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Abstract: Heat stress negatively impacts plant growth and yield. The effects of carbon materials on
plants in response to abiotic stress and antioxidant activity are poorly understood. In this study,
we propose a new method for improving heat tolerance in cucumber (Cucumis sativus L.) using
a natural carbon material, shungite, which can be easily mixed into any soil. We analyzed the
phenotype and physiological changes in cucumber plants maintained at 35 °C or 40 °C for 1 week.
Our results show that shungite-treated cucumber plants had a healthier phenotype, exhibiting dark
green leaves, compared to the plants in the control soil group. Furthermore, in the shungite-treated
plants, the monodehydroascorbate content (a marker of oxidative damage) of the leaf was 34% lower
than that in the control group. In addition, scavengers against reactive oxygen species, such as
superoxide dismutase, catalase, and peroxidase were significantly upregulated. These results indicate
that the successive pre-treatment of soil with a low-cost natural carbon material can improve the
tolerance of cucumber plants to heat stress, as well as improve the corresponding antioxidant activity.
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1. Introduction

The global climate has changed steadily over the past 100 years [1]. The geographical region of crop
cultivation in South Korea has extended more than 90 km north in the same period. The temperature
of the Earth has continuously risen and negatively affected the yield of essential crops necessary for
human survival [2,3]. Meanwhile, the world population is growing exponentially and is estimated
to be roughly 9 billion by 2050 [4]. In particular, all low- and mid-latitude countries are predicted to
experience severe weather conditions in addition to global warming and high temperatures [5,6].

High temperatures result in a substantial decline in crop yields due to leaf wilting, physical damage
to plant shoot and root growth, physiological disruption, biochemical changes, and reproduction
problems [7,8]. It has been reported that an increase in the average temperature of just 1 °C results in
a 4-10% decrease in crop yield [9]. Therefore, the development of new technologies is urgently needed
to maintain crop yields under severe high-temperature stress.

To overcome high environmental temperatures, many solutions have recently been suggested by
various countries. These include the building of smart farms that are controlled by computer systems
based on artificial intelligence (AI) and the development of genetically engineered crops [10-12].
However, most of these technologies have numerous limitations, such as high cost, large space
requirements, and human health and safety concerns [13]. Therefore, there is a need for the development
of new economical technologies that meet the food demands of an ever-increasing global population,
particularly under the challenges posed by global warming.
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Recent studies have shown that a high content of inorganic carbon material in soil can have
a positive or negative effect on plant growth [14-16]. In tomato (Solanum lycopersicum L.), the treatment
of soil with single- or multi-carbon nanotubes (SWCNTs or MWCNTs) improved growth and resulted
in multiple gene expression changes [17].

In this study, we tested a novel and cost-effective method for enhancing heat tolerance in plants
using naturally derived shungite, which can be easily mixed into soil. Shungite, a natural inorganic
carbon material, is excavated mainly in Russia and has been used as an eco-friendly construction
material and water purification agent for over 100 years. It consists of 30-98% inorganic carbon,
including 0.001-0.0001% fullerene structures [18]. Until recently, there have been few published studies
on the effect of this carbon material on abiotic stress and antioxidant response. Interestingly, after
a certain period of soaking carbon shungite stones in water, the water solution showed an increase in
antioxidant levels via the reduction of intracellular reactive oxygen species (ROS) production and the
enhancement of antioxidant enzyme activities, including glutathione peroxidase (GPx), superoxide
dismutase (SOD), and myeloperoxidase (MPO), in animal cells [19]. This points to an important clue to
the antioxidant responses of other living organisms, because numerous studies have found a significant
number of homologs at the animal and plant genetic level that frequently exhibit similar functions [20].

We measured the activity of scavenger-related ROS produced by heat stress. The main types of
ROS are superoxide (O,), hydroxyl (OH") ions, hydrogen peroxide (H,O;), and singlet oxygen [21-23].
Under normal conditions, most intracellular free radicals are quickly degraded or stabilized by
numerous antioxidants [24]. During stress, ROS levels increase exponentially and exceed the ability
of removal by scavengers. The residual ROS damages DNA, proteins, and lipids, which are major
components of cell life [25,26]. Plant scavengers are classified into enzymatic and non-enzymatic
antioxidants depending on their functional properties. Among the plant scavengers, superoxide
dismutase (SOD), catalase (CAT), and peroxidase (POD) are involved in heat stress responses [27].

Heat shock proteins (HSPs) are an important family in the plant life cycle, as they protect plants
from biotic and abiotic stresses. These stress-responsive biomolecules act as molecular chaperones [28].
While HSPs were first characterized because of their response to high temperatures, they have since been
found to play roles in normal, non-stressed cells. They are produced at specific stages of the cell cycle or
are involved in normal plant growth and development, like flower, seed, and fruit development, as well
as tuberization and nutrient uptake [29-34]. HSPs are found in various cell compartments, such as the
cytoplasm, nucleus mitochondria, chloroplasts, and endoplasmic reticulum [9]. HSPs are grouped
into different classes based on their molecular weight in kilodaltons (kDa) [35-38]. Some studies
have reported that HSP gene expression positively regulates the activity of protective enzymes.
In Arabidopsis thaliana, overexpression of the AtHSP17.8 gene can enhance SOD enzymatic activity
and, in tobacco, NtHSP16.9 can increase the activities of POD, CAT, and SOD [39]. In cucumber
(Cucumis sativus L.), CsHSP45.9 and CsHSP70 are known to be responsible for tolerance to heat
stress [40]. Most studies on the activities of antioxidant enzymes have yielded inconsistent results
because of differences in plant species, genotype, stress level, stress duration, and plant developmental
stage [26,41].

The cucumber is an economically important plant under protected cultivation and is sensitive to
heat stress. In this study, we investigated the effect of shungite on cucumber cultivation, and identified
differentially expressed proteins influenced by heat stress to observe the heat tolerance of cucumber
plants and the corresponding antioxidant activity.

2. Results

2.1. Enhanced Heat Tolerance of Shungite-Treated Plants

Plant growth occurs in three stages, namely cell division, differentiation, and elongation.
In prolonged conditions of high temperature stress, the photosynthetic efficiency decreases, resulting in



Int. J. Mol. Sci. 2020, 21, 4858 3of 14

growth inhibition. Prolonged high temperature results in poor leaf expansion, stem growth, flowering,
and yield.

