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Abstract: Drought and ultraviolet radiation (UV radiation) are the coexisting environmental factors
that negatively affect plant growth and development via oxidative damage. Flavonoids are reactive,
scavenging oxygen species (ROS) and UV radiation-absorbing compounds generated under stress
conditions. We investigated the biosynthesis of kaempferol and quercetin in wild and flavanone
3-hydroxylase (F3H) overexpresser rice plants when drought and UV radiation stress were imposed
individually and together. Phenotypic variation indicated that both kinds of stress highly reduced
rice plant growth parameters in wild plants as compared to transgenic plants. When combined,
the stressors adversely affected rice plant growth parameters more than when they were imposed
individually. Overaccumulation of kaempferol and quercetin in transgenic plants demonstrated
that both flavonoids were crucial for enhanced tolerance to such stresses. Oxidative activity assays
showed that kaempferol and quercetin overaccumulation with strong non-enzymatic antioxidant
activity mitigated the accumulation of ROS under drought and UV radiation stress. Lower contents
of salicylic acid (SA) in transgenic plants indicated that flavonoid accumulation reduced stress, which
led to the accumulation of low levels of SA. Transcriptional regulation of the dehydrin (DHN) and
ultraviolet-B resistance 8 (UVR8) genes showed significant increases in transgenic plants compared
to wild plants under stress. Taken together, these results confirm the usefulness of kaempferol and
quercetin in enhancing tolerance to both drought and UV radiation stress.

Keywords: drought and UV radiation stress; flavonoids content; antioxidant content; salicylic acid;
genes expression

1. Introduction

Over the last few decades, anthropogenic pollutants have significantly reduced strato-
spheric ozone, which could lead to a considerable increase in UV radiation [1]. This is a
distressing situation from the standpoint of environmental safety. Living organisms are
naked to UV radiation and absorb it to different degrees depending on the angle of the
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light and thickness of the ozone layer. The solar UV radiation consists of UV-A radiation
with wavelength range from 315–400 nm, UV-B radiation with wavelength range from
280–315 nm, and UV-C radiation with wavelength below 280 nm [2], while that above
400 to 700 nm is photosynthetically active radiation (PAR) [3]. Previous reports show that
an optimum amount of UV-B radiation induces some photomorphogenic responses, such
as morphology, physiology, and synthesis of secondary metabolites [4]. UV radiation
coupled with various other environmental factors, such as temperature, water regime, and
nutrient status, can also weaken plant defenses [5]. UV radiation is one of the main sources
of oxidative stress and can lead plants to accumulate UV radiation absorbing chemicals,
enhance leaf thickness, and produce trichomes [6,7]. In response to UV radiation damage,
plants also regulate pathways that are involved in DNA damage [8]. Numerous studies
have looked at particular genes linked to UV radiation resistance [9–12]. Researchers
have identified a UV-B-specific regulatory pathway that controls the genes related to
UV radiation protection, which involves more specifically the UVR8 gene identified in
A. thaliana [11,13]. Additional researchers demonstrated that UV radiation induces the
accumulation of flavonoids, which provides a protective screen in the epidermal tissues
of plants in association with other phenolic compounds [14]. It is well-known that UV
radiation induces various genes involved in the synthesis of flavonoid pathways, such as
the chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H),
and flavonol synthase (FLS) pathways [15–17]. Ref. [18] found that the mutant of UVR8
fails to induce a very key gene (chalcone synthase CHS) of the flavonoid pathway in re-
sponse to UV radiation, resulting in a much-reduced quantity of flavonoids. Although
the physiological role of specific flavonoids is still not well understood, it is known that
kaempferol and quercetin increase under UV radiation exposure [19,20]. However, the
derivatives of both flavonoids accumulate under UV stress and act as UV protectants and
scavenging reactive oxygen species (ROS) [21].

Drought is one of the most common high UV radiation coexisting environmental
factors that reduce agricultural production and quality [22]. Drought stress can cause vari-
ous morphological, physiological, and biochemical alterations in plants, such as reduced
growth, reduced stem elongation, stomatal variation, and leaf expansion [23]. Drought
stress also increases hydrogen peroxide (H2O2), ROS, and superoxides, which cause protein,
DNA, lipid, nucleic acid, and carbohydrate damage in rice [24,25]. ROS are regarded as
by-products of plant aerobic metabolism and are generated in several cellular compart-
ments, such as chloroplasts, mitochondria, and peroxisomes. ROS not only causes DNA
damage and cell death but also act as signaling molecule. Therefore, ROS have a dual role
in vivo depending on different levels of reactivity, sites of production, and potential to
cross biological membranes [26]. Environmental stresses such as drought and UV radiation
cause stomatal closure, leading to insufficient intercellular CO2 concentration, which favors
the formation of 1O2 [27]. The O2

•− produced in PSI reacts with superoxide dismutase
(SOD) and converts into H2O2 [28]. This single oxygen causes severe damages to both
photosystems, PSI and PSII, and puts the entire photosynthetic machinery in jeopardy. Due
to this damage, rice plants have adopted several strategies to cope with drought stress,
including reducing life span, plasticity in development, increasing water uptake capacity,
and reducing loss of water via stomatal adjustment [29]. Besides these strategies, rice plants
also cope with oxidative stress through antioxidant systems, including accumulation of per-
oxidase, superoxide dismutase, glutathione peroxidase (GPX), polyphenol oxidase (POD),
and malondialdehyde (MDA) [30,31]. Transcriptional regulation is an important strategy
of plants to enhance tolerance to drought stress via strict control of physiological and
biochemical responses [32]. Dehydrins (DHN) are the important hydrophilic, thermostable
proteins belonging to the late embryogenic abundant (LEA) family, associated with protec-
tive function [33]. Overexpression of the OsDHN1 gene in rice enhances drought and salt
stress tolerance, while the same gene in tomato confers cold and drought stress [34,35]. The
expression of the DHN gene enhances accumulation of dehydrins in response to stressful
conditions; these contain reactive amino acid residues and act as ROS scavengers [36].
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Besides DHN, some flavonoid biosynthesis-related genes in rice plants are also regulated in
response to drought stress, which indicates that flavonoids are involved in drought stress.
Recently, it was reported that flavonoid contents are reduced in drought-susceptible plants
due to downregulation of key genes of the flavonoid biosynthesis pathway, such as CHI
in rice and dihydroflavonol-4-reductase (DFR), but are increased in tolerant plants [37,38].
This information predicts the positive role of flavonoids in mitigating drought stress and
is attracting great attention from researchers to evaluate the protective mechanism of
flavonoids in drought stress tolerance.

Drought and UV radiation have been studied individually, but there is very limited
information about the effects of drought and UV radiation combined in creating stress
on rice plants. However, a recent study was conducted on halo and UV-B radiation
priming seeds of rice exposed to drought stress [39]. Additive and detrimental effects
of drought and UV radiation have been investigated in several plants. Populus cathayana
showed reduced plant height and leaf area, and Hippophae rhamnoides showed reduced total
biomass, while Glycine max did not show any additive effect in response to both drought
and UV radiation [40]. Some researchers also reported antagonistic effects of drought and
UV radiation on conifers and European heathland species [40]. The effects of flavonoids
have been studied in response to drought and UV radiation stress individually in rice plant
but not in combination. Our study hypothesized that induction of some non-enzymatic
antioxidant flavonoids enhances tolerance to individual as well as combined drought
and UV radiation stress in the rice plant. The aim of our study is to evaluate the role of
flavonoids in rice plants in response to drought and UV radiation stress individually and
when they are combined. We focused on flavonoid accumulation, transcriptional regulation
of drought and UV responsive genes, and antioxidant and hormonal responses in response
to drought and UV radiation combined stress, revealed by overexpression of the flavanone
3-hydroxylase (F3H) gene.

