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1. Introduction

Plants face many abiotic stresses that significantly impact their growth and survival,
requiring intricate mechanisms in order to adapt and thrive. These responses occur at
multiple levels of plant organization, beginning with changes in biochemical processes such
as respiration, photosynthesis, and transpiration, which form the basis of stress adaptation.
On a broader scale, these biochemical alterations lead to morphological and anatomical
changes in plant organs, thereby enabling improved resilience to environmental challenges.
Underlying these adaptations is a sophisticated molecular signaling network that acts as
an early warning system, allowing the plants to perceive and respond to external abiotic
stimuli effectively. This signaling machinery integrates various molecular pathways to
initiate appropriate physiological and structural changes. Understanding the interplay
between molecular signals and plant responses provides valuable insights into the complex
nature of abiotic stress tolerance. Such knowledge is crucial for developing strategies to
enhance crop resilience in the face of global environmental changes [1-4].

This Special Issue presents a collection of 12 original and review articles that explore
the key thematic areas highlighted within this SL

2. Experimental Articles

Crocus sativus L., a plant renowned for its cultivation of saffron—the most expen-
sive spice in the world—was examined in order to evaluate the effects of pre-sowing
treatments on plant performance and saffron quality [5]. The treatments included cold
plasma (CP), vacuum, and electromagnetic field (EMF) applications, influencing sprouting
kinetics, growth parameters, trichome density, and secondary metabolite content. CP
treatment was found to negatively affect plant growth and metabolite content, while EMF
treatment notably increased flower length and levels of various metabolites. Although
vacuum treatment improved germination uniformity, it had minimal impact on stigma
compounds compared to both CP and EMF. Among the treatments, EMF was the most effec-
tive at enhancing secondary metabolites, significantly raising the concentrations of crocin,
picrocrocin, and safranal. While all treatments preserved corm viability, they induced
stressor-specific alterations in plant traits. EMF treatment shows promise for improving
saffron quality by enhancing the concentrations of bioactive compounds.

During photosynthesis, reactive oxygen species (ROS) such as hydrogen peroxide
(H20O7) and singlet oxygen (10,) are generated, with 10, playing a crucial role in signaling
through its reaction products, including lipid peroxides and reactive electrophile species
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(RES). Pancheri et al. [6] investigated the function of ROS in the high light (HL) acclimation
of Chlamydomonas reinhardtii, focusing specifically on GreenCut2 genes that are unique to
photosynthetic organisms. RNA sequencing analyses revealed that HL significantly influ-
enced the expression of 131 GreenCut2 genes, with more than half of the HL-upregulated
genes also responding to RES. Key upregulated genes included RBCS1, PSBS1, and LHCSR1,
whereas downregulated genes comprised CAO1, MDH2, and PGM4. The impact of H,O,
and B-cyclocitral on gene expression was found to be limited, underscoring the specific
role of 10, in HL responses. Signaling by 1O, under HL conditions enhances photoprotec-
tion and carbon assimilation while downregulating primary metabolic pathways. These
findings indicate that RES-mediated signaling is essential for photosynthetic acclimation to
HL conditions.

Selenium nanoparticles (SeNPs) and melatonin (MT), both recognized as bio-
stimulants, significantly influence the growth of plants. However, the combined effects
of these treatments had not been previously reported. In an article by Kang et al. [7], two
melon cultivars were treated with SeNPs, MT, and a combination of both, after which their
physiological and biochemical responses were analyzed. While individual and combined
treatments did not yield significant changes in plant height or stem diameter, both SeNPs
and MT notably increased levels of soluble sugars (by 6—-63%) and sucrose (by 11-88%),
as well as enhanced the activity of sucrose phosphate synthase (by 171-237%) in leaves.
Additionally, there were significant increases in key enzymes and mRNA levels associated
with the phenylpropanoid metabolism pathway. Notably, the combined treatment was
more effective than either individual treatment, resulting in higher activities of antioxi-
dant enzymes, including superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD). These findings suggest that SeNPs and MT can enhance melon seedling growth by
improving carbohydrate metabolism, phenylpropanoid activity, and antioxidant capacity.

The mechanisms through which MT safeguards plants against cadmium (Cd) toxicity
are still not fully understood, particularly at the molecular level. Lee et al. [8] successfully
identified and cloned a novel serotonin N-acetyltransferase 3 (SNAT3) gene in rice (Oryza
sativa); this gene is a pivotal enzyme involved in MT biosynthesis. OsSNAT3 converts
serotonin and 5-methoxytryptamine into N-acetylserotonin and MT, respectively. The
suppression of OsSNAT3 via RNA interference (RNAi) resulted in reduced MT levels
and Cd tolerance in transgenic rice, alongside a decreased expression of endoplasmic
reticulum chaperone genes (BiP3, BiP4, and BiP5). In contrast, the overexpression of
OsSNATS3 (referred to as SNAT3-OE) led to elevated MT levels and enhanced stress tolerance
to Cd, as demonstrated by improved seedling growth, lower malondialdehyde (MDA)
content, and increased chlorophyll levels. Additionally, SNAT3-OE lines displayed a
higher expression of BiP4 compared to wild-type plants. These findings indicate that
engineering MT production through OsSNAT3 could boost crop resilience to Cd stress,
thereby improving yields in contaminated agricultural fields.

Elevated atmospheric CO, levels play a significant role in global warming and can
negatively impact plants’ physiological and biochemical processes, even though CO; is cru-
cial for photosynthesis. Li et al. [9] investigated the physiological and proteomic responses
of the tetraploid Robinia pseudoacacia to high CO, concentrations (5%). The results showed
that elevated CO, levels hindered growth and development, resulted in severe leaf damage,
and diminished photosynthetic parameters (Pn, Gs, Tr, and Ci), respiration rates, and
chlorophyll content. Additionally, chlorophyll fluorescence parameters (Fm, Fv/Fm, qP, and
ETR) showed reductions, while the levels of ROS (H,O, and O2 ™) increased, accompanied
by the decreased activity of antioxidant enzymes. The accumulation of ROS and nitric
oxide (NO) in guard cells triggered stomatal closure. Proteomic analysis revealed 1652
differentially abundant proteins (DAPs) linked to redox activity, catalytic functions, and
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various metabolic pathways, including photosynthesis and the biosynthesis of secondary
metabolites. These findings offer valuable insights into the adaptation mechanisms of
tetraploid R. pseudoacacia under conditions of high CO, stress.

Transcription factors are essential for regulating plant responses to external stimuli,
and the WRKY protein superfamily plays a pivotal role in mediating stress responses to
conditions such as cold, heat, salt, drought, and pathogen attacks. The number and func-
tions of WRKY transcription factors have evolved throughout the evolution of angiosperms,
with different plant species retaining varying quantities of WRKY family members based
on their evolutionary backgrounds. The WRKY family is categorized into three major
groups in angiosperms, distinguished by their conserved domains and structural simi-
larities. These transcription factors facilitate plant adaptation to environmental stresses
by engaging in ROS and hormone signaling pathways and regulating enzyme activity,
stomatal closure, and leaf shrinkage. Wu et al. [10] examined the evolution and functional
roles of WRKY factors in angiosperms, particularly emphasizing Magnoliaceae plants. This
article offers insights into the functional diversity of the WRKY family and its evolutionary
importance. The findings provide theoretical and experimental guidance for understanding
the molecular mechanisms underlying environmental stress tolerance in plants.

LESION-SIMULATING DISEASEL1 (LSD1) is a vital regulator of cell death in Arabidop-
sis thaliana [11]. Mutations in LSD1, leading to the Isd1 phenotype, result in runaway cell
death (RCD) under various stress conditions. The manifestation of the Isd1 mutant pheno-
type is influenced by ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1), PHYTOALEXIN-
DEFICIENT 4 (PAD4), and salicylic acid (SA) and ROS signaling pathways. Notably, the
conditional RCD phenotype of Isd1 varies between controlled laboratory settings and field
environments, indicating the involvement of different regulatory mechanisms. Transcrip-
tome analysis has identified METACASPASE 8 (MC8) as a potential regulator of RCD
associated with Isd1. In the mc8/Isd1 double mutant, the RCD phenotype was mitigated
under UV radiation, mirroring the outcomes observed in the double mutants /sd1/eds1 and
Isd1/pad4. This study highlights the positive role of MC8 in the EDS1- and PAD4-dependent
regulation of cell death in the absence of LSD1 function. A working model has been pro-
posed, positioning MC8 as an essential component of the LSD1-EDS1-PAD4 regulatory
hub. These findings provide new insights into the molecular mechanisms governing plant
stress-induced cell death [11].

OsBBTI5, a member of the Bowman-Birk inhibitor (BBI) family, is involved in the
plant’s stress responses and has been shown to bind specifically to the salt stress-related
gene OsAPX2. Lin et al. [12] explored the role of the OsBBTI5 gene in enhancing salt
tolerance in rice by employing RNAIi to inhibit its expression selectively. Transgenic
OsBBTI5-RNAI plants demonstrated altered responses to brassinosteroid and gibberellin
(GA) treatments, exhibiting reduced growth under high concentrations of GA3. When
subjected to salt stress (40-60 mM NaCl), these plants showed increased activities of POD
and SOD, along with a decreased MDA content, indicating enhanced stress tolerance.
Transcriptomic analysis revealed the significant upregulation of photosynthesis-related
genes in transgenic plants compared to wild-type plants under salt stress conditions. The
findings suggest that OsBBTI5 plays a role in the brassinosteroid signaling pathway and
interacts with OsAPX2 to improve stress tolerance. This study offers novel insights into the
molecular mechanisms underlying salt tolerance in rice.

3. Review Articles

Green leaf volatiles (GLVs) have traditionally been linked to protecting plants from
pests and pathogens. However, recent evidence suggests that GLVs also play a significant
role in helping plants defend against abiotic stresses such as heat, cold, drought, light,
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and salinity. Although the molecular mechanisms behind this protective function remain
largely unclear, it is evident that the production of GLVs is closely connected to the physical
damage caused by these stresses. This damage acts as a primary trigger for GLV synthesis.
Engelberth [13] summarized current knowledge regarding GLVs in relation to abiotic stress
and proposed a model for their multifunctionality. GLVs appear to mediate plant responses
to various stresses, underscoring their broader significance in promoting plant resilience.
Further research is necessary to clarify the molecular pathways involved in the stress
protection provided by GLVs.

Ultraviolet (UV) radiation presents a significant challenge by causing cellular damage,
necessitating robust DNA repair mechanisms supported by histone acetyltransferases
(HATs). HATs are vital in regulating chromatin structure and gene expression, facilitating
chromatin relaxation and transcriptional activation, which are essential for development
and stress responses. Boycheva et al. [14] examined the function of HATs in photomorpho-
genesis, chromatin remodeling, and gene regulation, emphasizing their significance in light
responses and stress adaptation. They underscored the necessity for further research into
individual HAT family members and their interactions with other epigenetic factors. Ad-
vanced genomic and genome-editing technologies offer promising avenues for enhancing
crop resilience and productivity through the targeted modulation of HAT activities.

Drought stress poses a significant challenge to agricultural productivity due to its
increasing frequency and intensity and the extensive losses it incurs. Sorghum (Sorghum
bicolor), a C4 plant, exhibits a range of morphological, physiological, and biochemical
adaptations that enable it to thrive in arid conditions [15]. These adaptations encompass
improved water uptake, minimized water loss, osmotic potential adjustments, the scaveng-
ing of ROS, and the heightened activity of antioxidant enzymes. Moreover, specific genes
in sorghum show downregulation in response to drought stress. Liu et al. [15] presented
the mechanisms underlying sorghum’s drought tolerance, focusing on its morphological
traits, physiological processes, and the identification of functional genes. Implementing
modern biotechnological and molecular strategies is essential for enhancing sorghum’s
resistance to drought.

Atmospheric stressors such as CO,, NOy, sulfur compounds, extreme temperatures,
ozone, UV-B radiation, and acid rain significantly impact plants, particularly those of
agricultural importance. Although NO and hydrogen sulfide (H,S) were once viewed
solely as toxic pollutants, they are now recognized as vital signaling molecules in plant
stress responses [16]. These gasotransmitters enhance enzymatic and non-enzymatic an-
tioxidant systems, strengthening the plant’s defense mechanisms. They play crucial roles
in alleviating the effects of various environmental stresses, including those posed by at-
mospheric conditions. Corpas [16] described the endogenous metabolism of NO and H,S
within plant cells and underscored their significance in stress signaling pathways. Addi-
tionally, the potential of applying NO and H,S exogenously to enhance crop resilience has
been discussed.

4. Conclusions

Research into plant responses to abiotic stress reveals a complex network of molecular,
physiological, and biochemical mechanisms essential for adaptation and resilience. Studies
have highlighted the promise of innovative treatments—such as EMF, SeNPs, and MT—in
enhancing stress tolerance and boosting secondary metabolite production in crops like
saffron, melon, and rice. Similarly, investigations into key genes, including OsSNAT3
and OsBBTI5, have demonstrated their roles in stress mitigation by activating crucial bio-
chemical pathways and stress signaling. Additional insights into transcription factors like
WRKY and signaling molecules such as NO and H,S have emphasized their importance in
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regulating adaptive responses. Mechanistic studies on ROS and histone acetyltransferases
shed light on the plant’s capacity for stress signaling and chromatin-level regulation under
HL and UV stress conditions. Future research should aim to explore these molecular
pathways in more depth, advance genome-editing technologies, and utilize these insights
to develop sustainable agricultural solutions that enhance crop resilience in the face of a
rapidly changing climate.
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Abstract: Crocus sativus L. is a widely cultivated traditional plant for obtaining dried red stigmas
known as “saffron,” the most expensive spice in the world. The response of C. sativus to pre-sowing
processing of corms with cold plasma (CP, 3 and 5 min), vacuum (3 min), and electromagnetic field
(EMF, 5 min) was assessed to verify how such treatments affect plant performance and the quality
and yield of herbal raw materials. The results show that applied physical stressors did not affect
the viability of corms but caused stressor-dependent changes in the kinetics of sprouting, growth
parameters, leaf trichome density, and secondary metabolite content in stigmas. The effect of CP
treatment on plant growth and metabolite content was negative, but all stressors significantly (by
42-74%) increased the number of leaf trichomes. CP3 treatment significantly decreased the length
and dry weight of flowers by 43% and 60%, respectively, while EMF treatment increased the length
of flowers by 27%. However, longer CP treatment (5 min) delayed germination. Vacuum treatment
improved the uniformity of germination by 28% but caused smaller changes in the content of stigma
compounds compared with CP and EMFE. Twenty-six compounds were identified in total in Crocus
stigma samples by the HPLC-DAD method, including 23 crocins, rutin, picrocrocin, and safranal.
Processing of Crocus corms with EMF showed the greatest efficiency in increasing the production of
secondary metabolites in saffron. EMF increased the content of marker compounds in stigmas (crocin
4: from 8.95 to 431.17 mg/g; crocin 3: from 6.27 to 164.86 mg/g; picrocrocin: from 0.4 to 1.0 mg/g),
although the observed effects on growth were neutral or slightly positive. The obtained findings
indicate that treatment of C. sativus corms with EMF has the potential application for increasing the
quality of saffron by enhancing the amounts of biologically active compounds.
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1. Introduction

Pre-sowing treatment of seeds or other planting material with physical stressors is
a modern method of plant growth stimulation via triggering numerous physiological
and biochemical changes, including an increase in the content of valuable secondary
metabolites [1-5]. The application of physical stressors in pre-sowing treatment to corm
plants, including Crocus sativus, has not been studied before.

The dried red stigmas of Crocus sativus L. (Iridaceae) are used as saffron, one of the
oldest and most expensive spices in the world, due to the laborious way it is harvested
and processed. Saffron is used in Mediterranean and Asian cuisines to improve food taste,
flavor, and color and is cultivated in various parts of the world, mostly in Iran, India, Spain,
Greece, and Turkey [6]. The growing interest in cultivating and using saffron in Ukraine [7]
and different EU countries may increase agricultural production revenues.

Saffron gains its special value due to its chemical composition. It contains signifi-
cant amounts of unique compounds: apocarotenoids, crocins, as well as picrocrocin and
safranal, which are formed by zeaxanthin cleavage followed by specific glycosylation
steps [8]. Crocin determines the color of saffron, picrocrocin provides a bitter taste, and
safranal gives a specific aroma [8]. Besides apocarotenoids, a wide variety of other biologi-
cally active compounds have been isolated from Crocus stigmas. More than 150 components,
including lipophilic and hydrophilic carbohydrates, proteins, amino acids, minerals, mu-
cilage, starch, gums, vitamins (such as riboflavin and thiamine), pigments, alkaloids, and
saponins, have been found in different parts of C. sativus [9]. Due to the biological activity
of secondary metabolites, saffron extracts have numerous therapeutically relevant effects,
including anticatarrhal, anticancer, anti-inflammatory, antimicrobial, antioxidant, laxative,
eupeptic, antispasmodic, antidepressant, respiratory decongestant, nerve sedative, stom-
achic, expectorant, carminative, diaphoretic, anodyne, gingival sedative, galactogogue, and
effects against amenorrhea, dysmenorrhea, and others [9]. Therefore, the growing demand
for saffron production is driven by pharmacological applications [7].

The typical low yield of saffron is attributed partly to primitive agronomic practices.
The quality of saffron is related to the concentration of secondary metabolites and deter-
mined according to the international ISO 3632 standards [10], the European Medicines
Agency, Food and Drug Administration, and European Pharmacopeia on the international
trading market. Saffron yield and quality are influenced by cultivation methods and the
environment [11]. It also depends on the methods used for its processing, such as drying,
extraction, separation, storage, and quantification stages [12]. The traditional ways for
increasing productivity through breeding are restrained because C. sativus is a perennial
sterile plant characterized by vegetative reproduction using corms. Several attempts to
develop superior varieties of saffron via inducing genetic variability have been carried
out using tissue culture and hybridization [13,14]. However, propagation through corms
offers none or very few genetic variations. Considering the high price and low production
yield of valuable saffron components, innovative technologies to increase the production
of saffron marker compounds are in high demand. This study aimed to test the hypoth-
esis that pre-sowing corm processing with physical stressors induces stress, leading to
increased amounts of secondary metabolites in saffron. The idea is based on similar effects
observed in medicinal plants after seed treatment with cold plasma (CP) or electromagnetic
field (EMF).

It has been recognized recently that pre-sowing seed treatment with CP or EMF may
result in stimulation of plant growth as well as in numerous physiological and biochemical
changes, including an increase in the amounts of valuable secondary metabolites [1-5].
For example, irradiation of Echinacea purpurea seeds with low-pressure CP and radiofre-
quency (RF) EMF induced a strong increase in the content of vitamin C and phenolic
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acids in the leaves of seedlings 3 months after sowing [15]. Changes in the secondary
metabolite amounts after seed treatments with CP and EMF were also observed in red
clover [16,17], common buckwheat [18], and other plants [13]. CP has been applied for seed
treatment in a wide variety of plant species (see reviews [10-13]), but only one study [19]
has reported results on planting material of geophyte plants [20], which are propagated
through underground storage organs such as bulbs, tubers, corms, or rhizomes. In several
recent studies, CP was used to irradiate dried saffron, revealing its potential for microbial
decontamination and for increasing color intensity while maintaining the primary quality
properties of saffron [20-22].

As an extension of previous studies and taking into account the important pharmaco-
logical properties of saffron secondary metabolites, this experiment studied the effect of
corm treatment with several physical stressors on plant germination parameters and the
composition of saffron metabolites.

2. Results
2.1. Effects on Sprouting Kinetics, Seedling Growth, and Number of Leaf Trichomes

The control and treated corms of C. sativus were planted in field experimental plots
4 days after treatment. Corms started sprouting on the 17th day after planting (DAP), and
their sprouting dynamics were observed and registered every other day until the 49th DAP
(Figure 1).
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Figure 1. Kinetic curves of Crocus sativus corm sprouting following treatments with physical stres-
sors: cold plasma for 3 and 5 min (CP3 and CP5, respectively), vacuum for 3 min (Vacuum3), and
electromagnetic field for 5 min (EMF5), along with untreated controls. DAP—days after planting.

Richards plots [15,23] were used to quantify the main indices of sprouting kinetics,
and the results are presented in Table 1. Treatments did not affect the maximal sprouting
percentage, indicating that corms were equally viable in all groups. CP5 treatment reduced
sprouting (increased the median sprouting half-time) by 15% so that 50% of the corms
sprouted with a 4-day delay compared with the control. The uniformity of corm sprout-
ing was increased in the Vacuum3-treated group, as indicated by a 28% decrease in Qu
compared with the control.
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Table 1. Indices of C. sativus sprouting kinetics after planting in field plots.

Indice/Treatment Group Control Vacuum3 CP3 CP5 EMF5
Vi (%) 100.0 = 0.0 100.0 £ 0.0 100.0 £ 0.0 100.0 £ 0.0 100.0 £ 0.0
Me (days) 256 £0.5 251+04 245+11 295+05* 253£11
Qu (days 3.6+03 26£01* 33£02 3.0£0.1 32+04
y

Vi, the maximal sprouting percentage; Me, the median sprouting half-time; Qu, the quartile deviation. Mean
values £ standard error are presented (8 corms used in each of three replicates, n = 24 corms in one group);
*, significantly different from the control group (p < 0.05).

The height of the aerial part of the seedling did not differ among groups in the early
stages of sprout growth (Figure 2). Seedling growth in the period of 56 DAP was similar in
the Vacuum3, CP3, and EMF5 groups compared with the control, except for a 15% reduction
in height observed in the EMF5 seedlings on 50th DAP. However, the CP5 group showed
a significant reduction in seedling height during the 50-56 DAP interval, with 19% and

& & neig &
28% smaller heights, respectively, compared with the control, and 17% and 13% smaller,
respectively, compared with the Vacuum3 group.
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Figure 2. The dynamics of seedling growth estimated by sprout height. Mean values + standard
error are presented (n = 24); ¥, significantly different from the control group (p < 0.05); **, significantly
different from the Vacuuma3 group (p < 0.05). DAP—days after planting.

The relative number of sprouted buds per corm in the experimental groups is presented
in Table 2. A larger variation and an increased number of buds per corm were observed
in the Vacuum3 group, while the bud profile in the EMF5 corms was the most similar to
the control (with prevailing three buds per corm). The largest proportion of corms with
two buds per corm was found in the CP-treated groups, with a stronger shift to a smaller
number of buds observed after the CP5 treatment.

10
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Table 2. The percentage of sprouted buds per corm at the 56th DAP.

Bud Number per Corm Control Vacuum3 CP3 CP5 EMF5
1 16.0 9.5 14.3 33.3 9.5
2 12.0 23.8 38.1 33.3 28.6
3 36.0 19.0 23.8 28.6 38.1
4 28.0 28.6 14.3 4.8 19.0
5 4.0 9.5 9.5 0.0 4.8
6 4.0 4.8 0.0 0.0 0.0
7 0.0 4.8 0.0 0.0 0.0

Results are presented as percent of corms with the indicated number of buds (n = 24 corms).

The mean number of leaves developed per bud was counted starting from the 34th
DAP till the 56th DAP (Figure 3). The number of leaves in the Vacuum3 and CP5 groups
was not different from the control, while CP3 and EMF5 treatments increased the mean
number of leaves per bud by approximately 10%.

% *
d
5 /b
039 DAP
[43 DAP
7250 DAP
[156 DAP
Control Vacuum3 CP3 CP5 EMF5

Figure 3. The mean number of leaves per bud in seedlings. Mean values =+ standard error are pre-
sented (n = 24); *, significantly different from the control group (p < 0.05). DAP—days after planting.

Microscopic analysis of leaf trichomes [23,24] was performed on 56th DAP corms.
Simple unicellular trichomes of different sizes were found on the abaxial surface of the
crypts (Figure 4). Treatments of C. sativus corms with all stressors resulted in an increased
density of leaf trichomes (Figure 5). The largest effect (74%) was observed in the CP-treated
groups (CP3 and CP5), while Vacuum3 and EMF5 treatments were slightly less effective
(43 and 63%, respectively). The density of trichomes in both of the CP-treated groups was
23% higher than in the Vacuum3 group. In addition, the size of trichomes was larger in all
treated groups compared with the control, as seen in Figure 4.

11
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Figure 4. Trichomes in C. sativus leaves on the abaxial surface of crypt aperture (the position at the
distance between 8 and 9 cm from the tip of a leaf was used for the image). x4, x 10—magnification
four and ten times, respectively.
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Figure 5. The number of trichomes in a 1 cm long section located between 8 and 9 cm from the tip
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of the leaf. Mean values & standard error are presented (n = 24); ¥, significantly different from the
control group (p < 0.05); **, significantly different from the Vacuum3 group (p < 0.05).

Flowers were collected from November 6th until December 3rd, the day the experiment
was concluded due to winter cold. CP5 group did not flower at all during the first year after
planting corms. Morphometric parameters of flowers collected from the other treatment
groups and the control are presented in Table 3.

Table 3. The morphometric parameters of the collected flowers.

Morphometric Parameter Control (6) Vacuum3 (6) CP3 (4) EMEF5 (7)
Flower length, cm 7.90 £ 0.00 8.00 = 0.50 4.50 £0.50 * 10.00 £ 0.00 *
Flower fresh weight, g 0.43 £ 0.05 0.46 £ 0.05 0.22 +£0.03 0.52 £0.07
Flower dry weight, g 0.05 £ 0.002 0.05 £ 0.003 0.02 £ 0.001 * 0.07 £ 0.01
Pistil length, cm 4.10+£0.20 4.07 £0.23 3.80 £0.18 3.87£0.19
Pistil fresh weight, g 0.03 £ 0.003 0.03 £+ 0.003 0.02 £ 0.002 0.03 £ 0.009
Pistil dry weight, g 0.004 + 0.0005 0.007 +£ 0.002 0.004 + 0.0007 0.004 £ 0.0003

Mean values =+ standard error are presented (the number of flowers indicated in parenthesis); *, significantly
different from the control group (p < 0.05).

The results demonstrate that corm processing with CP3 significantly reduced the
length and dry weight (43 and 60%, respectively) of the flowers. This indicates a negative
effect of CP on flowering, which intensified with the duration of treatment. Consequently,
plants from the CP5 group did not develop flowers. EMF5 treatment had a positive effect on
flowering and increased flower length by 27% compared with the control. No statistically
significant differences between experimental groups in the morphometric parameters of
the stigmas were observed.

