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Abstract: Carnation is one of the most important ornamental plants worldwide; however, heat stress
is a problem, which affects carnation cultivation. The harmful effects of heat stress include impaired
vegetative development and reduced floral induction. In this study, to enhance carnation growth
under conditions of heat stress, various concentrations of melatonin were added to in vitro culture
media. The mechanism by which melatonin reduced heat stress damage was then studied by taking
measurements of morphological parameters, levels of reactive oxygen species (ROS), antioxidant
enzymes, and malondialdehyde (MDA), as well as differential gene expression, in carnation plants
during in vitro culture. These data revealed that untreated carnation plants were more harmed by
conditions of heat stress than plants treated with melatonin. Melatonin at concentrations of 5 and
10 mM increased chlorophyll content, fresh weight, and plant height to a greater extent than other
concentrations. Melatonin may, thus, be used to alleviate damage to carnations caused by heat stress.
The application of melatonin was also found to reduce oxidative damage and enhance antioxidant
defense mechanisms. In addition, the expression of heat-related genes was found to be upregulated;
in melatonin-treated plants, an upregulation was recorded in the expression of GAPDH, DcPOD1,
DcPOD?2, DcPOD3, Gols1, MBF1c, HSF30, HSP101, HSP70, and sHSP (MT) genes. In short, we found
that melatonin treatment increased heat tolerance in carnation plants. The data presented here may
serve as a reference for those seeking to enhance the growth of plants in conditions of heat stress.
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1. Introduction

Carnation (Dianthus caryophyllus L.) is one of the most important cultivated plants; it is
grown worldwide for use as a cut flower [1]. Carnation is a perennial herbaceous plant that
is relatively well adapted to cold seasons but is very sensitive to high temperatures [2]. The
best temperature ranges for growing carnations are 13-15 °C in summer and 10-11 °C in
winter [3,4]. In recent years, the problem of climate change has made it necessary to better
understand the effects of heat stress on plant growth and how any negative effects might be
alleviated [5]. Indeed, this is now a critical issue worldwide, because heat stress is known
to have an inhibitory effect on the growth of most crops [6], including lower productivity
levels in the cultivation of ornamental plants [3,7].

Melatonin (N-acetyl-5-methoxytryptamine) has been shown to enhance plant produc-
tion under conditions of heat stress [8]. Melatonin participates in many biological processes,
including root development, shoot differentiation, leaf senescence, cell elongation, and
regulation of the process of photosynthesis [9,10]. The ability of melatonin to enhance the
tolerance of plants to abiotic stresses, such as high temperature, salinity, and cold stress,
has also been noted [11,12]. The antioxidant effect of melatonin appears to be a direct
result of the activation of antioxidant enzymes and scavenging ROS [13,14]. The authors
of [15] reported that the mechanism by which melatonin achieved such effects was by
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increasing the efficiency of mitochondrial electron transport. Researchers have also found
that melatonin stimulates molecular pathways in several plants [8,13,14,16]. It has also
been reported that, in some ornamental plants, melatonin plays a key role during heat
stress through its effect on genes, which are directly related to heat tolerance [7,17].

In the floriculture industry, the search for a protocol to minimize the damage caused
to carnations by high temperatures is a pressing issue [17]. The treatment of plants with
substances under in vitro and ex vitro conditions is one of the most important methods used
for reducing heat stress in plants [18]. Previous studies of carnations have shown that heat
stress transcription factors (Hsfs) and heat shock proteins (Hsps) both enhance the tolerance
of plants to high temperatures [19-21]. Considering the achievement of such effects using
exogenous chemicals, researchers have shown that melatonin helps plants recover from
heat stress [22]; however, it remains uncertain whether heat tolerance in carnations may
be enhanced by melatonin. Heat stress factors (Hsfs) are important regulatory variables
that can directly activate the transcription of downstream Hsps. They are essential for
delivering heat stress information and enhancing heat tolerance in plants [23].

In the present study, we evaluated the effects of different levels of melatonin on
carnations subjected to heat stress. The relationships between the amounts of melatonin
added to in vitro media and physiological parameters, such as antioxidant enzymes, MDA,
and ROS, were studied. In addition, at the molecular level, differential expressions of
related genes were also investigated. This is the first study conducted to determine the best
level of melatonin to be added to in vitro culture media for the cultivation of carnations.