Our previous study showed that shungite has a positive effect on cucumber plants under drought
stress [5]. In the present study, we tested the effect of shungite on heat stress in cucumber plants.
For normal growth conditions, plants were treated with tap water at two-day intervals for a total
of 12 days. Following this, two steps of heat treatment were applied to plants at the four-leaf stage.
After two weeks, stress symptoms, such as drooping in xanthic leaf plants, were observed in only
the control, normal soil group. In general, plant drooping occurs with curling edges and yellow
discoloration under water deficit and heat. This is a defense mechanism because wilted leaves help the
plant to reduce surface area and, subsequently, water loss to the atmosphere. In contrast, cucumbers
grown in shungite-containing soil displayed darker green-colored leaves and a healthier phenotype
than the control group (Figure 1A). For a more accurate comparison, eight plants were randomly
selected from each group and compared for height and fresh biomass. The control group displayed
about 30% smaller height and 70% lower fresh weight than the shungite additive group grown in high
temperatures (Figure 1B,C). These results indicate that shungite may enhance plant tolerance against
heat stress.
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Figure 1. Effects of shungite on heat tolerance in cucumber. (A): Less drooping in leaves of plants
exposed to shungite. Representative plants that underwent the two-step heat treatment; (B): Comparison
of plant heights; (C): Comparison of fresh weight. Error bars represent mean + standard deviation
(SD), (n = 10). Asterisks indicate statistical significance (Student’s t-test, ** p < 0.05).

2.2. Effects of Shungite on Heat Tolerance

Unexpected and sustained heat stress rapidly leads to the accumulation of ROS in plant cells.
If ROS levels exceed the threshold that plants can respond to, they cause oxidative damage, such as
cell membrane degradation. malonyldialdehyde (MDA) and electrical conductivity (EC) levels change
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rapidly and are therefore well-known markers of oxidative damage for various cell types, including in
plants [42].

In order to evaluate the effect of shungite on cucumber plants exposed to heat stress, the MDA,
EC, and chlorophyll contents in leaves were determined. The MDA concentration of the plants in
the shungite-containing group was about 3.3 nmol/g per fresh weight, which was about 40% lower
than the levels in the control plants (Figure 2A). The EC value in the shungite treatment group was
22%, which was 73% lower than the value in the control group (Figure 2B). In addition, the amount of
total chlorophyll in a given 3 cm? area was fivefold higher than that in the control group (Figure 2C).
These results could be due to reduced oxidative stress.
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Figure 2. Effects of shungite on physiological indicators of heat tolerance in cucumber. (A): Comparative
analysis of malonyldialdehyde (MDA) accumulation in the leaves of cucumber; (B): Relative electrical
conductivity levels in cucumber leaves; (C): The total content of chlorophyll in the same leaf region
(3 cm?). All experiments were performed in triplicate, and the averages are graphed. Error bars
represent the mean + SD. Asterisks indicate statistical significance (Student’s f-test, ** p < 0.05).

2.3. Gene Expression Changes and Antioxidant Activity

As both temperature and shungite induce significant changes in membrane peroxidation
(Figures 1 and 2), we analyzed the transcripts of genes involved in cellular defense and
stress response. Many photosynthesis and photosynthetic pigment metabolism progress-related
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proteins were altered by shungite treatment. To verify these results, we analyzed the expression
pattern of three photosynthesis-related genes (rubisco large subunit (CsRbcL), rubisco small
subunit (CsRbcS), and oxygen-evolving enhancer protein 1 (CsOEE1)), two photosynthetic pigment
metabolism-related genes (glutamate-1-semialdehyde 2,1-aminomuase (CsGsa) and porphobilinogen
deaminase (CsPBGD)) [43] and one gene involved in protein protection (heat shock protein 45.9
(CsHSP45.9)), shown in Figure 3A-F. The transcript levels of these genes were largely influenced by
the shungite and temperature treatments. In the shungite-treated cucumber plants, CsRbcL, CsRbcS,
CsOEE1, CsGsa, CsPBGD, and CsHSP45.9 transcripts were dramatically upregulated by 1.5-, 55.0-,
2.3-,7.0-, 2.9-, and 2.3-fold, respectively (Figure 3). The primers used for real-time PCR are listed in
Supplementary Table S1.
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Figure 3. Effects of shungite and/or heat stress treatment on CsRbcL, CsRbcS, CsOEE1, CsGsa, CsPBGD,
and CsHSP45.9 transcripts in leaves of cucumber were determined using real-time PCR (A-F). The y-axis
represents relative expression levels normalized by the elongation factor 1-alpha (CsEFla) gene
(Csa006172). Three independent experiments with three biological replicates were averaged (+SD).
Statistically significant differences between control and shungite-treated groups at corresponding time
points are indicated by asterisks (Student’s t-test, ** p < 0.05).

ROS production in plants is highly responsive to stress conditions [44]. Tolerance to heat-induced
oxidative stress in crop plants has been associated with an increase in antioxidative capacity [45].
Among the numerous enzymatic and non-enzymatic scavengers, SOD, CAT, and POD reduce the levels
of heat stress-induced ROS [9,34,37]. We investigated the effect of shungite on the enzymatic scavenger
system in response to heat stress by determining the activity of SOD, CAT, and POD in randomly
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collected leaves. As shown in Figure 4A, shungite could enhance SOD activity in leaves, peaking
at 41 U/mg compared with only 30 U/mg in the control. Moreover, in shungite-treated cucumber
plants, CAT and POD activity in leaves was 1.5- and 1.6-fold higher than that in the control plants
(Figure 4B,C). Taken together, these results indicate that the shungite-treated group was less affected
by heat stress than the control group.
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Figure 4. Comparison of reactive oxygen species scavenger activity under heat stress. The (A):
Superoxide dismutase (SOD), (B): Catalase (CAT), and (C): Peroxidase (POD) activities in cucumber
plant leaves. Experiments were performed using three randomly collected leaves from eight plants on
day 14, at which point severely wilted plants were observed in the control group. All experiments
were performed in triplicate, and the averages are graphed. Error bars represent the mean + SD.
Asterisks indicate statistical significance (Student’s t-test, ** p < 0.05).

2.4. Modulation of the Antioxidant Defense System Associated with Heat Stress

ROS usually arise in living organisms as a result of aerobic metabolism. However, metabolic
imbalances caused by environmental changes, including heat stress, accelerate the accumulation of
ROS [46,47]. Interestingly, although ROS, such as HyO, or O,, are considered essential signal
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transduction molecules, they are also toxic and able to cause extensive cellular damage and
photosynthesis inhibition [48,49]. Therefore, we determined the relative expression level of rubisco
large subunit (CsRbcL), rubisco small subunit (CsRbcS), oxygen-evolving enhancer protein 1 (CsOEE1),
glutamate-1-semialdehyde 2,1-aminomuase (CsGsa), and porphobilinogen deaminase (CsPBGD).
These genes are related to photosynthesis or photosynthetic pigment metabolism. We found that
the expression levels increased dramatically in the plants exposed to natural shungite (Figure 5).
Furthermore, the accumulation of high levels of heat stress response transcripts, such as HSP45.9,
in cucumber plants reflects the importance of ROS in acclimation pathways during combined
stresses [50]. ROS-related damage through ROS accumulation is reduced by the antioxidant
system, including ROS scavengers and expanded levels of antioxidants, which is referred to as
the Halliwell-Asada cycle [51]. SOD, which constitutes the first level of defense against superoxide
radicals, is one of the main enzymes of the antioxidant defense system. SOD catalyzes the reaction
of O, and H,O,, which are removed by POD and CAT [51]. Several studies have shown that the
ability of plants to control ROS production and removal is related to higher tolerance to various abiotic
stresses [52]. For this reason, shungite may enhance the heat tolerance of plants by modulating the
enzymatic activity of ROS scavengers such as SOD, CAT, and POD (Figure 5).