13
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440 nm

2.2. Effects on Amounts of Secondary Metabolites in the Stigma of C. sativus

The amounts of secondary metabolites in dried stigma extracts were quantified by
HPLC analysis [25,26]. The typical chromatogram is shown in Figure 6, and the chromato-
graphic characteristics of the identified esters: crocetin, safranal, picrocrocin, and rutin,
their retention time (tg) at 440 nm, and UV-visible spectra are presented in Table 4. In
total, 26 compound peaks were identified in the HPLC chromatograms of Crocus stigma
extracts. However, six compounds were not identified. Of the 17 different derivatives
of crocetin, 15 compounds have been identified. The content of pricrocrocin, rutin, and
safranal was estimated.
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Figure 6. HPLC chromatogram of C. sativus stigma methanol extracts. Detection wavelength—440 nm
and 310 nm.

s 60 &5 mn

14



Int. J. Mol. Sci. 2024, 25, 10412

Table 4. Peak number, retention time (tg), and content of each chromatographic peak corresponding
to crocetin esters (crocins) tentative identification * in C. sativus stigma extract.

Compound No G}usose Abbreviation ** t{z UV/Vis, Amax, nm MW,71 MolFor
Moieties (min) g-mol
trans-crocetin .
(tri-p-D-glucosyl)(-D-gentiobiosyl) ester Crocin 5 t-5tG 33.190 262, 332sh, 443, 468 1138 Cs50H74009
trans-crocetin
(B-D-neapolitanosyl)(B-D-gentiobiosyl) ester - t-5nG 34.928 234, 300sh, 418, 439 1138 Cs50H74029
trans-crocetin
(B-D-neapolitanosyl)(B-D-glucosyl) ester ) t-dng 35630 263, 441, 466 976 CaaHesO24
trans-crocetin di(B-D-gentiobiosyl)ester Crocin 4 t-4GG 37.825 261, 331sh, 440, 466 976 Cy4HgsOoy
trans-crocetin .
(B-D-gentiobiosyl)(5-D-glucosyl) ester Crocin 3 t-3Gg 39.608 261, 327sh, 440, 466 814 C38H54019
trans-crocetin mono(B-D-gentiobiosyl) ester Crocin 2 t-2G 40.424 261, 331sh, 440, 466 652 C33Hy4014
cis-crocetin
(B-D-neapolitanosyl)(B-D-gentiobiosyl) ester . -5nG 42.119 242,260, 414, 436 1139 Cs0H74029
trans-crocetin di(B-D-glucosyl) ester Crocin 2/ t-2gg 43.147 261, 322,439, 465 652 C33Hy4014
cis-crocetin di(B-D-gentiobiosyl)ester cis-Crocin 4 c-4GG 47.084 262, 326,435, 457 976 Cy4HgsOoy
cis-crocetin (B-D-gentiobiosyl) . . g
(B-D-glucosyl) ester cis-Crocin 3 c-3Gg 48.252 258, 325, 435, 460 814 C3H54019
cis-crocetin mono(B-D-gentiobiosyl) ester cis-Crocin 2 c-2G 49.511 262,327,433, 456 652 C33Hy4014
cis-crocetin di(B-D-glucosyl) ester cis-Crocin 2/ c-2gg 49.711 262,326,434, 456sh 652 Cs3Hy4014
trans-crocetin mono(B-D-glucosyl) ester Crocin 1 t-1g 50.592 258, 434, 459 490 CpeH3409
Crocin derivative - - 52.256 258,434, 459 479~ Cy4HgsOoy
Crocin derivative - - 52.685 258, 327,434 479~ Cy4HgsOny
cis-crocetin . .
(tri-B-D-glucosyl)(B-D-gentiobiosyl) ester cis-Crocin 5 c-5tG 53.893 263, 332sh, 445, 469 1138 Cs0Hy74009
Crocin derivative - - 54.780 259, 323, 428, 452 479~ CyqHgsOoy
Crocin derivative - - 55.140 245sh, 332, 431, 454 479~ Cy4HgsOny
cis-crocetin mono(B-D-glucosyl) ester cis-Crocin 1 clg 55.614 259, 323, 428, 452 490 CpeH3409
Crocin derivative - - 57.965 258, 324sh, 434, 460 479~ Cy4HgsOny
Crocin derivative - - 61.007 249, 326, 430, 453 479~ Cy4HgsOny
trans-crocetin - t-crocetin 64.716 258,434, 459 328 CooHp404
cis-crocetin - c-crocetin 67.827 255, 318sh, 427, 453 328 CpoHp404

*—tentative detected according to [7,25-27]. **—Meaning of each letter in the abbreviation of the name of each
crocetin ester: number (5, 4, 3, 2)—number of glucose molecules attached to the molecule of crocetin; t—triglucose;
G—gentiobiose; g—glucose; n—neapolitanose.

The compounds of the crocetin group dominated stigma extracts in the control, with
trans-crocetin di(B-D-gentiobiosyl) ester, trans-crocetin mono(B-D-gentiobiosyl) ester, cis-
crocetin di(B-D-gentiobiosyl) ester, and cis-crocetin (3-D-gentiobiosyl)(8-D-glucosyl) ester
present in amounts as high as 114.3 mg/g, 49.0 mg/g, 25.4 mg/g, and 23.9 mg/g of dry
weight, respectively (Table 5). The chemical structures of crocetin derivatives are presented
in Figure 7.
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Table 5. Content of identified secondary metabolites in C. sativus stigma (ug/g dry weight).

Code! Compound Rt. min Control Vacuum3 CP3 EMF5
A Picrocrocin 16.49 720.6 + 88.4 965.6 + 9.2 * 3954 +24* 847.3 £ 62*
B Rutin 20.81 889.0 + 147.2 762.6 +21.0 171.0 £2.0* 750.0 + 33.1
C trans-crocetin (tri-p-D-glucosyl) 53 1 2180.6 + 19.4 2085.0 + 130.1 591.2 +32* 18,898.4 4 17,021.5 **
(B-D-gentiobiosyl) ester
trans-crocetin
D (B-D-neapolitanosyl) 3493 867.2 + 90.4 786.6 + 6.5 764 +16* 6356.2 = 251.4 **
(B-D-gentiobiosyl) ester
trans-crocetin
E (B-D-neapolitanosyl) 35.63 357.0 £83.0 - - 2034.7 £ 692.2 **
(B-D-glucosyl) ester
F - frans-crocetin 37.83 114,319.0 £ 513.6 1243504 +£9962  8949.1 £ 382* 431,173.0 4 965.0 *
di(B-D-gentiobiosyl)ester
G trans-crocetin (f-D-gentiobiosyl) 59 ¢ 1714.2 +90.6 42250+ 71.9* 886.8 £ 9.2 * 37,187.7 + 1449 *
(B-D-glucosyl) ester
H frans-crocetin 40.42 49,0422 +1983.0 42,0264 +251.0* 63994+ 101.8*  188,232.6 = 1415.9 **
mono(B-D-gentiobiosyl) ester
I cis-crocetin (f-D-neapolitanosyl) -5 1, 1200.8 + 24.6 575.0 4 49.6 * 131.6 + 14.8* 7819 + 139 *
(B-D-gentiobiosyl) ester
] trans-crocetin di(p-D- 4315 1735.6 + 127.6 1363.8 & 90.5 * 207.0 £ 1.4 % 1197.8 + 34.7 %
glucosyl) ester
K | cis-crocetin 47.08 253980+ 1950  12,675.6 + 87.6 1899.8 + 30.6 * 20,536.6 + 74.9 *
di(B-D-gentiobiosyl)ester
L cis-crocetin (A-D-gentiobiosyl) 4825 23,8942 + 137.8 21,4642 +2852%  6270.6 +43.0*%  164,859.6 & 14,739.5 **
(B-D-glucosyl) ester
M cis-crocetin 49,51 3594.4 & 162.4 1878.0 +19.0 * 1922 £ 30.4* 2530.7 4+ 3.5 *
mono(3-D-gentiobiosyl) ester
o) cis-crocetin di(f-D- 49.71 5529.8 = 296.0 2812.1 + 39.8 * 309.4 +19.2 % 17,151.2 4 123.7 *
glucosyl) ester
P frans-crocetin 50.59 - 257.9 +14.9 % 78.6 +5.8* 1446.8 + 1249 *
mono(B-D-glucosyl) ester
Q Crocin derivative 52.26 792.6 + 56.6 4005 +£7.1* 69.0 +0.18* 4345.0 + 4012 **
R Crocin derivative 52.69 - - 61.6 + 1.8 511.5 + 334
S cis-crocetin (tri-f-D-glucosyl) 53.89 2514 +122 4582 £ 11.8* 95.6 +2.8* 4876.2 + 404.6*
(B-D-gentiobiosyl) ester
T Crocin derivative 54.78 1289.6 + 36.6 7344 £3.0% 1718 £7.6* 32384 +3285*
U Crocin derivative 55.14 - - - 1531.6 + 84.3
\ cis-crocetin mono 55.61 1297.2 +16.0 737.6 + 6.4* 167.4+£92* 38105 + 157.4 **
(B-D-glucosyl) ester
W Crocin derivative 57.97 1528.4 + 85.6 11152 + 557 * 144.6 £+ 33.0* 13741 +18.1 %
X Crocin derivative 61.01 - - - 200.4 £+ 23.6
Y Safranal 62.28 84+18 103405 1.60 & 0.04 * 16.3 +0.2*
Z trans-crocetin 64.72 - - 197.7 +1.2* 2254 +£9.1*
AA cis-crocetin 67.83 - - - 204.6 + 8.2

1 —The code numbering of compounds in the chromatogram (Figure 6) and Table 5 is the same. Mean values + SD
are presented (n = 3). *, significantly different from the control group (p < 0.05); **, statistically significant difference
compared to the control (p < 0.001).
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Figure 7. Structural formulas of esters of trans- and cis-crocetin and substituents at R1 and R2.
Nomenclature according to [27]. Note: * Meaning of each letter in the abbreviation of the name of
each crocetin ester: Number (5, 4, 3, 2)—number of glucose molecules attached to the molecule of
crocetin; t—triglucose; G—gentiobiose; g—glucose; n—neapolitanose.

The results showed that treatment of corms with CP, vacuum, and EMF induced
significant changes in the content of secondary metabolites in Crocus stigma, and the
change strongly depended on the nature of the stressor (Figure 8). The changes induced
by Vacuum3 treatment were smaller compared with those induced by CP3 and EMF5.
Vacuum3 had no effect on the amount of certain metabolites (e.g., B, C, D, F, etc.), increased
the amount of some (A, G, S), and decreased the amount of other metabolites (H-O, Q, V,
W). CP3 treatment had a strong negative effect on the content of secondary metabolites.
It significantly reduced the amount of all metabolites, including more than 10 times of
some of them (e.g., F L, M.O). On the contrary, EML5 had a significant positive effect on
the accumulation of many secondary metabolites in Crocus stigma. For example, EMF5
increased the amount of G and S twenty-two and nineteen times, C and L nine and seven
times, and F and H four times. On the other hand, EMF5 did not change the amount of
rutin and reduced the amounts of I, ], K, and M metabolites in the stigma. The amount of
picrocrocin was increased by the exposure to Vacuum3 and EMF (34 and 18%) and strongly
reduced (45%) by CP3. Vacuum3 did not change the amount of safranal, while CP3 reduced
it five times, in contrast to EML5, which induced a two-fold increase. Certain compounds
that were not present in the control group (e.g., P, U, X, AA) were only identified in the
stigma after EMF5 treatment, while R and Z synthesis was induced by both CP3 and EMF5,
with a stronger effect observed with the latter treatment.
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Figure 8. Distribution of the compounds in C. sativus stigma depending on the pre-sowing treat-
ment method.

3. Discussion

The experimental study on the effects of corm treatment with CP, vacuum, and EMF
on sprouting, plant growth, and secondary metabolite content in the stigma was performed
to estimate the potential of such treatments to improve saffron production yield and quality.
Our hypothesis was based on numerous reports about the positive effects of pre-sowing
seed treatment on the growth and metabolite content of medicinal plants, including those
used as herbal supplements, such as purple coneflower [15], red clover [16,17], industrial
hemp [28], and Norway spruce [29]. However, similar research on the planting material
of geophyte plants is limited by a single report [19]. In the said study, low-pressure radio
frequency oxygen plasma was applied for 60 s on peeled garlic cloves of a spring-planted
Slovenian autochthonous cultivar “Ptujski spomladanski”. This resulted in increased water
uptake during germination as well as early seedling growth stimulation under laboratory
conditions. However, treatments did not have an effect on garlic yield after 4 months of
cultivation in a field experiment. The effects of treatments on the amounts of secondary
metabolites in garlic tissues were not assessed in this study [19]. The results of our study
revealed that a strong impact on secondary metabolite content may not be associated with
the obvious effects on plant seedling growth.

Increased generation of the protective secondary metabolites is a common hallmark of
plant stress response controlled by a complex network of regulatory molecules, including
phytohormones [30]. The main phytohormones responsible for stress-induced enhancement
of secondary metabolite synthesis are salicylic acid and jasmonates [31]. Synthesis of
carotenoids (including crocins) in plants is also under the tight control of phytohormone
signaling [32,33]. It was experimentally demonstrated that treatment with cold plasma
and electromagnetic field induces a rapid shift in the balance of phytohormones in dry
seeds [34-38]. According to the suggested hypothesis [4], seed treatment-induced changes
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in seed phytohormone composition are further retained in growing plants, entailing the
modified patterns in phytohormonal networks and generating a multitude of changes in
gene expression, resulting in numerous effects on plant biochemical and physiological
processes, including the activity of biosynthetic pathways of secondary metabolites. Such
explanation is based on the reported examples of enhanced activity of the enzymes in
the secondary metabolite biosynthesis pathways induced by seed treatment with CP in
hemp [39], pink periwinkle [40], and blue sage [41], as well as activity of two key enzymes
of the pathway of carotenoid biosynthesis, phytoene-synthase and phytoene desaturase, in
bitter melon [42]. The results of our study show that processing of C. sativus corms with CP
has only an adverse impact on the biosynthesis of crocins, in contrast to strong positive
effects elicited by EMF treatment. We suggest that changes in the balance of phytohormones
and signal transduction pathways in corms and growing seedlings are dependent on the
nature of the stressor.

The main reason why CP (or vacuum) has been widely applied for seed treatment but
not for planting material of geophytes is the much smaller size and low water content of
orthodox seeds, which undergo desiccation during maturation and the moisture content in
the anhydrobiotic state decreases to less than 10 percent [43,44]. The anhydrobiotic state
is crucially important for seed adaptability to environmental changes, stress resistance,
and longevity. In contrast, moisture content in the planting material of geophytes is much
higher; for example, 72-74% of water was detected in C. sativus corms [45]. Numerous
chemical products are formed during the interaction of aggressive particles from the
CP gaseous phase with water in the plasma target interphase, giving rise to damaging
factors such as nitric acids or a rapid pH drop [46]. In addition, water evaporates rapidly
under high vacuum conditions, and that can cause a structural disruption and collapse
of biological structures [47]. Assumptions about the potential damage have possibly held
researchers back from testing the effects of CP (or vacuum) on botanical samples other than
anhydrobiotic seeds. In this respect, EMF seems to be a more acceptable stressor for corms
or bulbs containing relatively high amounts of moisture.

Nevertheless, the results obtained in this study provide evidence that the short dura-
tion of CP or vacuum treatment did not reduce the viability of C. sativus corms, although
CP did not stimulate sprouting like it was reported earlier for garlic cloves [19]. However,
numerous negative effects of CP treatment were observed in the later stages of seedling
development, including reduced height, percentage of sprouted buds per corm, length,
and number of developed flowers (adverse effects were much stronger in the CP5 group).
Vacuuma3 treatment did not have obvious effects on plant growth but increased uniformity
of sprouting and the number of sprouted buds per corm, possibly indicating stimulation of
secondary buds. EMF treatment exerted no negative effects, did not change corm sprouting
kinetics or plant height, but increased the mean number of leaves per bud and the length
of flowers, which was associated with a strong positive effect of EMF on the content of
secondary metabolites in the dried stigma of C. sativus. At the same time, the adverse effects
of the CP treatment were related to a drastic decrease in the secondary metabolite content.
The effects of Vacuum3 on secondary metabolite content were less pronounced; the con-
centrations of certain compounds were increased, while the amounts of other metabolites
were decreased.

Interestingly, despite the different effects of CP, vacuum, and EMF on plant growth
and secondary metabolites in stigma, corm treatment with all stressors strongly increased
the density and size of leaf trichomes. Trichomes, the outgrowths of epidermal cells present
on the aerial parts of most plant tissues, have an enormous variety in terms of morphology
and perform a range of protective and other functions [24]. One of the main functions
of trichomes is the synthesis and accumulation of secondary metabolites and defensive
proteins [24], but the impact of the different types of stress on amounts of trichomes is
poorly understood [48,49]. Our results support the hypothesis that corm exposure to abiotic
stress leads to an increase in the density of leaf trichomes, although these effects do not
correlate with the changes in secondary metabolite amounts in dried stigma.
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At least two studies have been published on the application of cold plasma tech-
nology on Crocus stigmas to increase the content of key compounds, such as crocin and
safranal [50,51]. Unfortunately, a decrease in marker compounds, namely crocin esters
and safranal, was observed after the treatments, and no trans-2G, cis-4GG, or cis-3Gg
compounds were observed at all in the samples after cold plasma treatment with Ar/10%
O2 at 12 kV [52]. However, these treatments were applied to the stigma itself, not to the
corms. Cold plasma technology generates reactive species that can interact with plant
tissues, potentially enhancing the production of secondary metabolites at the plant germi-
nation level.

In summary, our study demonstrated that corm treatment with CP, vacuum, and EMF
does not have an effect on corm viability, and the effects on secondary metabolite amount
in stigma are much stronger compared with the effects observed on plant growth and
development. The most interesting finding was the obvious potential of corm treatment
with EMF to increase the amounts of valuable biologically active compounds in saffron.

4. Materials and Methods
4.1. Plant Material and Seedling Cultivation

Corms of Crocus sativus L. were obtained from a Ukrainian manufacturer (“Shafran
Lyubimovske” farm, Lyubimovka village, Kherson region, Ukraine). Raw material was
collected and identified by Dr. Mykhailenko, and samples were deposited at the Herbarium
of Botany Department of the National University of Pharmacy, Kharkiv, Ukraine (voucher
specimen No. 20198).

The field experiment was carried out in the experimental plots at Vytautas Magnus Uni-
versity Botanical Garden (Kaunas, Lithuania, coordinates 54.868567, 23.911813). Four days
before planting, corms were treated with physical stressors: low-pressure cold plasma for 3
and 5 min, further denoted as CP3 and CP5; vacuum for 3 min (as an additional control
for CP), denoted as Vacuum3; and electromagnetic field for 5 min, denoted as EMF5. The
control and treated corms (24 corms per treatment group) were planted in half-shaded,
well-cultivated loam soil in 3 rows (replicates) at the beginning of autumn in 2020. Corms
were planted at a depth of 10 cm, keeping a distance of 20 cm between corms, 20 cm
between rows of the same treatment group, and 45 cm spacing between different treatment
groups. The experimental plots were irrigated manually two times in the first two weeks
after planting to reduce the impact of summer drought. No fertilization was applied.

4.2. Corm Treatment by CP, Vacuum, and EMF

Corms were irradiated with CP using a low-pressure not-thermal plasma device
constructed by Prof. Koga and Prof. M. Shiratani (Kyushu University, Japan). The hermetic
chamber (length 152 mm, diameter 102 mm) of the CP generator was made of stainless steel
(SUS-304). To generate the discharge, a helical power electrode-antenna (20 mm long and
15 mm in diameter) installed at the top of the chamber was switched to a high-frequency
voltage of 430 MHz by a radio transmitter (the power supply was 45 W). The reactor
chamber performed the function of the other electrode. Three corms were placed at the
bottom of the chamber per treatment. The distance between the upper electrode and the
corms adjusted with additional glass stands was 8 cm. Atmospheric air was used as a
gaseous phase, and a vacuum (100 Pa) was created before the discharge by pumping out
air with a pump system. The same chamber was used to treat the corms with a vacuum
(100 Pa) for 3 min as an additional control for the CP treatment.

Corms were treated with radiofrequency (RF) EMF using a pulsed magnetic field
generator (peak parameters 100 kHz, 0-10 mT) designed at Vilnius Gediminas Technical
University by Prof. Vitalij Novickij. The treatment was performed for 5 min (the treatment
is further abbreviated as EMF5) using 100 kHz, 400 £ 50 uT oscillating magnetic field
at atmospheric pressure and room temperature. Three corms were treated at one time,
keeping them at a 3 cm distance above the center of the induction coil.
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4.3. Analysis of Sprouting and Plant Morphometric Parameters

Sprouting dynamics of Crocus corms were observed and registered every other day for
32 days after the first sprout appeared. Richards plots were constructed [15,23] to quantify
the main indices of plant sprouting kinetics: Vi (%)—the maximal sprouting percentage
indicating corm viability, Me (days)—the median sprouting time (tsp9,) indicating halftime
of corm sprouting rate, Qu (days)—the quartile deviation indicating the dispersion of
sprouting time or sprouting uniformity.

Morphometric parameters were measured two weeks after the first sprout appeared.
The height of the above-ground plant part was measured, and the mean number of sprouted
buds per corm, as well as the mean number of leaves per bud, were counted starting from
the 34th till the 56th DAP.

Trichomes were counted on the abaxial side of a leaf to estimate the possible response
of growing seedlings to stress induced by corm treatments. A light microscope was used
to quantify trichomes, and the size of the microscopic view was calibrated using a Motic
calibration slide. Simple unicellular trichomes on the crypt aperture were counted on both
edges of the crypt at 1 cm, approximately in the middle of a leaf (in the distance between
the 8th and the 9th centimeters from the tip of a mature leaf).

C. sativus flowers were collected manually, and after morphometric measurements,
their stigmas were separated and dried for 2-3 h at 50 °C under forced air. Dried stigmas
were stored in dark glass jars at 4 °C.

4.4. Sample Preparation and HPLC-DAD Analysis

Saffron samples (0.1 g each) were ground and extracted with methanol/water (85:15
v/v,10 mL). The extractions were performed in an ultrasonic bath (Wise Clean WUC-AQO6H,
Witeg Labortechnik GmbH, Wertheim, Germany) with a working frequency of 33 kHz. The
samples were sonicated at room temperature for 30 min, and the resulting solutions were
filtered through a membrane filter (0.45 um) and analyzed.

Acetonitrile and methanol of HPLC grade were purchased from Roth GmbH (Karl-
sruhe, Germany), while water was purified through a Milli-Q system (Millipore, Bedford,
MA, USA). Standards compounds crocin (CAS number 42553-65-1) and safranal (CAS
number 116-26-7) with a purity of >90% were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

Crocin, safranal, and picrocrocin were identified and quantified using a Shimadzu
Nexera X2 LC-30AD high-performance liquid chromatography system (HPLC, Shimadzu,
Kyoto, Japan) composed of a quaternary pump, an online degasser, a column tempera-
ture controller, the SIL-30AC autosampler (Shimadzu, Japan), the CTO-20AC thermostat
(Shimadzu, Japan), and SPD-M20A diode array detector (DAD). All data processing was
carried out using LabSolutions Analysis Data System (Shimadzu Corporation) as de-
scribed earlier [38]. Chromatographic separation was performed with an ACE C18 column
(250 mm x 4.6 mm, 5.0 um; Radnor, PA, USA). Elution was performed at a flow rate of
1 mL/min. The binary solvent system of the mobile phase consisted of solvent A (0.1%
acetic acid in water) and solvent B (acetonitrile). All solvents were filtered through a 0.22 pm
membrane filter after ultrasonic degassing. Following that, a linear elution gradient was
applied: 0-8 min, 5-15% B; 8-30 min, 15-20% B; 3048 min, 20-40% B; 48-58 min, 40-50%
B; 58-65 min, 50% B; 65-66 min, 50-95% B. Column temperature was constant at 25 °C.
The injection volume of the sample solution was 10 pL. The DAD detector was set at 260,
310, and 440 nm wavelengths for picrocrocin, safranal, and crocin, respectively. Standard
solutions, including crocin and safranal, were used for calibration of a standard curve
using an external standard method. Analyses were performed in duplicate. Identifications
of crocin were carried out using the UV-Vis spectrum, the retention time of the crocin
standard at 440 nm according to the HPLC-DAD method. Picrocrocin content in the extracts
was recalculated as a safranal equivalent. Safranal identification was carried out using the
UV-Vis spectrum and the retention time of the safranal standard at 310 nm according to
the HPLC-DAD. The calibration curve for safranal and crocin was constructed by plotting
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the chromatogram peak area at absorption maxima versus the known concentration of the
standard solution.

4.5. Statistical Analysis

Means of various parameters between the control and treatment groups were com-
pared using Student’s t-tests for independent samples. Differences were considered to be
statistically significant at p < 0.05. The number of measured plants in the control and treat-
ment groups was 24 (analysis of morphometric parameters), or 8 plants for one replicate.
Three extract samples were analyzed via the HPLC-DAD method. Data are presented as
means of 3 independent repetitions + standard error of the mean.

5. Conclusions

Treatment of Crocus sativus corms with CP, vacuum, and EMF did not reduce their
viability; the final sprouting in all groups was 100% under field experiment conditions.
However, the longer duration of the CP treatment (5 min) reduced sprouting, while more
uniform sprouting of corms was observed in the vacuum-treated group.

The effects of three different stressors in the later stages of plant growth strongly
depend on the nature of the stressor. The adverse effects of the CP treatment on plant
height, number of sprouted buds, length, and number of flowers increased with the
treatment duration. The vacuum had a minor positive impact on sprouting, while EMF
treatment had a positive effect, e.g., increased the number of Crocus leaves per bud and
the length of flowers. Treatment with all stressors significantly increased the density of
leaf trichomes.

Corm processing with EMF presents a promising application for enhancing saffron
production, improving the quality, and increasing the content of its bioactive compounds.
The obtained results indicate that corm exposure to EMF can stimulate growth, increase
biomass, and improve the yield of saffron stigmas, which are the primary source of valuable
compounds like crocin, picrocrocin, and safranal. Additionally, EMF treatments may
enhance the synthesis and accumulation of these key metabolites, leading to higher-quality
saffron with greater medicinal and culinary value. Overall, integrating EMF treatment into
saffron cultivation could be a sustainable and innovative approach to boosting both yield
and quality, providing significant economic benefits to saffron producers. However, the
reproducibility and persistence of this effect have to be studied further to optimize corm
treatment conditions.
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Abstract: To date, the role of green leaf volatiles (GLVs) has been mainly constrained to protecting
plants against pests and pathogens. However, increasing evidence suggests that among the stresses
that can significantly harm plants, GLVs can also provide significant protection against heat, cold,
drought, light, and salinity stress. But while the molecular basis for this protection is still largely
unknown, it seems obvious that a common theme in the way GLVs work is that most, if not all, of
these stresses are associated with physical damage to the plants, which, in turn, is the major event
responsible for the production of GLVs. Here, I summarize the current state of knowledge on GLVs
and abiotic stresses and provide a model explaining the multifunctionality of these compounds.