2. Materials and Methods
2.1. Plant Material and Culture Conditions

Carnation (Dianthus caryophyllus L.) seeds were imported from Japan. The experiments
were conducted at the Laboratory of Tissue Culture of Vegetable and Ornamental Plants,
Horticulture Division, Mansoura University, Mansoura, Egypt. Sodium hypochlorite (2%)
was used for sterilizing seed surfaces. Seeds were then rinsed three times with double-
distilled sterile water. Subsequently, glass jars (250 mL) containing MS media (30 g L~!
sucrose and 8 g L~! agar (Difco Bacto TM Agar, Carolina, Burlington, NC, USA)) were
used for seeds without adding any growth regulators to the media [24]. In vitro cultures
were grown at 26 = 1 °C under a long-day photoperiod (16/8 h light/dark) provided by
lamps with a light intensity of 2500 lux.

2.2. Heat Application and Morphological Traits

Seedlings of height 4-7 cm were used for heat treatments. Absolute ethanol (99.99%)
was used for dissolving the melatonin (Sigma-Aldrich, St. Louis, MO, USA); stock solutions
at a concentration of 100 mM were then prepared. To test the melatonin (MT) application
under heat stress, all seedlings (40 days old) were assigned to new jars containing MS
medium fortified with MT at concentrations of 0 (control), 1, 5, and 10 mM. Four days
after transfer to media, seedlings were moved to a growth chamber with a temperature
of 42 °Cfor 1, 3, 6, 12, and 24 h. Samples were directly taken at each time point. Seedling
microshoots were harvested, then immersed in liquid nitrogen and stored at —80 °C for
subsequent physiological and molecular analyses. To obtain measurements of fresh weight
and plant height, the carnation seedlings were first moved to a growth chamber with a
temperature of 26 = 1 °C. The indicated parameters were then obtained after a recovery
period of 3 days.

2.3. Photosynthetic Chlorophyll Quantification

Chlorophyll (Chl) content was determined according the method of Frank et al. [25]
with some modifications. Briefly, a 100 mg of carnation leaves was ground with a sterile
pestle. An amount of 2 mL of ethanol (97%) was added to the ground leaves, and the
mixture was allowed to incubate at 4 °C for 2 days. The mixture was then centrifuged
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at 12,000x g at 4 °C for 1 min, and the OD value of the supernatant was assayed by
spectrophotometer (Shimadzu, Kyoto, Japan) at 665 nm and 649 nm wavelengths.

2.4. Reactive Oxygen Species

Samples of carnation plants (approximately 0.5 g = 3—4 explants) were taken for the
purpose of detecting hydrogen peroxide (H,O,) levels [26]. Shoots were ground in liquid
nitrogen, then dissolved in 5.0 mL of 0.1% trichloroacetic acid (TCA). Ground samples
were then centrifuged at 10,000 x g for 15 min. The supernatant was mixed with 10 mM
potassium phosphate buffer. HyO; levels were detected using a standard curve. Explant
samples of 0.5 g weight were also used to determine levels of hydroxyl radical (OH) content.
Samples were mixed with 15 mM 2-deoxy-D-ribose at 37-38 °C for 3 h (pH 7.5). Samples of
the resulting mixture (0.7-0.8 mL) were then mixed with 0.5% (w/v) thiobarbituric acid
(TBA at concentration 1%, dissolved in 10 mM NaOH) and 1 mL glacial acetic acid, then
placed in a water bath (100 °C) (Fisher Scientific Isotemp Digital-Control Water Bath, Kuala
Lumpur, Malaysia) for 45 min. Samples were then immediately cooled at 4 °C for 15 min
and levels of hydroxyl radicals were detected according to the method of Halliwell et al. [27].
Superoxide radical (O, ™) concentrations were detected according to the method of Elstner
and Heupel [28]. Following a pH 7.7 adjustment, 0.5 g of each microshoot sample was
combined with potassium phosphate buffer, and the mixture was centrifuged at 4000x g
for 12 min. The reaction was then maintained at 25 °C for 24 h, and the supernatant’s
absorbance was measured at 530 nm.