2. Materials and Methods
2.1. Plant Material, Growth Conditions, and Phenotypic Evaluation

We used the rice (Oryza sativa L.) seeds of the transgenic (OxF3H) and non-transgenic
Nogdong cultivars provided by the Plant Molecular Breeding Laboratory, Kyungpook
National University, Korea [41]. Rice seeds were sterilized with fungicides overnight and
then washed with double distilled water three times. Next, the rice seeds were soaked in
water for four days in an incubator in the dark condition at 32 ◦C, with the water changed
after each 24 h as previously reported by [41]. After soaking and successful sprouting, rice
seeds were transferred to autoclaved soil and kept in the dark again for three days. After
growth, the three week rice seedlings were exposed to light and kept in a greenhouse for
further experimentation.

2.2. Experimental Design

We selected in total seven groups of rice plants. Among them one was control group;
three were non-transgenic treated, and three were transgenic treated group. One group of
non-transgenic treated and one group of transgenic treated were exposed only to drought
and were named WT+D and OxF3H+D, respectively. Another group of non-transgenic-
and transgenic-treated rice plants were exposed only to UV-B radiation and were named
WT+UV and OxF3H+UV, respectively, while the remaining each group of non-transgenic-
and transgenic-treated rice plants were exposed to drought and UV radiation combined
and were named WT+D+UV and OxF3H+D+UV, respectively. The flowchart of the experi-
mental setup is presented in Figure 1. For drought stress, rice seedling were screened at 5%,
10%, and 15% of PEG 6000 according to [42] (Supplementary Figure S1). On the basis of
screening, we applied 1.5 L of 10% polyethylene glycol 6000 (PEG 6000; a product of Sigma-
Aldrich, Seoul, Korea) [43]. For UV radiation stress, we installed two UV-B lamp tubes 26 W
(wavelength 280–315 nm, product of Dream Ocean Korea) in the growth chamber. The
UV-B lamps were fixed 60 cm above the plants. To filter UVC (280 nm) irradiation, cellulose
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diacetate film of 0.125 mm thickness was used (Lucky Films Co., Ltd., Shanghai, China).
The intensity of UVB and UVA wavelengths was measured using a Spectroradiometer 320
(1 nm resolution, Instrument System GmbH, Munich, Germany). The intensities of UVB
and UVA were 0.68 and 0.27 Wm−2, respectively. The rice seedling after three weeks of
growth in the control environment, were exposed to drought stress and UV-B radiation
for 7 h per day [44]. The temperature and humidity were kept at 28 ◦C, −30 ◦C, and 60%,
respectively, for all the rice plants, and light durations were kept at 16/8 h for the control
and drought stress plants only. Each group of plants was first grown for three weeks in
50-hole black trays in the greenhouse and then transferred for treatment into the growth
chamber except for the control plants, which were kept in a separate growth chamber with
optimum growth conditions.
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Figure 1. Experimental design of the growth chamber experiment, indicating the seven experi-
mental boxes and application of drought and UV-B radiation stress. Box (A) shows control plants.
Box (B) shows drought-exposed plants only; the upper picture represents wild plants (Wt+D), and
the lower picture represents transgenic plants (OxF3H+D). Box (C) shows the plants exposed to
UV-B radiation stress; the upper picture is the wild plants (Wt+Uv) exposed to UV-B radiation,
and the lower picture represents transgenic plants (OxF3H+Uv) exposed to UV-B radiation stress.
Box (D) shows plants exposed to drought and UV-B radiation combined stress; the upper picture
shows wild plants (Wt+D+Uv), and the lower picture shows transgenic plants (OxF3H+D+Uv).

2.3. RNA Isolation and qRT-PCR

To determine the expression level of the F3H, DHN, and UVR8 genes, we collected
three leaves randomly from each group of rice plants after 0, 6, 12, and 24 h of exposure
to stress. The leaves were frozen in liquid nitrogen and stored at −80 ◦C for further
analysis. Total RNA was extracted, cDNA was synthesized, and qRT-PCR was performed
following [41]. In brief, RNA was extracted using RNeasy Plant Mini Kits (50) Qiagen,
cDNA was synthesized using qPCRBIO kits, and qRT-PCR was performed using qPCRBIO
SYBR Green kits. Primer sequence and accession number of each gene are shown in
Supplementary Table S1. About 20 µL of reaction was initiated using 10 µL SYBR green,
7 µL ddH2O, 1 µL template DNA, and 1 µL of each primer. The reaction was incubated at
95 ◦C for 2 min, followed by 35 cycles at 94 ◦C for ten seconds, and 60 ◦C and 72 ◦C for
ten and forty seconds, respectively. Three independent reactions were performed for each
sample on an Eco Real-Time (Illumina, Singapore) machine. Actin was used as an internal
reference gene and relative expression levels were quantified using the 2−∆∆Ct method.
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2.4. Quantification of Endogenous Salicylic Acid

Freeze-dried rice leaves were ground into fine powder in liquid nitrogen, and a 0.2 g
sample was homogenized in 90% ethanol and 100% methanol as previously described
by [45]. The homogenate was centrifuged at 10,000× g for 15 min. The supernatant was
collected, and both ethanol and methanol of the supernatant were dried in a vacuum
centrifuge. The pellet was suspended in 5% trichloroacetic acid (3 mL). The supernatant
was further mixed with ethyl acetate/cyclopentane/isopropanol (49.5:49.5:1, v/v/v), and
the uppermost organic layer was collected in a 4 mL vial and dried with nitrogen gas. The
dry SA was again suspended in 1 mL of 70% methanol, and 25 µL of the filtered sample was
subjected to high-performance liquid chromatography (HPLC) with a C18 reverse-phase
HPLC column (HP hypersil ODS, particle size 5µm, pore size 120 Å Waters). The flow
rate was 1.0 mL/min, and water was used as eluent as shown in Supplementary Table
S2. SA was detected with a Shimadzu fluorescence detector (Shimadzu RF-10AXL) with
excitation and emission monitored at 305 and 365 nm, respectively [46]. The quantity of SA
was calculated according to peak value for authentic standards.