High temperature

Tolerance phenotype

Growth rate |
Chlorophyll content |

CAT MDA content |
H,0

Figure 5. Schematic diagram of shungite-mediated tolerance under heat stress in cucumber. Red solid

Rbel, RbsS, OEE1
Gsa, PBGD, HSP45.9

Shungite treatment

arrows show plants directly influenced by shungite. Heat stress causes the development of ROS and
various types of cell and organ damage, including the degradation of membrane, DNA, and protein.
The addition of shungite to soil activates genes related to photosynthesis and the defense response,
increases ROS scavenger activity, and reduces cellular or organ damage. This leads to higher growth
rates and chlorophyll content.

3. Discussion

Recently, several pieces of research have noted that a high content of carbonaceous materials and
MWCNTs have a positive impact on plant growth [15-17]. Shungite is a natural element containing
a high composition of carbon, including fullerene. To verify the effectiveness of shungite on heat stress
in cucumber plants, morphological, physiological, and biochemical analyses have been conducted
in this study. After applying a two-step heat treatment for 14 days, the shungite treatment group
showed a more tolerant phenotype compared to the control soil group. The adult leaves of cucumber
grown in normal soil became yellow and dry, which is a sign of chlorophyll degradation; however,
shungite-treated cucumber plants maintained a healthier phenotype with green leaves (Figure 1).
These results indicate that shungite may improve heat tolerance in plants as a simple soil additive.

Under a heat stress environment, plants not only showed growth inhibition, but in severe cases,
the chloroplasts were destroyed, leading to plant death. Furthermore, plants underwent dehydration
to reduce their biomass [53,54]. One of the main causes of this phenomenon is the creation of ROS.
ROS are mainly produced in the mitochondria, chloroplasts, and peroxisomes as the by-products
of various metabolic pathways. ROS are short-lived, but as strong oxidants, they can have a fatal
effect on the regulation of the physiological activity of intracellular DNA and protein. Therefore,
their effect on growth was assessed using visual observation, fresh weight, chlorophyll content,
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and MDA measurement. MDA accumulation is widely used as a marker of oxidative stress in animals
and plants [55,56]. We found that the MDA levels of the plants in the shungite group were 37% lower
than that in the control group (Figure 2A). Further assays were employed to compare between the
groups. The extent of leaf cell damage was assessed by measuring the EC levels and total chlorophyll
content. We found that the shungite-treated plants had a less affected phenotype when exposed to
heat stress (Figure 2B,C).

A major physiological response related to high temperature is photosynthetic efficiency. Thus,
the enzymes for energy distribution and carbon metabolism, in particular rubisco, are significantly
affected by heat stress. Heat-tolerant crop species have higher photosynthetic efficiency when exposed
to high temperatures. Therefore, heat stress disturbs the expression levels of plant genes, especially
those coding proteins related to photosynthesis [43]. For this reason, we selected and analyzed the
accumulation rate of three photosynthesis-related genes (CsRbcS, CsRbcL, and CsOEE1) and two
photosynthetic pigment metabolism-related genes (CsGsa and CsPBGD) [9,36,40,43]. Our results show
that the expression levels increased from 1.5- to 500-fold in the shungite treatment group under heat
treatment conditions compared to the control. In general, changes in gene expression vary widely
depending on plant species. Even within the same species, gene expression levels are different
depending on the sampling factors and stress conditions. Therefore, the results in Figure 3 only
present the relative changes in the stress-related genes for the Korean cucumber (cv. Eun Sung) at
the given experimental conditions. In the case of the heat shock protein CsH5P45.9, it is known to
control the regulation of ROS scavengers under heat stress via the heat stress factor (HSF)-HSP-heat
shock factor binding protein 1 (HSBP1) pathway. The HSFs transfer the ROS signal to downstream
transcription factors through the mitogen-activated protein kinase (MAPK) signaling pathway [57].
The MAPK signaling pathway activates downstream redox-sensitive transcription factors. In response
to oxidative stress, these transcription factors are coordinated through specific oxidative stress-sensitive
cis-elements in gene promoters, which primarily encode antioxidant enzymes and non-enzymatic
antioxidants [58]. Multitudinous antioxidant enzymes (SOD, CAT, and POD) primarily act as the
scavengers of ROS under heat stress in plants [59-62]. The activities of different antioxidant enzymes
are temperature sensitive and activation occurs at different temperature ranges, but the activities of
these enzymes increase with temperature [63]. Previous studies observed that SOD and CAT showed
an initial increase before declining at 50 °C [63,64]. We found that the activity of SOD, CAT, and POD
in the shungite-treated soil group was 20-34% higher than in the cucumber plants in the control
group. In general, our investigations support that antioxidant activity is related to increased SOD,
CAT, and POD, and allowed cucumber plants to reduce stress-induced oxidative damage.

In general, most plants have the ability to absorb water and minerals from stones [65,66].
The water-soluble mineral components absorbed by plants, in turn, benefit natural consumers, including
humans. Natural shungite is composed mainly of carbon (28-99%). Interestingly, after incubating
shungite and fullerene stones in water, shungite water solutions were reported to have an antioxidant
effect via the reduction of intracellular ROS production and the enhancement of antioxidant enzyme
activities in animal cells [19]. The study also reported substantial improvements in the skin parameters
(moisture, elasticity, roughness, pore size, pigmentation, and wrinkles) of shungite-treated groups,
which were related to the recovery of total white blood cells. Consistently, ROS-scavenging enzymes,
such as GPx and SOD, in the shungite treatment group showed increased activity levels of 25% and
33% in skin lysate, respectively. Synthetically, these results led to an antioxidant and anti-inflammatory
effect against UVB-induced skin damage in hairless mice [19].

4. Materials and Methods

4.1. Cucumber Plant Culture

Peeled cucumber seeds of “Eun Sung” (Farm Hannong, Seoul, South Korea) were surface-sterilized
in 70% ethanol for 1 min, and then in 2% hypochlorite solution for 15 min. After three washings,
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the seeds were planted in basal Murashige and Skoog (MS) medium (Duchefa Biochemie, RV Haarlem,
Netherlands) for 3 d, containing 3% sucrose, 500 mg/L 2—(N-morpholino) ethanesulfonic acid (MES),
and 0.8% phyto agar, at pH 5.8 and 23 + 1 °C in the dark. The plates were moved to a condition of
16 h-long daylight and allowed to expand for another 4 d. Total seedlings were shifted to normal soil
and were grown to the four-leaf stage (Cocopeat 68%, peat moss 14.73%, pearlite 7%, vermiculite 6%,
zeolite 4%, Seoul Bio, Chungcheongbuk-do, South Korea).