2.5. Detection and Quantification of ROS

Levels of accumulated ROS in carnation leaves after heat stress were determined
according to the method of Fukao et al. [29]. After the 42 °C heat treatment, samples were
taken from plants subjected to different levels of melatonin application for the purpose
of detecting hydrogen peroxide. Excised aerial vegetative samples were treated with
1 mg/mL DAB (3,3'diaminobenzidine tetra-hydrochlorride) in 50 mM Tris Acetate buffer,
pH 5.0, and then incubated at 25 °C for 24 h under darkness in order to detect hydrogen
peroxide. After staining, each plant’s uppermost leaf was boiled in 95% v/v ethanol for
20 min to eliminate chlorophyll and then rehydrated by incubation in 40% v/v glycerol for
16 h at 25 °C. At least seven distinct plants were used in each experiment’s replication, and
representative photos are provided.

2.6. Antioxidant Enzyme Extraction and Malondialdehide Estimation

Amounts of approximately 0.5 g of fully fresh tissues were collected every 7 days
during the whole period of transfer to the acclimatization treatments. The plant material
was homogenized in 4 mL of 0.1 M phosphate buffer (pH 7.0, contained 2 mM EDTA + 1%
PVP at 4 °C). Then, it was centrifuged at 12,000x g for 10 min at a temperature of 4 °C.
The supernatant was stored at 4 °C for the purpose of measuring enzyme activity. Three
biological replicates were used to measure all enzymes.

Peroxidase (POD, EC 1.11.1.7) was detected using guaiacol (Sigma-Aldrich, Burlington,
MA, USA) in a mixture of 3 mL [30] consisting of 2.7 mL phosphate buffer (25 uM, pH 7.0)
with 0.1 mL H;O, (0.4%), 0.1 mL guaiacol (1.5%), and 0.1 mL of enzyme extract. The
absorbance was calculated at 470 nm. By measuring how quickly 1 M of guaiacol oxidized
g~ ! FW min~! at 25 + 2 °C, POD enzyme activity was determined.

Catalase (CAT, EC. 1.11.1.6) activity was measured following the method of Goth [31].
The total volume of the reaction mixture was 3 mL; this consisted of 0.1 mL enzyme extract
and 0.1 mL H,O; (0.4%), in addition to 2.8 mL phosphate buffer (25 mM, pH 7.0). The
reduction in absorbance was measured at 240 nm.

Superoxide dismutase (SOD, EC 1.15.1.1) enzyme activity was checked by measuring
the inhibition of the amount of nitro blue tetrazolium (NBT) photochemical reduction
(Sigma-Aldrich, Burlington, MA, USA) following the method of Sheteiwy et al. [32]. The
total volume of the reaction mixture was 3.1 mL, consisting of 0.1 mL of enzyme extract
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and 3 mL NBT solution. Reaction tubes were placed under 15 W fluorescent lamps for
15 min after the addition of 2 pmol L~! riboflavin. The control treatment was the reaction
mixture without any enzyme extract. One unit of SOD was determined to be the volume
of extract that caused 50% inhibition of NBT reduction. The photoreduction of NBT was
measured at 560 nm.

Malondialdehyde (MDA) concentration was estimated using TBA reactive metabolites,
according to the method of Heath and Packer [33], so that 1.5 mL of extract solution was
added to 2.5 mL of 5% TBA formed in 5% TCA, then subjected to a temperature of 95 °C for
15 min before rapid cooling on ice. The MDA was measured at 532 nm after centrifugation
of the supernatant at 5000 x g for 10 min. Correction of nonspecific turbidity was measured
at 600 nm.

2.7. Real-Time Quantitative PCR Analysis

Using Trizol reagent (Invitrogen, Carlsbad, CA, USA), total RNA was isolated from
carnation microshoots and then processed with RNase-free DNase (Promega, Madison, WI,
USA). Using reverse transcriptase (TOYOBO, Otsu, Japan), five micrograms of DNA-free
total RNA (about 500 ng/uL) was reverse-transcribed into first-strand cDNA. Total RNA
was used to synthesize the first-strand cDNA using the PrimeScript RT Reagent Kit with
gDNA Eraser (Perfect Real Time) (Takara, Otsu, Japan). PCR was performed with TB
Green® Premix Ex Taq (Takara, Otsu, Japan) on a CEX Connect Real-Time System. The
thermal cycle program was as follows: 95 °C for 5 min, 45 cycles of 95 °C for 10 s and 60 °C
for 30 s; 95 °C for 5 min, 65 °C for 5 s, 95 °C for 1 min program. Analysis of each sample
was conducted with three biological replicates. The relative expression levels of genes were
obtained by the 2AACT method [34]. Primers for qRT-PCR are shown in Table 1.