2.5. Detection of H2O2 and Cell Death

H2O2 was detected visually in the rice leaves after three days of treatment by using
diaminobenzidine (DAB) as a substrate, following [47]. Rice leaves from each group
of treatment were incubated in DAB (1 mg mL−1) for 24 h at 27 ◦C as described by
Chao et al. (2010). Leaves were then de-stained with 95% ethanol by boiling for 30 min.
Ethanol treatment decolorized the leaves’ chlorophyll, and the remaining color was the
brown polymerization product produced by DAB with H2O2. After boiling, the leaves were
cooled at room temperature in ethanol to detect the brown spots. Cell death was detected
by trypan blue staining following the protocol of [48]. Rice leaves and roots were collected
randomly from each treatment after exposure to the stress condition. Briefly, leaves and
roots were incubated in a trypan blue mixture (2.5 mg/mL trypan blue, 25% w/v lactic
acid, 23% phenol, and 25% glycerol) at room temperature for 4 h. After proper staining,
samples were de-stained with 95% ethanol, keeping them at room temperature overnight
while shaking. After de-staining, samples were washed 3–5 times with distilled water for
taking pictures.

2.6. Glutathione Peroxidase Activity and Measurement of Malondialdehyde Contents

Glutathione peroxidase (GPX) activity and malondialdehyde (MDA) contents were
determined using the Glutathione Peroxidase Cellular Activity Assay Kit (Sigma, Seoul,
Korea) and Lipid Peroxidation (MDA) Assay Kit (Sigma), respectively, according to the
manufacturer’s manuals as described in [45].

For GPX detection, 100 mg deep-frozen rice leaves were ground in liquid nitrogen,
homogenized in 3 mL 5% trichloroacetic acid (TCA), and centrifuged at 15,000× g for
15 min as described [49]. The extract was used for further analysis and blank, positive
control, and sample reactions were performed. The kit provided the glutathione peroxidase
assay buffer, NADPH assay reagent, and Luperox 70% tert-butyl-hydroperoxide (TBH70X).
According to the user manual, 1 vial of NADPH assay reagent was reconstituted in 1.25 mL
ddH2O. To prepare 30 mM tert-butyl-hydroperoxide, 21.5 µL Luperox TBH70X was diluted
in ddH2O to 5 mL. All reactions were prepared at a 1 mL volume, and then, 250 µL was
placed in a 96-well microplate. The reaction was initiated by adding 10 µL 30 mM tert-butyl
hydroperoxide. The decrease in absorbance at 340 nm was calculated using wavelength
340 nm, initial delay 15 s, interval 10 s, and number of readings 6. The GPX activity was
calculated in units/mL using the following formula:

Activity per extract (µmol/min/mL = Units/mL)

∆A340/6.22 × DF/V

where
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∆A340 = A340/min (blank) − A340/min (sample);
6.22 = εmM for NADPH;
DF = dilution factor of sample before adding to reaction;
V = sample volume in mL.
For MDA contents measurement, the kit provided the MDA lysis buffer, phospho-

tungstic acid, BHT 100X, TBA, and MDA standard 4.17 M. The TBA solution was recon-
stituted by adding 7.5 mL glacial acetic acid (not provided), the volume was adjusted to
25 mL by adding ddH2O, and the solution was sonicated. To prepare 2 mM standard MDA,
a 10 µL 4.17 M MDA solution was diluted with 407 µL ddH2O, and then, the 100 µL diluted
solution was added to 900 µL ddH2O to prepare a 0.2 mM MDA solution. Subsequently, 0,
2, 4, 6, 8, and 10 µL 0.2 mM MDA standard solution was added into a 96-well microplate,
and 0 (blank) 0.4, 0.8, 1.2, 1.6, and 2.0 µL standards were prepared. Thereafter, ddH2O was
added to each tube to reach a volume of 200 µL. Samples were prepared by homogenizing
10 mg tissue with 300 µL MDA lysis buffer containing 3 µL BHT on ice. The samples were
centrifuged for 10 min at 13,000× g, and the debris was discarded. Then, 200 µL of each
sample was placed in a 1 mL tube to which 600 µL TBA was added, incubated for 1 h at
95 ◦C, and cooled by keeping on ice for 10 min. Finally, 200 µL blank and samples were
pipetted into a 96-well microplate, and absorbance was analyzed at 532 nm. The reaction
was run in three technical replicates, the MDA contents were calculated in µg/g, and data
were calculated using the following formula:

Sa/Sv × D = C

Sa = amount of MDA in unknown sample (nmole);
Sv = sample volume added into each well (mL);
D = sample dilution factor;
C = concentration of MDA in the sample.

2.7. Isolation, Quantification, and Detection of Flavonoids

To quantify kaempferol, quercetin, and naringenin, rice leaves were collected ran-
domly from each treatment group following the protocol described by [50], with slight
modifications. About 3 g of fresh leaves were ground in liquid nitrogen into fine powder
and homogenized with 30 mL methanol H2O and a HCl mixture (MeOH:H2O:HCl = 79:20:1,
v/v/v). Initially the homogenized sample were sonicated for 20 min and then directly
subjected to incubation at 27 ◦C for 24 h in a shaking incubator. The crude extracts were
filtered, and the filtrate was diluted using a rotary evaporator at 30 ◦C. The extract was
dried in the heating block at 60 ◦C for overnight. The dried crude extract was dissolved in
1 mL HPLC grade ethanol, and 250 µL was used for spectrophotometry. The absorbance
of kaempferol, quercetin, and naringenin was measured at 265 nm, 370 nm, and 285 nm,
respectively, using spectrophotometer (UV-2450; Shimadzu, Tokyo, Japan). Reference stan-
dards for spectrophotometry were prepared by dissolving 1 mg of each standard sample in
1 mL ethanol. To prepare standard curves, appropriate volume of each stock solution was
transferred and diluted to final concentration of 0, 2, 4, 6, 8, and 10 µg/mL. All samples
were analyzed in triplicate.

To visualize the accumulation of flavonoids in the rice tissue, we collected fresh leaves
and roots from control, WT+D+UV, and OxF3H+D+UV plants. Diphenylboric acid-2-
aminoethyl ester (DPBA) staining was used for detection of flavonoids in the tissue as
described in Jan et al. (2020). DPBA staining solutions were prepared by mixing 0.25 g
(0.25%) DPBA and 200 µL Triton X-100 (0.02% v/v) in ddH2O up to a final volume of
100 mL. The samples were then incubated in 0.25% staining solution in a vacuum for 5 min.
After staining, the samples were mounted on microscope slides for confocal microscopy. A
confocal laser scanning microscope (CLSM; Carl Zeiss LSM700, White Plains, NY, USA)
was used to detect the fluorescence of flavonoids [51]. An FITC filter (suppression LP
488 nm) was used for visualizing Kr (green), and an R-PE filter (suppression LP 488 nm)
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and rhodamine filter (suppression LP 555 nm) were used for visualizing Qu (orange) and
naringenin (red), respectively.

2.8. Sodium, Potassium, and Calcium Accumulation

To determine Na+, K+, and Ca contents, we collected fresh shoots of all the treat-
ment groups of rice plant. A sample of about 0.05 g was crushed in liquid nitrogen and
homogenized in 7 mL of 65% NHO3 and 1 mL of 30% H2O2 and kept in a microwave
(180 ◦C; 20 min) and cooled for 40 min as described by [52]. The obtained solvent was
quantified by using inductively coupled plasma mass spectrometry (9ICP-MS; Optima
7900DV, Perkin-Elmer, Waltham, MA, USA).

2.9. Chlorophyll Content

The chlorophyll contents were measured using a soil plant analysis development
(SPAD-502plus from Konica Minolta Sensing, Seoul, Korea) chlorophyll meter using ran-
domly selected rice leaves in triplicate after one week of continuous exposure to the
stress condition [45].

