphs represent the
mean of three biological replicates. Values labeled with different letters indicate significant differences
among treatments at (p ≤ 0.05) by LSD.

3.5. Effects of Melatonin on Expression Analysis of Cold-Related Genes

We assayed the transcriptional levels of cold-stress-related genes in strawberry seedlings
(Figure 5). These findings indicate that the expression of cold-responsive genes (COR) was
triggered in response to cold stress. After 12 and 48 h of cold treatment, the relative ex-
pression of the COR47 gene was 1.49- and 11.20- fold higher in plants treated with µM
melatonin compared with LT plants. After 96 h of cold treatment, expression of COR47 was
26.58-fold higher in melatonin-pretreated plants than in control plants. The expression of
COR1 showed a similar pattern to COR47, which had higher expression levels after 96 h
of cold treatment. The expression of COR3 was affected by melatonin-treated plants after
0 h of cold treatment; the relative expression level of COR3 was significantly higher in
melatonin-treated plants than in control plants. After 3, 6, 12, and 48 h of cold treatment,
the relative expression of the HSF gene was considerably higher in melatonin-treated
plants compared with control plants, indicating that melatonin has the positive effect of an
increase in cold tolerance. Compared with non-treated plants, the relative expression of
CBF4, DREB1B, DREB1E, and DREB2A was significantly higher in the melatonin-pretreated
plants after 48 h of cold stress. However, the expression of CBF4, DREB1B, DREB1E, and
DREB2A was not affected by melatonin application after 96 h of cold treatment. Taken
together, this study indicates that exogenous melatonin also conferred improved resistance
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on cold stress in strawberry seedlings by activating the DREB/CBF-COR signaling pathway
in cold-treated strawberry seedlings.
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Figure 5. Expression of cold-related genes in leaves of strawberry under cold stress. The strawberry
seedlings were pretreated with distilled water (LT) or 100 µM melatonin (LTM) 3 times in a two-day
interval and then exposed to cold stress for 2 days. Samples were taken at 0, 3, 6, 12, 24, 48, and 96 h
after cold treatment. Graphs represent the mean of three biological replicates. Values labeled with
different letters indicate significant differences among treatments at (p ≤ 0.05) by LSD.

3.6. ABA Involved in Melatonin-Mitigated Oxidative Damage Caused by Cold Stress

To examine the putative role of ABA in melatonin-mitigated oxidative damage caused
by cold stress, an inhibitor of endogenous ABA biosynthesis was used (fluridone). Ex-
ogenously applied treatments such as melatonin and ABA significantly impacted the
cold tolerance of strawberry seedlings (Figure 6). Two days after cold stress, the MDA
concentration of strawberry seedlings was decreased (p < 0.05) by the application of ex-
ogenous melatonin and ABA treatments by 49% and 50%, respectively, compared to LT
plants (Figure 6a). Moreover, the concentration of H2O2 displayed a similar pattern to that
observed for MDA, with minor differences among treatments (Figure 6b).

Next, we assayed the activities of SOD, CAT, POD, and APX in the leaves of straw-
berry seedlings to verify the positive influence of ABA and melatonin under cold stress
(Figure 7a–d). After 2 days of cold stress, 50 µM of exogenously applied fluridone de-
creased APX, POD, SOD, CAT, and T-AOC concentrations compared to other treatments.
These antioxidant concentrations decreased when melatonin and fluridone were combined
(Figure 7a–d). On the other hand, the enzymatic activities, including CAT, POD, APX,
and T-AOC, were higher in melatonin-pretreated plants than in other treatments under
cold stress conditions. However, pretreatment with fluridone alone did not enhance the
enzymatic and non-enzymatic antioxidant concentrations under cold stress conditions.
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Figure 6. Effects of exogenous melatonin and ABA on melatonin on MDA (A), H2O2 (B), and total
antioxidant capacity (T-AOC) (C) in strawberry seedlings under cold stress. Plants treated with
distilled water under the normal conditions (25 ◦C) served as control (NT). The strawberry seedlings
were pretreated with distilled water (LT), 100 µM ABA (LT + ABA), 50 µM fluridone (LT + FLU),
100 µM melatonin (LT + MET), and 50 µM fluridone + 100 µM melatonin (LT + FLU + MET) 3 times
in a two-day interval and then exposed to cold stress for 2 days. Graphs represent the mean of
three biological replicates. Values labeled with different letters indicate significant differences among
treatments at (p ≤ 0.05) by LSD.