4.2. Evaluation of Shungite-Treated Plants Under Heat Stress

Natural shungite has 28-30% carbon content, 2.3-2.4 g/cm® specific gravity, 0.5% porosity,
1000-1500 kg f/cm? compressed strength, and 1100-1200 kg/m?> density [19]. Prepared cucumber
seedlings were transplanted with normal soil or soil mixed with shungite powder (0.067% carbon
content, 2 g(v)/L(v), 300 mesh, outer diameter < 2 mm, Karelia, Russia) into iron pots (upper diameter
10.5 cm; height 9.5 cm). A carbon content of 0.067% showed the strongest phenotype in our previous
plant growth and drought tolerance test [5]. Thirty seedlings per group were irrigated at two-day
intervals with 80 mL of tap water for a total of 28 days to maintain an optimal level of humidity.
For the two-step heat stress treatment, the first step consisted of a week at 35 + 1 °C during the day
and 30 + 1 °C during the night. The second step consisted of one week at 40 + 1 °C during the day and
35 + 1 °C during the night. In all growth conditions, 30-40% humidity and 600 pmol photons-m~2-s~!
of light were maintained for 16 h during the day. The heights and fresh weight were determined by
a random collection of ten individuals from each group. The lowest and highest measurements were
excluded and the readings of the remaining eight plants were averaged.

4.3. Measurement of Malonyldialdehyde Content, Relative Electrical Conductivity, and Chlorophyll Content

The MDA content was determined in leaves 14 d after the two-step heat stress treatment [67].
Three leaves were randomly selected from each group of ten plants; a 0.3 g fresh weight (FW) sample
was homogenized in 5 mL of 5% trichloroacetic acid (TCA). Next, the homogenate was centrifuged for
15 min at 8000 g. The supernatant from each sample was combined with 2.5 mL of thiobarbituric acid
(TBA), and the mixture was heated for 20 min in a 100 °C water bath, and then cooled immediately on
ice. The mixture was then centrifuged for 5 min at 10,000x g and the absorbance of the corresponding
supernatant was measured at 532 and 600 nm. Based on its molar extinction coefficient (155 mM~-cm™1),
the concentration of MDA in cucumber leaves was obtained and denoted as pmol MDA-g~!-FW.

The relative EC percentage in cucumber leaves was measured according to the process defined
by Yang et al. [68]. Three leaves were gathered for each test, then minced per 0.1 g fresh weight (FW)
sample, put in a 50 mL Falcon tube, and combined with 10 mL of distilled water. The initial EC (S1) was
calculated after the mixture was incubated in a calorstat set at 32 °C for 2 h. Following this, the mixture
was boiled for 30 min at 100 °C and then cooled to room temperature to determine its final EC (52).
Distilled water with an electrical conductance value of zero (S0) was used as the background value.
The relative electrical conductivity (REC) was determined using Equation (1):

REC = (S1 — S0)/(S2 — S0) x 100 1)

The chlorophyll content of leaves was estimated 14 d after the two-step heat stress treatment
using a previously described method [69]. In each group, three leaves were collected randomly from
three separate plants. Samples of 0.3 g fresh weight were harvested at 4 °C, cut into segments of
3 cm X 3 cm, and incubated with 100% ethanol overnight. The mixture was then centrifuged for 5 min
at 13,000 rpm, and the supernatant was collected and measured using a spectrophotometer at 645 and
663 nm. The concentration of chlorophyll was calculated using the Arnon equations [70], as follows in
Equations (2)—(4):

Chlorophyll a (ug/mL) = 12.7 x A663 — 2.69 x A645 2)

Chlorophyll b (ug/mL) = 22.9 x A645 — 4.68 X A663 3)
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Total chlorophyll (ng/mL) = 20.2 X A645 + 8.02 X A663 4)

4.4. RNA Extraction and Real-Time PCR Analysis

The cucumber leaves were immediately frozen in liquid nitrogen after harvesting and stored at
—80 °C prior to RNA extraction. Total RNA from the cucumber leaves was extracted using the RNeasy
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions. DNA contamination
was eliminated with a purifying column and DNAse. Using a QuantiTech SYBR Green RT-PCR kit
(QIAGEN), 1 mg of total RNA was used for reverse transcription and the quantitative real-time PCR
(gRT-PCR) assay was performed. Accurate measurement data were obtained using the LightCycler96
system (Roche Life Science, Penzberg, Germany). The reaction conditions were as follows: denaturation
at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 20 s, annealing at 58 °C for
20 s, and extension at 72 °C for 30 s. The transcript levels of CsRbcL, CsRbcS, CsGsa, CsPBGD,
CsOEE1, and CsHSP45.9 were normalized to CsEF1a (Csa006172), and mRNA was quantified using
the LightCycler96 software (version 1.1.0.1320). Experiments were performed using three separate
biological samples and three experimental replications for each qRT-PCR reaction. The primer
sequences were modified based on a previous study [43]. The primer sequences are provided in the
supporting information section (Table S1).

4.5. Determination of Antioxidant Activity

The activity of the three antioxidant enzymes (SOD, CAT, and POD) in cucumber tissues was
assessed using commercial assay kits. Three leaves were collected randomly from three of the ten
plants; after harvesting, samples were frozen at —20 °C and ground in the presence of ice. Then, 1 mL of
50 mM ice-cold phosphate buffer (pH 7.8) containing 1 mM ethylene diamine tetra acetic acid (EDTA)
was applied to each ground sample. The samples were vortexed for 5 min and incubated for 1 h in ice.
The homogenate was then centrifuged for 15 min at 15,000 ¢ and 4 °C. The obtained supernatant was
used to perform enzyme assays.

The SOD  Assay Kit-WST  (Dojindo, Kumamoto, Japan) was  used
to test the SOD activity in cucumber samples. Mono sodium  salt
(2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulphophenyl)-2H-tetrazolium; ~WST) is reduced
by the superoxide anion, creating yellow formazan that can be measured using a spectrophotometer at
450 nm. The presence of antioxidants prevents the development of yellow WST formation. Briefly,
cucumber extract was mixed with the WST solution, and then samples were treated with the enzyme
solution and incubated at 37 °C for 20 min. The absorbance was measured with a spectrophotometer
at 450 nm. The inhibition rate of formazan formation was calculated as in Equation (5):

((Ablank 1 — Ablank 2) — (Asample — Aplank 2))/(Aplank 1 — Ablank 3) X 100 ()

The inhibition rates were changed to SOD enzymatic levels at a specific protein. All tests were
replicated three times.

The CAT enzymatic activity was calculated using the CAT Assay Kit (Biomax, Korea).
Catalase reduces H,O, into water and oxygen. Red resorufin is formed when H,O, reacts with
the reagent probe and horseradish peroxidase. The amount of reduced resorufin within the sample
correlates to the amount of antioxidant activity. The absorbance of resorufin was measured using
a spectrophotometer at 560 nm. All experiments were replicated three times.

The POD enzymatic activity in each sample was calculated using the POD Assay Kit
(Biomax, Korea). The POD values were determined using a probe and horseradish peroxidase.
The reduced resorufin of the final reaction product was calculated using a spectrophotometer at 560 nm.
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4.6. Statistical Analysis

All experiments were performed in a randomized design and conducted in triplicate, and the
means were graphed. All data were analyzed using Minitab software (version 18, State College, PA,
USA) and the difference between means was determined using the Student’s f-test at p < 0.05.