2.10. Statistical Analysis

All experiments were performed in triplicate, and the data from each replicate were
pooled. Data were analyzed using two-way ANOVA with Bonferroni post hoc tests
(* shows p < 0.05, ** shows p < 0.01, and *** shows p < 0.001 significant difference) and
Duncan’s Multiple Range test. A completely randomized design was used to compare the
mean values of different treatments. Data were graphically plotted, and statistical analyses
were performed using the GraphPad Prism software (version 5.01, GraphPad, San Diego,
CA, USA) and Statistical Analysis System (SAS 64 bit, developed by North Carolina State
University, Raleigh, NC, USA).

3. Results
3.1. Plant Growth under UV-B Radiation and Drought Stress

In this experiment, we evaluated various growth parameters of rice plant in response
to combined and individual stresses as shown in Figure 2. The data indicated that rice plant
responses to combined stress were significantly different from the responses displayed in
response to individual stress. Moreover, the response of the transgenic line was different
from the wild-type plants. Combined drought and UV-B radiation had an interactive,
negative effect on shoot length of Wt+D+UV and OxF3H+D+UV plants and reduced the
shoot length to 26% and 16%, respectively, compared with control plants (Figure 2A).
However, the individual drought and UV-B radiation stressors significantly reduced shoot
length in wild plant, while transgenic plants showed only 2% reduction compared with
control plants. The root length was reduced in Wt+UV and Wt+D+UV plants to 28%
and 31%, respectively, while it increased 9% in Wt+D plants (Figure 2B). In contrast, root
length was increased significantly in all the transgenic plants. Although drought and UV-B
radiation significantly decreased the leaf area, leaf area of Wt+D+UV was severely (42%)
reduced followed by OxF3H+D+UV (36%; Figure 2C). The highest leaf-tip burn was caused
by combined stress in wild-type (8.5 cm) followed by individual drought stress (6.3 cm) in
OxF3H plants (Figure 2D). In Figure 2E, we document the root hair development in wild
and transgenic plants exposed to different stresses. We also visualize the intensity of stress
by indicating symptoms on leaves caused by different stresses (Figure 2F). The symptoms
show that the stress intensity was higher in Wt+D+UV plants, followed by Wt+UV and
OxF3H+UV plants.
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Figure 2. Evaluation of growth parameters in wild and transgenic rice plants under drought and
UV-B radiation stress. (A) Shoot length, (B) root length, (C) leaf width, and (D) leaf tip damaged due
to stress. In each box, the upper part is graphical, while the lower part is a pictorial representation of
each phenotype. (E) The root hair development in in wild and transgenic plants and (F) symptoms
appearing on leaves under different stresses. Each data point in (A–D) is the mean of three replicates.
Error bars represent standard errors. The bars shown with different letters are significantly different
from each other as evaluated by DMRT analysis.

3.2. OxF3H Reduces Oxidative Stress via Regulation of Glutathione Peroxidase and
MDA Contents

We determined oxidative stress via glutathione peroxidase (GPX) and lipid peroxida-
tion (MDA) and visualized it via trypan and DAB histochemical staining. The GPX activity
was lower in OxF3H+UV (72.5%) and OxF3H+D+UV (72.4%) rice plants as compared to
Wt+UV and Wt+D+UV rice plants (Figure 3A), which indicates that the transgenic line
reduced oxidative stress. In contrast, the lipid peroxidase activity was significantly higher
in wild-type plants and was reduced in transgenic plants as compared to control plants
(Figure 3B). The highest increase was shown by Wt+D+UV (303%), followed by Wt+UV
(226%) and Wt+D (171%) plants. In contrast, OxF3H+D+UV plants showed the highest
decrease (62%), followed by OxF3H+UV (39%) and OxF3H+D (29%). This shows that
the transgenic line reduces lipid peroxidation under drought and UV-B radiation stress.
The oxidative stress induced by drought and UV-B radiation was further examined by
subjecting the leaves to DAB and trypan staining. As shown in Figure 3C, dark stained
patches appeared in Wt+D and Wt+D+UV plants, and little DAB staining appeared in
OXF3H+UV and OxF3H+D+UV leaves. These observations indicate that increased staining
in wild plants induced by individual UV-B radiation stress and drought and UV-B radiation
combined stress was caused by a high level of generation of H2O2, which caused oxidative
damage. Furthermore, cell death caused by oxidative stress was also determined in roots
using trypan blue staining (Figure 3D). In transgenic plants, less trypan accumulated in
OxF3H+D and OxF3H+UV as compared to OxF3H+D+UV plants, which indicates that
combined stress causes more oxidative damage than individual stress. The close image of
oxidative damage detected with DAB staining is shown in Supplementary Figure S2.
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Figure 3. Oxidative stress analysis and glutathione peroxidase and malondialdehyde content regu-
lation under drought and UV-B radiation stress in wild and transgenic rice plants. (A) Glutathione
peroxidase activity and (B) malondialdehyde accumulation. (C) Oxidative damages; the upper part
(C) indicates DAB staining, and the lower part indicates trypan blue staining. (D) Oxidative damages
in roots. Each data point in (A,B) is the mean of three replicates. Error bars represent standard errors.
The bars shown with different letters are significantly different from each other as evaluated by
DMRT analysis.

3.3. Overexpression of F3H Regulates Drought and UV-B Radiation Responsive Genes

Our results showed that the expression of OsF3H was significantly higher in transgenic
rice plants than the wild rice plants under both the stresses (Figure 4A). The highest increase
was reported as 711%, 480%, 471%, and 463%, respectively, in OxF3H+D+UV (24 h) plants,
followed by OxF3H+UV (12 h), OxF3H+D+UV (12 h), and OxF3H+UV (24 h) plants,
respectively. The drought-stress-responsive gene (DHN) in wild plants was expressed
significantly (p ≤ 0.01) in Wt+D plants after 12 h and in Wt+D+UV plants after 24 h, and
the level of expression was increased to 393% and 348%, respectively (Figure 4B). However,
in transgenic plants, DHN was significantly (p ≤ 0.001) expressed in OxF3F+D plants
after 12 h and 24 h, and the level of expression was 653% and 523%, respectively. In
OxF3H+D+UV plants, the DHN was expressed 437%, 571%, and 387% more compared to
control plants after 6 h, 12 h, and 24 h of exposure to combined stress, respectively. The
UVR8 gene was induced in plants under the UV-B radiation stress and drought and UV-B
radiation combined stress in both wild and transgenic plants (Figure 4C). In wild plants,
the expression level of UVR8 was significantly (p ≤ 0.001) increased 155% and 245% in
Wt+UV after 12 h and 24 h, respectively, and was increased in Wt+D+UV 146% after 24 h of
exposure to stress as compared to control plants. In transgenic plants, the UVR8 expression
was significantly (p ≤ 0.001) induced in OxF3H+UV and OxF3H+D+UV plants after 12 h
and 24 h of stress exposure. The level of expression was 505% and 571% in OxF3H+D
plants after 12 h and 24 h and 283% and 362% in OxF3H+D+UV plants after 12 h and 24 h,
respectively, as compared to control plants.
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Figure 4. Regulation of F3H, DHN. and UVR8 gene expression under drought and UV-B radiation
stress in wild and transgenic rice plants. (A–C) The relative expression of F3H, DHN, and UVR8
genes, respectively. The fold change of each gene was measured after 0 h, 6 h, 12 h, and 24 h intervals
via qPCR using Actin as a reference gene. Graph bars indicate mean ± standard deviation and
asterisks show a significant difference (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) analyzed by two-way
ANOVA with Bonferroni correction.