Table 1. Sequences of oligonucleotide primers used in RT-PCR.

Gene Name  Accession Number Forward Primer Reverse Primer Product Length
GAPDH Dc49995 CACTCCATCACAGCCACACAA CACGGAAAGCCATACCAGTCA 190
DcPOD1 DT214806 GTGTAGTCTCGTGTGCCGAT  CITCGGGGATTTTGCCTTGC 144
DcPOD?2 DT214807 AGCAACCCTTTACCAGCAAC TCGTCTTCCAACCCAGTGGA 170
DCPOD3 CF259499 CTGAACGGTAAAGGGTTGCTG AACAAAACCATGGCCCTAGC 131

Gols1 Dc14879 GGGGTCAAAGCCGTGGAGAT CTCTAAAGGGCTCCAGTTTCGT 155
MBFIc Dc_15682 TGAATGCCCGGAAACTCGAC GACCGCCTTTCCATTCTCGT 179
HSF30 Dc83420 CCGGAGCTAGACAGGCTAATG TCGATTTCTGGGGGCATTGA 128
HSP101 Dc_70612 AGGTGGTGACTGAACTGTCG GATCGACCATCCCTCCGTTT 126
HSP70 Dc_37984 CAGGCGAAGAGAGAAGCCAT CTGAGTCACCCCGGTTTCAA 168

sHSP (MT) Dc_89619 TCTCCGGCAGTAATGTCGTC  GTTCCTCTCAGAGCGGTCG 137

2.8. Statistical Analyses

The experiments were prepared in a completely randomized design. For each treat-
ment, about 30 explants were used, and all experiments were repeated twice. The data were
subjected to analysis of variance (ANOVA) using SPSS version 16 (SPSS Inc., Chicago, IL,
USA). Duncan’s multiple range test was used to test the significance of differences between
means (<0.05). The results were presented as mean =+ SD.

3. Results
3.1. Effects of Melatonin Application on Chlorophyll, Plant Height, and Fresh Weight

It can be seen from the data in Figure 1 that heat treatments reduced the levels of
chlorophyll in carnation microshoots; however, higher levels of chlorophyll were recorded
in media supplemented with melatonin, compared with control treatments (Figure 1A). In
addition, when treated with melatonin at a concentration of 5 mM, carnation microshoots
exhibited levels of chlorophyll, which were significantly higher than for any other con-
centration. After 624 h of heat treatment, the heights of carnation plants were lower,
compared with earlier time points, but plants treated with melatonin exhibited significant
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differences compared with control plants (Figure 1B), with the best values recorded for
melatonin concentrations of 5 and 10 mM. At all time points, there were no significant
differences between melatonin treatments and untreated plants in terms of fresh weight
measurements, but weights were higher at all times in melatonin-treated plants compared
with controls (Figure 1C). These data indicated that melatonin can alleviate the harmful
effects of high temperature in carnations (Figure 2).
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Figure 1. Effect of melatonin at (0, 1, 5, and 10 mM) on the carnation physiological parameters

(A) chlorophyll content, (B) Plant height, and plant fresh weight (C). The plants were treated with

in vitro heat stress on the growth chamber with 42 °C temperature for 1, 3, 6, 12, and 24 h. Different
lowercase letters represent significant differences according to Duncan’s tests (p < 0.05).
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Figure 2. Effects of melatonin application on the morphological traits of in vitro carnation plants
under heat stress condition after 24 h. Microshoots of carnation plants subjected to free medium
(control) (A). The microshoots” morphological traits under melatonin application at concentration of
1 (B), 5 (C), and 10 mM (D) after 24 h of culture.

3.2. Effects of Melatonin Application on Accumulation of Reactive Oxygen Species (ROS) in
Carnation Plants under Heat Stress

Melatonin was found to reduce the levels of H,O; content in carnation plants at all
testing times (Figure 3A). However, the levels of H,O; in carnation plants declined more
notably during the later periods of the experiment. Furthermore, after three hours of heat
treatment, control treatment samples showed the highest H,O, levels. The O; levels were
assessed in order to determine how melatonin influences ROS metabolisms in carnations
during heat stress. DAB solution was used to identify the accumulation of ROS (H,O5)
in carnation leaves (Figure 4). The observations demonstrated that ROS were formed as
a heat shock reaction; however, the application of melatonin at a concentration of 5 mM
reduced the buildup of ROS to a greater degree than any other melatonin concentration,
including controls. In control samples, levels of superoxide content significantly increased
under heat stress after 3 h (Figure 3B). However, after 24 h, carnation plants treated with
melatonin exhibited lower levels of superoxide content than control plants. These support
the idea that melatonin can positively affect superoxide generation under high-temperature
conditions. The data in Figure 3 also showed that application of melatonin increased OH
levels to a greater degree than control treatments (Figure 3C).
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3.3. Effects of Melatonin Application on Antioxidant Enzyme Activities and MDA in Carnation
Plants under Heat Stress