Keywords: abiotic stress; airborne signal; green leaf volatiles; GLV; plant damage; plant protection;
structural integrity; volatile organic compounds

1. Introduction

Green leaf volatiles (GLVs) are a group of plant compounds that are typically associated
with damage. Most people have experienced these molecules when mowing their lawns
and recognize them as the typical “green” smell of plants. For more than 20 years now, GLVs
have come to our attention as volatile signals within and between plants that communicate
damage, usually caused by insect herbivores, but also by microbial infections [1]. In doing
so, GLVs have been found to not only provide immediate protection by activating defensive
measures, but also to prepare or prime receiver plants against the threat of impending
damage [2,3]. Generally, priming may initially trigger only a minor part of a defense
response, which then leads to an increase in the plant’s ability to defend itself against
future antagonists (for example, herbivores or pathogens), resulting in a faster, stronger, or
more enduring response when actually being attacked [4]. Fittingly, GLVs have their own
defense-related biological activity, which is, however, considered to be rather weak when
compared to responses signaled, for example, by jasmonic acid, which is the major defense
hormone that regulates responses to herbivory and necrotrophic pathogens. Nonetheless,
defense priming by GLVs appears to be strongly connected to the jasmonate pathway
in that signaling through it becomes more intense [2,3]. Still, little is known about how
defense priming actually works. It seems clear that some memory is conserved after the
first exposure to a priming agent, including the accumulation of mitogen-activated protein
kinases (MAPKSs) that remain inactive until triggered by a threat, or epigenetic changes [4].
However, with regard to priming by GLVs, no such mechanisms have been reported with
sufficient evidence to accept them as possible regulators of priming.

While most reports on GLVs in the past have focused on their role in mediating biotic
interactions, GLVs have more recently been found to provide protection to receiver plants
against abiotic stresses, either directly or by priming for them. This includes protection
against various stresses, including cold, drought, salt, and light. Still, very little is known
about the mechanisms by which GLVs act in mediating abiotic stress protection. In this
review, I will therefore summarize GLV-induced protective activities related to abiotic
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stresses that are signaled by this group of compounds and provide some insight into the
potential mechanisms by which they may achieve this.

2. Green Leaf Volatiles and Abiotic Stress
2.1. The Biosynthesis of Green Leaf Volatiles

The biosynthesis of GLVs is rather straight-forward, starting mainly with linolenic
acid, either in its free form or as part of typical membrane lipids (Figure 1) [5,6]. In the
first step, a lipoxygenase (LOX) inserts molecular oxygen at position 13 of the fatty acid.
A hydroperoxide lyase (HPL) then cleaves the fatty acid into a 6-carbon compound, Z-3-
hexenal (Z3al), and a 12-carbon unit, which, after a minor conversion, results in traumatin,
a molecule that has been recognized as a wound hormone capable of inducing callus
formation [7]. The six-carbon unit Z3al is then reduced to its corresponding alcohol (Z-
3-hexenol (Z3ol)), which can then be further modified into various esters, mostly into
Z-3-hexenyl acetate (Z3ac). Additionally, some plants also have an isomerase that can
quickly convert Z3al into E-2-hexenal (E2al) [8,9], which can also be transformed into the
corresponding E-2- alcohol and esters. While LOX and HPL are commonly localized in
chloroplasts, all other enzymes, including the isomerase, are cytoplasmic. However, upon
damage, LOX and HPL become activated, resulting in the rapid production of Z3al. If cells
contain an isomerase, it will also become highly active in the damaged tissue and almost
instantly transforms Z3al into E2al. In contrast to these initial steps of GLV biosynthesis, all
other reactions require intact cells, which take up the aldehydes and transform them into
the corresponding alcohols and esters [10].

Biosynthesis of Green leaf volatiles

Linolenic acid Linoleic acid
LW e W W . W o W T A W Pt o W o W o W AW
0oH 13-Lox A 13-Lox
AV V4" T e Ve Vo Vg N
13-HPTrA 13-HPDIA
HPL HPL
SN =0 comerasal s et AT e
Z-3-hexenal E-2-hexenal hexanal
ADH ADH ADH
Z-3-hexenol E-2-hexenol hexanol
AATl AATl
Z-3-hexenyl acetate E-2-hexenyl acetate

Figure 1. Biosynthetic pathways leading to the production of green leaf volatiles (GLVs) (taken
from [11]). A lipoxygenase catalyzes the addition of molecular oxygen at position 13 in linolenic
acid or linoleic acid, resulting in 13-hydroperoxy octadecatrienoic (13-HPTrA) or 13-hydroperoxy
octadecadienoic acid (13-HPDiA). The oxygenated fatty acids are then cleaved by a hydroperoxide
lyase (HPL) into either Z-3-hexenal or hexanal. The remaining 12-cabon unit is further processed into
traumatin (not shown). An isomerase can convert Z-3-hexenal into E-2-hexenal. Both aldehydes can
be further processed by an alcohol dehydrogenase (ADH), resulting in the respective alcohol. Further
modifications by an alcohol acyltransferase (AAT) can convert the alcohols into the corresponding
hexenyl acetates. The boxed compounds are those GLVs produced mainly by damaged plant tissue,
while alcohols and their esters require intact cells for biosynthesis.
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Plants can produce significant quantities of GLVs within seconds to minutes after
damage, some up to almost 100 pg per gram of fresh weight [1,11]. This substantial and
rapid production makes them ideal volatile signaling molecules for either distant parts
of the same plant or other plants in the vicinity. While little is known about how exactly
Z3al is made in damaged tissue and what regulates the process, we found that even at
temperatures far below 0 °C, damaged plant tissues can still produce significant amounts
of Z3al under those conditions [12], while the alcohols and esters are barely detectable,
mainly because most cells under these conditions have died and can no longer produce
these compounds. However, while basically all plants produce GLVs in various quantities
and qualities upon damage and other treatments, most experiments to date have been
conducted by using pure chemicals that are commercially available, which allows for a more
controlled application of these volatile compounds. The experimental risk here is that the
concentrations used may not correlate with what can be found in nature and may produce
artifacts. Often, nano- to low micromolar concentrations have been found to sufficiently
signal GLV activities. Yet, plants may also experience much higher concentrations upon
damage, particularly in the immediate vicinity of the damaged tissue [2,10]. It is therefore
often impossible to assess the biological activities of these compounds in contexts with
high concentrations being experienced locally but low concentrations serving as a volatile
signal over relatively long distances.

Nonetheless, signaling pathways related to GLV activities are currently being elu-
cidated at various levels. Exposure to GLVs, for example, can cause rapid changes in
membrane potentials and cytosolic Ca?* concentrations [13,14]. It has been argued that
GLVs themselves cause this depolarization directly due to their hydrophobic character and
potential interaction with membranes. However, the distinct set of genes that are induced
by GLVs and the specificity of the primed responses argues for a more regulated signaling
pathway. However, since no receptor has been identified to date, neither mechanism can
be excluded.

It further appears that Z3ol is the major biologically active form of GLVs [15]. In a
series of experiments performed by Cofer et al., it was shown that after mutating several
enzymes involved in the hydrolyzation of GLV esters like Z3ac, the overall activity of these
compounds was dramatically reduced, clearly pointing towards Z3ol as the main active
molecule. Furthermore, certain GLVs seem to activate a MAP kinase signaling pathway
in tomato plants [16]. Interestingly, the same MAP kinase pathway is normally used after
pathogen infection. In support of these findings, we found in a microarray study that
determined that one MAP kinase was significantly induced in maize plants treated with
Z30l, suggesting that it might be a GLV-specific response [17]. Yet, it is still unclear if this is
a common signaling pathway that is recruited by GLV or what other signaling pathways
might be involved in regulating responses to these compounds. The activation of the MAP
kinase pathway could, however, provide a link to the priming responses and the associated
memory effects, as described above [4]; however, this is a hypothesis that still needs to
be tested.

2.2. Green Leaf Volatiles in the Atmosphere

As mentioned before, the bioactive roles of GLVs have mostly been studied in the
context of plant-insect and plant-pathogen interactions, both of which were also shown
to cause the release of significant quantities of GLVs not only from the damaged tissues,
but also from undamaged parts of the same plant [1,2,18]. It was further found that the
treatment of plants with GLVs often prepared or primed them against the impending threat,
resulting in a stronger and/or faster response when actually attacked [2,3,19-22]. This
led to the assumption that GLVs mainly have a role in the defense against biotic threats.
However, in recent years, several reports have shown the potential for GLVs also being
involved in regulating abiotic stresses. Initial reports came from studies investigating the
composition of volatile organic compounds, which comprise all volatiles regardless of their
origin, in the lower atmosphere of the Earth. There, large quantities of so-called biogenic
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compounds (compounds that are emitted from organisms) were detected and their effects
on the chemistry of the atmosphere studied [23,24]. While the majority of these biogenic
volatile compounds were found to be isoprene-related, which are usually emitted in large
quantities under heat and light stress, where they provide cooling as well as helping in the
recovery of photosynthetic performance, significant amounts of GLVs were also detected.
Since it is unlikely that herbivory or pathogen infections are the sole cause of the presence
of GLVs in the atmosphere, other factors like grass harvesting for hay in agriculture as
well as abiotic stresses need to be taken into consideration. Proof of the latter came, for
example, from studies by Karl et al. [25] and Jardine et al. [26]. Karl et al. [25] found
increased GLV levels in frost-damaged meadows in the alps, with Z3al being the major
compound. Jardine et al. [26] analyzed the composition of the air surrounding the canopy
region of rainforests in South America. The authors not only detected large quantities of
GLVs, but also found a clear correlation between the amount of GLVs and abiotic stresses
like drought and heat, and concluded that atmospheric GLVs could be used as a chemical
stress sensor. Similar results were provided by Turan et al. [27] when they investigated
the effects of heat on tobacco leaves. When plants were exposed to 52 °C, they produced
large quantities of E2al and Z3ol, but very few terpenes. This production of GLVs under
heat stress indicates that some kind of membrane damage or at least disturbance occurs
resulting in the activation of enzymes in their biosynthetic pathway. Since Z3ol was among
the detected compounds, it can also be concluded that even at those high temperatures,
intact cells are still abundant and can convert aldehydes into the alcohols. Based on these
clear correlations between abiotic stresses and GLV release, it can be assumed that there
should also be a functional connection. However, at the time, little was known about how
GLVs might contribute to protection against these stresses.

2.3. Green Leaf Volatiles and Cold Stress

Cold stress poses a serious threat to plants. While it is often a seasonal issue, it can still
affect plants in regions closer to the poles or at higher altitudes, even during the summer.
However, the highest risk of plants experiencing cold stress usually occurs during spring
time in temperate climates, when they germinate, and in the fall, when they are usually
harvested. Cold stress can cause significant changes in the general physiology of plants.
Cold stress may generally reduce enzyme activities, can cause cell membrane damage
through altered membrane fluidity and lipid composition, decreases water potential, re-
duced ATP supply, and may bring about imbalanced ion distribution and solute leakage
(Theocharis et al. [28]). This does often result in reduced growth and yield. It is therefore
important for plants to have mechanisms in place that help to prevent severe consequences
of this stress.

Karl et al. [25], as described above, provided the first insight that GLVs might be a
part of such a strategy, since cold-damaged plants emitted significant quantities of these
compounds. Likewise, Copolovici et al. [29] found that cold stress caused the release
of large quantities of GLVs in cold-stressed, but also in heat-stressed, tomato (Solanum
lycopersicum) plants. Similar to Jardine et al. [26], the authors proposed the use of these
volatile organic compounds as indicators to characterize the severity of the stress. Yet
again, no studies have been performed that would test for a protective role of GLVs under
these conditions.

In 2013, we published a microarray study on the effects of Z3o0l, in particular, on
general gene expression in maize [17]. We focused on early events and identified distinct
expression patterns, many of which were likely related to defense reactions to insect
herbivores. Unfortunately, at the time, many genes on the microarray were still unknown
or mislabeled (about 40%). Later, we identified several genes that were typically associated
with water stress in plants, including dehydrins, low-temperature-inducible protein, and
several others [30]. This pointed towards a potential role of GLVs in protecting cellular
integrity, since these types of proteins are usually involved in stabilizing cell structures,
including membranes. Upon further analyzing the effects of GLVs on cold stress protection,
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we found not only that the expression of the identified protective genes was induced by
GLVs, but also that their expression levels were primed when they were placed in the cold
about 2 h after GLV treatment. This resulted in significantly reduced ion leakage [12,31],
less damage, and a growth spurt in the days after the cold stress treatment. Aside from
providing immediate protection, this also indicated an effect of GLVs on the general
physiology of the plant, which allowed it to compensate for a loss of growth during cold
stress. We also found that maize plants do still produce GLVs, in particular, Z3al, at
temperatures well below 0 °C [12]. Furthermore, Z3al was able to increase the transcript
accumulation of those protective genes even when applied during cold stress [12]. This
proved that GLVs can protect plants against cold stress even when perceived during a cold
episode and also provides a potential mechanism by which this might be achieved, i.e.,
the activation of cell-protective proteins, and thus, the maintenance of cellular integrity.
This is essential since it allows cells to continue to function properly even under potentially
damaging stress conditions.

2.4. Green Leaf Volatiles and Drought Stress

Drought is defined as an absence of water (https://www.ncei.noaa.gov/access/
monitoring/dyk/drought-definition (accessed on 28 August 2024)). However, an ab-
sence or shortage of water can also be the result of high salt concentrations or an abundance
of other water-capturing chemicals, all of which result in a dramatic change in the water
potential of plants. While the early effects of drought and salt stress are very similar, both
stresses act through distinct signaling pathways. Additionally, salt may also have a toxic
ion effect and can lead to nutritional imbalances in plants [32,33]. This makes it more
difficult for the plant to maintain a constant transpirational stream, which can lead to the
overheating of leaves, but also to the reduced uptake of nutrients. Consequently, plants
exposed to drought grow less and provide much lower yields. Water scarcity is therefore
one of the most pressing issues when growing plants in a natural environment or in an
agricultural setting.

The potential role of GLVs in drought stress responses was initially provided by
Jardine et al. [26] through their analysis of the atmosphere of the forest canopy in the
rainforest, in which they found a clear correlation between drought, temperature, and
GLVs. This was the first clear indication that GLVs may play a role in the regulation of
drought and heat stress in a natural system. However, at the time, it was unclear if there
might also be a protective role that GLVs play in this context, since studies in a natural
system are difficult to perform due to the myriad of other environmental factors that
may interfere. In a related study by Catola et al. [34], it was further shown that drought
stress affects the capacity to produce GLVs in the leaves of the pomegranate plant (Punica
granatum L.), further supporting the involvement of GLVs in the response to drought stress.
Yet again, no further studies have been performed to evaluate the potential protective role
of GLVs.

However, evidence for GLVs playing an active part in protection against drought-
related stresses came from a study by Yamauchi et al. [35]. By investigating the potential
for activating gene expression, they tested an array of reactive leaf volatiles in a microarray
assay on Arabidopsis. While the focus of the study was on reactive &, 3-unsaturated
carbonyls, they identified E2al as a particularly effective inducer of typical abiotic stress-
related genes, including those that protect against drought and salt, but also heat and cold.
At the same time, Z3al appeared to be quite inactive and did not show any significant
induction of abiotic stress-related gene expression, which could, however, be a species-
specific result. While this did not answer the question of whether or not GLVs do actually
provide protection against drought, and salt stress in particular, a study by Tian et al. [36]
showed that priming with Z-3-hexenyl acetate enhanced salinity stress tolerance in peanut
plants (Arachis hypogaea L.). As a result, they found positive effects on photosynthesis,
higher water content, increased growth, and increased activity of antioxidant proteins.
While this broad spectrum of protectionist measures may be surprising, it actually fits into
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the overall picture of activities provided by GLVs that have been shown for biotic stress
responses [3].

A similar study investigated the effects of Z30l on hyperosmotic stress tolerance in
Camellia sinensis [37]. As described above, a multitude of effects were found, ranging from
regulating stomatal conductance, decreasing malonyl dialdehyde as an indicator of lipid
peroxidation, the accumulation of abscisic acid and proline, and typical stress-related gene
expression. The activation of ABA and proline, in particular, is interesting, since both are
essential responses to hyperosmotic stress: ABA by acting as the major regulator of water
stresses [38], and proline by functioning as an important protector of cellular integrity [39].
The involvement of ABA as a mediator of Z3ol-induced protection against drought and
cold was further confirmed by Jin et al. [40] in Camellia sinensis. They showed that Z3ol
activated the glycosylation of ABA through the expression of a specific glycosyl transferase.
This allows ABA-glucose conjugates to be stored in the vacuole, from where they can be
easily reactivated upon cold and drought stress by a glucosidase. While this provides an
elegant system that helps to explain some of the biological activities of GLVs (here: Z3o0l), it
still needs to be confirmed in other plants. Furthermore, while Z30l was shown to be the
active compound in this study, other GLVs—in particular, Z3al, as the one compound that
is instantly produced by damage, including cold—also need to be tested for their specific
activity towards the activation of ABA-mediated signaling as a key element in this process.

Altogether, these results clearly show that GLVs are not only released upon drought
stress in significant quantities, but can also provide significant protection. Furthermore,
these experimental results provide a potential mechanism by which GLVs may activate
these processes with ABA, the major regulatory plant hormone for water stresses, being a
central target.

2.5. Green Leaf Volatiles and Photosynthesis

Light is a determining factor in the life of plants. It is the predominant energy source
that is used by plants and other photosynthetically active organisms, which transform light
from a physical power into energy-rich molecules that are essential for the vast majority
of living things on Earth. For plants, light also serves as a signal that has a significant
impact on growth as plants make an effort to obtain a perfect position for light harvesting.
However, light can also be too powerful and under these conditions, and plants may
sustain damage due to the high energy levels that are contained in the radiation. This is,
among other consequences, extremely challenging for the actual photosynthesis reaction,
in particular, the events that occur in photosystem II (PSII). There, the photolysis of water
represents one of the main events during photosynthesis, resulting in the production of
electrons, protons, and eventually oxygen. Under normal light conditions this is a well-
controlled process. But when light intensities increase, oxygen radicals are produced, which
can cause significant harm to the whole photosystem, but also other parts of the chloroplast.
And it is this process in which GLVs appear to interfere by regulating the status of PSII
in particular.

First indications to support a role of GLVs in photosynthesis came from a study by
Charron et al. [41]. They found that an increase in the photosynthetic photon flux and the
length of the photoperiod would cause an increase in GLV production and release in lettuce.
While this was mainly put in the context of growing plants in controlled environments,
it nonetheless pointed towards GLVs being directly linked to light stress. Further proof
came from a study on bacterial photosynthesis. Mimuro et al. [42] investigated the effects
of 1-hexanol on the optical properties of the base plate and energy transfer in Chloroflexus
aurantiacus. In this system, it was found that adding 1-hexanol caused the suppressed flux
of energy from the baseplate of the chlorosome to the photosynthetic elements located in
the adhering plasma membrane section. While it is still unclear whether or not bacteria
can produce GLVs, the results nonetheless provided evidence that these compounds can
have an effect on photosynthetic reactions. Furthermore, considering that this kind of
photosynthetic microbe might represent an ancestorial type of what may have eventually
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ended up as a chloroplast in plants, mechanisms to protect or at least alter the system may
also have been already abundant.

Negative alterations of photosynthesis were further investigated by Matsui et al. [10].
While studying the metabolism of GLVs, they identified key mechanisms of the biochemical
pathway. As described above, aldehydes are mainly produced in damaged tissue, whereas
the corresponding alcohols and esters require intact cells to be made. Aside from identifying
these mechanisms, they further investigated the toxicity of various GLVs, including Z3al,
E2al, and Z30l, and found that plants exposed to the compounds as pure chemicals showed
a significant impact on photosynthesis, with the aldehydes being much more active than the
corresponding alcohol. Similar results were obtained by Tanaka et al. [43]. Together, this led
to the conclusion that plant cells have an intrinsic ability to detoxify the much more reactive
aldehyde GLVs into less harmful alcohols and esters, which, in turn, appear to serve as the
actual signaling molecules that regulate all processes attributed to GLVs [15]. At the same
time, plants avoid the toxic effects of the aldehydes. However, new light was shed on this
issue when Savchenko et al. [44] studied the effect of GLVs on photosynthesis. By using
HPL-overexpressing lines in Arabidopsis, they discovered that GLVs play a major role in
the protection of PSII under increased light conditions by observing lower rate constants of
PSII photoinhibition and higher rate constants of recovery. Furthermore, the degradation
of proteins (in particular, D1, but also others) during photoinhibition was significantly
reduced, allowing for a more speedy recovery. Further experiments on isolated thylakoid
membranes confirmed these results. In contrast to GLVs, the application of other oxylipins,
including linolenic acid, phytodienoic acid, and jasmonates, had the opposite effect, further
solidifying the specificity of GLVs’ effects on PSIIL. This important feature of GLVs may also
explain why this biochemical system is localized in chloroplasts, more specifically, in the
thylakoids. Reducing the uncontrolled production of reactive oxygen species (ROS) may
be key in the protection of plant cells under extreme light conditions and may explain why
GLVs have a negative impact on photosynthesis, which, while considered toxic in the past,
actually help to avoid damage in leaf cells.

However, little is known about the actual mechanisms that are activated by GLVs to
protect against light stress. Further studies in the area of light stress protection in particular
are needed to identify these mechanisms, which may, in turn, further help to explain the
diverse and complex roles GLVs play in plants.

3. Future Perspectives

The definition of GLVs as a plant’s multifunctional weapon [3] was created at a time
when mainly its defensive functions were recognized. This view has now been expanded
by adding a multitude of abiotic stresses that are also covered by GLVs, as described herein.
A summary of these findings is presented in Figure 2.

This extreme multifunctionality raises the question of how these compounds can
be utilized to better plant protection against biotic and abiotic stresses. A summary of
approaches towards protection against biotic stresses by volatile organic compounds in
general was provided by Wang et al. [45]. Two major paths were outlined, one using
intercropping with sentinel plants, and the other using pure chemicals to help to protect
plants. These approaches could also be chosen for using GLVs as protectors against abiotic
stresses. Intercropping would require a sentinel plant that is more sensitive to certain
abiotic stresses, in particular, drought and cold, and that produces GLVs upon being
exposed to these stresses in sufficient quantities to protect the main crop. At the same
time, these sentinel plants should not take away too many of the nutrients and, ideally,
should continue to grow even after suffering damage to allow for longer-term protection.
Alternatively, pure chemicals like Z3ol or Z3ac could be deployed over fields at critical
times to assist in protection against relevant abiotic stresses. However, there are several
issues here that need to be addressed. One is costs, which could be significant. Another
issue lies in the fact that these compounds are volatile and may dissipate very quickly,
making it necessary to repeat the application regularly. At this time, we do not know
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how long a protective or priming effect against certain stresses remains active within a
certain plant species, but this is necessary information that would determine how often
such a treatment would have to be repeated to be effective. One solution could be the
development of a slow-release mechanism for GLVs or to produce a conjugate that can be
taken up by the plant without dissipating as a volatile into the atmosphere. Another issue is
that while GLVs can protect against a variety of biotic stresses, they may very well interfere
with alternative defense signaling pathways. As mentioned before, GLVs appear to act
through the jasmonate signaling pathway, and in doing so, protect against many insect
herbivores and necrotrophic pathogens. However, this does, for example, allow biotrophic
pathogens to infect plants and thrive. For biotrophic pathogens, salicylic acid is the major
defense regulator. However, its activity is down-regulated by the jasmonate pathway
and vice versa [46]. These interactions need to be fully understood before treatments that
activate one or the other pathway can be deployed. It also necessitates more studies on
how GLVs may interfere with other signaling pathways to avoid any negative side effects
with significant impacts on growth and yield. To date, no such study has been performed
in the area of GLVs and abiotic stress responses.

Light

Stress-

Heat —— @ specific

Priming

Figure 2. Green leaf volatiles and abiotic stress responses. Green leaf volatiles (GLV) are produced
by many plants under various abiotic stress conditions. As volatiles, they move as a plume through
the air and can reach neighboring plants, where they can activate various protective measures
directly through specific signaling pathways, resulting in abscisic acid storage, the photoprotection
of photosynthesis, increased structural integrity, and defense activation. Aside from these more
direct measures, GLVs may prepare or prime plants against impending stresses through a yet-to-be-
identified memory effect, which allows them to respond faster and/or more strongly when actually
threatened. These primed responses are specific towards the actual threat and are likely a consequence
of the direct activation of protective measures by GLVs. The direction of the activation from left to
right in this figure represents a time scale and not the distance between plants. The green background
shows more direct effects, while the blue background represents priming.

Another path forward could lie in the molecular manipulation of GLV production and
sensing. While we know most of the genes involved in their biosynthesis [5-9], we are
still at the beginning of understanding how GLVs are sensed. But even with biosynthesis,
we only have a limited understanding of the regulation of the initial steps, in particular,
after tissue damage, but also regarding the release of GLVs from intact tissues. In this
context, an interesting finding is the release of a burst of GLVs at the onset of darkness.
This has been described for some plant species [47,48], but it is yet unknown why plants
do this. Also, this GLV burst seems to require a rather quick transition from light to dark.
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However, exploring and eventually exploiting this phenomenon of potentially self-priming
may provide a starting point for future manipulations, resulting in the better protection
of plants.

We still know very little about how plants perceive GLVs as signals and exactly how
they transduce them into a physiological response. Is it just the physical perturbation of
membranes, or are specific receptors involved? These are questions for which we do not
have any answers at this time. Once resolved, this information could provide more targeted
approaches for manipulation. Increasing the sensitivity of plants to GLVs might be one
promising line of exploitation. Overexpressing key enzymes might be one way, but also,
providing the substrates for the reaction (i.e., poly-unsaturated fatty acids) may help to
boost the production of these compounds. However, as mentioned above, manipulating
one signaling pathway may have severe consequences for others, and this must therefore
be carefully studied with consideration of the whole plant’s physiology. For example,
only a few studies so far have looked into the costs of GLV-activated responses [49-51].
Surprisingly, the application of these compounds has often resulted in an increase in
growth [12,31,49-51]. Should this be confirmed for other plant species and stresses, it
might very well justify more thorough investigations into the feasibility of using GLVs
as an almost universal protection system that would not have negative effects on other
physiological responses.

However, our knowledge regarding GLV regulation is still very limited, not only with
regard to the enzymes involved, but also when it comes to how different plant species
regulate the process of producing and sensing these compounds. This becomes extremely
clear when we look at the number of plants that have been used to provide the results
presented herein. Aside from Arabidopsis, fewer than 10 different plant species have been
used to study the effects of GLVs on abiotic stress protection. Furthermore, the experimental
approaches are very different depending on the goal of the study. I believe that a more
comprehensive and coordinated approach is indeed necessary to better understand how
GLVs affect plants on a global scale. A summary of current findings regarding the protective
roles of GLVs against abiotic stresses is shown in Table 1.

Table 1. Protective effects of green leaf volatiles in different plant species.