5. Conclusions

Based on results of plant growth and heat tolerance in cucumber (Cucumis sativus L.), this study
confirmed that the low-cost natural carbon material shungite has strong and direct antioxidant activity
via the enhancement of SOD, CAT, and POD scavengers. Shungite is also effective in increasing heat
tolerance in plants for crop enhancement, which is associated with a higher chlorophyll content, leaf
area, and rate of photosynthesis. This enhanced phenomenon is attributed to a high accumulation of
heat response genes, such as HSP45.9, as well as the upregulation of photosynthetic and photosynthetic
pigment metabolism-related genes. These findings may provide an innovative solution to major
agricultural challenges caused by global warming.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/14/4858/s1,
Table S1: Primers used for real time RT-PCR assays.

Author Contributions: Methodology, T.Y.K. and S.-Y.L.; software, T.Y.K.; formal analysis, T.Y.K.; investigation,
T.YK. and HK,; data curation, T.Y.K.; writing—original draft preparation, T.Y.K.; writing—review and editing,
T.YK. and S.-Y.L.; supervision, S.-Y.L.; funding acquisition, S.-Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea, Grant Number
2018M2A8A4083765; Korea Environmental Industry and Technology Institute, Grant Number 2019002790006.

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

References

1.  Zhang, X; Li, X.; Chen, D.; Cui, H.; Ge, Q. Overestimated climate warming and climate variability due to
spatially homogeneous CO, in climate modeling over the Northern Hemisphere since the mid-19th century.
Sci. Rep. 2019, 9, 1-9. [CrossRef] [PubMed]

2. Sultan, B.; Defrance, D.; lizumi, T. Evidence of crop production losses in West Africa due to historical global
warming in two crop models. Sci. Rep. 2019, 9, 1-15. [CrossRef]

3. Sun, Q.; Miao, C.; Hanel, M.; Borthwick, A.G.; Duan, Q.; Ji, D.; Li, H. Global heat stress on health, wildfires,
and agricultural crops under different levels of climate warming. Environ. Int. 2019, 128, 125-136. [CrossRef]
[PubMed]

4. Cole, M.B.; Augustin, M.A_; Robertson, M.].; Manners, ].M. The science of food security. npj Sci. Food 2018,
2, 14. [CrossRef] [PubMed]

5. Kim, T.Y,; Lee, S.-H.; Ku, H.; Lee, S.-Y. Enhancement of Drought Tolerance in Cucumber Plants by Natural
Carbon Materials. Plants 2019, 8, 446. [CrossRef] [PubMed]

6. Costa, ].M.; Da Silva, J.M.; Pinheiro, C.; Barén, M.; Mylona, P.; Centritto, M.; Haworth, M.; Loreto, F;
Uzilday, B.; Turkan, I; et al. Opportunities and Limitations of Crop Phenotyping in Southern European
Countries. Front. Plant Sci. 2019, 10, 1125. [CrossRef] [PubMed]

7. Barnabas, B.; Jager, K.; Fehér, A. The effect of drought and heat stress on reproductive processes in cereals.
Plant Cell Environ. 2007, 31, 11-38. [CrossRef]

8. Fahad, S.; Bajwa, A.A.; Nazir, U.; Anjum, S.A.; Farooq, A.; Zohaib, A.; Sadia, S.; Nasim, W.; Adkins, S.;
Saud, S.; et al. Crop Production under Drought and Heat Stress: Plant Responses and Management Options.
Front. Plant Sci. 2017, 8, 8. [CrossRef] [PubMed]

9. Hagq, S.U; Khan, A.; Ali, M.; Khattak, A.M.; Gai, W.-X.; Zhang, H.-X.; Wei, A.-M.; Gong, Z.-H. Heat Shock
Proteins: Dynamic Biomolecules to Counter Plant Biotic and Abiotic Stresses. Int. |. Mol. Sci. 2019, 20, 5321.
[CrossRef]

10. Lin, Y.-B; Lin, Y.-W,; Lin, J.-Y,; Hung, H.-N. SensorTalk: An IoT Device Failure Detection and Calibration
Mechanism for Smart Farming. Sensors 2019, 19, 4788. [CrossRef]


http://www.mdpi.com/1422-0067/21/14/4858/s1
http://dx.doi.org/10.1038/s41598-019-53513-7
http://www.ncbi.nlm.nih.gov/pubmed/31758011
http://dx.doi.org/10.1038/s41598-019-49167-0
http://dx.doi.org/10.1016/j.envint.2019.04.025
http://www.ncbi.nlm.nih.gov/pubmed/31048130
http://dx.doi.org/10.1038/s41538-018-0021-9
http://www.ncbi.nlm.nih.gov/pubmed/31304264
http://dx.doi.org/10.3390/plants8110446
http://www.ncbi.nlm.nih.gov/pubmed/31652995
http://dx.doi.org/10.3389/fpls.2019.01125
http://www.ncbi.nlm.nih.gov/pubmed/31608085
http://dx.doi.org/10.1111/j.1365-3040.2007.01727.x
http://dx.doi.org/10.3389/fpls.2017.01147
http://www.ncbi.nlm.nih.gov/pubmed/28706531
http://dx.doi.org/10.3390/ijms20215321
http://dx.doi.org/10.3390/s19214788

Int. ]. Mol. Sci. 2020, 21, 4858 12 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Vincent, D.R.; Deepa, N.; Elavarasan, D.; Srinivasan, K.; Chauhdary, S.H.; Iwendi, C. Sensors Driven Al-Based
Agriculture Recommendation Model for Assessing Land Suitability. Sensors 2019, 19, 3667. [CrossRef]
[PubMed]

Wang, T.; Zhang, H.; Zhu, H. CRISPR technology is revolutionizing the improvement of tomato and other
fruit crops. Hortic. Res. 2019, 6, 77. [CrossRef] [PubMed]

Van Der Voet, H.; Paoletti, C. Equivalence Testing Approaches in Genetically Modified Organism Risk
Assessment. |. Agric. Food Chem. 2019, 67, 13506-13508. [CrossRef] [PubMed]

Mukherjee, A.; Majumdar, S.; Servin, A.D.; Pagano, L.; Dhankher, O.P.; White, ].C. Carbon Nanomaterials in
Agriculture: A Critical Review. Front. Plant Sci. 2016, 7, 834. [CrossRef]

Husen, A.; Siddigi, K.S. Carbon and fullerene nanomaterials in plant system. J. Nanobiotechnol. 2014, 12, 16.
[CrossRef]

De La Torre-Roche, R.; Hawthorne, J.; Deng, Y.; Xing, B.; Cai, W.; Newman, L.A.; Wang, Q.; Ma, X.; Hamdi, H.;
White, J.C. Multiwalled Carbon Nanotubes and C60 Fullerenes Differentially Impact the Accumulation of
Weathered Pesticides in Four Agricultural Plants. Environ. Sci. Technol. 2013, 47, 12539-12547. [CrossRef]
Khodakovskaya, M.V.; De Silva, K.; Nedosekin, D.; Dervishi, E.; Biris, A.S.; Shashkov, E.V.; Galanzha, E.I;
Zharov, V.P. Complex genetic, photothermal, and photoacoustic analysis of nanoparticle-plant interactions.
Proc. Natl. Acad. Sci. USA 2010, 108, 1028-1033. [CrossRef]

Mosin, LI.O. The structure and composition of carbonaceous fullerene containing mineral shungite and
microporous crystalline aluminosilicate mineral zeolite. Mathematical model of interaction of shungite and
zeolite with water molecules. Adv. Phys. Theor. Appl. 2014, 28, 10-21.