3.7. Endogenous Melatonin, ABA Concentration, and Expression Analysis of ABA
Metabolism Genes

After being exposed to cold stress, the levels of endogenous melatonin and ABA
were measured in the leaves of strawberry seedlings to establish the relationship between
melatonin and ABA concentrations. Increased endogenous ABA levels were observed after
exogenous ABA treatment; however, decreased endogenous ABA levels were observed after
exogenous melatonin treatment (Figure 8a). Seedlings treated with exogenous melatonin +
fluridone (MET + FLU) had considerably increased endogenous melatonin content under
cold stress (Figure 8b). Additionally, the relative expression of ABA metabolic genes was
quantified. The expression of the NCED1 and CYP707A2 genes in the leaves of strawberry
seedlings was higher in exogenous ABA-pretreated seedlings (Figure 8c,f). On the other
hand, exogenous melatonin did not induce significant changes in ABA content (Figure 8b).
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Figure 7. Effects of exogenous melatonin and ABA on the activities of antioxidant enzyme (APX (A), CAT
(B), POD (C), and SOD (D)) in strawberry seedlings under cold stress. Plants treated with distilled water
under the normal conditions (25 ◦C) served as control (NT). The strawberry seedlings were pretreated
with distilled water (LT), 100 µM ABA (LT + ABA), 50 µM fluridone (LT + FLU), 100 µM melatonin
(LT + MET), and 50 µM fluridone + 100 µM melatonin (LT + FLU + MET) 3 times in a two-day interval
and then exposed to cold stress for 2 days. Graphs represent the mean of three biological replicates. Values
labeled with different letters indicate significant differences among treatments at (p≤ 0.05) by LSD.
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Figure 8. Effects of exogenous melatonin and ABA treatment on the endogenous ABA concentration (A),
MET concentration (B), relative expressions of NCED1 (C), NCED3 (D), CYP707A1 (E), and CYP707A2
genes (F) in strawberry seedlings under cold stress. Plants treated with distilled water under the normal
conditions (25 ◦C) served as control (NT). The strawberry seedlings were pretreated with distilled water
(LT), 100 µM ABA (LT + ABA), 50 µM fluridone (LT + FLU), 100 µM melatonin (LT + MET), and 50 µM
fluridone + 100 µM melatonin (LT + FLU + MET) 3 times in a two-day interval and then exposed to cold
stress for 2 days. Graphs represent the mean of three biological replicates. Values labeled with different
letters indicate significant differences among treatments at (p ≤ 0.05) by LSD.
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3.8. Effects of Melatonin and ABA on Expression Analysis of Cold-Related Genes

Next, we analyzed the exogenous ABA effect on the expression of DREB/CBF-COR-
related genes in response to cold stress (Figure 9). Compared with exogenous ABA treat-
ment, melatonin significantly upregulated the expression of CBF4, DREB1B, DREB1E, and
DREB2A genes. Conversely, ABA treatment did not change the DREB/CBF-COR pathway
expression, indicating that the improved cold tolerance of strawberries under cold stress
after ABA treatment was not related to the DREB/CBF-COR pathway. Taken together, this
investigation suggests that exogenous melatonin enhanced the cold tolerance of straw-
berry seedlings, and the upregulation of DREB/CBF expression may be involved in the
melatonin-mediated cold response in strawberry seedlings.
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Figure 9. Effects of exogenous melatonin and ABA treatment on cold-related genes; transcript levels
of CBF4A (A), DREB1B (B), DREB1E (C), and DREB2A (D) in strawberry seedlings under cold stress.
The strawberry seedlings were pretreated with distilled water (LT), 100 µM ABA (LT + ABA), 50 µM
fluridone (LT + FLU), 100 µM melatonin (LT + MET), and 50 µM fluridone + 100 µM melatonin
(LT + FLU + MET) 3 times in a two-day interval and then exposed to cold stress for 2 days. Graphs
represent the mean of three biological replicates. Values labeled with different letters indicate
significant differences among treatments at (p ≤ 0.05) by LSD.