Stress Organism Active Compound Responses Citation
Z-3-h | Abiotic stress genes
Cold stress Zea mays exena Reduced ion leakage [12,31]
Z-3-hexenol
Reduced damage
Arabidopsis thaliana E-2-hexenal Abiotic stress genes [35]
Photosynthesis
: Increased water content
Arachis hypogaea Z-3-hexenyl acetate Growth [36]

Antioxidant proteins

Drought Stomatal conductance
Reduced lipid peroxidation
Camellia sinensis Z-3-hexenol ABA accumulation [37]
Proline accumulation
Stress gene expression
i . ABA glycosyl transferase
Camellia sinensis Z-3-hexenol ABA storage [40]
Chloroflexus auratiacus 1-hexanal Reduced energy flux [42]
E-2-hexenal
Arabidopsis thaliana Z-3-hexenal Reduction in photosynthetic activity [10,43]
Photosynthesis E-2-hexenol
E-2-hexenal Protection of PSII
Arabidopsis thaliana Z-3-hexenal Recovery [44]
Z-3-hexenyl acetate Reduced protein degradation
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4. Summary and Conclusions

While the number of publications on the topic of GLVs and abiotic stress protection
is far exceeded by those on GLVs and biotic stresses, it cannot be denied that GLVs can
provide significant protection through yet-to-be-identified signaling pathways. But even
with the limited number of publications on the topic, it is astounding how GLVs can
protect against such a broad variety of abiotic stresses. If we compare this with other plant
signaling compounds, including hormones like jasmonic acid, abscisic acid, salicylic acid,
and many others, it becomes obvious how limited these are in the regulation of protective
functions when compared to GLVs. This broad protection makes GLVs somewhat unique
within the regulatory network of plant stress responses.

To best describe the protective roles of GLVs, one has to look at what is causing damage
to plants. Damage in most instances is physical, and thus directly linked to water loss,
which may lay at the core of GLV activity. But it clearly goes beyond that when they also
protect against herbivores, pathogens, drought, cold, intense light, salt, and other damaging
stresses. Also, while they protect against those stresses, they are also often released by
the same stresses they protect against, thereby potentially providing protection to other
parts of the same plant or even other plants nearby, either by directly activating protective
responses or by priming for them. This will result in a faster and/or stronger reaction
should the stress actually occur. Surprisingly, all this is carried out with minor investments,
making this a very low-cost investment on the plant’s side.

GLVs have been labeled ‘the plants multifunctional weapon” in the past based on
their multifaceted biological activities against biotic stresses in particular [3]. It is, however,
obvious from the findings summarized herein that we have to expand this characterization
to include protection against abiotic stresses as well. I would therefore also not describe
GLVs as new players in this context, but rather, as very old ones that just need to be further
studied to reveal their full potential in regulating a multitude of stress responses in plants.

To conclude, the role of GLVs seems to lie in in the protection of plants against all
those stresses, biotic and abiotic, that can cause damage in the widest meaning of this word.
However, how these complex activities are regulated by these compounds is mostly still
unknown. But the potential of GLVs in protecting plants on such a broad scale is definitely
worthy of further investigation.
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Abstract: During photosynthesis, reactive oxygen species (ROS) are formed, including hydrogen per-
oxide (H,O,) and singlet oxygen (*O,), which have putative roles in signalling, but their involvement
in photosynthetic acclimation is unclear. Due to extreme reactivity and a short lifetime, 1O, signalling
occurs via its reaction products, such as oxidised poly-unsaturated fatty acids in thylakoid mem-
branes. The resulting lipid peroxides decay to various aldehydes and reactive electrophile species
(RES). Here, we investigated the role of ROS in the signal transduction of high light (HL), focusing
on GreenCut2 genes unique to photosynthetic organisms. Using RNA seq. data, the transcriptional
responses of Chlamydomonas reinhardtii to 2 h HL were compared with responses under low light to
exogenous RES (acrolein; 4-hydroxynonenal), 3-cyclocitral, a 3-carotene oxidation product, as well as
Rose Bengal, a 'O,-producing photosensitiser, and H,O,. HL induced significant (p < 0.05) up- and
down-regulation of 108 and 23 GreenCut2 genes, respectively. Of all HL up-regulated genes, over half
were also up-regulated by RES, including RBCS1 (ribulose bisphosphate carboxylase small subunit),
NPQ-related PSBS1 and LHCSR1. Furthermore, 96% of the genes down-regulated by HL were also
down-regulated by 'O, or RES, including CAO1 (chlorophyllide-a oxygnease), MDH2 (NADP-malate
dehydrogenase) and PGM4 (phosphoglycerate mutase) for glycolysis. In comparison, only 0—4% of
HL-affected GreenCut2 genes were similarly affected by H,O, or 3-cyclocitral. Overall, 10, plays a
significant role in signalling during the initial acclimation of C. reinhardtii to HL by up-regulating
photo-protection and carbon assimilation and down-regulating specific primary metabolic pathways.
Our data support that this pathway involves RES.

Keywords: lipid peroxidation; acrolein; 4-hydroxynonenal; Rose Bengal; reactive carbonyl species;
non-photochemical quenching; algae; stress metabolism

1. Introduction

Solar energy drives photosynthesis, which is fundamental for sustaining almost all
life on earth. Photosynthesis starts with the capture of light energy by pigments in the
protein complexes of thylakoid membranes and its transfer to chlorophyll in the reaction
centres of photosystems (PS) for initiating photochemistry. Photosynthetic activity requires
a variety of unique processes not found in non-photosynthetic organisms (heterotrophs).
In total, 597 nucleus-encoded proteins have been identified in green lineage organisms,
but not, or poorly conserved, in heterotrophs, which have collectively been grouped as
GreenCut2 [1]. About 30% of GreenCut2 genes are of prokaryotic origin, with about half
having an unknown function and most encoding proteins predicted to be localized to the
chloroplast [2]. Rational for inclusion in GreenCut2 was a putative protein orthologue in the
green lineage eukaryotes (Viridiplantae), including the algae Chlamydomonas reinhardtii and
Ostreococcus taurii, the moss Physcomitrella patens, and the vascular plant Arabidopsis thaliana,
not found in heterotrophs (e.g., Pseudomonas aeruginosa, Sulfolobus solfataricus, Caenorhabditis
elegans, Homo sapiens, etc.) [1].
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Molecular oxygen, a product of oxygenic photosynthesis, can form unstable interme-
diates called reactive oxygen species (ROS). It is well established that across the diversity
of life, the many signalling networks functioning in development, or sensing physiological
state and environmental change, integrate redox components involving ROS [3,4]. Or-
ganelles, including mitochondria, chloroplasts and peroxisomes, are major sites of ROS
production in plant cells, which can invoke responses not only locally, but also in the
nucleus by activating or suppressing transcription. Here, it is important to distinguish the
species of ROS, since they can have significantly different chemical properties. For example,
hydrogen peroxide (H,O;) signalling filters through catalytic sites of peroxiredoxins, thiore-
doxins and glutaredoxins to trigger target thiol /disulfide redox ‘switches’ [5]. In contrast,
singlet oxygen (10y) is short-lived, and the associated signalling is largely in response to
the oxidation of, for example, carotenoids (e.g., 3-carotene), proteins (e.g., EXECUTER1)
or cellular components (e.g., membranes) [6]. Increases in H,O, and 10, production of
C. reinhardtii have been observed in response to a 5-fold increase in light intensity [7,8],
and could be involved in acclimation to high light (HL) by affecting the transcription of
GreenCut2 genes.

In response to HL, photosynthetic organisms activate non-photochemical quenching
(NPQ), which can safely dissipate excess light energy to heat [9]. However, NPQ has
limits and ROS formation is an unavoidable part of photosynthesis. In particular, 'O,,
formed by charge recombination in PSII, is considered the most damaging ROS produced
under excess light [10,11]. It has become apparent that 1O, likely has a role in HL signal
transduction [6,12-17]. One of the most important components of thylakoid membranes
that house photosynthetic complexes are galactolipids, of which a significant fraction is
composed of the poly-unsaturated fatty acid (PUFA) linolenic acid [18]. The three electron-
rich C=C bonds of linolenic acid are prone to non-enzymatic oxidation by 'O,, thereby
forming lipid peroxides [19]. These can spontaneously dissociate, releasing a variety of
carbonyls, including short-chain «,3-unsaturated aldehydes called reactive electrophile
species (RES), including acrolein and 4-hydroxynonenal (HNE), which may play a role in
HL signalling.

Chlamydomonas reinhardtii was the first Chlorophyte (green alga) to have its genome
sequenced [20] and has since become a model organism for investigating HL stress accli-
mation [17]. In the model angiosperm Arabidopsis thaliana, 3-cyclocitral from the oxidation
of B-carotene has emerged as part of the 1O, stress response via the zinc finger protein
methylene blue-sensitive 1 (MBS1) protein [21]. However, despite possessing an MBS sig-
nalling pathway [22], 3-cyclocitral has a minor role in 10, signalling in C. reinhardtii [23].
In contrast, the exogenous treatment of low light (LL)-treated C. reinhardtii with the RES
acrolein was able to lead to a remarkably similar differential expression of genes (DEG)
compared with the response to the photosensitizer Rose Bengal, which can be used to
mimic HL-induced 'O, production [15].

Here, using an RNA seq. approach with C. reinhardtii, we investigated the involve-
ment of various ROS-mediated signal-transduction pathways in the HL acclimation of
photosynthesis by focusing specifically on the GreenCut2 gene cluster. Comparisons were
drawn between the influence of HL and cells treated under LL with H,O, or Rose Bengal,
the latter of which induced a similar level of lipid peroxidation as occurred under the HL
treatment [24]. To investigate potential intermediates in ROS signalling, the response of
cells under LL to acrolein, HNE and (-cyclocitral were included.

2. Results
2.1. Differental Expression of GreenCut2 Genes in Response to HL

In total, 532 GreenCut2 genes (89% of the total) were identified among the RNA seq.
data (Table S1). Of these, 2 h HL of LL-acclimated cells caused a significant (p < 0.05)
up-regulation of 86 (Table 1) or 108 genes (Table 2), with or without a false discovery rate
(FDR), respectively.
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Table 1. GreenCut2 genes significantly affected by 2 h HL. Significance was considered by p < 0.05
with FDR and >2-fold change (FC) relative to LL conditions, i.e., >1 or <—1 after log2 transformation.
Red and blue shading of FC values denotes up- and down-regulation, respectively. When known, the

gene name, protein description and putative or likely function are provided.

JGIv5.51D FC (log2) Gene Description Function
Cre01.g016750 - Photosystem II 22 kDa protein (psbS) (1 of 2)  NPQ (likely)
Cre01.g016600 PSBS1 Chloroplast PSII-associated 22 kDa protein NPQ
Cre09.g394325 43 ELI3 Early-light-inducible protein High light stress response
Cre12.g510400 4.2 RBD4 Putative rubredoxin-like protein
Cre03.g166650 41 - DEAD/DEAH-box DNA /RNA helicase
Crel2.g554103 3.8 CGL74 -
Cre03.g145567 3.6 CGL18 -
Crel2.g558550 3.4 - Hydrolase, alpha/beta fold family protein
Cre06.g272850 3.4 PRPL10 Plastid ribosomal protein L10 Plastid protein synthesis
Cre03.g145587 34 CPLD1 g‘gét“’e thiol-disulphide oxidoreductase PSII assembly (likely)
Cre12.g508300 3.3 - Protein of unknown function (DUF493)
Crel2.g556050 3.3 PRPL9 Plastid ribosomal protein L9 Plastid protein synthesis
Crel3.g562750 3.2 - Domain of unknown function (DUF4336)
Crel12.g519300 3.2 TEF9 -
Cre02.g088500 32 Conserved expressed protein
Cre06.g265800 3.2 PRPL28 Plastid ribosomal protein L.28 Plastid protein synthesis
Crel3.g580300 32 - ABC transporter family protein
Cre02.g109950 3.1 HLIP Single-helix LHC light protein High light stress response
Crel3.g579550 3.1 CGL27 -
Cre12.g509650 3.1 PDS1 Phytoene desaturase Carotenoid biosynthesis
Cre12.g498550 3.0 CHLM gﬁgﬁ;ﬁig ;;)erizrp hyrin Chlorophyll biosynthesis
Cre03.g199535 3.0 - I};I?O\/:e—ir;lolecular—mass early-light-induced Chlorophyll biosynthesis
Cre01.g049000 3.0 - Pterin dehydratase
Cre05.g242000 3.0 CHLD Magnesium chelatase subunit D Chlorophyll biosynthesis
Cre12.g494750 3.0 PRPS20 Plastid ribosomal protein 520 Plastid protein synthesis
Cre01.g004450 2.9 CPLD42 Membrane protein
Cre02.g145000 29 - K02834 ribosome-binding factor A (rbfA)
Cre09.g411200 2.8 TEF5 Rieske [2Fe-2S] domain-containing protein Stability of PSII-LHCII
Crel7.g721700 2.7 CPLD44 Thylakoid luminal protein
Cre(7.g334600 2.7 CGL20 -
Cre(2.g120100 2.6 RBCS1 RuBisCO small subunit 1 CO, assimilation
Crel2.g541777 2.6 - Ribosomal n-lysine methyltransferase 3 CO, assimilation
Cre05.g246800 2.6 GUN4 Tetrapyrrole-binding protein Chlorophyll biosynthesis
Cre03.g150350 2.6 - KOG1803—DNA helicase
Cre03.g195200 2.5 - Haloalkane dehalogenase-like hydrolase
Crel8.g748397 2.5 - -
Cre12.g490500 2.5 CGL78 -
Cre10.g440450 2.5 PSB28 Photosystem II subunit 28 PSII biogenesis (likely)
Crel2.g510850 2.5 CGL73 -
Cre03.¢175200 23 TOC75 Translocon; outer envelope membrane of

chloroplasts
Crel3.g562850 2.3 THF1 Thylakoid formation protein
Cre10.g466850 2.3 FKB18 Ele(%ll’c-ltyyll_girdﬂ cis-trans isomerase,
Cre08.g372000 2.2 CGLD11 - ATP synthesis
Cre07.g328200 22 PSBP6 Lumen-targeted protein
Cre03.g151200 2.2 CGLD16 -
Cre03.g176350 22 PLP5 Plastid-lipid-associated protein Acyl-lipid metabolism

(likely)

40



Int. J. Mol. Sci. 2024, 25, 8458

Table 1. Cont.

JGIv5.51D FC (log2) Gene Description Function
Crel4.g629650 2.1 NIK1 Nickel transporter
Cre06.5252200 21 TOC34 Translocon; outer envelope membrane of
chloroplasts
Cre09.398700 21 CEA2 Cyclopropane-fatty-acyl-phospholipid
synthase
Cre03.g165000 2.1 LPA1 Translation elongation factor EFG/EF2 PSII assembly
Crel2.g537850 2.1 CCB2 Protein required for cyt b6 assembly Cytochrome b6 assembly
Cre02.g082300 2.0 - Surfeit locus protein 6
Cre01.g015950 2.0 CPL11 Translation factor Plastid protein synthesis
Cre03.g145207 2.0 CPLD33 -
Cre06.g251150 2.0 OHP1 Low-CO; and stress-induced one-helix PSII assembly
protein
Cre12.¢530300 20 ) Ele;}])at;)c_lty;};irolyl cis-trans isomerase,
Cre13.g578650 2.0 HCF173  Similarto complexlintermediate-associated  pgyy o ccomply (likely)
protein 30
Crel6.g670950 2.0 CYC4 Chloroplast cytochrome ¢ Redox
Crel6.g679300 2.0 - -
Cre01.g042800 19 DVRI fgiféf;?ﬁl protochlorophyllide a 8-vinyl Chlorophyll biosynthesis
Crel3.g566850 1.9 SOUL2 SOUL heme-binding protein Heme binding
Crel3.g570350 19 AKC4 ABCl1-like kinase
Cre10.g438550 1.9 TAT1 TatA-like sec-independent protein Protein transport
translocator
Cre06.g261500 1.9 - Thioredoxin family protein Redox
Crel6.g673550 1.9 - s-methyl-S-th10—D-r1bose-1-p hosphate Methionine metabolism
isomerase
Cre01.g002250 1.9 - ?Cyl'.COA n-Acyltransferase
omain-containing
Cre06.g294750 1.9 CHLG Chlorophyll synthetase Chlorophyll biosynthesis
Cre03.g157800 1.8 - Thioredoxin-like protein Redox
Cre07.g315150 1.7 RBD1 Rubredoxin PSIT assembly
Cre07.g329000 1.7 CPLD47 Predicted membrane protein PSII assembly
Crel2.g500650 1.7 RNB2 3-5 exoribonuclease II RNA processing
Crel6.g666050 1.7 - Saccharopine dehydrogenase Cyt. bef assembly
Cre01.g000850 1.6 CPLD38 - Stability of Cyt. bgf
Cre12.g498700 1.6 CPLD13 -
Cre09.g416200 1.6 MBB1 PsbB mRNA maturation factor, chloroplastic ~ PSII assembly
Cre06.g278236 1.6 - Ubiquinone/menaquinone methyltransferase
Cre01.g021600 1.6 - RNA helicase/ /subfamily not named
Cre06.5269300 16 ) g%éll(;i;protem of unknown function
Crel7.g720050 1.6 FHL?2 FtsH-like membrane ATPase/metalloprotease
Cre02.5095097 16 ) llzlegl)gtll)c_lty;)};rolyl cis-trans isomerase,
Crel6.g661150 1.5 CGL5 - Carotenoid modification
Cre03.g182150 1.5 TEF8 - PSII assembly (likely)
Cre06.2296250 1.5 - Lysyl-tRNA synthetase
Cre01.g052050 1.5 - Ubiquinol-cytochrome C chaperone Cyt. b assembly
Cre03.g184550 1.5 CPLD28 - PSII assembly (likely)
Crel6.g665250 14 APE1 Thykaloid-associated protein Acclimation to variable light
Cre02.g114750 - MAP kinase-activated protein kinase 5 Protein phosphorylation
Cre05.g248000 CGL29 -
Crel2.g540500 - Peroxisomal membrane protein pmp27
Cre12.g543000 - -
Cre08.g379350 TPT1 Triose phosphate transporter Sugar transporter
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Table 1. Cont.

JGIv5.51D FC (log2) Gene Description Function
Cre06.g268501 - 2-5 RNA ligase superfamily
Crel7.712100 MDAR]1 Py.rldme nucleotide-disulphide Redox
oxidoreductase
Cre06.g272300 - Phosphoglycerate mutase family protein Glycolysis (potential)
Cre06.g268550 - Glucomannan 4-beta-mannosyltransferase
Cre01.g043350 CAO1 Chlorophyllide a oxygenase Chlorophyll b synthesis
Cre06.g303300 CYN37 Putative peptidyl-prolyl cis-trans isomerase
Cre04.g225800 - Ankyrin repeat protein
Cre07.g320350 CDJ5 Chloroplast Dna]J-like protein
Cre09.g410700 MDH5 NADP-dependent malate dehydrogenase Organic acid metabolism
Cre05.g232550 PGM4 Phosphoglycerate mutase Glycolysis
Cre10.g466500 - Glyoxylase I family protein Glycolysis (potential)
Cre10.g460150 ERM9 ERD4-related membrane protein
Crel0.g439700 CGL28 RNA-binding protein
Table 2. Number of differentially expressed GreenCut2 genes and the % shared amongst treatments.
Numbers below the arrows indicate total up-(1) and down-(|)regulated GreenCut2 genes in response
to treatments listed above (p < 0.05 without FDR). Numbers in the table indicate % of the total
1 or | DEG listed on top that were also 1 or | regulated, respectively, by the treatments listed
vertical-left. HL: high light, 1O,: Rose Bengal, HNE: 4-hydoxynonenal, 3-CC: B-cyclocitral, H,O,:
hydrogen peroxide.
HL 10, Acrolein HNE B-CC H,0,
Total DEG
+108 |23 1140 180 1138 144 153 |114 12 l14 132 |31
HL - - 19 10 28 8 34 12 0 7 9 3
10, 24 78 - - 59 57 55 71 50 43 59 61
Acrolein 36 48 58 46 - - 72 59 50 50 56 52
HNE 16 61 21 45 28 47 - - 0 43 25 52
B-CC 0 1 3 1 5 0 5 - - 3 19
H,0; 3 4 14 11 13 11 15 14 50 43 - -

Four HL-up-regulated genes (Cre01.g016750, Cre01.g016600, Crel0.g440450 and
Cre05.g243800) encode four potential PSII subunits (PSBS, PSBS1, PSB28 and PSB27/CPLD45),
and many others have roles in PSII assembly (Table 1). Furthermore, six genes were also
upregulated towards chlorophyll synthesis (Cre12.g510050, Cre06.g294750, Cre05.g242000,
Cre12.g498550, Cre05.g246800 and Cre01.g042800, encoding CTH1, CHLG, CHLD, CHLM,
GUN4 and DVRI, respectively; Table S1), while Cre01.g043350 encoding for CAO1 for the
synthesis of chlorophyll b was down-regulated (Table 1). A further HL-up-regulated gene,
Cre03.g199535, encoding a low-molecular-mass early light-induced protein (Table 1), is
also likely involved in chlorophyll biosynthesis [25]. Indeed, ‘porphyrin and chlorophyll
metabolism” was the only KEGG pathway up-regulated by HL that contained more than
three genes (Table S2). No HL-down-regulated KEGG pathway contained more than one
gene (Table S3).

HL was the only treatment assessed that induced more up- than down-regulation of
GreenCut2 genes (Table 2). More total GreenCut2 genes were up-regulated by Rose Bengal
(n = 140) and acrolein (n = 138), but an even greater number were also down-regulated
(n =180 and n = 114, respectively, Table 2). 3-cyclocitral and H,O, (from [26]) led to an
up-regulation of 2 and 32 GreenCut2 genes, respectively, but <4% overlapped with the
response to HL (Table 2).
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2.2. Shared Genes

When considering significantly affected genes at p < 0.05 without FDR, the number of
up- and down-regulated genes in response to 2 h HL increased to 108 and 23, respectively
(Table 2). Many of these were also similarly regulated by exogenous treatment with Rose
Bengal, or the RES acrolein and HNE (Table 2 and Table S1).

A significant positive correlation (r* = 0.32) was found when correlating the log2FC
values of these treatments with HL for all 98 shared significantly affected genes (Figure 1),
whereas for H,O,, the overall relationship with HL was negative (Figure S1), although only
16 genes were shared. However, it was also obvious that a proportion of genes up-regulated
by HL was down-regulated by RES or Rose Bengal (Figure 1). We could not find a KEGG
pathway represented by more than two genes within these 29 genes (Table S4). A very
close relationship in the regulation of significantly affected GreenCut2 genes was found
when correlating log2FC values in response to Rose Bengal and either acrolein (2 = 0.67;
179 genes) or HNE (r* =0.78; 108 genes) or HyO, (r* = 0.60; 46 genes), and in response to
HNE and either acrolein (% = 0.71; 104 genes) or H,O, (r* = 0.62; 28 genes) (Figure S1).
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Figure 1. Correlation of the expression levels of GreenCut2 genes significantly affected by high light
(HL) and singlet oxygen (1O,)-related treatments under low light. Data are separated along the
x-axis by a log2-fold change (I0og2FC) in response to HL and along the y-axis by l0g2FC in response to
exogenous treatments (acrolein; black, HNE; dark blue, Rose Bengal (10y); turquoise). The line of
best fit is of all data.

Considering only the 15 most down-regulated genes under HL, 13, 11, 5, 1 and 0 were
also significantly down-regulated by Rose Bengal, 4-hydroxynonenal, acrolein, 3-cyclocitral
and HyO,, respectively (Figure 2). Focusing on the 15 most up-regulated genes by HL, 10,
4,3, 0 and 0 were significantly up-regulated by acrolein, Rose Bengal, 4-hydroxynonenal,
B-cyclocitral and HyO,, respectively (Figure 1).
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Figure 2. Fold-change (FC) of the 15 most up- and down-regulated GreenCut2 genes in response to
high light (HL) and exogenous treatments under low light. Red and blue indicate up- and down-
regulation, respectively on a [0g2FC scale shown on the right. When known, the gene names are
given, otherwise the gene ID is denoted. HL: high light, 10,: Rose Bengal, Acro: acrolein, HNE:
4-hydoxynonenal, 3-CC: 3-cyclocitral, HyO,: hydrogen peroxide. Significance: p < 0.05, p < 0.05 +
FDR and p < 0.01 + FDR are denoted by *, ** and ***, respectively. Dash (-): insignificant [26].

3. Discussion
3.1. A Role for 1O, but Not H,O, in Affecting the Gene Expression of GreenCut2 under HL

To investigate how ROS contribute to the signalling of photosynthesis-specific genes
during HL acclimation, we compared the differential expression of GreenCut2 genes in response
to 2 h HL with 2 h treatment in response to exogenous chemicals related to ROS under LL.
Previously, physiological as well as molecular responses showed that exogenous molecules (e.g.,
H,0,, RES and f3-cyclocitral) at the concentrations investigated here were able to penetrate cells
to induce a response, thus be available to act in signalling pathways [8,23,26]. For example,
using fluorescent H,O, sensors in C. reinhardtii, it was shown that 0.1-1.0 mM exogenous
Hy0O,, and chloroplast-derived H,O, under HL leaked into the cytosol [27]. Transcripts
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encoding the proteins involved in photosynthesis showed a general downward trend after
treatment with 1 mM H,O,, but mostly insignificantly [26]. By far, the most up-regulated
H,O,-responsive gene was a heat shock protein, HSP22A [26], which, although also highly
up-regulated by Rose Bengal, acrolein and HNE, was not up-regulated in response to HL
(Table S1). This is less surprising than could be expected considering that the concentrations
of H,O, in HL-treated C. reinhardtii were measured at low uM [8], similar to measurements
in leaves [28] and far from the 1 mM concentration used for the RNA seq. [26]. In contrast,
the 'O, gene marker, SOUL?2 [14], was significantly up-regulated by HL (Table 1) and
Rose Bengal (Table S1), supporting that O, was contributing to signalling under the HL
treatment. Moreover, of all GreenCut2 genes up- and down-regulated by HL, only 3% and
4%, respectively, were similarly regulated by H,O,, whereas 24% and 78%, respectively,
were similarly regulated by Rose Bengal (Table 2). Worth mentioning is that the differential
expression of GreenCut2 genes in response to 1 mM H,O, was ca. 60% shared with the
response to Rose Bengal (Table 1), with the [0g2FC gene expression of these treatments
significantly correlating (Figure S1). Therefore, it seems that a high proportion of H,O,
signalling under such high H,O, concentrations may pass through the same pathwayf(s) as
10,. Since each ROS has distinct chemical properties, this may indicate an involvement of a
common oxidative modification in response to both treatments, such as lipid oxidation and
derived RES. Of all measured RES, only HNE significantly accumulated in response to 1 mM
H,O; (personal observation). However, we concluded that 10, has much more influence
on the expression of photosynthesis-specific genes during HL acclimation than HyO,.