A relationship between increased antioxidant enzyme activities and reduced ROS
levels was clearly evident in our data (Figure 5). The effects of melatonin on carnation
plants under high-temperature stress were demonstrated by our finding that POD activity
was significantly increased at all testing times with melatonin concentrations of 5 and
10 mM. The lowest levels of POD activity were recorded for control treatments. In addition,
POD activity was increased more notably at 12 and 24 h than at earlier times (1-3 and 6 h).
SOD enzymes exhibited a similar trend; however, the greatest increase in SOD activity was
recorded at 12 h after melatonin application. The lowest value of SOD activity was recorded
for untreated carnation plants. Under heat stress, melatonin applications at concentrations
of 5 and 10 mM both resulted in significantly increased CAT activity after 1 and 12 h. The
application of melatonin at a concentration of 1 mM did not significantly affect CAT in the
first hours after treatment (Figure 5C). High-temperature treatment also caused the levels
of malondialdehide (MDA) in carnation plants to significantly increase after 1, 12, and 24 h.
However, plants which received melatonin application had lower levels of MDA at all
tested times compared with untreated plants. Finally, greater increases in MDA activity
were recorded at later time points (Figure 5D).
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Figure 5. Effect of melatonin at (0, 1, 5, and 10 mM) on hydrogen peroxide on major antioxidant
enzymes POD (A), SOD (B), CAT (C) and MDA (D) under heat stress condition of carnation plants.
Means expressed the average of three replicates & SE, and means within each graph denoted by the
same lowercase letter did not significantly differ according to Duncan test at p < 0.05.

3.4. Effects of Melatonin Application on Gene Expression in Carnation Plants under Heat Stress

In order to study molecular changes in plants treated with melatonin under in vitro
heat stress, the levels of expression of genes participating in heat stress were studied. Ten
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1.8

genes were subjected to qRT-PCR analysis. The obtained data shown in Figure 6 show
that GAPDH was downregulated under heat stress but upregulated when melatonin was
applied, especially at concentrations of 1 and 5 Mm. Additionally, the expression of the
GAPDH gene was higher after 1 and 3 h of heat stress than at any than other time points.
The relative expression of DcPOD1 increased gradually between the first and sixth hours of
heat treatments but then declined, as measured at 12 and 24 h (Figure 6B).
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Figure 6. Effects melatonin at different concentration on expression pattern of (A) GAPDH,
(B) DcPOD1, (C) DcPOD2, (D) DcPOD3, (E) Gols1 and (F) MBFIc in carnation plants under heat
stress condition by gRT-PCR. Microshoots were transferred to MS medium containing melatonin
at concentration of 0, 1, 5, and 10 mM), and then heat stress (42 °C) was applied for indicated time.
Microshoots were collected immediately for RNA extraction. Notably, 10 genes highly induced by
heat stress were used for gPCR analysis and most of them showed significant changes after melatonin
applications. Data are the means of three replicates with standard division shown by vertical bars
indicates significant differences at p < 0.05. Different lowercase letters represent significant differences
according to Duncan’s tests (p < 0.05).
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However, treatments with 1 or 5 Mm of melatonin increased the expression of the
DcPOD1 relative gene more than other concentrations, including controls. Similarly, the
expressions of DcPOD2 and DcPOD3 both decreased in untreated plants at all time points
but increased in most plants subjected to melatonin application (Figure 6C,D). In the case
of the DcPOD?2 relative gene, at all time points, expression was best in plants treated with
a melatonin concentration of 5 Mm. For the DcPOD3 relative gene, the best results were
obtained with concentrations of both 1 and 5 mM. Treatment of carnations with melatonin
in vitro increased the relative expression of the Gols1 gene compared with untreated plants.
This increase in expression of the Gols1 relative gene was greater after 1 and 3 h, compared
with other time points (Figure 6E). Similarly, the relative transcript level of MBFI1c was
upregulated in heat-stressed plants treated with melatonin compared with control samples
(Figure 6F).