4. Discussion

Cold stress is one of the major environmental factors that negatively impact plant
growth and production and ultimately reduce crop yield [33]. Therefore, plants have devel-
oped various defensive strategies to respond to stresses. Melatonin is a broad-spectrum
antioxidant and highly effective free radical scavenger that contributes to the detoxification
of excess ROS, leading to enhanced stress tolerance [34,35]. During our study, the protective
role of melatonin and its potential interrelation with ABA were investigated in strawberry
seedlings under cold stress. Plants can protect themselves from the oxidative stress caused
by cold stress by increasing their antioxidant capacity. However, if their antioxidant ca-
pacity is weak, applying several exogenous compounds with high-antioxidant properties
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could help them increase stress tolerance [36]. The use of plant growth regulators and
biostimulators such as “melatonin” could be an efficient approach to achieve this objective.

Our present study indicated that the growth of strawberry seedlings was markedly
inhibited after the plants were exposed to cold stress. However, the application of melatonin
reduced the severity of cold-induced growth inhibition (Figure 1B); our results further
confirmed the findings of the previous reports that application of melatonin alleviated
cold stress and positively affected plant growth in Solanum lycopersicum [37], Arabidopsis
thaliana [38], Cynodon dactylon [27], and Cucumis sativus [39].

Cold-induced oxidative stress adversely affected cell membranes and enzymatic ac-
tivities of plants. MDA content is primarily believed to be a reliable indicator of cellular
damage [40]. In this study, the oxidative damage levels, as determined by H2O2 and lipid
peroxidation levels, were increased in strawberry seedlings subjected to cold stress. Con-
versely, exogenous application of melatonin effectively protected plant cells from oxidative
damage by lowering the accumulation of H2O2 and lipid peroxidation levels (evident
from lower MDA contents), suggesting that melatonin protects strawberry plants from
cold-induced oxidative stress (Figure 2a). This is in agreement with previous reports that
melatonin decreased MDA contents and conferred cold tolerance on watermelon [41],
tomato [37], Elymus nutans [20], and tea plants (Camellia sinensis) [42]. Moreover, exogenous
melatonin application led to strikingly declined MDA levels in watermelon plants [43]. Our
study found that the higher concentration of melatonin (500–1000 uM) reduced leaf growth
compared with 100 uM melatonin. Our findings are in accordance with previous studies
stating that a higher melatonin concentration suppressed leaf growth in Arabidopsis by
reducing cell size and cell number [44].

Osmotic regulation is a key self-defense mechanism enacted by plants under stress.
Plants produce high concentrations of osmotic regulators (e.g., soluble sugars) to increase
cytoplasmic solute concentrations, reduce water potential, and reduce cell water loss [45].
In the current study, the soluble sugar content increased under cold stress, which could be
further promoted by applications of melatonin (except 10 µM treatment) (Figure 2c), proba-
bly because melatonin promoted the synthesis of stress proteins in strawberry seedlings
and protected proteins from damage, indicating that melatonin participated in the osmotic
adjustment of strawberry seedlings. Similary, Shi et al. [27] reported that exogenous mela-
tonin improves abiotic stress resistance in bermudagrass by activating the antioxidant
enzyme system and increasing secondary metabolites such as sugar, alcohol, amino acid
and organic acids [27], which was confirmed in the current work. Furthermore, the appli-
cation of melatonin noticeably enhanced soluble sugar concentration, which helps plants
regulate their osmotic balance and alleviates stress-induced maize growth inhibition [46].