3.2. Intermediates of 1O, Signalling Likely Include RES

The known targets of 10, in C. reinhardtii include B-carotene and PUFA, from which
oxidation products could be secondary messengers in 'O, signalling. It was shown by
Roach et al. [23] that 3-cyclocitral at concentrations used for the treatment (600 ppm same
as used for acrolein) were also affecting the bioenergetics of the chloroplast and were thus
entering the cells and available to act in chloroplast-to-nucleus signalling. However, like
Hy0O;, the shared DEG in response to 3-cyclocitral and HL was very limited (Figure 2;
Table 2), thus unlikely to play a major role in HL signalling in C. reinhardtii. Furthermore,
while p-cyclocitral down-regulated porphyrin and chlorophyll synthesis [23], HL up-
regulated this pathway (Table 1). As for H,O,, the concentrations of potential 'O,-derived
molecules formed under HL are also relevant for signalling. In HL-treated photoautotrophic
C. reinhardtii, the concentration of HNE was about half that of 3-cyclocitral, whereas acrolein
concentrations were >5 times higher than 3-cyclocitral [29]. In our study, we showed that
HNE or acrolein can be mediators in 'O, signalling of GreenCut2 genes, as revealed by the
strong correlation of the log2FC of gene expression in response to these RES and Rose Bengal
(Figure S1), but due to the higher concentration of acrolein in HL-treated C. reinhardtii, we
expect this RES to be more involved.

There are multiple ways 'O, signal transduction can occur. The cytosolic phospho-
protein Sak1 [14], the zinc finger protein MBS [22], the PSII subunit P-2 (PsbP2) [30] and
the ERE-containing bZIP transcription factor Sor1 [31] have all previously been shown to
contribute in C. reinhardtii. Therefore, 1O, signalling may pass through several of these
pathways. RES-mediated 'O, signalling was first reported in the biotic stress response of
plants to pathogens [32,33]. The 10,-induced oxidation of thylakoid membranes [11] and
derived RES was shown in C. reinhardtii to pass through the Sor1 transcription factor [24,31].
Due to the strong positive correlation of GreenCut2 genes in response to Rose Bengal and
HNE or acrolein (Figure S1), and all three treatments with HL (Figure 1), RES likely transmit
the 1O, signal from the chloroplast to the nucleus, triggering changes in gene expression
under HL.

3.3. Up-Regulation via 1O, of RuBisCO Activity and Down-Regulation of Glycolysis under HL

Light intensity directly impacts photosynthetic activity and, as can be expected, up-
regulated many GreenCut2 genes. Those also up-regulated by HNE, acrolein and Rose
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Bengal include Cre(2.g120100, encoding RBCS1 (ribulose-1,5-bisphosphate carboxylase
[RuBisC] small subunit 1). Although this small subunit is not catalytic, it is essential for max-
imal RuBisCO activity [34]. Also upregulated by HL and Rose Bengal was Crel7.g718950,
encoding RCA2 a RuBisCO activase-like protein. Increasing CO, assimilation would en-
hance use of HL for photosynthesis, as well as preventing ROS formation from decreasing
excess light absorption. Lowered RuBisCO activity in C. reinhardtii mutants led to increased
ROS production under HL [35], and our results support a role for 'O,-derived RES in the
signalling of increasing RuBisCO activity under HL.

Of all GreenCut2 genes down-regulated by HL, 78% were also down-regulated by RB,
indicating a high level of the involvement of 'O, signalling in lowering the transcription
of unbeneficial photosynthetic processes under HL. This group includes Cre05.g232550
and Cre06.g2723, encoding PGM4 (phosphoglycerate mutase 4) and another putative
phosphoglycerate mutase, respectively, which can be involved in glycolysis by catabolising
3-phosphoglycerate (PGA), also an intermediate in the Calvin—-Benson cycle. Thus, lowered
PGM4 activity would increase PGA availability for inorganic carbon assimilation via
RuBisCO. The involvement of 1O, signalling in this pathway seems independent of RES
(Table S1). However, Crel0.g466500 encoding for glyoxylase I family protein was highly
down-regulated by HL, as well as by HNE, acrolein and Rose Bengal. The glyoxylase
pathway breaks down the products of glycolysis. Also highly down-regulated by HL, Rose
Bengal and HNE was Cre(09.g410700 encoding MDHS5 (chloroplastic NADP-dependent
malate dehydrogenase) that converts malate to oxaloacetate. MDHS is an oxidoreductase
with NADP as a ligand and is exclusively located in chloroplasts [36]. Since MDH activity
consumes NADPH [36], more NADPH would potentially be available for RuBisCO activity.
Overall, the data indicate that 'O, signalling is involved in enhancing inorganic carbon
assimilation under HL.

A typical response to HL is an increase in chlorophyll a:b ratio due to less need for
chlorophyll b-rich light-harvesting complexes (LHC). The gene Cre01.g043350 encoding
CAO1 (chlorophyllide a oxygenase), which plays a role in chlorophyll b synthesis, was
down-regulated by HL, RB, HNE and acrolein, supporting a role for !O,-derived RES in
this response.

3.4. Photoprotection Was Up-Regulated by Acrolein Without HL

The dissipation of excess light energy to heat via NPQ is a universal strategy of
photosynthetic organisms activated by HL [9]. In C. reinahardtii, NPQ via LHC-stress-
related (LHCSR) proteins protects from 'O, formation and photoinhibition [23,29]. Of the
15 GreenCut2 genes most up-regulated by HL, 10 were also significantly up-regulated
by acrolein, despite acrolein treatments being made under LL (Table 2). Included in
this group are Cre01.g016750 encoding a PSBS protein, Cre01.g016600 encoding PSBS1
(the two most up-regulated GreenCut2 genes), Cre09.g394325 encoding ELI3 (Early light-
inducible protein) and Cre(02.g109950 encoding HLIP (single-helix LHC light protein).
In A. thaliana, ELIP2 (ELI3 homologue in C. reinhardtii) was shown to be involved in
various stress responses, such as cold and UV-B [37], while PSBS1 is required for the
activation of NPQ, possibly by promoting the conformational changes needed for the
activation of LHCSR-dependent quenching in the antenna of PSII [38,39]. Although not a
GreenCut2 gene, LHCSR1 is also strongly up-regulated by HL and acrolein [24]. Overall,
acrolein seems to have an important function in the acclimation process against HL by
up-regulating photoprotection.

4. Materials and Methods
Material Source and Origin of Data

Chlamydomonas reinhardtii wild-type (WT) strain 4A mt* (CC-4051) was used for all
analyses. For treatments, axenic cultures were established in TAP (TRIS-acetate-phosphate)
media under LL at 50 pmol quanta m 25! (sub-saturating), and once in exponential
phase, were transferred to photoautotrophic THP media or placed on solid agar TAP media,
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depending on the treatment. For volatile treatments (acrolein, 3-cyclocitral), homogenous
algal 'lawns’ were initiated on agar by distributing 0.75 mL of liquid TAP culture evenly
across 11 cm Petri dishes half-filled with TAP +1.5% agar and left for 0.5 h in a laminar
flow bench to evaporate the liquid media in sterile air. The lid was then closed but not
sealed, and the cells were cultivated for 4 days at 20 °C under LL before treatment with
volatile acrolein or 3-cyclocitral (both Sigma-Aldrich, St. Louis, MI, USA). For more details,
see [23,24]. For treatments of liquid cultures (HL, Rose Bengal, HNE), TAP cultures were
transferred to a photoautotrophic THP medium, whereby the media was pH-adjusted to
7.0 with HCl rather than with acetic acid. The cells were pelleted at 1000x g for 1 min
and TAP media was replaced with THP. Liquid THP cultures were bubbled with sterile
air, achieved with a 0.2 uM air-filter (Minisart NML Plus cellulose acetate filters; Sartorius,
Gottingen, Germany) and cultivated for at least 24 h under LL with a culture rotation at
75 rpm before treatment. The concentration of HNE (>98% pure, Cayman Chemical Co.
Ann Arbor, M1, USA) in the culture was 37.5 uM with 14.6 pL of 10 mg/mL ethanol stock
solution added to 25 mL culture under LL, which was calculated to be the same concentration
as for the volatile acrolein treatment [24]. Cells were treated with 1 uM Rose Bengal dissolved
in HyO (95% pure disodium salt, Sigma-Aldrich) under LL, which provides a tolerable dose
of 10, [23]. For HL treatment, the light intensity was increased to 750 pmol quanta m 25!
(ca. double the saturating light intensity for C. reinhardtii [7]). Liquid cultures were at a
density of 15 pg chlorophyll ml~! for all samples, and during all treatments, they were
rotated, but no longer bubbled with air. For the analysis of differential gene expression,
comparisons were either made to the respective non-treated liquid or agar-grown cultures
from LL. Three separate cultures were used as replicates for controls and treatments.

Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
and additional on-column DNAse treatment (RNAse-free DNAse set, Qiagen) according to
the manufacturer’s instructions. Briefly, 15 mg of agar culture carefully scraped from the
surface or 25 mg of pelleted liquid culture (after centrifugation for 1 min at 1000 x g) were
frozen with three 3 mm RNAse free glass beads in a 2 mL Eppendorf tube and stored at
-80 °C. They were then shaken in pre-ice-cooled adaptors for 2 min at 30 Hz (TissueLyzer
II, Qiagen) and 450 pL of an RLC buffer with 3-mercaptoethanol was added immediately.
After extraction, the samples were stored at -80 °C before the poly A enrichment of mRNA.
The RNA seq. was performed by the NGS Core Facility of the Vienna Biocenter, Vienna,
Austria, with [llumina’s HiSeq2500 instrument using single-end sequencing with 50 bp read
length. Raw reads were aligned against the C. reinhardtii reference genome (JGI v5.5 release)
with STAR version 2.5.1b using a 2-pass alignment mode. Three biological replicates were
analysed for each treatment and a significant FC was considered at p < 0.05 with or without
FDR, as calculated with the Limma package [40].

The Algal Functional Annotation Tool was used (http:/ /pathways.mcdb.ucla.edu/
algal/index.html, accessed on 4 June 2024) for exploring the KEGG pathways of shared DEGs.

5. Conclusions

Previously, we have shown that 'O, formation during HL peroxidises PUFA in thy-
lakoid membranes, leading to the release of RES. Here, evidence is provided that RES, such
as acrolein and HNE, can be the secondary messengers of !0, signalling, up-regulating
photo-protection and possibly carbon assimilation, while down-regulating specific pri-
mary metabolic pathways towards HL acclimation. In contrast, we found that H,O, and
(3-cyclocitral most likely do not contribute.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25158458 /s1.
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Abstract: Higher plants have developed complex mechanisms to adapt to fluctuating environmental
conditions with light playing a vital role in photosynthesis and influencing various developmental
processes, including photomorphogenesis. Exposure to ultraviolet (UV) radiation can cause cellular
damage, necessitating effective DNA repair mechanisms. Histone acetyltransferases (HATs) play a
crucial role in regulating chromatin structure and gene expression, thereby contributing to the repair
mechanisms. HATSs facilitate chromatin relaxation, enabling transcriptional activation necessary for
plant development and stress responses. The intricate relationship between HATSs, light signaling
pathways and chromatin dynamics has been increasingly understood, providing valuable insights
into plant adaptability. This review explores the role of HATs in plant photomorphogenesis, chro-
matin remodeling and gene regulation, highlighting the importance of chromatin modifications in
plant responses to light and various stressors. It emphasizes the need for further research on individ-
ual HAT family members and their interactions with other epigenetic factors. Advanced genomic
approaches and genome-editing technologies offer promising avenues for enhancing crop resilience
and productivity through targeted manipulation of HAT activities. Understanding these mechanisms
is essential for developing strategies to improve plant growth and stress tolerance, contributing to
sustainable agriculture in the face of a changing climate.

Keywords: chromatin remodeling; histone acetyltransferases; plant photomorphogenesis; light
signaling pathways; UV-B radiation; DNA repair mechanisms

1. Introduction

Higher plants, being immobile, have developed intricate mechanisms to acclimate to
changing environmental conditions, optimizing their morphology in response to specific
variables. One of the most important adaptations for green plants is to the surrounding
light, as it is the primary energy source for photosynthesis [1-4]. Light signals act as infor-
mational cues that modulate various development processes, with different wavelengths
exerting diverse effects on plant photosynthesis and photomorphogenesis. Green plants are
exposed to fluctuating levels of solar ultraviolet B (UV-B) radiation, a potentially harmful
factor that can damage cellular components like DNA, proteins, lipids and RNA [5-9]. To
counteract these effects, plants have developed specific DNA repair mechanisms that pro-
tect them from this damage and ensure normal growth and development [10-13]. The
repair mechanisms are closely related to chromatin remodeling events, DNA methylation
and histone acetylation, which contribute to the regulation of gene expression and plant
stress adaptability. It is important to acknowledge the role of histones, particularly the
H2A class, not only in DNA repair processes [14] but also in degradosome formation and
subsequent chromatinolysis [15]. The degradosome is essential for chromatin degrada-
tion during programmed cell death. In this context, the Apoptosis-Inducing Factor (AIF)
collaborates with histone H2AX and cyclophilin A (CypA) to form a DNA-degradosome
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complex, which is vital for large-scale DNA fragmentation. This complex enhances the
affinity of degradosome for DNA, systematically degrading damaged DNA and associated
histones, thus preventing the accumulation of compromised chromatin, and promoting
cellular recovery and survival [15].

Chromatin-level regulation is closely linked to light signaling and transcriptional
control. The relationship between chromatin-based mechanisms and light responses has
been recognized for several decades. For instance, elevated transcription resulting from
increased histone acetylation and reduced nucleosomal density in the promoter region of
the photosynthetic PetE gene illustrates this relationship [16]. Another example is the main
repressor of photomorphogenesis, DET1 (DE-ETIOLATED 1) [17,18], which binds histone
H2B proteins with different affinity depending on their acetylation state [19].

Regulation of chromatin structure and function through histone modifications greatly
contributes to plant development and stress responses [20]. These epigenetic modulations
are responsible for the precise control of gene expression in response to environmental cues,
including light signals [21]. Histone acetyltransferases (HATs) modulate the acetylation of
histone proteins, resulting in a more relaxed chromatin state conducive to transcriptional
activation. Advances over the past decade in understanding the relationship between HATs
and light signaling pathways have revealed the complex regulatory networks that govern
plant photomorphogenesis [22]. Investigating the roles of specific HATs in these processes
offers a valuable understanding of the mechanisms of plant development and adaptation.
Furthermore, elucidating how HATSs interact with other epigenetic factors and signaling
molecules will provide deeper insights into plant resilience to environmental stressors.

In this review, we explore the current knowledge on HATs as main regulators of plant
photomorphogenesis and discuss their roles in chromatin remodeling, regulation of gene
expression and interaction with light signaling pathways. By examining the molecular
mechanisms underlying HAT-mediated responses, we aim to elucidate the specific roles
of HATs in modulating chromatin dynamics and gene expression, focusing on their in-
volvement in light signaling pathways, photomorphogenesis and UV-induced DNA repair
mechanisms in higher plants.

2. Chromatin Dynamics and Gene Regulation
2.1. Chromatin Structure as a Natural Barrier to Transcription Factor Access

Chromatin organization is fundamental to all nuclear-based processes, such as DNA
replication, transcription, recombination and repair. The proper functioning and efficiency
of these mechanisms depend on the correct relaxation and remodeling of chromatin struc-
ture [23]. Figure 1A illustrates loosely packed nucleosomes (LPN), where DNA is more
accessible to transcription factors (TFs) and other regulatory proteins, and tightly packed
nucleosome (TPN) regions, which form a more compact chromatin structure that acts as a
barrier to protein access. Close-up views of individual nucleosomes show DNA wrapped
around a histone octamer composed of histones H2A, H2B, H3 and H4 (Figure 1B). Loosely
packed nucleosomes facilitate the binding of TFs (Figure 1C) supporting critical cellular
activities and the expression of DNA repair genes that fix DNA damage (Figure 2). In con-
trast, the compacted chromatin structure restricts access to regulatory proteins. Chromatin
dynamics, therefore, is the major factor regulating chromatin accessibility. This regulation
is achieved through three main mechanisms: covalent modification of histones, chromatin
remodeling and methylation of DNA cytosines [24-27].

Additionally, the activation of DNA damage response (DDR) pathways plays a crucial
role in maintaining genome integrity [28]. When DNA damage occurs, DDR pathways
are activated to recognize and repair the damage. This process often involves chromatin
remodeling to provide repair machinery access to the damaged sites (Figure 2). The proper
functioning of DDR pathways is essential for the efficient repair of DNA and the prevention
of mutations.
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Figure 1. Schematic representation of the dynamics of DNA packaging in nucleosomes. (A): Chro-
matin organization illustrating loosely packed nucleosomes (LPN) and tightly packed nucleosomes
(TPN); (B): Detailed structure of an individual nucleosome, showing DNA wrapped around a histone
octamer composed of histones H2A, H2B, H3 and H4; (C): Interaction of transcription factors (TF)
with chromatin, demonstrating the accessibility of LPN regions to TF binding, in contrast to the TPN
regions. Some elements in this figure have been adapted from BioRender templates (biorender.com).
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Figure 2. Diagram illustrating the impact of UV radiation on chromatin structure, gene expression
and genome integrity, including the specific role of photomorphogenesis signals. UV radiation in-
duces DNA damage, forming 6-4 PPs and CPDs, which block cellular processes and threaten genome
integrity. Chromatin, structured into nucleosomes, acts as a barrier to the access of transcription fac-
tors and other regulatory proteins, which can be modified by histone modifications. Hyperacetylation
allows gene expression necessary for DNA repair, whereas hypoacetylation condenses chromatin,
restricting gene expression. UV radiation also signals photomorphogenesis, affecting gene expression
related to developmental processes and enhancing repair mechanisms under light conditions. The
DDR pathways are activated to recognize and initiate the repair of DNA damage and maintain
genome integrity. The interplay between chromatin modifications, UV-induced DNA damage and
cellular responses maintains genome integrity and regulates plant development. Red arrows indicate
negative effects—blocking cellular processes and compromising genome integrity. Blue and green
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arrows indicate positive effects—the activation of DDR pathways and chromatin remodeling pro-
cesses, enhanced gene expression and DNA repair. Abbreviations: UV, Ultraviolet radiation; CPDs,
cyclobutane pyrimidine dimers; 6-4 PPs, pyrimidine-pyrimidone (6-4) photoproducts; DDR, DNA
damage response; HATSs, histone acetyltransferases; HDACs, histone deacetylases. Some elements in
this figure have been adapted from BioRender templates (biorender.com).

In the first mechanism, histone-modifying enzymes alter protein-binding affinities
through covalent modifications. The second mechanism is coordinated by chromatin remod-
eling complexes that facilitate nucleosomes sliding to new positions. The third mechanism,
methylation of DNA cytosine residues, interferes with some regulatory TFs affecting their
binding to DNA [24,29]. Among these processes, covalent histone modifications are mecha-
nisms that drive multistep cellular activities.

Additionally, recent studies have highlighted the importance of non-coding RNAs
(ncRNAs) in chromatin dynamics. ncRNAs can guide chromatin-modifying complexes
to specific genomic loci, influencing chromatin structure and gene expression [30], which
adds another layer of regulation in chromatin accessibility and TF binding.

The role of environmental signals in modulating chromatin structure cannot be under-
stated. Light, for example, not only triggers photomorphogenesis but also induces specific
chromatin modifications that facilitate the binding of TFs involved in light-responsive gene
expression (Figure 2) [22]. This interaction between environmental signals and chromatin
dynamics underscores the complexity of gene regulation in plants.

2.2. Mechanisms of Chromatin Remodeling—"Open” vs. “Closed” States

The posttranslational modifications, such as acetylation, methylation, phosphory-
lation, ubiquitination, sumoylation and poly(ADP) ribosylation, play a key role in the
regulation of gene expression [31,32]. Histone acetylation, a fundamental regulatory mech-
anism affecting chromatin organization, is controlled by the reversible actions of HATS,
which add acetyl groups, and histone deacetylases (HDACs), which remove them. HATs
transfer negatively charged acetyl (CH3COO™~) groups to positively charged amino (NH>*)
groups of lysine residues, reducing the overall positive charge of histone tails. This mod-
ification loosens the bonds between positively charged histones and negatively charged
DNA, facilitating the binding of various TFs, including those involved in DNA repair.
Consequently, these processes impact chromatin organization and various aspects of plant
growth and development [31,33]. Hyperacetylation of histones is generally associated with
transcriptional activation, whereas hypoacetylation is linked to a condensed chromatin
structure and the repression of gene transcription [34].

Other posttranslational modifications, like methylation and phosphorylation, can
further modulate the chromatin state. For instance, histone methylation can either activate
or repress transcription depending on the specific residues modified and the extent of
methylation (mono-, di- or trimethylation) [35]. Phosphorylation events are often asso-
ciated with chromatin condensation during mitosis but can also signal the initiation of
transcription in interphase cells [36]. The interplay between these modifications consti-
tutes the “histone code”, a complex regulatory network that determines the chromatin
state and, consequently, gene expression patterns [37]. This code is interpreted by various
“reader” proteins that recognize specific histone modifications and recruit additional factors
necessary for chromatin remodeling and transcriptional regulation.

Moreover, environmental factors such as light and stress conditions can influence the
activity of HATs and HDAC s, thereby modulating chromatin structure and gene expression.
For example, light-induced activation of specific HATs can lead to the hyperacetylation
of histones at promoters of light-responsive genes, facilitating their transcription and
contributing to plant photomorphogenesis [21,38]. Similarly, stress conditions can alter
HAT and HDAC activity, affecting the expression of stress-responsive genes and enabling
plants to adapt to changing environments.
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Understanding the mechanisms governing the “open” and “closed” states of chromatin
is crucial for elucidating how plants integrate external and internal signals to fine-tune
gene expression for optimal growth and survival. This knowledge can inform strategies
to enhance plant resilience and productivity through targeted manipulation of chromatin-
modifying enzymes.

3. HAT Families in Plants

In Arabidopsis, the four major HAT families have been classified based on sequence ho-
mology and their mode of action: the GNAT family (from GCN5-related N-acetyltransferase
or HAG family, represented by HAG1, HAG2 and HAGS3), the MYST family (from MOZ,
Ybt2, Sas2 and Tip60-like or HAM family, represented by HAM1 and HAM?2), the p300/CBP
family (from the p300/CREB binding protein or HAC family, represented by HAC1, HAC2,
HAC4, HAC5 and HAC12) and the TAFII250 family (from the TATA-binding protein
(TBP)-associated factor or HAF family, represented by HAF1 and HAF2) (Figure 3).
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Figure 3. Domain architecture of various histone acetyltransferases (HATs) highlighting conserved
motifs and domains. The diagram depicts the domain organization of GCN5, HAC, ELP3, HAT1,
MYST and HAF, illustrating the presence of the HAT domain responsible for acetyltransferase
activity across different enzymes. Additional domains such as the bromodomain (BRD), SAM-binding
domain, C,H; zinc finger (ZF) domain, chromodomain and kinase domain are shown, emphasizing
the multifunctionality and regulatory mechanisms of these HATs in chromatin modification and gene
expression. Conserved motifs (A, B, C, D) in the HAT domain are indicated. The size of different
enzymes and domains is schematically presented and does not reflect the actual size of the structural
elements of the proteins. Abbreviations: HAT, histone acetyltransferase; BRD, bromodomain; SAM,
S-adenosylmethionine; ZF, zinc finger.

The GNAT family is subdivided into three subfamilies: the GCN5 subfamily (from
General Control Non-derepressible protein 5 or HAG1), the ELP3 subfamily (from Elongator
complex Protein 3 or HAG3) and the HAT1 subfamily (or HAG2) [39]. The structure of all
three Arabidopsis GNAT subfamilies includes a HAT domain, containing four motifs—A,
B, C and D [34]. These motifs are highly conserved across plant species, highlighting
their essential roles in histone acetylation functions. For instance, motif A, which includes
a critical aspartate residue for acetyl-CoA binding, shows over 90% conservation in a
comparative study of monocots and dicots. Additionally, motifs B, C and D, involved in
substrate recognition and catalytic activity, display more than 85% conservation across
various plant species [40]. Additionally, GCN5 (HAG1) and ELP3 (HAG3) possess extra
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domains: a bromodomain (BRD) and a radical S-adenosylmethionine (SAM)-binding
domain, respectively [41] (Figure 3). These structural differences underlie their diversified
functions. The enzymes GCN5 (HAG1), HAT1 (HAG2) and ELP3 (HAG3) acetylate histones
at different lysine residues: GCND5 acetylates H3K14 and HAT1 acetylates H4K12 [42].
Arabidopsis GCNS5 is involved in plant development and the regulation of gene expression
in response to light and cold [43]. HAT1 is associated with cell cycle progression and DNA
replication [44], whereas ELP3 is linked to ABA sensitivity, resistance to oxidative stress,
disease susceptibility and cell cycle progression [45,46].

Further exploration of the p300/CBP and TAFII250 families reveals their important
roles in chromatin remodeling and gene regulation. Members of the p300/CBP family,
such as HAC1, HAC2, HAC4, HAC5 and HAC12, integrate various signaling pathways
and act as transcriptional co-activators, mediating histone acetylation to facilitate tran-
scriptional activation of target genes involved in developmental processes and stress
responses [47,48]. The TAFII250 family members, HAF1 and HAF2, are integral compo-
nents of the transcription factor IID (TFIID) complex, which initiates transcription by RNA
polymerase II, regulating genes involved in plant growth, development and environmental
adjustment [49,50]. The TAFII250 homologs share conserved TBP-binding motifs, with a
preservation degree of approximately 85% across analyzed plant species, which is essential
for their function in the transcription initiation complex [39].

Investigating the diverse roles and mechanisms of HAT family members in plants
reveals the complex regulation of chromatin dynamics and gene expression, essential for
understanding photomorphogenesis and developing strategies to enhance growth and
stress tolerance.

4. Light as a Dual Agent: Developmental Stimulus and Source of DNA Damage

Light is the most important environmental factor that regulates plant growth and
development, serving as an energy source required for photosynthesis. Light signals also
stimulate photomorphogenesis, the transition from scotomorphogenic (dark) to photomor-
phogenic (light) development [51].