The data presented in Figure 7 show that two relative genes (HSF30 and HSP101)
were upregulated in melatonin-treated plants, with the greatest increases recorded for the
one- and three-hour time points. Similar data were obtained for the relative genes HSP70
and sHSP (MT), as both these genes were upregulated in melatonin-treated samples at the
one- and three-hour points (Figure 7C,D). Overall, we recorded increases in the expression
of the GAPDH, DcPOD1, DcPOD2, DcPOD3, Gols1, MBF1c, HSF30, HSP101, HSP70, and
sHSP (MT) genes (Figures 6 and 7), indicating that these genes may be putative targets of
melatonin involved in response to heat stress at the transcriptional level.

1.2 2.5

(A). HSF30 (B) HSPI101

Relative mRNA expression level
Relative mRNA expression level

3 6 12 24 3
Time of treatment (hours) Time of treatment (hours)

2.5
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Relative mRNA expression level
Relative mRNA expression level
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Figure 7. Effects of melatonin at different concentration on expression pattern of (A) HSF30,
(B) HSP101, (C) HSP70, and (D) sHSP (MT) in carnation plants under heat stress condition by
gRT-PCR. Microshoots were transferred to MS medium containing melatonin at concentration of 0,
1, 5, and 10 mM), and then heat stress (42 °C) was applied for indicated time. Microshoots were
collected immediately for RNA extraction. Notably, 10 genes highly induced by heat stress were used
for qPCR analysis and most of them showed significant changes after melatonin applications. Data
are the means of three replicates with standard division shown by vertical bars indicates significant
differences at p < 0.05. Different lowercase letters represent significant differences according to
Duncan’s tests (p < 0.05).
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4. Discussion

Heat stress inhibits the growth and development of plants. However, melatonin
application has been reported to alleviate damage caused by heat stress in plants, such as
tall fescue [7], strawberry (Fragaria x ananassa) [35], and tomato [36]. The present study is
the first to evaluate the effects of melatonin application in vitro on carnation plants under
heat stress. To assess the effects of melatonin treatments on heat tolerance in carnation
plants, measurements of a number of morphological indices, physiological parameters, and
molecular changes were obtained and analyzed.

It is well known that leaf senescence reduces green color in plants; low chlorophyll
levels in plants may, therefore, be seen as an indicator of leaf senescence [37]. During the
photosynthesis process, chlorophyll protects plants from light damage and is involved
in the absorption and transmission of light energy [38]. Previous studies have reported
that melatonin plays an effective role in increasing chlorophyll levels in several plants,
including maize, tomato, tall fescue, Medicago sativa, and Malus hupehensis, thus protecting
plants from leaf damage and the shock caused by high temperatures [7,37-41].

Treatment with melatonin has also been reported to enhance fresh weight, dry weight,
and plant height in various plants subjected to heat stress conditions [11,42,43]. In carna-
tions, the data obtained in the present study indicated that melatonin application resulted
in increases in chlorophyll content, fresh weight, and plant height, suggesting that sub-
stances like melatonin might have a vital role to play in alleviating the effects of heat stress
in carnations.