Plants protect their cells from oxidative damage by eliminating excess ROS through
an efficient antioxidant defense mechanism under stress conditions [47]. According to
Mittler [48], increased antioxidant enzyme activities under various stresses lead to poten-
tial and specific ROS scavenging. Melatonin is a broad-spectrum antioxidant because it
strengthens plants’ antioxidant defense system and improves tolerance mainly by detoxify-
ing excess ROS [10]. Likewise, melatonin could enhance salt resistance by regulating the
corresponding genes encoding antioxidant enzymes in cucumbers under high salinity [49].
In the current study, the activities of antioxidant enzymes (APX, CAT, POD, and SOD) were
lower in untreated control plants (LT) under cold stress. However, exogenous treatment
with 100 µM melatonin significantly enhanced several antioxidant enzymatic activities
of strawberry leaves under cold stress conditions, certifying the antioxidant function of
melatonin in the strawberry against cold stress (Figure 4a–d). Several studies have found
that melatonin treatments mitigated the negative effects of cold stress by stimulating the
antioxidant defense system and enhances tolerance [41,50]. Our results are in accordance
with the previous finding that melatonin-deficient tomatoes were less protective against
abiotic stress than wild-type tomatoes, whereas melatonin-rich plants had a better ability
to confront specific stresses [51].
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Moreover, two essential nonenzymatic antioxidants, GSH and ASA, play an essential
role in ROS scavenging in the ASA-GSH cycle, thereby reducing damage to plants from
unfavorable conditions [52]. In the present study, the AsA content of strawberry seedling
leaves increased significantly under cold stress, which could be further promoted by 50 to
500 µM-melatonin application (Figure 3a). Moreover, 100 µM melatonin application signifi-
cantly enhanced the GSH content in strawberry seedlings compared with other treatments
(Figure 3b). Thus, melatonin alleviated oxidative stress caused by cold stress depending
on the relationship between melatonin and its applied concentrations. These findings are
consistent with earlier studies that exogenous melatonin markedly enhanced the activity of
non-enzymatic antioxidants under different stresses by improving the scavenging capacity
of H2O2 and O2·− and reducing oxidative stress [10,13].

Many studies have demonstrated that ABA plays an important role in regulating plant
growth, development, and responses to several environmental stresses [53,54]. The present
study found that exogenous ABA treatment efficiently mitigated cold-induced oxidative
damage in strawberry seedlings, as evidenced by a lower MDA content and decreased H2O2
accumulation (Figure 6a,b). Moreover, pretreatment with ABA enhanced SOD, APX, CAT,
and T-AOC activities under cold stress. Similar results were observed in Capsicum annuum
and Elymus nutans under ABA and low-temperature conditions [20,55]. The previous study
demonstrated that ABA interacted with other essential signaling molecules, such as Ca2+,
NO, and H2O2, regulating responses to cold tolerance [20]. However, it is unclear whether
ABA is involved in melatonin-mediated cold tolerance in strawberry seedlings. To further
investigate the roles of ABA signaling in response to cold stress and exogenous melatonin
treatment, fluridone, an inhibitor of endogenous ABA biosynthesis, was used. After being
exposed to cold stress, pretreatments with fluridone in the presence of melatonin inhibited
the positive effect of melatonin on cell membranes, as indicated by increases in MDA
concentration, H2O2 levels, and a decline in antioxidant enzymes (APX, CAT, POD, SOD,
and T-AOC activities (Figure 7a–d). These findings suggest that ABA is involved in the
melatonin-induced antioxidant defense in response to cold stress.

The CBF/COR signaling pathway is the most important part of the cold stress re-
sponse [56]. The C-repeat/dehydration element-binding protein (CBF/DREB1) gene is
rapidly expressed during cold stress and contributes to plant cold tolerance [57]. The rela-
tive expression of the COR47 gene was significantly higher in 100 µM-melatonin-pretreated
plants after 12 and 48 h of cold treatment (Figure 5). Similarly, the expression level of COR3
was also significantly higher in melatonin-pretreated plants at different time intervals than
non-treated plants. Additionally, overexpression of a CBF gene, e.g., in barley, potato, apple,
and poplar, improves freezing tolerance. The improved freezing tolerance in transgenic
plants is associated with the induction of COR genes [58].