Sajo, M.E.].; Kim, C.; Kim, S.-K,; Shim, K.Y,; Kang, T.-Y.; Lee, K.-]. Antioxidant and Anti-Inflammatory Effects
of Shungite against Ultraviolet B Irradiation-Induced Skin Damage in Hairless Mice. Oxid. Med. Cell. Longev.
2017, 2017, 1-11. [CrossRef] [PubMed]

Tapken, D.; Anschiitz, U.; Liu, L.-H.; Huelsken, T.; Seebohm, G.; Becker, D.; Hollmann, M. A Plant Homolog
of Animal Glutamate Receptors Is an Ion Channel Gated by Multiple Hydrophobic Amino Acids. Sci. Signal.
2013, 6, ra47. [CrossRef]

Gill, S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop
plants. Plant Physiol. Biochem. 2010, 48, 909-930. [CrossRef]

Pan, L.; Zhang, X.; Wang, J.; Ma, X;; Zhou, M.; Huang, L.; Nie, G.; Wang, P.; Yang, Z,; Li, J.
Transcriptional Profiles of Drought-Related Genes in Modulating Metabolic Processes and Antioxidant
Defenses in Lolium multiflorum. Front. Plant Sci. 2016, 7, 159. [CrossRef] [PubMed]

Karuppanapandian, T.; Wang, H.-W.; Prabakaran, N.; Jeyalakshmi, K.; Kwon, M.; Manoharan, K.; Kim, W.
2 4-dichlorophenoxyacetic acid-induced leaf senescence in mung bean (Vigna radiata L. Wilczek) and
senescence inhibition by co-treatment with silver nanoparticles. Plant Physiol. Biochem. 2011, 49, 168-177.
[CrossRef] [PubMed]

Kar, RK. Plant responses to water stress: Role of reactive oxygen species. Plant Signal. Behav. 2011,
6,1741-1745. [CrossRef] [PubMed]

Guo, Y.Y,; Yu, HY,; Yang, M.M.; Kong, D.S.; Zhang, Y.J. Effect of Drought Stress on Lipid Peroxidation,
Osmotic Adjustment and Antioxidant Enzyme Activity of Leaves and Roots of Lycium ruthenicum Murr.
Seedling. Russ. J. Plant Physiol. 2018, 65, 244-250. [CrossRef]

Petrov, V.; Hille, ].; Mueller-Roeber, B.; Gechev, T.S. ROS-mediated abiotic stress-induced programmed cell
death in plants. Front. Plant Sci. 2015, 6, 69. [CrossRef]

Song, Y.; Chen, Q.; Ci, D.; Shao, X.; Zhang, D. Effects of high temperature on photosynthesis and related gene
expression in poplar. BMC Plant Biol. 2014, 14, 111. [CrossRef]

Ahuja, I.; De Vos, R.C.; Bones, A.M.; Hall, R.D. Plant molecular stress responses face climate change.
Trends Plant Sci. 2010, 15, 664—674. [CrossRef]

Beck, E.H.; Fettig, S.; Knake, C.; Hartig, K.; Bhattarai, T. Specific and unspecific responses of plants to cold
and drought stress. J. Biosci. 2007, 32, 501-510. [CrossRef]

Lehesranta, S.J.; Davies, H.V.; Shepherd, L.; Koistinen, K.; Massat, N.; Nunan, N.; McNicol, ] W,;
Kérenlampi, S.0. Proteomic analysis of the potato tuber life cycle. Proteomic 2006, 6, 6042-6052. [CrossRef]
Agrawal, L.; Narula, K.; Basu, S.; Shekhar, S.; Ghosh, S.; Datta, A.; Chakraborty, N.; Chakraborty, S.
Comparative Proteomics Reveals a Role for Seed Storage Protein AmA1 in Cellular Growth, Development,
and Nutrient Accumulation. . Proteome Res. 2013, 12, 4904-4930. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/s19173667
http://www.ncbi.nlm.nih.gov/pubmed/31450772
http://dx.doi.org/10.1038/s41438-019-0159-x
http://www.ncbi.nlm.nih.gov/pubmed/31240102
http://dx.doi.org/10.1021/acs.jafc.9b05149
http://www.ncbi.nlm.nih.gov/pubmed/31725270
http://dx.doi.org/10.3389/fpls.2016.00172
http://dx.doi.org/10.1186/1477-3155-12-16
http://dx.doi.org/10.1021/es4034809
http://dx.doi.org/10.1073/pnas.1008856108
http://dx.doi.org/10.1155/2017/7340143
http://www.ncbi.nlm.nih.gov/pubmed/28894510
http://dx.doi.org/10.1126/scisignal.2003762
http://dx.doi.org/10.1016/j.plaphy.2010.08.016
http://dx.doi.org/10.3389/fpls.2016.00519
http://www.ncbi.nlm.nih.gov/pubmed/27200005
http://dx.doi.org/10.1016/j.plaphy.2010.11.007
http://www.ncbi.nlm.nih.gov/pubmed/21144762
http://dx.doi.org/10.4161/psb.6.11.17729
http://www.ncbi.nlm.nih.gov/pubmed/22057331
http://dx.doi.org/10.1134/S1021443718020127
http://dx.doi.org/10.3389/fpls.2015.00069
http://dx.doi.org/10.1186/1471-2229-14-111
http://dx.doi.org/10.1016/j.tplants.2010.08.002
http://dx.doi.org/10.1007/s12038-007-0049-5
http://dx.doi.org/10.1002/pmic.200600383
http://dx.doi.org/10.1021/pr4007987
http://www.ncbi.nlm.nih.gov/pubmed/24024778

Int. ]. Mol. Sci. 2020, 21, 4858 13 of 14

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

Agrawal, L.; Chakraborty, S.; Jaiswal, D.K.; Gupta, S.; Datta, A.; Chakraborty, N. Comparative Proteomics of
Tuber Induction, Development and Maturation Reveal the Complexity of Tuberization Process in Potato
(Solanum tuberosum L.). ]. Proteome Res. 2008, 7, 3803-3817. [CrossRef] [PubMed]

Ahn, Y.-J.; Zimmerman, ].L. Introduction of the carrot HSP17.7 into potato (Solanum tuberosum L.) enhances
cellular membrane stability and tuberization in vitro. Plant Cell Environ. 2006, 29, 95-104. [CrossRef]
[PubMed]