Under heat stress conditions, the accumulation of ROS, such as OH—, HyO,, and O, ",
and free radicals causes increases in MDA and the leakage of electrolytes, which may
be scavenged by plants under stress conditions through the stimulation of the activities
of antioxidant enzymes. For example, SOD can inhibit the superoxide radical (O, ™) by
converting it to HyO,, and the catalase enzyme is also able to inhibit it by releasing H,O.
It has previously been shown that melatonin treatment alleviates oxidative disfiguration
under abiotic stresses by conserving ROS [39,44]. Dewir et al. [2] found that POD enzyme
activity was enhanced in carnation plants under heat stress and that this was associated
with scavenging ROS in treated plants. In addition, POD enzymes can reduce ROS activity
by enhancing secondary metabolites in plants; however, these secondary metabolites pro-
tect the plants from heat stress damage by supplying mechanical support to the cultured
cells through their participation in the maintenance of cell membrane integrity, further
demonstrating that POD plays an important role in lignin synthesis under heat stress
conditions [45,46]. Additionally, plants, such as tea plant (Camellia sinensis), eggplant
(Solanum melongena), and carnation, which were treated with melatonin, have all been
shown to exhibit low levels of MDA content under heat stress [17,47,48]. In terms of the
parameters of minimal fluorescence (FO) and maximal fluorescence (Fm), from which we
may obtain maximal variable fluorescence (Fv = Fm — F0) and the photochemical efficiency
of PSII (Fv/Fm), we note that melatonin has been shown to play a vital role in repressing
heat stress, by reducing leaf curling, blotching, and fraying and increasing the value of
Fv/Fm [17,49,50]. A series of metabolic changes are involved in heat stress responses in
plants [51]. These include the following: overproduction of ROS and reactive nitrogen
species (RNS); lipid peroxidation, production of end products, such as MDA; photoinhibi-
tion; protein denaturation and degradation; and accumulation of compatible solutes [52].
Lipid peroxidation is caused by abiotic stress [53]. The end products of lipid peroxidation
are reactive aldehydes such as malondialdehide (MDA) and 4-hydroxynonenal (HNE) [54].
In the present study, heat treatments significantly increased MDA content in control car-
nation plants; contrarily, melatonin application resulted in decreased MDA production.
These findings indicate that melatonin alleviates cell membrane damage caused by heat
stress. We also found that the content levels of ROS and MDA decreased in carnation plants
treated with melatonin (Figures 4 and 5), but levels of the enzymes POD, CAT, and SOD all
increased (Figure 5). Taken together, the data reported here confirm the significant effect
of melatonin on morphological traits and chlorophyll content (Figure 3); they are in line
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with the findings of previous studies, which showed that oxidative stress in plants may be
alleviated by melatonin treatment [7,8,10,16,55,56].

High temperatures may cause the denaturation of proteins. High-temperature con-
ditions may also cause cell cytotoxicity [57]. Previous studies have reported that, in cells
exposed to heat stress, protein homeostasis can be safeguarded and protein aggregation re-
duced by the interaction of chaperones with stress-denatured proteins [3,17,58]. In addition,
heat-induced genes have been found to be the most effective genes in encoding molecular
chaperones such as heat shock proteins [19,59]. These genes have been found to be upregu-
lated and induced when cells are exposed to high or low temperatures [3,7,60,61]. In the
present study, we evaluated the expression of ten genes and found that heat shock proteins
were upregulated under melatonin application. Previous studies have also found that the
HSP40 family plays a vital role in enhancing ATPase activity [3]. Exogenous substances
can effectively increase the expression of Hsfs and Hsps; this has been found to improve
the thermotolerance in creeping bent grass (Agrostis stolonifera) [62] and strawberry [35].
The genes that we evaluated in our study have been reported as participating in protein
folding and unfolding, and this may enhance the ability of cells to tolerate heat stress [43].

5. Conclusions

In the present study, an experiment was performed to determine whether the addition
of melatonin to in vitro media would enhance the response of carnation microshoots
to heat stress (Figure 8). Based on the measured effects of melatonin on chlorophyll
content, fresh weight, and plant height in carnations under heat stress, we may say that
melatonin enhances the response to heat stress. We also found that melatonin application
improved thermotolerance in carnations by lowering the content levels of ROS and MDA
while increasing antioxidant enzyme activities. Through such means, melatonin exerts an
inhibitory effect upon heat stress. We also assessed the relationship between melatonin
application and the expression of related heat stress genes. We found that the mechanism
by which heat stress damage is alleviated is strongly associated with the upregulation of the
POD, HSP, and HSF genes. We also found that treatment with melatonin at concentrations
of 5 and 10 mM promoted growth and development in carnation plants exposed to 42 °C, in
comparison with untreated plants. The supplementation of media with melatonin reduced
oxidative damage through scavenging ROS and inhibiting MDA synthesis; it also increased
the activities of antioxidant enzymes and upregulated genes involved in heat tolerance.
From the results reported here, we may state that melatonin plays a significant role in
improving the tolerance of plants to conditions of abiotic stress, especially heat stress.

Heat stress

Melatonin added to media culture

Morphological changes

Physiological changes

Activate antioxidant
enzyme activity and
conserve ROS

Increase fresh, dry
weight and plant height

Gene expression
U P’WSZIE;‘;:P 0D, HSPs Effective role in increasing
an s genes the chlorophyll content

Figure 8. The mechanism of melatonin’s role in increasing carnation heat tolerance.

Photosynthetic quantitation

Enhancing heat stress in carnation
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