Melatonin treatment showed an increased expression of COR3 and COR47 compared
with untreated plants under cold stress. In Elymus nutans, it has been reported that exoge-
nous melatonin increased cold resistance and expression of several CBF and COR genes,
revealing the possibility of the melatonin enhancement of low-temperature resistance by
activating downstream cold-responsive genes [20]. Compared with the non-treated control
plants, the relative expression of CBF4, DREB1B, DREB1E, and DREB2A was significantly
higher in melatonin-pretreated plants after 48 h of cold stress (Figure 5). Overexpression
of CBF1 activated the downstream COR genes and increased freezing stress tolerance in
Arabidopsis [59]. TaDREB2- and TaDREB3-transgenic wheat and barley plants significantly
improved cold tolerance and increased expression of the stress-responsive LEA/COR/DHN
genes [60]. Subsequently, melatonin application improves freezing tolerance in plants
exposed to freezing temperatures [61]. These changes in gene expression suggest that
melatonin enhanced strawberry tolerance of cold stress by regulating the genes of the
DREB/CBF-COR pathway.

It is thought that DREB/CBF proteins improve stress tolerance by binding to the
DRE/CRT cis-acting element of target genes in an ABA-independent manner [62]. Fur-
thermore, ABA treatment did not induce a higher expression of CBF and COR genes in
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Elymus nutans [20]. In the current study, the positive effects of ABA on the cold resistance
of strawberry plants were verified, and it was found that pretreatment with melatonin
did not increase the content of endogenous ABA. However, at the same time, ABA treat-
ment significantly affects the content of endogenous melatonin. Furthermore, melatonin
affects partial gene expression of the ABA biosynthesis and catabolism processes, and
ABA treatment does not cause changes in DREB/CBF gene expression. Therefore, it is
speculated that the response of melatonin to low-temperature stress in the strawberry
is different from the ABA-dependent pathway, but cross-talks may exist between two
signal pathways. However, the specific relationship between the two pathways is still
uncertain. ABA is an important phytohormone that controls multiple physiological and
biochemical processes. It has a crucial role in biotic and abiotic stresses, including cold
resistance during plant growth and development [63]. NCED and CYP707A are critical
genes in ABA metabolism [64]. In the present study, the relative expressions of NCED1 and
CYP707A2 genes in the leaves of strawberry seedlings were noticeably higher in exogenous
ABA-pretreated seedlings. Conversely, exogenous melatonin did not induce significant
changes in ABA content (Figure 8a). These results suggest that melatonin could affect
ABA biosynthesis, and the expressions of NCED1 and CYP707A2 genes were increased due
to melatonin.

Metabolomics and transcriptomic analysis of melatonin-treated bermudagrass re-
vealed melatonin led to transcriptional regulation of genes involved in nitrogen, carbohy-
drate, and hormone metabolism, along with the changes in the content of sucrose, glucose,
and galactose. In Arabidopsis thaliana, Zhao et al. [65] reported that melatonin regulates
carbohydrates’ metabolism and activity of cell wall invertase improves cellulose, xylose,
and galactose for cell wall reinforcement and callose deposition. So, we speculate that
exogenous melatonin participated in multiple signaling pathways during the response of
strawberries to cold stress. Though melatonin did not participate in the ABA-dependent
pathway, it indirectly affected other metabolic synthesis pathways and led to the intermit-
tent influence on ABA metabolic genes.

5. Conclusions

In the present study, we found that low-temperature stress affected strawberry growth.
Melatonin application improves the cold tolerance of strawberry seedlings. The most
effective concentration was 100 µM, and at this concentration, biomass production was
noticeably increased. The application of melatonin in strawberry seedlings improved
the antioxidant defense system by decreasing MDA and H2O2 contents under cold stress
conditions. Moreover, we noticed that both exogenous melatonin and ABA could ame-
liorate oxidative damage caused by cold stress. Further investigations revealed that ex-
ogenous melatonin played an important role in enhancing cold tolerance by stimulating
the expression of downstream genes in the DREB/CBF-COR pathway. However, ABA
treatment failed to participate in this pathway. Overall, these findings indicate that the ABA-
independent pathway may contribute to melatonin-induced cold tolerance in strawberry
seedlings.
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