Ultraviolet (UV) radiation, a natural component of sunlight with shorter wave-
lengths than the visible spectrum, is divided into three groups: UV-A (315-400 nm),
UV-B (280-315 nm) and UV-C (<280 nm). UV light serves as a key growth modulator,
which induces a wide range of physiological responses in plants [52]. UV-A radiation
influences photomorphogenesis, promoting processes such as stem elongation and leaf
expansion. UV-B radiation regulates the synthesis of secondary metabolites, which are
important for plant defense mechanisms. Low doses of UV-B can enhance photosynthetic
efficiency and stimulate the production of protective compounds like flavonoids and phe-
nolics, which absorb UV light and mitigate its harmful effects. UV-C is mostly filtered
out by the Earth’s atmosphere, but it can still induce stress responses that activate repair
mechanisms, thereby enhancing plant resilience to environmental stresses. On the other
hand, UV-B light is the main genotoxic agent to which plants are continuously exposed.
UV rays are generally categorized as non-ionizing radiation; however, UV photons possess
sufficient energy to disrupt chemical bonds and induce cellular damage [6,53]. High doses
of UV-B can damage DNA, RNA, lipids and proteins [5,54]. UV-B radiation primarily
induces the formation of dimers between adjacent pyrimidines in the DNA strand, such as
cyclobutane pyrimidine dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts
(6-4 PPs) (Figure 2), but can also generate oxidative DNA damage [55-58]. These lesions
block DNA metabolism and disrupt genomic integrity, triggering DNA repair mechanisms
to either remove or tolerate the damage [59,60].

UV-B induces numerous changes in the expression of genes involved in histone acety-
lation and DNA repair. Exposure of Arabidopsis and maize plants to UV-B increases CPD
formation, leading to accumulation of DNA lesions. Campi et al. [61] have demonstrated
that chromatin remodeling and histone acetylation significantly enhance DNA repair ca-
pacity. Arabidopsis MYST proteins HAM1 and HAM?2, and the GNAT protein HAG3, are
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involved in the UV-B-induced DNA damage repair and signaling [41]. However, members
of the p300/CBP family (HAC) and the TAFII250 family (HAF) do not contribute to DNA
repair following UV-B exposure, although HAM1, HAM2 and HAGS3 play a role in UV-B
signaling [62]. Furthermore, modifications of histone-DNA interactions affect UV-B re-
sponses and DNA repair [6,61]. Treatment of Arabidopsis and maize plants with curcumin,
an inhibitor of histone acetyltransferases, prior to UV-B exposure results in reduced DNA
repair and increased DNA damage [61]. This demonstrates a clear link between UV-B
response, chromatin state and DNA repair mechanisms.

Unlike UV-C and X-ray radiation, UV-B does not produce double-strand DNA breaks
but causes oxidative DNA damage [54]. Consequently, UV-B exposure also triggers the
expression of antioxidant defense genes, which mitigate the oxidative stress caused by
UV-B radiation [13].

Thus, numerous lines of evidence indicate a broader role of acetyltransferases in plant
UV response and the dual function of light as a developmental stimulus and a damaging
factor, which is crucial for maintaining genome stability and overall plant health.

5. Key Transcription Factors in Photomorphogenesis and Their Interaction with HATs

As mentioned above, photomorphogenesis is the transition process from scotomor-
phogenic (dark) to photomorphogenic (light) development. During scotomorphogenesis,
typical phenotypic features such as long hypocotyls, curved apical hooks and closed cotyle-
dons ensure proper seedling development in dark conditions, providing protection against
mechanical damage while emerging from the soil. Upon seedling emergence and exposure
to light, numerous cellular changes occur, including inhibition of hypocotyl elongation,
unfolding of the apical hook and cotyledon opening. These changes are triggered by a
group of TFs that regulate gene expression [63]. The modulation of over 2000 nuclear genes
and observed changes in chromatin structure contribute to the successful implementation
of this transition [64-66].

Light signals of different wavelengths activate various families of photoreceptors
like cryptochromes (CRY) and phytochromes (PHY), which mediate plant perception and
response to light. Cryptochromes primarily perceive blue light, while phytochromes re-
spond to the red/far-red light spectrum [67,68]. In the nucleus, phytochromes interact with
multiple partners to modulate the transcription of downstream target genes linked to light
responses [69,70], including the bZIP protein HY5 (ELONGATED HYPOCOTYLS5) [71,72].
PHYTOCHROME-INTERACTING FACTORs (PIFs) are major partners of phytochromes
and serve as key regulators of the transition from scotomorphogenesis to photomor-
phogenesis [73-75]. Light triggers the degradation of PIF proteins, thereby inhibiting
COP1/SPA activity [76]. PIF1 protein is a substrate of the COP1/SPA E3 ligase in light-
grown seedlings [77]. Both classes of photomorphogenic repressors (the COP1/SPA com-
plex and the PIF family) synergistically suppress plant photomorphogenesis in the dark.
PIF proteins regulate HY5 function via the COP1/SPA complex. COP1 activity is further
regulated by two COP1-interacting proteins, CSU1 (COP1 Suppressorl) and CSU2 (COP1
Suppressor2). CSU1, a RING-finger E3 ligase, targets COP1 for degradation, whereas CSU2,
a coiled-coil protein, interacts with the same domain of COP1. Inhibition of COP1/SPA
activity is achieved through CSU2 blocking COP1 homodimerization or CSU1 blocking
COP1/SPA heterodimerization [78]. Extensive studies have demonstrated that COP1 is
a well-known regulator of light-mediated plant development [79-81]. This photomor-
phogenic repressor interacts directly and specifically with the photomorphogenic activator
HYS5, negatively modulating its activity through direct protein—protein interactions [82].
These antagonistic interactions likely function as a molecular switch, allowing plants to
adapt to changing light conditions and implement the most appropriate and optimal
developmental program. Additionally, a recent report indicates that light-regulated ubig-
uitination and degradation of PIFs and HY5 by COP1 are crucial for fine-tuning plant
responses to fluctuating light environments [81].
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Thus, histone acetylation, mediated by HATs, regulates these TFs by facilitating a
more open chromatin structure, promoting the binding of TFs such as HY5 to their target
genes and ensuring that light-responsive genes are properly expressed during photomor-
phogenesis [83].

5.1. COP1 as a Negative Regulator of Photomorphogenesis

The E3 ubiquitin ligase Constitutive Photomorphogenic 1 (COP1) is a negative regula-
tor of photomorphogenesis in plant and animal cells. Initially identified as a single-copy
gene in Arabidopsis thaliana, COP1 is regulated by various light conditions including far-
red, red, blue and UV-B light [79]. COP1 plays an important role in many developmental
processes [84,85], environmental stress responses [86] and dynamic interactions between
signaling pathways [87,88]. Its function is intricately linked to light signaling pathways,
affecting processes such as flowering [89,90], circadian rhythms [91], UV-B signaling [92],
stomatal opening and development [93], plant defense [94], cold acclimation [86], light-
induced root elongation [84] and the juvenile-adult phase change in rice [95], which
underscores the central role of COP1 in photomorphogenic development [96]. Homologs
of Arabidopsis COP1 have been identified in the genomes of pea [97], tomato [98], rice [99]
and mammals [100]. The COP1 proteins from rice and Arabidopsis share a high level of
amino acid sequence identity (73%) and similarity (83%) [99].

To understand how light affects COP1 expression in different plant species, researchers
have examined tissue-specific expression patterns of COP1 in Arabidopsis and pea. In
Arabidopsis, COP1 transcript levels remain constant under light and dark conditions [101],
indicating no light-dependent regulation of COP1 expression. Similarly, pea COP1 protein
levels are unaffected by light [97].

COP1 is a multifunctional 76 kDa enzyme consisting of three protein domains: an
N-terminal RING-finger domain, a coiled-coil domain and seven C-terminal WD40 re-
peats [80,102]. Each domain is essential for COP1 functions, and the loss of any domain
results in a non-functional protein [103]. The C-terminal WDA40 repeat domain is responsible
for substrate recognition and binding to DDB1 (DNA Damage-Binding Protein 1). In vitro
studies have shown interaction between the human TRIB1 peptide and Arabidopsis COP1.
The WD40 repeat domain forms a seven-bladed (3-propeller structure with an inserted loop
on the bottom face of the first blade, and connects to the conserved Val-Pro motif of the
TRIB1 peptide, identified as a COP1-interacting site. This domain mediates the interaction
of COP1 with substrates and regulatory proteins [104]. The N-terminal RING-finger do-
main of COP1 binds to ubiquitin-conjugating enzymes (E2s) that “attach” ubiquitin units
to substrates targeted for degradation. The coiled-coil domain interacts with the coiled-coil
domain of the transcription factor SPA1 (Suppressor of PhyA-105 1) [105]. SPA proteins,
a small family of four members (SPA1, SPA2, SPA3 and SPA4), repress photomorphogen-
esis and elongation in dark-grown Arabidopsis. These proteins contain an N-terminal
kinase-like domain, a central coiled-coil domain and a C-terminal WD repeats domain.
Unlike COP1, which is conserved across higher plants and mammals, SPA proteins are
plant-specific [106].

The COP1-SPA complex is a tetrameric assembly (440 kDa) comprising two COP1 and
two SPA proteins with all possible combinations of the four SPA proteins [107]. Genetic
and biochemical evidence indicates that SPA1 modulates E3 ubiquitin ligase activity on
HYS5 in vitro [108]. Several TFs serve as substrates for the COP1-SPA complex: HY5 induces
seedling de-etiolation [109]; HFR1 (Long Hypocotyl in Far Red) contributes to shade avoid-
ance [110,111]; PAP1 and PAP2 activate anthocyanin biosynthesis [112]; and CONSTANS is
a key activator in photoperiodic flowering [89].

In the dark, COP1 forms a tetrameric complex with SPA proteins, associated with the
CUL4 (Cullin4)-DDB1-RBX1 (Ring-Box Protein 1) core in the multimeric CUL4-DDB1-RBX1
COP1/SPA1 E3 ligase [113]. CUL4 acts as a scaffold for DDB1 and RBX1; DDB1 links the
COP1-SPA complex, while RBX1 recruits E2s. The activated E2 enzyme attaches individual
ubiquitin units in a poly-ubiquitin chain to the substrate, signaling for 26S proteasome
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activation and subsequent degradation. COP1 mediates the 26S proteasome-dependent
degradation of TFs promoting photomorphogenesis, such as HY5, HYH (HY5 Homolog),
LAF1 (Long After Far-Red Light1), HFR1 and UVRS (UV RESISTANCE LOCUS 8), which
repress photomorphogenesis [80] (Figure 4A).

A. DARK

-~
@ Dmsmymon

B. LIGHT NucLeus

uv

* /®\—~
En

L\
@S -
ctivation
€Y, -
CRY1
%
CYTOPLASM

™ (o)

Figure 4. Mechanism of action of the multimeric CUL4-DDB1-RBX1-COP1-SPA1 E3 ligase under
dark and light conditions. In the dark (Panel A), COP1 forms a complex with SPA proteins and
the CUL4-DDB1-RBX1 core, targeting the transcription factors HY5, HYH, LAF1 and HFR1 for
ubiquitin-mediated degradation, inhibiting photomorphogenesis. In light (Panel B), photoreceptors
inhibit COP1, disassembling the COP1-SPA complex and promoting the nuclear export of COP1,
allowing the accumulation of photomorphogenic regulators and activating DNA repair mechanisms.
Abbreviations: CUL4, Cullin4; DDB1, DNA Damage-Binding Protein 1; RBX1, Ring-Box Protein 1;
COP1, Constitutive Photomorphogenic 1; SPA, Suppressor of PhyA-105; HY5, Elongated Hypocotyl
5; Ub, ubiquitin; E2, Ub-conjugating enzyme; HYH, HY5 Homolog; LAF1, Long After Far-Red Light1;
HFR1, Long Hypocotyl in Far Red; CRY1, cryptochrome; UVRS, UV RESISTANCE LOCUS 8; PHR1,
Photolyasel; UV, Ultraviolet radiation.

In light, activated photoreceptors inhibit COP1 activity, leading to the disassembly of
the COP1-SPA complex and promoting the nuclear export of COP1. This downregulates
COP1 activity, allowing the accumulation of positive photomorphogenic regulators that
promote plant photomorphogenesis. Light also stimulates PHRI expression and DNA
repair (Figure 4B).

Plants employ different strategies to control COP1 activity. Previous studies have
shown that COP1 transition from the nucleus to the cytoplasm requires at least 24 h of light
exposure. However, recent findings demonstrate that this nucleocytoplasmic shuttling
occurs within a few hours, potentially stabilizing HY5 protein levels rapidly [106,114].
Light not only excludes COP1 from the nucleus but also induces the degradation of SPA1
and SPA2 [68]. This degradation may be mediated by COP1 itself, interacting directly
with SPA proteins via coiled-coil domains [106]. Another potential mechanism of light-
induced COP1/SPA inactivation is the sumoylation of COP1 in the coiled-coil domain,
which enhances COP1 activity. The Arabidopsis SUMO E3 ligase modifies the SUMO
consensus motif (K193 residue) in the coiled-coil domain of COP1. Loss of sumoylation
may inactivate COP1 in response to light [115]. These multifaceted regulatory mechanisms
highlight the central role of COP1 in photomorphogenesis and its complex interplay with
light signaling pathways.
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5.2. External and Hormonal Factors Affecting COP1 Activity

Variable environmental conditions considerably influence the stability and functional
activity of COP1, thus affecting the degradation or activation of its target proteins. There is a
strong connection between light and temperature signaling that determines the subcellular
localization of COP1 [116]. For instance, at relatively low temperatures (17 °C), COP1
is stabilized, leading to the degradation of the floral inducer GIGANTEA and delayed
flowering [117]. Exposure to 4 °C reduces the nuclear abundance of COP1, preventing
the degradation of the photomorphogenic activator HY5 in the dark. HY5 induces the
expression of many cold-responsive genes, and its stabilization under cold conditions is
linked to cold acclimation and enhanced freezing tolerance in plants [86]. High ambient
temperatures (37 °C) also reduce nuclear COP1 levels, resulting in increased HY5 protein
levels and subsequent photomorphogenic responses.

Hormones also modulate COP1 activity by either promoting or inhibiting the plant
photomorphogenesis. The nucleocytoplasmic localization of COP1 is primarily regulated
by strigolactones and ethylene. Strigolactones positively regulate photomorphogenesis
under light conditions, leading to light-dependent inhibition of hypocotyl elongation and
increased HY5 protein levels [118]. In contrast, under dark conditions, ethylene increases
COP1 protein levels in the nucleus, mediates HY5 degradation and contributes to hypocotyl
elongation [87]. When plants are exposed to light, ethylene enhances COP1 movement from
the cytoplasm to the nucleus, regulating hypocotyl elongation by reducing HY5 protein
levels. These findings underscore the intricate interplay between environmental cues and
hormonal signals in regulating COP1 activity, thereby orchestrating plant development
and stress responses.

COP1 regulation appears to be more complex than originally suggested, especially
under light containing a short-wave UV component. In Arabidopsis, grown under low
levels of UV-B, COP1 acts as a positive regulator of UV-B response and photomorphogenesis
by stimulating HY5 transcription. At the protein level, COP1 also mediates UV-B signaling
through interaction with UVRS [92,119,120]. Recent data reveal that dark-grown barley
seedlings exhibit low COP1 transcription levels, which increase significantly upon initial
light exposure and remain consistently high under UV light [121]. This aligns with the
positive light activation of COP1 transcription in rice plants, indicating phytochrome
involvement in the regulation of rice COP1 expression [99]. Thus, both cereals show a
positive light-dependent regulation of COP1 gene expression in contrast to the results
found in Arabidopsis and pea. These observations reveal intricate COP1 regulation and
expand our understanding of the complex mechanisms different plant species use to control
photomorphogenesis and adapt to light-induced stress.

5.3. Regulatory Role of UVRS8 and PHR1 in Photomorphogenesis

The UV-B photoreceptor is a key photomorphogenic regulator involved in two pro-
tective processes: UV-B acclimation and UV-B tolerance [92,122,123]. UV-B acclimation
includes protective measures such as increased levels of DNA repair enzymes, enhanced
antioxidant activity and the accumulation of UV-B absorbing metabolites [124]. These alter-
ations provide plants with additional means to counteract and mitigate the negative effects
of environmental stressors [125]. Beyond UV-B acclimation, UVRS plays a broader role
in plant growth and development, including responses to osmotic stress [126], induction
of the circadian clock [127], inhibition of hypocotyl growth [92], stomatal closure [128],
regulation of leaf morphogenesis [129] and phototropic bending [130]. These diverse physi-
ological responses are related to UVRS activity and contribute to the establishment of UV-B
tolerance. The physiological role of UVR8 in UV-B tolerance has been demonstrated by
comparing uvr8 mutants with wild-type controls under light conditions [92].

UVRS is composed of two monomer units that form a stable homodimer through
electrostatic interactions between oppositely charged amino acids [131]. Mutations in these
amino acids can disrupt dimer integrity, weakening dimerization affinity or causing consti-
tutive monomerization [132]. UVRS is a seven-bladed B-propeller protein that does not use
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a bound chromophore to absorb light [131, but instead employs 14 specific tryptophans
for UV-B photoreception [133]. The positions of these tryptophans are highly conserved
through evolution with six located in the 3-propeller blade, one in the carboxy-terminal
domain of unknown function and seven on the surface interacting with the dimer [133-135].
The 3-propeller core domain and the carboxy-terminal C27 domain of UVR8 mediate in-
teraction with COP1. The (3-propeller core domain facilitates UV-B-dependent interaction
with COP1, whereas the C27 domain regulates COP1 activity [136,137]. UV-B radiation
causes UVR8 homodimer disassembly into monomers, initiating a signaling cascade that
leads to transcriptional regulation of target genes [138,139].

The inactive UVRS exists as a homodimer localized in the cytoplasm. Upon UV-B
absorption, UVR8 monomerizes and the monomers are translocated to the nucleus, where
they bind directly to COP1. This interaction changes gene expression by dissociating the
COP1/SPA complex from CUL4-DDB1 [140,141]. The UVR8-COP1 interaction stabilizes
the HY5 transcription factor and stimulates the transcription of numerous UVR8-regulated
genes associated with UV-B protection and DNA repair [142-144]. Among the main UV-
B responsive targets controlled by UVRS is the plant photolyase gene PHR1 (or UVR2).
Photolyases are major DNA repair proteins that directly split pyrimidine dimers, leading
to error-free damage elimination [59,139,145]. PHR1-encoded photolyase specifically binds
and repairs CPDs, whereas the UVR3-encoded protein repairs 6-4 PPs [146]. Both enzymes
contribute to restoring the native DNA form and maintaining plant genome integrity under
UV stress. Their inactivation results in a loss of photorepair activity and hypersensitivity
to UV-B [147,148]. Thus, UV-B is a daily stress factor for plants in their natural habitats,
necessitating a complex and tightly regulated interplay between multiple mechanisms to
control plant genome integrity, light-induced stress tolerance and acclimation.

6. HATs and DNA Repair Capacity

Histone acetylation facilitates the accessibility of chromatin to the DNA repair ma-
chinery by loosening the chromatin structure, which is critical for the rapid response to
DNA damage and the efficient repair of UV-induced lesions. HATs manage this chromatin
remodeling process by acetylating histones, thus ensuring that repair proteins can access
and correct the damaged DNA (Figure 5A,B). The consequences of DNA damage in mu-
tant forms exhibit an inadequate response due to defective HAT function, resulting in
ineffective DNA repair (Figure 5C,D). The restricted access to DNA in chromatin with
insufficient histone acetylation leads to compacted chromatin and obstructed access for
transcription factors.

Proteins involved in DNA damage response are closely linked to chromatin modi-
fications and remodeling [149]. Histone acetylation is one of the major posttranslational
modifications involved in the control of DNA repair [61]. In-depth analyses of different
HAT members have revealed a complex yet essential role for different acetyltransferases
in UV-B tolerance in plants. An important question has been whether the GNAT protein
HAGS3 could contribute to UV-B-induced DNA damage repair through the regulation of the
expression of DNA repair genes. Experiments with g3 RNA interference (RNAi) trans-
genic plants have shown high expression levels of PHR1 (UVR2) under control conditions
(without UV-B exposure) and lower accumulation of CPDs, which could be linked to the
higher basal levels of DNA repair enzymes. Similar observations have been made with
UVR7, encoding the protein ERCC1, a subunit of the NER (nucleotide excision repair) com-
plex, which performs excision of damaged DNA. Downregulation of HAG3 gene leads to a
specific phenotype under UV-B radiation, manifested by lower inhibition of Arabidopsis
leaf and root growth, higher levels of UV-B-absorbing compounds and fewer DNA lesions
compared to wild-type plants. Another important player in the UV-B-mediated regulation
of various genes, including plant photolyases, is the bZIP transcription factor HY5. Under
favorable conditions without UV-B radiation, higher expression levels of HY5 have been
observed in hag3 RNAi transgenic plants compared to wild-type plants. The hag3 transgenic
plants show improved adaptation to increased levels of UV-B radiation [41].
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Figure 5. Simplified diagram illustrating the functionality of histone acetyltransferases (HATs) and
DNA repair genes, which are essential for effective DNA damage responses. (Panel A): Normal
chromatin structure where histone acetylation facilitates the loosening of DN A-histone bonds, al-
lowing access of transcription factors to DNA. (Panel B): The accessibility of DNA in its native state,
supported by proper gene function. (Panel C): The effects of DNA damage where mutant forms
show a lack of correct response due to impaired HAT function, leading to improper DNA repair.
(Panel D): Loss or decrease of histone acetylation leads to compacted chromatin and obstructed access
of transcription factors to DNA. Abbreviations: HAT, histone acetyltransferase; CPDs, cyclobutane
pyrimidine dimers; 6-4 PPs, pyrimidine—pyrimidone (6-4) photoproducts.

HAM1, HAM?2 and HAGS3 have been identified as participants in UV-B-induced DNA
damage repair and signaling. However, hafl mutants display sensitivity to different geno-
toxic agents but not to UV-B radiation [62,150]. Specifically, light-dependent expression of
CPD photolyase, which reverses pyrimidine dimerization, is not affected by the inactivation
of HAF1 histone acetyltransferase from the TAFII250 family. Plants deficient in HAF1 and
wild-type plants exhibit similar PHRI transcript levels and both are able to upregulate
the PHR1 gene in response to CPD accumulation upon UV-B exposure. These findings
imply that the photorepair system remains functional in HAF1-deficient lines (Figure 5D).
Nevertheless, HAC1 and HAF]1, although not critical for the removal of UV-B-induced
lesions, have been implicated in other aspects of the UV-B response [62].

In summary, HATs are actively involved in UV-B-triggered DNA damage repair and
signaling by regulating the expression of DNA repair genes and modifying the chromatin
structure to provide access to damaged DNA, thereby maintaining genome integrity and
enhancing plant tolerance to UV-B radiation (Figure 5).

7. Future Perspectives

Histone acetylation is a conserved mechanism that profoundly influences chromatin
structure, regulates the cell cycle, maintains genome stability and ensures chromatin plastic-
ity. Successful adaptation to various environmental constraints relies on genes that support
plant repair potential and facilitate the transition from scotomorphogenic to photomor-
phogenic development. This transition involves the modulation of multiple nuclear genes,
enhancing the acclimation efficiency of plants.
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Future research will focus on developing systematic and innovative models that incor-
porate various epigenetic layers, including other histone modifications, such as methylation,
phosphorylation, ubiquitination, sumoylation, ADP-ribosylation, citrullination and glyco-
sylation, and different activators and inhibitors. New insights into the interplay between
chromatin dynamics and DNA repair mechanisms will further elucidate UV tolerance
mechanisms in plants. Understanding these mechanisms will support the development of
cultivars with enhanced tolerance to UV radiation, thereby improving crop performance
and yield under field conditions.

The intricate mechanisms by which higher plants acclimate and adapt to changing
environmental conditions highlight the essential role of light in their development and
stress responses. HATs modulate chromatin dynamics, which in turn regulates gene ex-
pression in response to light signals and other environmental factors. Understanding the
interconnections between HATs and light signaling pathways has provided insights into the
complex regulatory networks governing photomorphogenesis. However, several avenues
remain for further exploration.

One promising direction is the detailed characterization of individual HAT family
members and their specific roles in different plant species. The functions of Arabidopsis
HATs such as HAG1, HAG2 and HAG3 have been extensively studied; however, simi-
lar research in other model plants and crop species could reveal conserved and unique
regulatory mechanisms. This knowledge can be leveraged to enhance crop resilience and
productivity. Another critical area of research is the interaction between HATs and other
epigenetic factors. The crosstalk between histone acetylation, methylation and phosphory-
lation, as well as the involvement of non-coding RNAs in chromatin remodeling, represents
a complex regulatory network that requires further elucidation. Advanced genomic and
proteomic approaches, including chromatin immunoprecipitation sequencing (ChIP-seq)
and mass spectrometry, can help map these interactions at high resolution, providing a
comprehensive understanding of the epigenetic landscape in plants.

Investigating how HATs modulate the expression of DNA repair genes and other
stress-responsive factors can uncover new strategies for enhancing plant tolerance to
environmental stressors. Developing HAT inhibitors or activators as potential tools for
modulating plant stress responses also holds great promise. Moreover, the application
of CRISPR/Cas9 and other genome-editing technologies offers exciting opportunities to
manipulate HAT genes and study their functions in planta. Creating loss-of-function and
gain-of-function mutants can provide direct insights into the physiological roles of HATs
in various developmental and stress-response pathways. In addition to these lines of
inquiry, future action should consider the integration of multi-omics approaches, such as
transcriptomics, proteomics and metabolomics, to build a holistic understanding of HAT
function in plant biology. Collaboration with agricultural scientists and biotechnologists
will be essential to translate basic research findings into practical applications that can
enhance crop performance and resilience.

8. Conclusions

The study of HATSs as key regulators of plant photomorphogenesis is a rapidly evolv-
ing field with significant implications for plant biology and agriculture. Further exploration
of the diverse roles and mechanisms of HATs, particularly their influence on photomorpho-
genesis and UV-induced DNA repair, can uncover novel strategies to enhance plant growth
and development, and improve stress resilience, contributing to sustainable agricultural
practices in the face of global environmental challenges.

Understanding the precise mechanisms by which HATs regulate gene expression
and chromatin dynamics in response to light and other environmental signals is essential
for developing effective interventions. This knowledge can be applied to enhance crop
performance, improve stress tolerance and ensure food security in an increasingly variable
climate. Continued interdisciplinary research and collaboration will be crucial in unlocking
the full potential of HATs for sustainable agriculture and plant biotechnology.
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Abstract: Bio-stimulants, such as selenium nanoparticles and melatonin, regulate melon growth.
However, the effects of individual and combined applications of selenium nanoparticles and mela-
tonin on the growth of melon seedlings have not been reported. Here, two melon cultivars were
sprayed with selenium nanoparticles, melatonin, and a combined treatment, and physiological and
biochemical properties were analyzed. The independent applications of selenium nanoparticles,
melatonin, and their combination had no significant effects on the plant heights and stem diameters
of Jiashi and Huangmengcui melons. Compared with the controls, both selenium nanoparticle
and melatonin treatments increased soluble sugars (6-63%) and sucrose (11-88%) levels, as well
as the activity of sucrose phosphate synthase (171-237%) in melon leaves. The phenylalanine am-
monia lyase (29-95%), trans cinnamate 4-hydroxylase (32-100%), and 4-coumaric acid CoA ligase
(26-113%), as well as mRNA levels, also increased in the phenylpropanoid metabolism pathway.
Combining the selenium nanoparticles and melatonin was more effective than either of the single
treatments. In addition, the levels of superoxide dismutase (43-130%), catalase (14-43%), ascorbate
peroxidase (44-79%), peroxidase (25-149%), and mRNA in melon leaves treated with combined
selenium nanoparticles and melatonin were higher than in controls. The results contribute to our
understanding of selenium nanoparticles and melatonin as bio-stimulants that improve the melon
seedlings’ growth by regulating carbohydrate, polyamine, and antioxidant capacities.