3.4. OxF3H Induces Flavonoid Biosynthesis in Response to Drought and UV-B Radiation Stress

Kaempferol, quercetin, and naringenin were detected in rice leaf and root using CLSM
as shown in Figure 5, while the quantitative determination is shown in Figure 6. Different
patterns of kaempferol, quercetin, and naringenin accumulation were determined in control,
Wt+D+UV, and OxF3H+D+UV plants after 7 h of continuous exposure to combined stress.
Large variation in kaempferol and quercetin accumulation was detected in the leaves
of Wt+D+UV and OxF3H+D+UV plants as compared to control leaves. However, in
Wt+D+UV plants, large amounts of quercetin were detected, while in Oxf3H+D+UV plants,
large amounts of kaempferol were detected. The amount of naringenin was higher in
Wt+D+UV as compared to OxF3H+D+UV plant leaves. In contrast, OxF3H+D+UV roots
showed large amounts of kaempferol but very little quercetin and naringenin. These results
indicate that naringenin converts very rapidly into flavonoids in response to drought
and UV-B radiation stress (see Figure 5). The close image of detection of kaempferol and
quercetin is represented in Supplementary Figure S3.

The quantitative results of kaempferol, quercetin, and naringenin were in line with
the histochemical detection. The biosynthesis of kaempferol and quercetin was increased
in both wild and transgenic rice plants under individual and combined stress as compared
to control plants (Figure 6A). However, kaempferol was increased 227%, 244%, and 285%
in OxF3H+D, OxF3H+UV, and OxF3H+D+UV plants, respectively. Similarly, quercetin
was increased 136%, 311%, and 341% in OxF3H+D, OxF3H+UV, and OxF3H+D+UV plants,
respectively (Figure 6B). Unlike kaempferol and quercetin, naringenin was reduced in the
stress condition in both wild and transgenic plants. A very small reduction of naringenin
was found in both Wt+D (15%) and Wt+D+UV (15%), while in OxF3H+D, OxF3H+UV,
and OxF3H+D+UV, the reduction in naringenin was reduced significantly to 25%, 70%,
and 91%, respectively (Figure 6C). This indicated that overexpression of OsF3H induced
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conversion of naringenin into kaempferol and quercetin in response to drought and UV-B
radiation individual stress as well as combined stress.
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UV-B radiation stresses. (A) Kaempferol, (B) quercetin, and (C) naringenin accumulation level. Each 

data point is the mean of three replicates. Error bars represent standard errors. The bars shown with 

different letters are significantly different from each other as evaluated by DMRT analysis. 

3.5. OsF3H Regulates Salicylic Acid and Photosynthesis under Drought and UV-B Radiation 

Stress 

The results showed that compared with control rice plants, both wild and transgenic 

rice plants enhanced the accumulation of SA contents (Figure 7A). However, comparing 

wild and transgenic plants, we found that wild plants accumulated more SA contents than 

Figure 5. Detection of flavonoids in leaf and root under drought and UV-B radiation combined stress.
Naringenin, kaempferol, and quercetin were visualized in rice plant tissue via DAPB staining using a
confocal laser scanning microscope (CLSM). Box (A) shows a 3D image of naringenin, kaempferol,
and quercetin merged in a single image. The upper images in box A are leaf images, and the lower
are root images. Naringenin, kaempferol, and quercetin were detected in all the leaves and roots
with different intensities. Red color shows naringenin, orange shows quercetin, and green shows
kaempferol, indicated by �, O, and ∆, respectively. Box (B) shows 2D images of single and merged
flavonoids. The upper three rows of images show leaves, and the lower three rows show root images.
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Figure 6. Quantification of flavonoids in wild and transgenic rice plants in response to drought and
UV-B radiation stresses. (A) Kaempferol, (B) quercetin, and (C) naringenin accumulation level. Each
data point is the mean of three replicates. Error bars represent standard errors. The bars shown with
different letters are significantly different from each other as evaluated by DMRT analysis.
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3.5. OsF3H Regulates Salicylic Acid and Photosynthesis under Drought and UV-B
Radiation Stress

The results showed that compared with control rice plants, both wild and transgenic
rice plants enhanced the accumulation of SA contents (Figure 7A). However, comparing
wild and transgenic plants, we found that wild plants accumulated more SA contents than
transgenic plants. Wt+D+UV and Wt+UV accumulated the highest SA contents followed
by Wt+D at 597%, 581%, and 260%, respectively, as compared to control plants. The highest
SA contents in the transgenic plants were accumulated in OxF3H+D+UV (208%) followed
by OxF3H+D+UV (102%) and OxF3H+D (41%). Although transgenic plants increased SA
accumulation as compared to control plants, the increase was minor with respect to wild
plants. These results determined that OsF3H overexpression reduced the accumulation of
SA in drought and UV-B radiation stress.
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Figure 7. Salicylic acid and chlorophyll content are differentially regulated in wild and transgenic
rice plants during drought and UV-B radiation stresses. (A) Salicylic acid and (B) chlorophyll content
accumulation in wild and transgenic plants. Each data point is the mean of three replicates. Error
bars represent standard errors. The bars shown with different letters are significantly different from
each other as evaluated by DMRT analysis.

Similarly, chlorophyll contents were significantly reduced in wild as well as transgenic
rice plants, indicating that drought and UV-B radiation inhibit the rate of photosynthe-
sis. However, comparing wild and transgenic plants, the results showed that chlorophyll
contents were highly reduced in wild plants compared to transgenic plants (Figure 7B).
The highest reduction was reported in both wild and transgenic plants exposed to com-
bined stress, which indicates that combined stress inhibits photosynthesis more than does
individual stress.

3.6. Ion Content Changes in Wild and Transgenic Plants under Drought and UV-B
Radiation Stress

The Inductively Coupled Plasma Mass Spectrometric (ICP-MS) analysis of Na+, K+,
and Ca+ showed different accumulations in wild and transgenic rice plants under drought
and UV-B radiation stress (Figure 8). In general, both the wild and transgenic plants
showed higher accumulation of Na+, K+, and Ca+ contents as compared to control plants.
In particular, Na+ accumulation was significantly higher in Wt+D+UV (103%), followed by
OxF3H+D+UV (52%) and Wt+UV (44%) (Figure 8A). Furthermore, the highest accumula-
tion of K+ was found in OxF3H+D+UV (54.8%) plants, followed by OxF3H+UV (29.7%)
plants, while wild-type plants showed 23.9%, 8.2%, and 8.3% increases in Wt+D+UV,
Wt+UV, and Wt+D plants, respectively, as compared to control plants (Figure 8B). Addi-
tionally, the accumulation of Ca+ was significantly higher in the transgenic line exposed
to individual as well as combined stress compared to wild and control plants (Figure 8C).
OxF3H+D+UV accumulated 34.4%, OxF3H+UV accumulated 31.4%, and OxF3H+D accu-
mulated 12.9% Ca+ as compared to control plants, while Wt+D+UV accumulated 21.4% Ca+
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as compared to control plants. However, Wt+D and Wt+UV plants showed accumulation
of very similar amounts of Ca+ as control plants. The regulation of Na+, K+, and Ca+
contents are involved in plant stress reduction; therefore, these results indicate that OsF3H
transgenic lines enhanced the accumulation of these ions under both the stresses.
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Figure 8. Regulation pattern of Na+, K+, and Ca+ ions in wild and transgenic rice plants under
drought and UV-B radiation stress. (A–C) Accumulation of Na+, K+, and Ca+, respectively. Each
data point is the mean of three replicates. Error bars represent standard errors. The bars shown with
different letters are significantly different from each other as evaluated by DMRT analysis.