Shekhar, S.; Mishra, D.; Gayali, S.; Buragohain, A.K.; Chakraborty, S.; Chakraborty, N. Comparison of
proteomic and metabolomic profiles of two contrasting ecotypes of sweetpotato (Ipomoea batata L.). . Proteom.
2016, 143, 306-317. [CrossRef] [PubMed]

Mishra, S.K.; Tripp, J.; Winkelhaus, S.; Tschiersch, B.; Theres, K.; Nover, L.; Scharf, K.-D. In the complex
family of heat stress transcription factors, HsfAl has a unique role as master regulator of thermotolerance in
tomato. Genes Dev. 2002, 16, 1555-1567. [CrossRef]

Kotak, S.; Larkindale, J.; Lee, U.; Von Koskull-Déring, P.; Vierling, E.; Scharf, K.-D. Complexity of the heat
stress response in plants. Curr. Opin. Plant Biol. 2007, 10, 310-316. [CrossRef]

Scharf, K.-D.; Berberich, T.; Ebersberger, I.; Nover, L. The plant heat stress transcription factor (Hsf) family:
Structure, function and evolution. Biochim. Biophys. Acta 2012, 1819, 104-119. [CrossRef]

Wang, W.; Vinocur, B.; Shoseyov, O.; Altman, A. Role of plant heat-shock proteins and molecular chaperones
in the abiotic stress response. Trends Plant Sci. 2004, 9, 244-252. [CrossRef]

Driedonks, N.; Xu, J.; Peters, J.L.; Park, S.; Rieu, I. Multi-Level Interactions Between Heat Shock Factors, Heat
Shock Proteins, and the Redox System Regulate Acclimation to Heat. Front. Plant Sci. 2015, 6, 516. [CrossRef]
Li, H.; Wang, F,; Chen, X.-J.; Shi, K,; Xia, X.; Considine, M.].; Yu, J.-Q.; Zhou, Y.-H. The sub/supra-optimal
temperature-induced inhibition of photosynthesis and oxidative damage in cucumber leaves are alleviated
by grafting onto figleaf gourd/luffa rootstocks. Physiol. Plant. 2014, 152, 571-584. [CrossRef]

Reddy, A.R.; Chaitanya, K.V.; Vivekanandan, M. Drought-induced responses of photosynthesis and
antioxidant metabolism in higher plants. J. Plant Physiol. 2004, 161, 1189-1202. [CrossRef]

Kong, W,; Liu, F; Zhang, C.; Zhang, J.; Feng, H. Non-destructive determination of Malondialdehyde (MDA)
distribution in oilseed rape leaves by laboratory scale NIR hyperspectral imaging. Sci. Rep. 2016, 6, 35393.
[CrossRef]

Xu, Y;; Yuan, Y,; Du, N.; Wang, Y.; Shu, S.; Sun, J.; Guo, S.-R. Proteomic analysis of heat stress resistance of
cucumber leaves when grafted onto Momordica rootstock. Hortic. Res. 2018, 5, 53. [CrossRef] [PubMed]
Huang, H.; Ullah, F; Zhou, D.-X,; Yi, M.; Zhao, Y. Mechanisms of ROS Regulation of Plant Development and
Stress Responses. Front. Plant Sci. 2019, 10, 800. [CrossRef] [PubMed]

Almeselmani, M.; Deshmukh, P.; Sairam, R.; Kushwaha, S.; Singh, T. Protective role of antioxidant enzymes
under high temperature stress. Plant Sci. 2006, 171, 382-388. [CrossRef] [PubMed]

Zandalinas, S.I; Balfagén, D.; Arbona, V.; Gdmez-Cadenas, A. Modulation of Antioxidant Defense System
Is Associated with Combined Drought and Heat Stress Tolerance in Citrus. Front. Plant Sci. 2017, 8, 953.
[CrossRef]

Suzuki, N.; Koussevitzky, S.; Mittler, R.; Miller, G. ROS and redox signalling in the response of plants to
abiotic stress. Plant Cell Environ. 2011, 35, 259-270. [CrossRef]

Mittler, R. ROS Are Good. Trends Plant Sci. 2017, 22, 11-19. [CrossRef]

Choudhury, EK,; Rivero, R.M.; Blumwald, E.; Mittler, R. Reactive oxygen species, abiotic stress and stress
combination. Plant J. 2016, 90, 856-867. [CrossRef]

Suzuki, N.; Rivero, R.M.; Shulaev, V.; Blumwald, E.; Mittler, R. Abiotic and biotic stress combinations.
New Phytol. 2014, 203, 32-43. [CrossRef]

Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive oxygen gene network of plants.
Trends Plant Sci. 2004, 9, 490—-498. [CrossRef] [PubMed]

Martinez, V.; Mestre, T.C.; Rubio, F.; Girones-Vilaplana, A.; Moreno, D.A.; Mittler, R.; Rivero, RM.
Accumulation of Flavonols over Hydroxycinnamic Acids Favors Oxidative Damage Protection under
Abiotic Stress. Front. Plant Sci. 2016, 7, 838. [CrossRef] [PubMed]

Lu, H; Hu, Y;; Wang, C.; Liu, W.; Ma, G.; Han, Q.; Ma, D. Effects of High Temperature and Drought Stress on
the Expression of Gene Encoding Enzymes and the Activity of Key Enzymes Involved in Starch Biosynthesis
in Wheat Grains. Front. Plant Sci. 2019, 10, 1414. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/pr8000755
http://www.ncbi.nlm.nih.gov/pubmed/18672926
http://dx.doi.org/10.1111/j.1365-3040.2005.01403.x
http://www.ncbi.nlm.nih.gov/pubmed/17086756
http://dx.doi.org/10.1016/j.jprot.2016.03.028
http://www.ncbi.nlm.nih.gov/pubmed/26996463
http://dx.doi.org/10.1101/gad.228802
http://dx.doi.org/10.1016/j.pbi.2007.04.011
http://dx.doi.org/10.1016/j.bbagrm.2011.10.002
http://dx.doi.org/10.1016/j.tplants.2004.03.006
http://dx.doi.org/10.3389/fpls.2015.00999
http://dx.doi.org/10.1111/ppl.12200
http://dx.doi.org/10.1016/j.jplph.2004.01.013
http://dx.doi.org/10.1038/srep35393
http://dx.doi.org/10.1038/s41438-018-0060-z
http://www.ncbi.nlm.nih.gov/pubmed/30302257
http://dx.doi.org/10.3389/fpls.2019.00800
http://www.ncbi.nlm.nih.gov/pubmed/31293607
http://dx.doi.org/10.1016/j.plantsci.2006.04.009
http://www.ncbi.nlm.nih.gov/pubmed/22980208
http://dx.doi.org/10.3389/fpls.2017.00953
http://dx.doi.org/10.1111/j.1365-3040.2011.02336.x
http://dx.doi.org/10.1016/j.tplants.2016.08.002
http://dx.doi.org/10.1111/tpj.13299
http://dx.doi.org/10.1111/nph.12797
http://dx.doi.org/10.1016/j.tplants.2004.08.009
http://www.ncbi.nlm.nih.gov/pubmed/15465684
http://dx.doi.org/10.3389/fpls.2016.00838
http://www.ncbi.nlm.nih.gov/pubmed/27379130
http://dx.doi.org/10.3389/fpls.2019.01414
http://www.ncbi.nlm.nih.gov/pubmed/31798603