Keywords: bio-stimulants; melon; primary metabolism; secondary metabolism

1. Introduction

Melon (Cucumis melo L.) is a vital economic vegetable crop worldwide [1,2], with a
global production of 27.3 million metric tons. For commercial cultivation, the cultivars
Jiashi (JSG) and Huang mengcui (HMC) melon are the most important [3]. Selenium
nanoparticles, melatonin, and other bio-stimulants have no negative effects on endophytic
bacteria; therefore, they may be conducive to promoting plant health [4]. Plant primary
metabolites are directly involved in growth, development, and reproduction [5]. Plant
secondary metabolites are not only useful natural products, but they also play important
roles in plant defense systems against pathogenic attacks and environmental stresses [6,7].
Plant secondary metabolites provide defense functions and regulate defense-signaling
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pathways that protect plants in response to herbivore invasion [8]. Plants produce three
main types of secondary metabolites, phenols, terpenes, and nitrogen/sulfur compounds.
The shikimic acid pathway leads to the formation of phenolic products involved in plant
defenses. Terpenes, based on 5-C isoterpenoids, are toxins and deter herbivores, and
nitrogen and sulfur compounds are synthesized mainly from amino acids [9].

Selenium nanoparticles are less toxic and more biocompatible than sodium selenate or
sodium selenite [10]. Selenium nanoparticles increase the carboxylase activity of ribulose
diphosphate and the chlorophyll content, especially through the activation of some key
genes and proteins involved in the photosynthetic system. Treatments of 25-50 pmol-L~?
selenium nanoparticles reduce the large amount of reactive oxygen species (ROS) pro-
duced by nicotinamide adenine dinucleotide phosphate oxidase and enhance glutathione
peroxidase (GSH-Px), thereby reducing protein carbonylation in rice seedlings [11]. Fo-
liar applications of 25 mg-L.~! selenium nanoparticles increase cucumber height and leaf
area [12]. The activities of antioxidant enzymes in plants are key factors in alleviating
the effects of external stress [13,14]. The exogenous application of selenium nanoparticles
improves the photosynthetic pigments of rape by increasing the activities of antioxidant
enzymes, such as catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase
(SOD). Additionally, the expression of stress-response genes enhances the drought and heat
tolerances of rape [15,16].

Selenium nanoparticles enhance the antioxidant capacity mainly by improving the
metabolic pathways of glutathione, carbon, and nitrogen, thereby improving various phys-
iological indexes of maize that promote its growth [17]. Nanotechnology increases plant
productivity, nutrient absorption, and agronomic soil properties, which result in improved
plant growth and productivity [18-20]. Nanotechnology is widely considered to be on the
cutting edge, with the potential to promote plant science research because nanoparticles
have unique physicochemical properties compared with bulk particles [21,22].

Melatonin acts as a bio-stimulant of plant development, including germination, pho-
tosynthesis, and water utilization [23-25]. Melatonin is a key molecule in plant immune
responses, along with nitric oxide, jasmonic acid, and salicylic acid [26,27]. Melatonin is
involved in growth and photosynthetic processes. Melatonin causes multiple changes at
the mRNA level and is a multi-regulatory molecule capable of coordinating many aspects
of plant development [28]. Melatonin treatments significantly reduce hydrogen peroxide
(H207) and malondialdehyde (MDA) contents, enhance the non-enzymatic antioxidant
system’s capacity, and increase CAT, peroxidase (POD), SOD, and APX activity levels [29].
Melatonin enhances the antioxidant capacity of cotton, improves photosynthetic efficiency,
reduces chlorophyll degradation and ROS accumulation, inhibits ABA synthesis, and
delays the drought-induced senescence of cotton leaves [30]. Strawberries soaked in mela-
tonin maintain fresh weights and fruit firmness, and they have reduced Botrytis cinerea
infection levels. Additionally, melatonin treatments increase 1,1-diphenyl-2-picrohydrazyl
radical (DPPH) clearance, as well as CAT, SOD, POD, and APX activity levels [31]. The
application of melatonin improves the internal nutrition and flavor quality of tomato fruit
by regulating the accumulations of primary and secondary metabolites during the ripening
process [32].

Foliar applications of selenium nanoparticles enhance the antioxidant ability and the
cucurbitacin B level of melon [33]. However, there have been no systematic reports on
the effects of melatonin or selenium nanoparticle + melatonin combination applications
on melon. This study aimed to explore the effects of selenium nanoparticle + melatonin
combination treatments on the physiological and biochemical characteristics of melon
plants. We investigated the effects of single applications of selenium nanoparticles and
melatonin on plants, and we hypothesized that the combined application of bio-stimulant
selenium nanoparticles + melatonin would have a synergistic effect. The goals were to
provide a theoretical basis and technical support for the rational use of the selenium
nanoparticle + melatonin combination to regulate the amino acid, carbohydrate, polyamine,
and antioxidant capacities of melon.
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2. Results
2.1. Effects of Selenium Nanoparticles and Melatonin on Plant Biomass

The effects of selenium nanoparticles, melatonin, and their combination on fresh and
dry weights, plant heights, and stem diameters are shown in Figure S1. The independent
applications of selenium nanoparticles and melatonin did not have significant effects on
melon plant height or stem diameter. Compared with the controls, independent foliar
spraying of selenium nanoparticles, melatonin, and selenium nanoparticles + melatonin
increased the stem fresh weights of JSG by 23%, 6%, and 6%, respectively, and those of
HMC by 9%, 6%, and 10%, respectively. All three treatments increased stem dry weights of
JSG by 13-25% and of HMC by 8-19% compared with controls.

2.2. Lipoxygenase and Plant Hormones after Selenium Nanoparticle and Melatonin Treatments

The effects of selenium nanoparticles, melatonin, and the selenium nanoparticle +
melatonin combination on plant hormones in melon are shown in Figure 1. Compared
with controls, melatonin and selenium nanoparticles + melatonin significantly increased
the IAA in leaves of JSG and HMC by 291-236% and 41-83%, respectively (Figure 1A).
The three treatments had no significant effects on JA and SA (Figure 1B,C) in leaves of ]SG
and HMC compared with controls. The effects of selenium nanoparticles, melatonin, and
the selenium nanoparticle + melatonin combination on lipoxygenase and mRNA levels in
melon are shown in Figure 1D-I. The selenium nanoparticles, melatonin, and selenium
nanoparticle + melatonin foliar interventions had no significant effects on LOX activity or
the transcription levels in JSG and HMC leaves, except for LOX2 and LOX9 mRNA levels.

| =mm ck = selenium nanoparticle melatonin @  selenium nanoparticle + melatonin |
0.087 ¢
0.04 S C JA
B , a aSA A, a o a a 2
0.06
0.03: a a a a
s
)
& 0.02 2o

0.01 0.02

=
=
2

ISG HMC - 15 MC ISG HMC

in
=

09 p LOX activity LOX 1 mRNA level 157 g LOX 2 mRNA level

=
=

ng/mg prot

e
b
The relative expression

The relative expression

e
=

ISG HMC ISG HMC ’ ISG HMC
151 G LOX8mRNA level 157 g LOX9mRNA level 15 LOX 10 mRNA level
£ a g £
% a a g a a a 4 p ab ab , a a2 a a % Boaa g, 2 a toa
210 210 = 210
I3 &1 2
5 3 H
N ¢ M
g z =
05 05 205
9 ° 9
= £ =
0.0 0.0 0.0
JSG HMC ISG HMC ISG HMC

Figure 1. Effects of selenium nanoparticles and melatonin on plant hormone content and lipoxygenase
in two melon cultivars. JSG and HMC refer to melon cultivars. Different letters indicate a significant
difference (p < 0.05) between treatments. (A): IAA content, (B): SA content, (C): JA content, (D): LOX
activity, (E): LOX1 mRNA level, (F): LOX2 mRNA level, (G): LOX8 mRNA level, (H): LOX9 mRNA
level, (I): LOX10 mRNA level.

2.3. Effects of Selenium Nanoparticle and Melatonin Treatments on Amino Acid and
Carbohydrate Metabolism

The effects of selenium nanoparticles, melatonin, and the selenium nanoparticle +
melatonin combination on amino acid and carbohydrate metabolism in melon leaves are
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shown in Figure 2. Compared with controls, melatonin and selenium nanoparticles +
melatonin significantly increased the total amino acids of [SG, by 20% and 6%, respectively,
and in HMC leaves by 26% and 16%, respectively (Figure 2A). The selenium nanoparticles
and selenium nanoparticle + melatonin combination increased glutamate in leaves of J[SG
by 37% and 42%, respectively, and in HMC by 21% and 26%, respectively, compared with
the controls (Figure 2B). The effects of the three treatments on the GS activity of JSG leaves
were not significant. Compared with controls, the selenium nanoparticles and selenium
nanoparticle + melatonin combination significantly increased the GS activity of HMC leaves,
by 19% and 18%, respectively (Figure 2C). The three treatments significantly increased the
GABA of JSG and HMC leaves by 279-386% and 16-57%, respectively, compared with
controls (Figure 2D). Compared with controls, the three treatments significantly increased
soluble sugars in the two cultivars by 6-63% (Figure 2E). The three treatments significantly
increased the sucrose contents of the two cultivars by 11-88% compared with controls
(Figure 2F). Compared with controls, the selenium nanoparticles and selenium nanoparticle
+ melatonin combination significantly increased the reducing sugars in JSG leaves by
12-14% and in HMC leaves by 30-36% (Figure 2G). The selenium nanoparticle, melatonin,
and selenium nanoparticle + melatonin combination groups significantly increased SS
activities in JSG leaves by 19-46% and in HMC leaves by 16-20% compared with controls
(Figure 2H). The three treatments significantly increased the SPS activities in JSG leaves by
171-237% and in HMC leaves by 46-88% compared with controls (Figure 2I).
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Figure 2. Effects of selenium nanoparticles and melatonin on amino acid content, carbohydrate
metabolism in two melon cultivars. JSG and HMC refer to melon cultivars. Different letters indicate
a significant difference (p < 0.05) between treatments. (A): Total amino acids content, (B): Glutamic
acid content, (C): GS activity, (D): GABA content, (E): Soluble sugar content, (F): Sucrose content,
(G): Reducing sugar content, (H): SS activity, (I): SPS activity.
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2.4. Effects of Selenium Nanoparticle and Melatonin Treatments on Secondary Metabolism
2.4.1. Selenium Nanoparticle and Melatonin Effects on Lignin Synthesis

The effects of selenium nanoparticles, melatonin, and selenium nanoparticle + mela-
tonin combination on lignin synthesis in melon are shown in Figure 3. Compared with
controls, the selenium nanoparticles and selenium nanoparticles + melatonin significantly
increased the lignin level in JSG leaves by 22% and 8%, respectively, and in HMC leaves
by 18% and 8%, respectively (Figure 3A). The three treatments significantly increased the
hydroxyproline level by 25-44% in JSG leaves and by 23-30% in HMC leaves compared
with controls (Figure 3B). Compared with controls, selenium nanoparticles, melatonin, and
the selenium nanoparticle + melatonin combination significantly increased CAD activities
in JSG leaves by 50%, 24%, and 33%, respectively, and in HMC leaves by 40%, 54%, and 30%,
respectively (Figure 3C). The three treatments significantly increased the CAD mRNA level
in JSG leaves by 53-77% compared with controls (Figure 3D). The selenium nanoparticle,
melatonin, and selenium nanoparticle + melatonin combination groups had no significant
effects on CCR expression in either cultivar’s leaves compared with controls (Figure 3E).
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Figure 3. Effects of selenium nanoparticles and melatonin on lignin synthesis in two melon cultivars.
JSG and HMC refer to melon cultivars. Different letters indicate a significant difference (p < 0.05)
between treatments. (A): Lignin content, (B): Hydroxyproline content, (C): CAD activity, (D): CAD
mRNA level, (E): CCR mRNA level.

2.4.2. Polyamine Metabolism after Selenium Nanoparticle and Melatonin Treatments

The effects of selenium nanoparticles, melatonin, and selenium nanoparticles + mela-
tonin on polyamine metabolism in melon plants are shown in Figure 4. Compared with
controls, the selenium nanoparticles and melatonin significantly increased PAO activity in
JSG leaves by 26% and 23%, respectively, and in HMC leaves by 46% and 51%, respectively.
The melatonin and selenium nanoparticle + melatonin combination treatments significantly
increased the PAO mRNA level in JSG leaves by 22-29% and in HMC leaves by 24-23%
compared with controls. The three treatments significantly increased the SPD level in JSG
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leaves by 202-288% and in HMC leaves by 39-80% compared with controls. Compared
with controls, the selenium nanoparticle, melatonin, and selenium nanoparticle + melatonin
combination treatments had no significant effects on the expression level of SPD in JSG
and HMC leaves. The three treatments significantly increased SPM by 334-538% in JSG
leaves and by 39-83% in HMC leaves compared with controls. Compared with controls, the
selenium nanoparticle and selenium nanoparticle + melatonin combination treatments sig-
nificantly up-regulated the SPM mRNA level in HMC leaves by 41% and 46%, respectively.
The three treatments significantly increased PUT by 35-96% in JSG leaves and by 16-53% in
HMC leaves compared with controls. The selenium nanoparticle, melatonin, and selenium
nanoparticle + melatonin combination groups significantly increased the SAMDC mRNA
level in JSG leaves by 38-180% and in HMC leaves by 64-229% compared with controls.
Compared with controls, the three treatments significantly increased the expression level
of ADC in HMC by 45-136%. Compared with controls, the selenium nanoparticles and
selenium nanoparticle + melatonin combination significantly increased the ODC transcrip-
tion level in HMC leaves by 71% and 73%, respectively. The three treatments significantly
up-regulated the CPA expression in both cultivars by 31-78% compared with controls.
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Figure 4. Effects of selenium nanoparticles and melatonin on polyamine metabolites in two melon
cultivars. JSG and HMC refer to melon cultivars.

2.4.3. Effects of Selenium Nanoparticles and Melatonin on Phenylpropane Metabolism

The effects of selenium nanoparticles, melatonin, and the selenium nanoparticle +
melatonin combination on phenylpropane metabolism in melon are shown in Figure 5.
Compared with controls, the three treatments significantly increased total phenols in JSG
leaves by 24-51% and in HMC leaves by 10-24% (Figure 5A). The selenium nanoparticle,
melatonin, and selenium nanoparticle + melatonin combination groups significantly in-
creased the flavonoid level in both cultivars by 19-64% compared with controls (Figure 5B).
The three treatments significantly increased the PAL activity in JSG leaves by 31-95% and
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in HMC leaves by 29-43% compared with controls (Figure 5C). Compared with controls,
the selenium nanoparticle and selenium nanoparticle + melatonin combination treatments
significantly increased the PAL mRNA level in JSG leaves by 205% and 235%, respectively,
and in HMC leaves by 226% and 222%, respectively (Figure 5D). The three treatments sig-
nificantly increased the C4H activity in both cultivars by 32-100% compared with controls
(Figure 5E). The selenium nanoparticle, melatonin, and selenium nanoparticle + melatonin
combination groups significantly up-regulated the C4H expression in HMC leaves by
111-123% compared with controls (Figure 5F). Compared with controls, the melatonin and
selenium nanoparticle + melatonin combination significantly increased 4CL activity by 26%
and 26%, respectively, in JSG leaves and by 83% and 113%, respectively, in HMC leaves
(Figure 5G). The three treatments significantly increased 4CL expression in HMC leaves
by 41-102% compared with controls (Figure 5H). The selenium nanoparticles, melatonin,
and selenium nanoparticle + melatonin combination had no significant effects on the CHS
expression in either cultivar (Figure 5I), but the three treatments significantly increased
the FLS transcription level by 107-135% in HMC compared with controls (Figure 5]). Com-
pared with controls, the selenium nanoparticle and selenium nanoparticle + melatonin
combination groups significantly up-regulated the LDOX expression in HMC leaves by
44% and 75%, respectively (Figure 5K).
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Figure 5. Effects of selenium nanoparticles and melatonin on phenylpropane metabolites in two
melon cultivars. JSG and HMC refer to melon cultivars. Different letters indicate a significant
difference (p < 0.05) between treatments. (A): Total phenol content, (B): Flavonoid content, (C): PAL
activity, (D): PAL mRNA level, (E): C4H activity, (F): C4H mRNA level, (G): 4CL activity, (H): 4CL
mRNA level, (I): CHS mRNA level, (J): FLS mRNA level, (K): LDOX mRNA level.

2.5. Effects of Selenium Nanoparticle and Melatonin Treatment on Antioxidant Capacities

The effects of selenium nanoparticle, melatonin, and selenium nanoparticle + mela-
tonin combination groups on the antioxidant capacities of melon are shown in Figure 6.
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Compared with controls, the SOD activity after the three treatments significantly increased
by 43-130% in the two cultivars (Figure 6A). The selenium nanoparticle and selenium
nanoparticle + melatonin combination groups significantly increased the SOD mRNA level
in JSG leaves by 93-96% and in HMC leaves by 54-71% compared with controls (Figure 6B).
The three treatments significantly increased the CAT activity in both cultivars by 14-43%
compared with controls (Figure 6C). Compared with controls, the selenium nanoparticle
and selenium nanoparticle + melatonin combination treatments significantly up-regulated
the CAT expression in JSG leaves by 148-128% and in HMC leaves by 51-56% (Figure 6D).
The three treatments significantly increased the APX activity in both cultivars by 44-79%
compared with controls (Figure 6E). The selenium nanoparticle + melatonin combination
group significantly enhanced the APX transcription level in the two cultivars by 14-46%
compared with controls (Figure 6F). The POD activity after the three treatments increased
significantly by 25-149% in the two cultivars compared with controls (Figure 6G). Com-
pared with controls, the selenium nanoparticle and selenium nanoparticle + melatonin
combination treatments significantly increased the POD mRNA level in JSG leaves by
46-50% and in HMC leaves by 64-69% (Figure 6H).
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Figure 6. Effects of selenium nanoparticles and melatonin on the antioxidant capacities in two melon
cultivars. JSG and HMC refer to melon cultivars. Different letters indicate a significant difference
(p < 0.05) between treatments. (A): SOD activity, (B): SOD mRNA level, (C): CAT activity, (D): CAT
mRNA level, (E): APX activity, (F): APX mRNA level, (G): POD activity, (H): POD mRNA level.
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The effects of selenium nanoparticles, melatonin, and the selenium nanoparticle +
melatonin combination on ROS and lipid peroxidation in melon are shown in Figure S2.
Compared with controls, the three treatments had no significant effects on the HyO,
(Figure S2A) and MDA (Figure S2B) contents in JSG and HMC leaves. The selenium
nanoparticles, melatonin, and selenium nanoparticle + melatonin combination significantly
increased GSH by 12-47% in both cultivars compared with controls (Figure S2C). The
proline level in both cultivars after the three treatments were significantly increased by
18-141% compared with controls (Figure 52D). Compared with controls, the scavenging
ability of DPPH after the selenium nanoparticle, melatonin, and selenium nanoparticle +
melatonin combination treatments significantly increased by 19-38% in the two cultivars
(Figure S2E). These results indicated that selenium nanoparticles and melatonin increased
the GSH level, proline level, and DPPH scavenging ability, whereas the treatments de-
creased the ROS level in melon leaves.

3. Discussion

Bio-stimulants are used to enhance the growth of plants, whose demand increases 12%
per year on the global market [34]. In this study, bio-stimulants had certain promotional
effects on the biomasses of melon seedlings, which were related to the increased produc-
tion of IAA after selenium nanoparticle and melatonin treatments. Exogenous melatonin
enhances immunity to the bacterial pathogen Pseudomonas syringae through SA [35]. It also
promotes the production of sugar, resulting in an increasing SA content [36]. Melatonin
plays roles in plant innate immunity against pathogens through SA /JA pathways, and
the resulting up-regulation of the gene encoding SA biosynthetic heteromeric acid syn-
thetase (ICS1) leads to an increased SA content [37]. The resistance of plants to biological
stresses, including crop resistance to fungi, is induced by melatonin through endogenous
hormones [38]. After selenium-containing treatments, the level of the defense hormone
JA, which induces sulfur assimilation and GSH biosynthesis gene expression, and those of
the defense genes related to SA synthesis increase [39]. The selenium nanoparticles and
melatonin had no effect on the SA and JA contents in melon seedlings, which was related
to the experimental conditions in which melon seedlings were under abiotic stress.

The mechanisms by which selenium nanoparticles and melatonin regulate carbohy-
drate and polyamine in melon are illustrated in Figure 7. The external stress increases
LOX activity, accelerates the oxidation of unsaturated fatty acids catalyzed by LOX, and
increases the MDA content [40]. Melatonin inhibits LOX activity and decreases PbLOX1
and PbPLOX2 mRNA levels [41]. Proline, sugars, and free amino acids are bio-soluble
solutes that protect plants from stress through osmotic regulation, ROS clearance, and
plasma membrane integrity, and exogenous melatonin increases the selenium-induced
contents of proline, free amino acids, and soluble sugars [42]. This was consistent with the
selenium nanoparticle, melatonin, and selenium nanoparticle + melatonin combination
treatments, which increased levels of primary metabolites, such as melon sugars and amino
acids, in the present study. Melatonin improves the activities of sucrose-metabolism-related
enzymes, hydrolyzing a large amount of sucrose into glucose and fructose. The increased
soluble sugar and antioxidant enzyme activities lead to a greater stress resistance in grape
seedlings and increase adaptability to environmental changes [43]. These findings are
consistent with the results of the present study. The selenium nanoparticles and melatonin,
as bio-stimulants, promoted the primary metabolic abilities of soluble sugar and amino
acids in melon seedlings, providing a basis for the utilization of selenium nanoparticles
and melatonin in melon cultivation.

Melatonin increases the lignification degree of tea by altering the expression levels
of enzymes involved in the lignin synthesis pathway [44]. The hydroxyproline in plant
cell walls plays important roles in plant growth, development, and defense [45]. This
same trend was shown in the current study, with selenium nanoparticles, melatonin, and
selenium nanoparticles + melatonin increasing levels of secondary metabolites, such as
lignin and phenylpropane, in melon. Melatonin is involved in signaling in plants through
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its receptors and downstream signal transduction pathways [46]. The applications of
50 and 100 pmol-L~! melatonin on leaves have greater effects on fruit quality than on
leaf quality, and this significantly increases the phenolic content (including total phenols
and flavonoids) [47]. Melatonin mitigates heat stress by increasing levels of soy phenols,
flavonoids, prolines, and endogenous melatonin and polyamine [48]. In our study, selenium
nanoparticles, melatonin, and selenium nanoparticles + melatonin increased SPM, SPD,
PUT, and mRNA levels. Selenite up-regulates the expression of genes related to the
biosynthesis of phenylpropane compounds and the activities of related enzymes, such as
PAL, C4H, chalcone synthase, chalcone isomerase, and CAD [49]. Melatonin enhances the
postharvest disease resistance of blueberry fruit by regulating phenylpropane metabolism
(PAL, C4H, 4CL, and CAD activities) and mRNA levels [50]. This is consistent with
the results of selenium nanoparticle, melatonin, and selenium nanoparticle + melatonin
treatments used in this study.
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Figure 7. The mechanism of selenium nanoparticles and melatonin regulated carbohydrate,
polyamines, and antioxidant capacity of melon plant. Red indicates upregulation, while gray indi-
cates insignificance.

Melatonin plays different roles in plants, enhancing the activities of a variety of
antioxidant enzymes, including SOD, CAT, and POD, and controlling ROS, as well as
other free radicals, present in plant cells [51]. The combination treatment of melatonin
and NaySeO3 enhances the resistance of fruit to gray mold by increasing the activities
of SOD, POD, and CAT, as well as the expression levels of disease-related genes [52].
Melatonin-selenium nanoparticles increase the activity levels of antioxidant enzymes, such
as SOD, POD, CAT, APX, and GSH, and decrease the contents of MDA and H,O, [53]. The
application of selenium nanoparticles significantly increased the antioxidant capacity and
decreased the MDA content. Compared with soil selenium applications, foliar selenium
applications are efficient and safe, resulting in the delayed development of plaques on
sunflower leaves. The application method leads to the absorption of selenite and efficient
conversion to selenomethionine (80%) and selenium-containing proteins, which not only
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have enzymatic functions but also act as antioxidants through the direct scavenging of free
radicals [54]. In future research, the effects of selenium nanoparticles and melatonin on the
fruit quality of melon should be determined using carotenoids or other quality indicators.
Additionally, the effects of bio-stimulants on the incidence of melon disease under biotic
stress should be explored to provide evidence for the safe cultivation of melon.

4. Materials and Methods
4.1. Experimental Design

JSG and HMC melons were used as the study materials. The seeds of JSG and HMC
were provided by the Hami Melon Research Center of the Xinjiang Academy of Agricul-
tural Sciences (Urumgi, China). Full seeds were soaked, germinated, and planted in plastic
pots (30 cm x 30 cm), with two plants per pot. The preparation and characterization of
selenium nanoparticles has been reported previously [55]. The concentrations of selenium
nanoparticles [33] and melatonin [56] used in this study were based on previous studies
by our research group. When the seedlings grew to the 3—4 leaf stage, the leaves were
spray-treated. Three treatments were established. There was a control (CK), as well as
5 mg-L~! selenium nanoparticles, 5 mg-L~! melatonin and 5 mg-L~! selenium nanoparti-
cles + melatonin combination groups, and each treatment was repeated three times. The
water (control), selenium nanoparticles (5.0 mg-L~1), melatonin (5.0 mg-L~'), and selenium
nanoparticle + melatonin combination (5.0 mg-L.~!) were sprayed on the seedling leaves.
All the melon seedlings were placed outdoors, at 20 °C to 30 °C. The foliar spraying was
carried out from 9:00 to 10:00 AM on windless and sunny days, and the spraying was based
on no dripping from the foliar surface. After 7 days, melon leaves were collected, frozen
in liquid nitrogen, and stored at —80 °C. The plant heights and stem diameters of melon
seedlings were measured using a ruler and a vernier caliper, respectively. The fresh weights
of the stems were measured after the leaves were collected, and the dry weights of the
stems were measured after drying.