4. Discussion

In the current study, drought and UV-B radiation combined stress caused huge deple-
tions in rice growth vigor (Figure 2). The transgenic rice plants showed enhanced growth
and developed root hairs and reduced leaf-tip burn. UV-B radiation greatly influence the
growth vigor compared to drought stress. It is reported that UV-B radiation stress resulted
in a reduced growth rate and reduced leaf area in pea and wheat plants as compared to
drought stress [7,23]. Ref. [23] reported that drought-stress inhibits plant growth rate, stem
elongation, leaf area, and stomatal movement. Drought stress reduces cell division and
cell expansion rate, which lead to reduced internal node elongation, leaf area, and total dry
weight [53]. Flavonoids are prominent metabolites that play a key role in plant responses to
biotic and abiotic stress and significantly enhance growth under stress conditions [54–56].
They are multifunctional and act as non-enzymatic antioxidants, developmental regulators,
and photo-protectants [57]. Both drought and UV-B radiation stress caused oxidative
damage in leaves as well as in roots of rice plants (Figure 3). Due to greater tolerance of
transgenic rice plants to UV-B radiation, it is believed that kaempferol and quercetin are
produced in response to drought and UV-B radiation stress to reduce the damaging effect
of both the stresses. It is reported that some plant species enhance their antioxidant system
to protect themselves from UV-B radiations and accumulate UV-absorbing compounds [58].
Therefore, understanding the flavonoid modification is necessary to develop UV-B radia-
tion tolerance in plants through molecular approaches. The quantitative analysis showed
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that higher kaempferol and quercetin was accumulated in transgenic plants exposed to
combined stress followed by transgenic plants exposed to individual stress (Figure 6).
A recent study on Arabidopsis thaliana has also confirmed by transcriptomic evidence the
enhancement of flavonol metabolism under drought conditions [59]. Mostly UV-B radiation
inhibit plant physiological and metabolic process by affecting the photosynthetic apparatus,
resulting in decreased efficiency of photosystem II by accelerating the chlorophyll degra-
dation [60]. However, plants develop a wide range of defensive strategies, such as DNA
repair and synthesis of UV-B-absorbing compounds, such as flavonoids, anthocyanin, and
carotenoids, to reduce the damage cause by UV-B radiation [61]. Comparing the accumula-
tion of kaempferol and quercetin with DAB and trypan blue staining results, kaempferol
and quercetin clearly reduced oxidative damage by scavenging the ROS generated during
the stress condition. Our results were in line with the results reported by [62], which
found that both kaempferol and quercetin possess high ROS scavenging activity in Camellia
sinensis under cold stress. This suggests that the plants that accumulated more flavonoids
showed less oxidative damage and vice versa. A previous report shows that Salix myrsinifo-
lia increases UV-B radiation-absorbing compounds when the UV-B radiation increases [63].
Ref. [64] reported that flavonoid biosynthesis protects the wheat plant from UV-B radiation
damage. Previous authors reported that UV-B radiation stress enhanced accumulation of
flavonoid contents [65], while [66] reported that UV-B radiation stress decreases flavonoid
contents in Bryum argenteum and Didymodon vinealis species. Ref. [67] proposed that UV
absorbing compounds reach the saturation point as UV-B levels reach the plant’s tolerance
threshold so that they lose the capacity to protect from further damage. The decreased
damage shown by the transgenic plants was due to the higher accumulation of kaempferol
and quercetin. As it has been previously reported, flavonols such as kaempferol, quercetin,
and myricetin are UV-screening pigments since they have long been considered as the most
effective UV-B absorbers, thus conferring strong photo-protection [68]. In Arabidopsis mu-
tants (tt5-CHI), the absence of kaempferol and quercetin increase chloroplast damage [69].
In addition, kaempferol and quercetin have the potential to reduce the oxidative stress
caused by drought stress via scavenging ROS. Our investigation indicated that, due to the
low accumulation of kaempferol and quercetin in the wild plants, the wild-type plants
shows more oxidative damage as compared to transgenic plants. (Figures 3 and 6). This
indicates that higher kaempferol and quercetin scavenge high ROS and vice versa. These
results are supported by previous reports; for example, in Arabidopsis, kaempferol and
quercetin have higher capacity for ROS scavenging than the other flavonoids [70]. Several
studies reported that flavonoids are influential ROS scavengers in response to drought
stress [59,71,72]. For instance, flavonoids were increased in leaves of Cistus clusii, a cell
suspension of Glycyrrhiza inflate, leaves of Brassica oleracea, and different parts of Leonurus
cardiaca plants when exposed to different drought stresses [73–76].