Int. ]. Mol. Sci. 2020, 21, 4858 14 of 14

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wang, D.; Heckathorn, S.A.; Mainali, K.; Tripathee, R. Timing Effects of Heat-Stress on Plant Ecophysiological
Characteristics and Growth. Front. Plant Sci. 2016, 7, 13. [CrossRef] [PubMed]

Bai, Z.-L.; Li, X.-S.; Chen, G.-Y,; Du, Y;; Wei, Z.-X; Chen, X.; Zheng, G.-E.; Deng, W.; Cheng, Y. Serum Oxidative
Stress Marker Levels in Unmedicated and Medicated Patients with Schizophrenia. . Mol. Neurosci. 2018,
66, 428-436. [CrossRef] [PubMed]

Averbeck, M.A.; De Lima, N.G.; Motta, G.A.; Beltrao, L.; Filho, N.J.A.; Rigotti, C.P.; Dos Santos, W.N.;
Dos Santos, S.K.J.; Da Silva, L.EB.; Rhoden, E.L. Oxidative stress in the bladder of men with LUTS undergoing
open prostatectomy: A pilot study. Int. Braz. ]. Urol. 2018, 44, 1182-1193. [CrossRef]

Qu, A.-L.; Ding, Y,; Jiang, Q.; Zhu, C. Molecular mechanisms of the plant heat stress response. Biochem. Biophys.
Res. Commun. 2013, 432, 203-207. [CrossRef]

Delaunay, A.; Pflieger, D.; Barrault, M.B.; Vinh, J.; Toledano, M.B. A thiol peroxidase is an H,O, receptor and
redox-transducer in gene activation. Cell 2002, 111, 471-481. [CrossRef]

Rizhsky, L.; Liang, H.; Mittler, R. The Combined Effect of Drought Stress and Heat Shock on Gene Expression
in Tobaccol. Plant Physiol. 2002, 130, 1143-1151. [CrossRef]

Srivastava, G.; Kumar, S.; Dubey, G.; Mishra, V.; Prasad, S.M. Nickel and Ultraviolet-B Stresses Induce
Differential Growth and Photosynthetic Responses in Pisum sativum L. Seedlings. Biol. Trace Element Res.
2012, 149, 86-96. [CrossRef]

Prasch, C.M.; Sonnewald, U. Simultaneous application of heat, drought, and virus to Arabidopsis plants
reveals significant shifts in signaling networks. Plant Physiol. 2013, 162, 1849-1866. [CrossRef] [PubMed]
Jin, R; Wang, Y,; Liu, R; Gou, J; Chan, Z. Physiological and Metabolic Changes of Purslane
(Portulaca oleracea L.) in Response to Drought, Heat, and Combined Stresses. Front. Plant Sci. 2016,
6,499. [CrossRef]

Hasanuzzaman, M.; Nahar, K.; Alam, M.; Roychowdhury, R.; Fujita, M. Physiological, Biochemical, and
Molecular Mechanisms of Heat Stress Tolerance in Plants. Int. ]. Mol. Sci. 2013, 14, 9643-9684. [CrossRef]
[PubMed]

Chakraborty, U.; Pradhan, D. High temperature-induced oxidative stress in Lens culinaris, role of antioxidants
and amelioration of stress by chemical pre-treatments. ]. Plant Interact. 2011, 6, 43-52. [CrossRef]

Mi, M,; Shao, M,; Liu, B. Effect of rock fragments content on water consumption, biomass and water-use
efficiency of plants under different water conditions. Ecol. Eng. 2016, 94, 574-582. [CrossRef]

Manning, D. Mineral sources of potassium for plant nutrition. A review. Agron. Sustain. Dev. 2010,
30, 281-294. [CrossRef]

Wang, C.-J.; Yang, W.; Wang, C.; Gu, C.; Niu, N.-D,; Liu, H.-X.; Wang, Y.-P.; Guo, J. Induction of Drought
Tolerance in Cucumber Plants by a Consortium of Three Plant Growth-Promoting Rhizobacterium Strains.
PLoS ONE 2012, 7, €52565. [CrossRef]

Yang, J.; Kloepper, ].W.; Ryu, C.-M. Rhizosphere bacteria help plants tolerate abiotic stress. Trends Plant Sci.
2009, 14, 1-4. [CrossRef]

Basra, S.M.A; Iram, A. Drought stress induced changes in some organic substances in nodules and other
plant parts of two potential legumes differing in salt tolerance. Flora-Morphol. Distrib. Funct. Ecol. Plants
2005, 6, 535-546.

Arnon, D.I. Copper Enzymes in Isolated Chloroplasts. Polyphenoloxidase in Beta Vulgaris. Plant Physiol.
1949, 24, 1-15. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3389/fpls.2016.01629
http://www.ncbi.nlm.nih.gov/pubmed/27853463
http://dx.doi.org/10.1007/s12031-018-1165-4
http://www.ncbi.nlm.nih.gov/pubmed/30298298
http://dx.doi.org/10.1590/s1677-5538.ibju.2018.0127
http://dx.doi.org/10.1016/j.bbrc.2013.01.104
http://dx.doi.org/10.1016/S0092-8674(02)01048-6
http://dx.doi.org/10.1104/pp.006858
http://dx.doi.org/10.1007/s12011-012-9406-9
http://dx.doi.org/10.1104/pp.113.221044
http://www.ncbi.nlm.nih.gov/pubmed/23753177
http://dx.doi.org/10.3389/fpls.2015.01123
http://dx.doi.org/10.3390/ijms14059643
http://www.ncbi.nlm.nih.gov/pubmed/23644891
http://dx.doi.org/10.1080/17429145.2010.513484
http://dx.doi.org/10.1016/j.ecoleng.2016.06.044
http://dx.doi.org/10.1051/agro/2009023
http://dx.doi.org/10.1371/journal.pone.0052565
http://dx.doi.org/10.1016/j.tplants.2008.10.004
http://dx.doi.org/10.1104/pp.24.1.1
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Enhanced Heat Tolerance of Shungite-Treated Plants 
	Effects of Shungite on Heat Tolerance 
	Gene Expression Changes and Antioxidant Activity 
	Modulation of the Antioxidant Defense System Associated with Heat Stress 

	Discussion 
	Materials and Methods 
	Cucumber Plant Culture 
	Evaluation of Shungite-Treated Plants Under Heat Stress 
	Measurement of Malonyldialdehyde Content, Relative Electrical Conductivity, and Chlorophyll Content 
	RNA Extraction and Real-Time PCR Analysis 
	Determination of Antioxidant Activity 
	Statistical Analysis 

	Conclusions 
	References