In the current study, we found that the level of glutathione peroxidase was higher
in wild rice plants than transgenic plants. These results are contradictory with the ac-
cumulation of kaempferol and quercetin, as the transgenic plants accumulated higher
kaempferol and quercetin than wild plants (Figures 3A and 6A,B). They indicated that due
to overaccumulation of kaempferol and quercetin, transgenic plants suppress the enzymatic
antioxidants. They also are consistent with [77], who reported that due to non-significant
differences in antioxidant enzymes, fulvic acid enhanced non-enzymatic antioxidants in
scavenging the ROS generated during stress conditions. However, wild plants have lower
capacities to activate the non-enzymatic antioxidants and therefore activate enzymatic
antioxidant machinery. Additionally, the higher MDA contents in wild plants indicated
that the application of drought and UV-B radiation stress caused greater membrane damage.
Our results were consistent with [23], who found that UV-B radiation exposure produces
significant membrane damage in pea and wheat plants, as assessed by lipid peroxidation
and electrolytic leakage, while drought stress also increases lipid peroxidation in Medicago
truncatula [78] and in soybean roots [79].
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Further, the results indicated that the expression of F3H was not consistent in wild
plants, and the level of expression was lower than in transgenic plants. These findings
show that plants activate their flavonoid biosynthesis pathway up to a certain level during
drought and UV-B radiation stress, but in response to continuous stress, they compromise
on oxidative injuries by downregulation of the F3H gene. Previous study showed that the
F3H gene in Reaumuria soongorica and Vitis vinifera plants was upregulated in response to
drought stress and increased flavonoid contents, while in Camellia sinensis, it was down-
regulated in response to drought stress [80–82]. Several other studies also showed that
flavonoid contents were increased by upregulation of the F3H gene in response to UV-B
radiation. For instance, [83] reported that F3H and DFR genes were induced in several
stresses, such as salt stress, UV-B radiation stress, drought, and nitrogen stress. Addition-
ally, the overexpression of OsDHN in rice plants shows high tolerance to drought and salt
stress [34], while some research found a positive correlation between DHN and cold and
drought tolerance in tomato plants [35]. The DHN gene was induced in various plants
under various abiotic stresses, which revealed that this protein has an important role in
protection of plants during cellular dehydration. Although the function of dehydrin is
not fully understood, [84] reported that the overexpression of DHN Citrus unshiu Marcov
increased cold tolerance by reducing lipid peroxidation via directly scavenging radicals.
Similarly, [85] reported that UVR8 in tomato enhances the light-absorbing component
under UV-B radiation stress. Furthermore, researchers suggested that UVR8 is linked to a
signaling pathway that leads to a complex series of plant responses against UV-B radia-
tion [86]. Although the exact mechanism is still not understood and needs to be further
studied, there is a link between UVR8 induction and flavonoid biosynthesis in response
to UV-B radiation. As has been reported, the UVR8 mutant of Arabidopsis fails to induce
the chalcone synthase (CHS) gene under UV-B radiation and reduces the level of flavonoid
biosynthesis [87]. However, it is reported that drought regulates key genes coding for the
enzymatic activity involved in flavonol biosynthesis, such as chalcone isomerase (CHI),
flavonoid 3′-hydroxylase (F3′H), flavanone 3-hydroxylase (F3H), and flavonol synthase
(FLS), which results in increased flavonol concentrations [81,88]. Our results indicated that
both DHN and UVR8 were upregulated in transgenic plant is response to drought and
UV-B radiation, respectively. This co-expression of both the genes with overexpression of
the F3H gene indicates that there is a positive correlation between the F3H gene and DHN
and UVR8 genes. However, any linkage of DHN and UVR8 genes with the expression of
F3H is still unknown and requires additional study.

SA has been regarded as an essential plant hormone in tolerance to abiotic stress. SA
has been reported as an important tool of drought-stress tolerance by enhancing plant
growth and reducing lipid peroxidation and superoxide contents [89,90]. In the present
study, SA accumulation was significantly increased in wild plants, while the transgenic
plants showed reduced accumulation compared to wild plants (Figure 7). Our results are
consistent with the study of [91], who reported the increase level of SA in Brassica napus
specie during drought stress. These results suggest that transgenic plants reduced both the
drought and UV-B radiation stress via enhanced accumulation of kaempferol and quercetin
and thus reduced oxidative stress and lipid peroxidation. We believe that due to lack of
tolerance to drought and UV-B radiation stress, wild plants activate the SA pathway to cope
with stress conditions. SA accumulation reduces oxidative injuries via increasing ROS scav-
enging antioxidant enzymes and also enhances chlorophyll contents [44]. Likewise, due to
tolerance to both stresses, transgenic plants showed more accumulation of chlorophyll than
the wild plants, which indicates that transgenic plants enhance photosynthesis as compared
to wild plants. Exogenous application of SA significantly enhances photosynthesis in UV
radiation-exposed plants [83,92]. However, Figure 7 shows that transgenic plants accumu-
lated less indigenous SA, while the chlorophyll content was higher in transgenic plants
and vice versa in wild plants. Our results suggest that overaccumulation of flavonoids in
transgenic plants reduces abiotic stress, which results in reduced SA content and enhanced
chlorophyll content as compared to wild plants.
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Our study indicated that high levels of Na+ accumulated in wild plants, which were
susceptible to drought and UV-B radiation stress, while K+ and Ca+ were higher in trans-
genic plants, which were tolerant to both the stresses. We envisage that Na+ accumulation
is linked with generation of ROS because in transgenic plants the ROS were reduced by
overaccumulation of flavonoid and also showed lower levels of Na+ as compared to wild
plants. It is known that increased levels of Na+ can disturb uptake of K+, which can lead
to lower plant dry matter and sometimes cause plant death [93]. Furthermore, salinity
increases NA+, which suppresses the level of K+, Ca+, and Mg+ in cotton plants [93]. Ad-
ditionally, rutin is an important flavonoid that regulates Na+ and K+ homeostasis. Ref. [94]
reported that rutin enhances salt tolerance via exclusion of Na+ and retention of Ka+ in
leaf mesophyll tissue. Consistent with these results, we predicted a positive correlation of
Na+, K+, and Ca+ ions with kaempferol and quercetin accumulation, but the mechanism
by which kaempferol and quercetin regulates these ions still needs to be investigated.

5. Conclusions and Future Study

The key finding of this study is the discovery of enhanced kaempferol and quercetin
biosynthesis in the OxF3H transgenic rice plants in response to both stresses. This quan-
titative pattern of both the flavonoids gives rise to diverse drought and UV-B radiation-
responsive mechanisms, including ROS scavenging, lipid peroxidation reduction, specific
gene expression regulation, hormonal regulation, and ion homeostasis. Our study showed
that both the stresses induced oxidative damage by generation of ROS and membrane dam-
age due to lipid peroxidation, which leads to reduced rice plant growth and development.
This study determined that OxF3H transgenic rice line is more tolerant to drought and
UV-B radiation stress than wild-type rice plants. Both kaempferol and quercetin enhanced
stress tolerance by scavenging the ROS and capturing the UV-B radiation. Although the
transgenic plants improved the transcriptional regulation of the DHN and UVR8 genes in
stressed plants, this suggests that F3H overexpression has a beneficial relationship. The
exact mechanism, however, is yet unknown and requires additional investigation.
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70. Amić, D.; Davidović-Amić, D.; Bešlo, D.; Trinajstić, N. Structure-radical scavenging activity relationships of flavonoids. Croat.

Chem. Acta 2003, 76, 55–61.
71. Winkel-Shirley, B. Biosynthesis of flavonoids and effects of stress. Curr. Opin. Plant Biol. 2002, 5, 218–223. [CrossRef]
72. Treutter, D. Significance of flavonoids in plant resistance: A review. Environ. Chem. Lett. 2006, 4, 147–157. [CrossRef]
73. Hernández, I.; Alegre, L.; Munné-Bosch, S. Drought-induced changes in flavonoids and other low molecular weight antioxidants

in Cistus clusii grown under Mediterranean field conditions. Tree Physiol. 2004, 24, 1303–1311. [CrossRef] [PubMed]
74. Yang, Y.; He, F.; Yu, L.; Chen, X.; Lei, J.; Ji, J. Influence of drought on oxidative stress and flavonoid production in cell suspension

culture of Glycyrrhiza inflata Batal. Z. Für Nat. C 2007, 62, 410–416. [CrossRef] [PubMed]
75. Khan, M.; Ulrichs, C.; Mewis, I. Effect of water stress and aphid herbivory on flavonoids in broccoli (Brassica oleracea var. italica

Plenck). J. Appl. Bot. Food Qual. 2011, 84, 178–182.
76. Wei, H.; Li, L.; Yan, X.; Wang, Y. Effects of soil drought stress on the accumulation of alkaloids and flavonoids in motherwort. Adv.

Inf. Sci. Serv. Sci. 2013, 5, 795–803.
77. Sun, J.; Qiu, C.; Ding, Y.; Wang, Y.; Sun, L.; Fan, K.; Gai, Z.; Dong, G.; Wang, J.; Li, X. Fulvic acid ameliorates drought stress-induced

damage in tea plants by regulating the ascorbate metabolism and flavonoids biosynthesis. BMC Genom. 2020, 21, 411. [CrossRef]
78. Filippou, P.; Antoniou, C.; Fotopoulos, V. Effect of drought and rewatering on the cellular status and antioxidant response of

Medicago truncatula plants. Plant Signal. Behav. 2011, 6, 270–277. [CrossRef]
79. Alam, I.; Sharmin, S.A.; Kim, K.-H.; Yang, J.K.; Choi, M.S.; Lee, B.-H. Proteome analysis of soybean roots subjected to short-term

drought stress. Plant Soil 2010, 333, 491–505. [CrossRef]
80. Ahuja, P. An early gene of the flavonoid pathway, avanone 3-hydroxylase, exhibits a positive relationship with the concentration

of catechins in tea (Camellia sinensis). Tree Physiol. 2008, 28, 1349–1356.
81. Liu, M.; Li, X.; Liu, Y.; Cao, B. Regulation of flavanone 3-hydroxylase gene involved in the flavonoid biosynthesis pathway

in response to UV-B radiation and drought stress in the desert plant, Reaumuria soongorica. Plant Physiol. Biochem. 2013, 73,
161–167. [CrossRef] [PubMed]

82. Cui, Z.-H.; Bi, W.-L.; Hao, X.-Y.; Li, P.-M.; Duan, Y.; Walker, M.A.; Xu, Y.; Wang, Q.-C. Drought stress enhances up-regulation of
anthocyanin biosynthesis in grapevine leafroll-associated virus 3-infected in vitro grapevine (Vitis vinifera) leaves. Plant Dis. 2017,
101, 1606–1615. [CrossRef]

83. Liu, Y.; Liu, M.; Li, X.; Cao, B.; Ma, X. Identification of differentially expressed genes in leaf of Reaumuria soongorica under
PEG-induced drought stress by digital gene expression profiling. PLoS ONE 2014, 9, e94277. [CrossRef] [PubMed]

84. Hara, M.; Kondo, M.; Kato, T. A KS-type dehydrin and its related domains reduce Cu-promoted radical generation and the
histidine residues contribute to the radical-reducing activities. J. Exp. Bot. 2013, 64, 1615–1624. [CrossRef] [PubMed]

85. Li, H.; Li, Y.; Deng, H.; Sun, X.; Wang, A.; Tang, X.; Gao, Y.; Zhang, N.; Wang, L.; Yang, S. Tomato UV-B receptor SlUVR8
mediates plant acclimation to UV-B radiation and enhances fruit chloroplast development via regulating SlGLK2. Sci. Rep. 2018,
8, 6097. [CrossRef]

http://doi.org/10.1111/tpj.12388
http://doi.org/10.1016/j.plaphy.2005.03.004
http://doi.org/10.3390/genes13010156
http://doi.org/10.3389/fpls.2019.01675
http://www.ncbi.nlm.nih.gov/pubmed/31929783
http://doi.org/10.1016/j.envexpbot.2014.06.007
http://doi.org/10.1134/S1021443711020257
http://doi.org/10.1007/s00248-001-1013-9
http://www.ncbi.nlm.nih.gov/pubmed/11984625
http://doi.org/10.1007/s11356-018-1689-8
http://doi.org/10.1016/j.sajb.2007.03.008
http://doi.org/10.1093/aob/mcr234
http://doi.org/10.1007/s004250100572
http://doi.org/10.1016/S1369-5266(02)00256-X
http://doi.org/10.1007/s10311-006-0068-8
http://doi.org/10.1093/treephys/24.11.1303
http://www.ncbi.nlm.nih.gov/pubmed/15339740
http://doi.org/10.1515/znc-2007-5-615
http://www.ncbi.nlm.nih.gov/pubmed/17708448
http://doi.org/10.1186/s12864-020-06815-4
http://doi.org/10.4161/psb.6.2.14633
http://doi.org/10.1007/s11104-010-0365-7
http://doi.org/10.1016/j.plaphy.2013.09.016
http://www.ncbi.nlm.nih.gov/pubmed/24121417
http://doi.org/10.1094/PDIS-01-17-0104-RE
http://doi.org/10.1371/journal.pone.0094277
http://www.ncbi.nlm.nih.gov/pubmed/24736242
http://doi.org/10.1093/jxb/ert016
http://www.ncbi.nlm.nih.gov/pubmed/23382551
http://doi.org/10.1038/s41598-018-24309-y


Antioxidants 2022, 11, 917 20 of 20

86. Heijde, M.; Ulm, R. UV-B photoreceptor-mediated signalling in plants. Trends Plant Sci. 2012, 17, 230–237. [CrossRef]
87. Kliebenstein, D.J.; Lim, J.E.; Landry, L.G.; Last, R.L. Arabidopsis UVR8 regulates ultraviolet-B signal transduction and tolerance

and contains sequence similarity to human regulator of chromatin condensation 1. Plant Physiol. 2002, 130, 234–243. [CrossRef]
88. Gharibi, S.; Tabatabaei, B.E.S.; Saeidi, G.; Talebi, M.; Matkowski, A. The effect of drought stress on polyphenolic compounds and

expression of flavonoid biosynthesis related genes in Achillea pachycephala Rech. f. Phytochemistry 2019, 162, 90–98. [CrossRef]
89. Farooq, M.; Wahid, A.; Lee, D.J.; Cheema, S.; Aziz, T. Drought stress: Comparative time course action of the foliar applied

glycinebetaine, salicylic acid, nitrous oxide, brassinosteroids and spermine in improving drought resistance of rice. J. Agron. Crop
Sci. 2010, 196, 336–345. [CrossRef]

90. Maruri-López, I.; Aviles-Baltazar, N.Y.; Buchala, A.; Serrano, M. Intra and extracellular journey of the phytohormone salicylic
acid. Front. Plant Sci. 2019, 10, 423. [CrossRef]

91. Park, S.-H.; Lee, B.-R.; La, V.H.; Mamun, M.A.; Bae, D.-W.; Kim, T.-H. Drought intensity-responsive salicylic acid and abscisic acid
crosstalk with the sugar signaling and metabolic pathway in Brassica napus. Plants 2021, 10, 610. [CrossRef] [PubMed]

92. Karioti, A.; Kitsaki, C.K.; Zygouraki, S.; Ziobora, M.; Djeddi, S.; Skaltsa, H.; Liakopoulos, G. Occurrence of flavonoids in Ophrys
(Orchidaceae) flower parts. Flora-Morphol. Distrib. Funct. Ecol. Plants 2008, 203, 602–609. [CrossRef]

93. Qamer, Z.; Chaudhary, M.T.; Xiongming, D.; Hinze, L.; Azhar, M.T. Review of oxidative stress and antioxidative defense
mechanisms in Gossypium hirsutum L. in response to extreme abiotic conditions. J. Cotton Res. 2021, 4, 9. [CrossRef]
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