4.2. Determination of Lipid Peroxidation Products

The leaves were ground after being frozen in liquid nitrogen. Then, 0.1 g of each
powdered sample was placed independently in a tube containing 1 mL extraction solution
in accordance with the instructions of the appropriate test kit. Samples were homogenized
and centrifuged at 12,000 g at 4 °C for 10 min for H,O, and DPPH determinations, or at
4000 % g at 4 °C for 10 min for MDA, proline, and reducing glutathione determinations. The
obtained supernatants were treated using kits for H,O, (Kit number: A064-1-1), MDA (Kit
number: MDA, A003-1-1), proline (Kit number: A107-1-1), and DPPH (Kit number: A153-1-
1) from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Reducing glutathione
(GSH) was determined using a kit (Kit number: E-BC-K030-M, Elabscience Biotechnology
Co., Ltd., Wuhan, China). The H,O,, MDA, proline, and DPPH levels were determined
using a UV-visible spectrophotometer (Shanghai Shunyu Hengping Instrument Co., Ltd.,
Shanghai, China). GSH was determined using a multi-scan spectroscopic microporous
plate spectrophotometer (Bio Tek Instruments Inc., Winooski, VT, USA). Obtained liquid
samples were used to measure absorbance at 405 nm for H,O,, at 517 nm for DPPH, at
532 nm for MDA, at 520 nm for proline, and at 405 nm for GSH. The standard curve values
for GSH, proline, and DPPH are shown in Table S1.

4.3. Determinations of Plant Primary and Secondary Metabolites

The SOD (Kit number: A001-3), CAT (Kit number: A007-1-1), APX (Kit number:
A123-1-1), peroxidase (POD, Kit number: A084-3), phenylalanine ammonia lyase (PAL, Kit
number: A137-1-1), glutamine synthetase (GS, Kit number: A047-1-1), total phenols (Kit
number: A143-1-1), flavonoids (Kit number: A142-1-1), proteins (Kit number: A045-4), total
amino acids (Kit number: A026-1-1), glutamic acid (Kit number: A074-1-1), lipoxygenase
(LOX, H550-1), soluble sugar (Kit number: A145-1-1), sucrose (Kit number: A099-1-1),
sucrose synthetase (SS, Kit number: A097-1-1), and sucrose phosphate synthetase (SPS, Kit
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number: A098-1-1) kits were procured from Nanjing Jiancheng Bioengineering Institute.
The reducing sugar (Kit number: BC0235), trans-cinnamate 4-hydroxylase (C4H, Kit num-
ber: BC4080), co-A ligase (4CL, Kit number: BC4220), cinnamyl alcohol dehydrogenase
(CAD, Kit number: BC4170), lignin (Kit number: BC4200), and hydroxyproline (Kit number:
BC0255) kits were purchased from Solarbio Science and Technology Company Ltd. (Beijing,
China). The polyamine oxidase (PAO) kit was procured from Shanghai Enzyme Linked
Biotechnology Co., Ltd. (Shanghai, China).

The main steps for determining plant primary and secondary metabolite levels were
as follows: melon leaves were ground with a pestle and a mortar containing liquid nitrogen.
In total, 0.1 g of each powdered sample was placed in a tube containing 1 mL of the
appropriate extraction solution in accordance with the instructions of an appropriate Kkit.
Then, samples were homogenized and centrifuged at 800x g at 4 °C for 10 min for SOD,
CAT, and POD; at 10,000 x g at 4 °C for 10 min for APX and flavonoids, at 12,000x g at
4 °C for 10 min for PAL, at 4000x g at 4 °C for 10 min for GS and total phenols, at 2500 x g
at 4 °C for 10 min for proteins, at 3500x g at 4 °C for 10 min for total amino acids, at
2500x g at 4 °C for 10 min for glutamic acid, at 2000x g at 4 °C for 20 min for LOX, at
4000 g at 4 °C for 10 min for soluble sugar, at 8000x g at 4 °C for 10 min for SS and
SPS, at 8000x g at 4 °C for 10 min for reducing sugar, at 8000 x g for 10 min for lignin, at
16,000 x g for 5 min for hydroxyproline, at 12,000 x g at 4 °C for 10 min for C4H, at 8000x g
at 4 °C for 10 min for 4CL, at 10,000x g at 4 °C for 10 min for CAD, and at 10,000x g
at 4 °C for 10 min for PAO. The SOD, CAT, POD, LOX, reducing sugar, and PAO levels
were determined from obtained supernatants using the appropriate kit and a multi-scan
spectrum microplate spectrophotometer, and APX, PAL, SS, SPS, flavonoids, GS, total
phenols, proteins, total amino acids, glutamic acid, soluble sugar, reducing sugar, lignin,
hydroxyproline, C4H, 4CL, and CAD levels were obtained using appropriate kits and a
UV-vis spectrophotometer (Shanghai Shunyu Hengping Instruments Co., Ltd., Shanghai,
China) following the manufacturer’s instructions. Obtained liquid samples were used to
measure absorbance at 450 nm for SOD, at 405 nm for CAT, at 420 nm for POD, at 290 nm
for APX and PAL, at 540 nm for GS, at 760 nm for total phenols, at 502 nm for flavonoids, at
562 nm for proteins, at 650 nm for total amino acids, at 340 nm for glutamic acid, at 450 nm
for LOX, at 620 nm for soluble sugar, at 480 nm for SS and SPS, at 540 nm for reducing
sugar, at 280 nm for lignin, at 560 nm for hydroxyproline, at 340 nm for C4H, at 333 nm for
4CL, at 340 nm for CAD, and at 450 nm for PAO. The standard curve values for POD, total
phenols, flavonoids, total amino acids, glutamic acid, LOX, soluble sugar, SS, SPS, reducing
sugar, and PAO are shown in Table S1.

4.4. Ultra Performance Liquid Chromatography Tandem Mass Spectrometry (UPLC-MS/MS)
Analyses of Polyamines, y-Aminobutyric Acid (GABA), and Plant Hormones

The samples were homogenized in 3.0 mL acetonitrile solution (8:2, v/v) and cen-
trifuged at 4500 g at 4 °C for 10 min. The detection conditions for polyamines were
as follows: HILIC column (100 mm x 2.1 mm, 1.7 um), mobile phase: (A) 5 mmol/L
ammonium acetate acetonitrile solution and (B) 0.1% formic acid solution; gradient elution:
0-1.0 min, 80% A; 1.0-1.5 min, 80-40% A; 1.5-6.0 min, 40% A; 6.0-6.5 min, 40-80% A;
6.5-9.5 min, 80% A; injection volume: 2 pL; flow rate: 0.3 mL/min; column temperature:
30 °C. In positive ion mode, the ion source temperature was 150 °C, and the solvent temper-
ature was 350 °C. The N, flow rate of the cone hole was 650 L/h, and the N, flow rate was
250 L/h. The mass spectrum conditions of putrescine (PUT), spermine (SPM), spermidine
(SPD), GABA, jasmonic acid (JA), salicylic acid (SA), and indoleacetic acid (IAA) are shown
in Table 52. The samples were homogenized in 1.0 mL methanol/water/formic acid (15:4:1,
v/v/v) and centrifuged at 4 °C for 5 min at 16,000 x g. The chromatographic conditions
of the three plant hormones have been published previously [33]. The chromatographic
conditions for melatonin were as follows: chromatographic column: ACQUITY UPLC BEH
C18 (1.7 um, 2.1 mm x 100 mm); mobile phase A: 0.1% (v/v) formic acid aqueous solution;
mobile phase B: acetonitrile; injection volume 1 pL; flow rate of 0.2 mL/min. The mass
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spectrometry conditions were as follows: electrospray ionization (ESI*); multiple reaction
monitoring mode detection; detected ion pair: m/z 233—174. The other mass spectrometry
tuning parameters were the same as those for plant hormones. The standard curve of
melatonin was y = 318917x + 914976, R? = 0.9967. The mass spectra of the standard for
melatonin is shown in Figure S3.

4.5. RT-qPCR Analysis

Total RNA was extracted using kits and reverse-transcribed into cDNA (Transgen
Biotech Company Ltd., Beijing, China). The cDNA synthesis system is shown in Table S3.
Primer sequences for target and actin control genes are shown in Table S4. Relative mRNA
levels were calculated using 2~44Ct,

4.6. Statistical Analyses

SPSS (version 26 SPSS Inc., Chicago, IL, USA) was used for the one-way analysis
of variance (ANOVA). Tukey’s tests were used for multiple comparisons to determine
significant differences (p < 0.05). Graph Pad Prism software (version 8.02; San Diego, CA,
USA) was used to calculate data statistics.

5. Conclusions

Selenium nanoparticle and melatonin foliar treatments facilitated melon seedling
growth by regulating primary, secondary, and oxidative-stress metabolism. Independent
applications of 5 mg-L’1 selenium nanoparticles, melatonin, and the selenium nanoparticle
+ melatonin combination increased stem dry weights of the JSG and HMC melon cultivars.
Compared with control, selenium nanoparticles, melatonin, and the selenium nanoparticle
+ melatonin combination increased soluble sugar, sucrose, and SPS contents. Additionally,
selenium nanoparticles, melatonin, and selenium nanoparticles + melatonin enhanced
GABA, hydroxyproline, SPM, SPD, PUT, total phenols, flavonoids, GSH, and proline
contents, as well as PAL, C4H, SOD, CAT, APX, and POD activities.
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Abstract: Drought stress is one of the most severe natural disasters in terms of its frequency, length,
impact intensity, and associated losses, making it a significant threat to agricultural productivity.
Sorghum (Sorghum bicolor), a C4 plant, shows a wide range of morphological, physiological, and
biochemical adaptations in response to drought stress, paving the way for it to endure harsh envi-
ronments. In arid environments, sorghum exhibits enhanced water uptake and reduced dissipation
through its morphological activity, allowing it to withstand drought stress. Sorghum exhibits physio-
logical and biochemical resistance to drought, primarily by adjusting its osmotic potential, scavenging
reactive oxygen species, and changing the activities of its antioxidant enzymes. In addition, certain
sorghum genes exhibit downregulation capabilities in response to drought stress. Therefore, in the
current review, we explore drought tolerance in sorghum, encompassing its morphological charac-
teristics and physiological mechanisms and the identification and selection of its functional genes.
The use of modern biotechnological and molecular biological approaches to improving sorghum
resistance is critical for selecting and breeding drought-tolerant sorghum varieties.

Keywords: drought stress; sorghum; agronomic traits; reactive oxygen species; transcription factor; genes

1. Introduction

Drought stress, one of the primary abiotic stresses, affects plant growth and devel-
opment, potentially leading to disastrous outcomes. It hinders plant metabolic activities,
such as gas exchange between leaves and cells, and it causes oxidative damage, which
decreases yields [1,2]. Drought stress is a multidimensional abiotic stress that affects plants
at molecular, morphological, physiological, and biochemical levels [3]. Drought stress may
cause photosynthesis to stop and metabolic issues to occur, which can lead to plant death.

Sorghum (Sorghum bicolor) is a C4 “high-energy plant” known for its exceptional
growth characteristics, as well as its high stress tolerance, rapid growth rate, and high
biomass production [4]. It serves as a valuable source of cereals, fodder, and sugar. Sorghum
is regarded as an exemplary example of excellent plant drought tolerance due to its inher-
ent ability to withstand drought, diploid genome structure, and efficient photosynthetic
system [5]. However, sorghum, a high-quality feed crop grown around the world, has been
struggling in recent years due to climate change [6]. This has had a significant impact on its
growth and crop quality, particularly during droughts. As a result, to ensure long-term
sorghum production, it is critical to increase the crop’s drought tolerance and investigate
the processes underlying its drought resistance [7].

The main ways that sorghum can handle drought are through its agronomic traits,
antioxidant defense mechanisms, ability to scavenge reactive oxygen species (ROS), and
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related transcription factors [8]. Drought tolerance is a polygenic trait that involves multi-
ple genes in physio-morphological, molecular, and biochemical processes and pathways.
Therefore, this review aimed to understand how drought-tolerant sorghum functions under
drought stress. Section 1 emphasizes how drought affects the morphological characteristics
of sorghum roots and how to mitigate those effects. Section 2 focuses on sorghum’s physi-
ological drought response mechanisms, focusing on its ROS scavenging and antioxidant
systems for maintaining its normal cellular metabolism. Section 3 involves the identifi-
cation of functional genes in drought-resistant sorghum and related transcription factors.
This review’s investigation will assist agronomists and breeders with developing and
implementing drought-tolerant sorghum varieties capable of adjusting to changing produc-
tion settings in arid locations. Integrating traditional and molecular breeding techniques
with rapid generational advancement methods can reduce sorghum’s breeding cycle and
improve the effectiveness of introducing new types.

2. Agronomic Traits of Sorghum under Drought Stress

Under drought stress, sorghum exhibits a variety of agronomic traits, including re-
duced plant height, leaf wilting and crumpling, decreased numbers of spikes, and deficient
grain filling [9]. These modifications eventually lead to changes in its growth and pheno-
type, and such morphological traits are clear signs of how well different types of sorghum
can handle drought, and thus, they are useful tools for identifying drought-tolerant
sorghum [4]. Numerous studies have indicated close correlations between sorghum’s plant
height morphology and its drought tolerance [5,10]. Under drought-tolerant conditions,
sorghum biomass was significantly higher than that of drought-sensitive plants [11,12].
Emendack et al. [13] demonstrated that plant height, particularly in the early and late
stages of growth, can serve as an indicator of drought tolerance in sorghum. In the early
growth stages, drought-prone sorghum cultivars showed little-to-no germination, and in
the later growth stages, they showed signs of male sterility, poor seed sets, and decreased
yields. Bai et al. [14] showed that plant height and spike length were positively correlated
with yield in sorghum under constant environmental conditions. Similarly, Zhou et al. [15]
demonstrated that plant height and spike length diversity indices were greater than other
agronomic characteristics in a study on sorghum germplasm resources, examining them
as indicators of drought tolerance in sorghum under drought conditions. Under drought
conditions, sorghum growth status not only determines the plant’s photosynthetic area,
production potential, and final yield but also exerts feedback regulation on its internal
metabolism. Therefore, we can identify drought resistance in crops using indicators such
as the seed germination rate, survival rate, plant height, dry matter accumulation rate, leaf
area, number of yellow and withered leaves, leaf expansion rate, and interval between
pollen shedding and silk emergence.

Under drought stress conditions, the root system’s ability to absorb water directly
affects sorghum’s drought resistance [16]. Various factors, including drought tolerance and
different sorghum varieties, influence the growth and development of the root system. For
example, under drought stress conditions, the root systems of drought-resistant varieties
are more developed than those of non-drought-resistant varieties [17]. Additionally, the
same sorghum varieties have more developed root systems under moderate drought stress
conditions compared to normal growth conditions. These research findings have been
confirmed by Meyer et al. [16], who showed a strong positive correlation between drought
tolerance and sorghum root lengths. Habyarimana et al. [17] also sought to address this
association, observing that sorghum drought tolerance was dependent on its ability to
acquire water from deeper soil regions in order to maintain an appropriate water content.
Similar studies have also shown that sorghum roots can keep plants from drying out. This
is accomplished by increasing root biomass, root length, and root volume expansion and
improving root length density (RDL) [17]. Under limited water conditions, Blum et al.,
found that the length of the roots directly influenced the amount of water absorbed [18].
Additionally, Stone et al. [19] demonstrated that sorghum roots exhibited a consistent
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penetration rate of 3.4 cm per day, reaching a plateau approximately 10 days after flowering.
These studies emphasized the importance of sorghum roots extending beyond the reach of
accessible water during drought circumstances, with increased root lengths allowing the
plants to acquire water from deeper soil layers and ameliorate the consequences of drought
stress. There are significant genetic differences in root characteristics among varieties, with
high heritability for traits such as root diameter, root dry weight, root length, and root
density, while the heritability of root pulling force is relatively low. Dominant, additive,
and cascading genetic effects control the expression of many genes related to drought
resistance, influencing the phenotypic changes in sorghum roots under drought stress [20].
Notably, a drought-tolerant sorghum line possessed roots that extended at least 40 cm
deeper than a drought-sensitive one, and deeper rooting of stay-green lines under drought
conditions was reported [21]. In another study, under drought stress, drought-tolerant
sorghum varieties exhibited larger root-shoot ratios, longer total root lengths, and greater
root surface areas, emphasizing the critical function of increased root length in conferring
drought tolerance [22].

QTL Mapping of Drought Tolerance in Sorghum Pre- and Post-Flowering under Drought
Stress Conditions

Drought tolerance in sorghum is a complex quantitative trait influenced by a com-
bination of major and minor genes, as well as genotypic and environmental factors [23].
Molecular marker technology has been extensively utilized to investigate the genetic basis
of drought tolerance in sorghum, aiding in the identification and localization of QTLs
associated with drought tolerance [24]. Sorghum has exhibited distinct response traits
to drought stress, including pre-bloom and post-bloom drought tolerance, which may
govern different genetic mechanisms. This explanation of genetic control and response
traits has provided valuable insights into the molecular mechanisms of drought tolerance
in sorghum [25-27].

Rosenow et al. [28] studied drought-tolerant sorghum hybrid cultivar selection and
breeding for agricultural purposes, focusing on both the pre- and post-flowering stages. In
particular, the location of the QTL for pre-flowering drought tolerance affected important
yield-related traits in sorghum, such as the number of spike grains, the weight of one
thousand kernels, and the overall seed yield. Tuinstra et al. [29] showed that a cross
between pre-flowering drought-tolerant RTx7078 and pre-flowering drought-sensitive B35
developed a recombinant inbred line (RIL) population comprising 98 individuals. Their
study identified six QTLs associated with pre-flowering drought resistance, with two
QTLs in linkage group D, three in linkage group F, and one in linkage group M. Similarly,
Kebede et al., used an RIL population of 125 individuals derived from a cross between
pre-flowering drought-resistant SC56 and pre-flowering drought-sensitive RTx7000 [30].
Their research showed that four QTLs—Prf C, Prf E, Prf F, and Prf G—were linked to
pre-flowering drought resistance. These QTLs explained 11.9% to 37.7% of the phenotypic
variation. Notably, Prf E and Prf F originated from the drought-tolerant parental SC56,
while Prf C and Prf G originated from the drought-sensitive parental RTx7000. These
findings offer valuable insights into the genetic basis of pre-flowering drought tolerance
in sorghum and provide essential information for breeding programs aimed at enhancing
drought resilience in this important crop.

The localization of QTLs for drought tolerance after flowering in sorghum is critical
due to the impact of post-flowering drought on plant physiology and yield. Post-flowering
drought stress in sorghum leads to early leaf senescence, reduced chlorophyll content, di-
minished photosynthetic capacity, hindered grain filling, and, ultimately, reduced yield [31].
These effects can be primarily attributed to variations in flowering time, resulting in pheno-
logical differences. Sabadin et al., identified significant co-localization between flowering
times and grain yields in sorghum, along with three QTLs, one of which was located
on chromosome 9 and controlled both flowering time and plant height [32]. Their study
provides valuable insights into the genetic basis of seed yields and QTLs in sorghum after
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flowering, with potential associations with plant height and seed yield. In another study,
Sakhi et al., investigated 107 sorghum germplasm resources under drought treatments,
starting at the spikelet stage [33]. Using ninety-eight pairs of SSR markers, they analyzed
the association of twenty-three drought-tolerance traits and detected a total of nine QTLs
associated with eight drought-tolerance traits, including stem thickness, leaf drying rate,
flowering time, spikelet stipe protruding length, and flag leaf length. The identified QTLs
and molecular markers can serve as a solid foundation for the precise localization of post-
flowering drought-tolerance genes and the elucidation of their mechanisms of action in
sorghum. These findings have contributed to a deeper understanding of the genetic basis
of drought tolerance after flowering in sorghum, offering potential targets for molecular
breeding strategies aimed at enhancing drought resilience in this important crop.

The integration of marker-assisted selection is pivotal in the screening and localiza-
tion of QTLs for enhancing drought tolerance in sorghum lines [34]. A population was
developed through pre-flowering and post-flowering backcrosses of sorghum with drought
stress-sensitive lines, enabling the identification of QTLs on chromosomes controlling
flowering time and plant height, thereby enhancing tolerance. The optimization of existing
markers for the efficient detection of QTLs associated with drought tolerance in sorghum is
crucial for advancing breeding efforts in this crop.

3. Mechanism of Physiological Response in Drought-Resistant Sorghum
3.1. Response of Photosynthetic System to Drought Stress

Under drought stress, the regulation of photosynthesis in leaves is an important
phenomenon in controlling plant water loss [35]. During drought stress, plants reduce
photosynthesis activity as a result of increased water loss, disturbed cellular functions,
stomatal conductance, and gas exchange (Figure 1). Gas exchange is a key mechanism in
plant tissues for maintaining cellular functions and energy production. Stomatal regulation
plays an important role in preventing transpiration and water loss through the stomata,
with stomatal opening often resulting in up to 90% water loss [36,37]. When transpiration
rates increase, stomatal closure reduces water loss in sorghum. The negative correlation
between sorghum’s stomatal conductance and drought tolerance serves as a potential
marker of drought tolerance [38]. Moreover, stomatal regulation is a key mechanism of
an important cellular activity involving the maintenance of cellular water regulation [39].
Stomatal conductance (Gs) and transpiration rate (Tr) have been suggested as traits that can
be used for marker-assisted selection in sorghum [40]. When soil moisture is insufficient,
stomata tend to reduce transpiration rates through partial or total closure, which reduces
water loss while reducing CO, entry, thus leading to decreases in the photosynthetic rates
(Pn). It was found that the net photosynthetic rate (Pn), photochemical efficiency (Fv/Fm),
photochemical burst (qP), and actual photosystem efficiency (PPSII) of sorghum decreased
under drought stress.

These physiological and ecological characteristics reflect sorghum seedlings’ physi-
ological tolerance to drought stress. Is this physiological expression present in sorghum
under drought stress at all reproductive stages? Can sorghum show similar physiological
incentives to other crops after relieving stress? These questions require in depth study as
they are important in guiding the development of appropriate field-management measures
such as timely irrigation.
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Figure 1. Drought stress adversely affects plant photosynthesis, and as a result, it affects gas exchange,
stomatal conductance, water loss, and cellular functions. Gas exchange plays a key role in energy
production. In addition, stomatal conductance regulates transpiration rates and water loss. When
moisture content is limited during drought stress, it reduces the entry of CO; and, as a result,
decreases photosynthesis activity in sorghum.

3.2. Response of Reactive Oxygen Metabolism System to Drought Stress

ROS are important signaling molecules in the cellular response to abiotic stress [41].
Drought stress induces the production of ROS such as superoxide radicals (-O, ~), hydroxyl
radicals (-OH), and H,O,. Previous research has shown that the -OH in ROS directly
induces the peroxidative catabolism of unsaturated fatty acid chains in phospholipids,
disrupting the overall membrane. This leads to metabolic dysregulation in vivo.

3.2.1. Participation in Signal Transduction

Previous research has demonstrated that ROS, as second messengers, are involved
in various responses such as cell growth and development [42], programmed cell death
(PCD) [43], hormone signaling [44], and different biotic and abiotic stresses by altering the
redox states of cells [45].

In recent years, the investigation of plant adversity stress signal transduction (ROS) has
become an essential component of cellular signal regulation and transmission [2]. NADPH
oxidase at the plasma membrane is one of the major pathways for ROS production in plants.
When plants are exposed to biotic or abiotic stress, NADPH oxidase rapidly catalyzes the
production of large amounts of O, — from O,. The superoxide is then converted into other
ROS, such as hydrogen peroxide (H,O,), by SOD hydroxyl (OH) radicals [46]. In sorghum,
NADPH generates ROS which act as signaling molecules that activate stress response path-
ways and enzymes and lead gene expression changes under drought stress [47]. Moreover,
NADPH-mediated ROS production maintains cellular homeostasis in these plants. ROS
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can modulate ion-channel activities in sorghum, trigger the synthesis of osmoprotectants,
and regulate cell-wall strengthening, and as a result, cell structures and functions are main-
tained under drought stress conditions [48]. The CaZ* concentrations in plasma membranes
depend on the degree of plasma membrane Ca?* channel activity or opening, the degree of

activation of cytosolic Ca?* pumps, etc. Among the aforementioned regulatory elements,
ROS demonstrate a distinct regulatory influence (Figure 2).

Drought stress

Ca?+

Calcium
channel

Plasma
membrane

T
TRVSYRIRTITY

TR
IV ERVRRPRN NI

IV
(A

i
HWHARBNN
il TR

HSF-independent
pathway Ethylene

|

Drought stress response

Figure 2. Plant ROS transcription-factor signaling network.

In turn, Ca* initiates NADPH oxidase, which induces ROS production and a greater
cytoplasmic Ca?* inward flow. Additionally, ROS act as second messengers in Arabidopsis
thaliana, using HCN to break down seed dormancy [42]. ROS are also involved in signal
transduction for the development of PCD in plants. Previous studies have shown that
different ROS have specific functions in inducing signal transduction for PCD [43]. The
mutant fluorescent (flu) produces monoclinic oxygen species in alternating light/dark
environments, and the mutant stimulates a cell-death response immediately after the
release of monoclinic oxygen species [49].

3.2.2. Involvement in ROS Metabolism

Stress primarily affects a plant’s ROS-free-radical metabolism, the extent of lipid
peroxidation in its cell membranes, and the activities of its antioxidant enzymes. There
are two types of processes involved in ROS metabolism. The first are enzymatic antioxi-
dants such as SOD, CAT, and APX, and the second are non-enzymatic antioxidants such
as ASH, GSH, and alkaloids, which also remove intracellular ROS. CAT is a peroxisome
signature enzyme that can convert H,O; into O, and water and plays an indispensable
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role in the clearance of H,O, from peroxisomes. Also, glutathione peroxidases (GPXs),
GSTs, and peroxiredoxin (PRXs) [50] lower H,O, and organic hydroperoxides through a
thiol-mediated pathway that does not depend on ascorbate [50], and they do so using an
ascorbate-independent thiol-mediated pathway to decrease H,O, and organic hydroperox-
ides. These pathways work together to eliminate ROS. The antioxidant enzymes such as
SOD, CAT, ascorbate peroxidase (APX), NADH-dependent dehydroascorbate reductase
(NADH), glutathione reductase (GR), and glutathione peroxidase (GPX), and monode-
hydroascorbate reductase (MDAR), APX, GR, and NADH mitigate HyO, through the
Halliwell-Asada pathway [51,52]. The two primary approaches now used to represent ma-
jor antioxidant enzyme activities (e.g., SOD, CAT, and APX) are as follows: first, comparing
two control groups under two different drought and water situations [53], and second,
summarizing the activities of the total extracted enzymes [54]. In order to examine the
impacts of drought stress on the expression and activity of the major antioxidant enzymes
such as SOD, CAT, and APX in a more comprehensive manner, it is common practice to
utilize antioxidant enzyme expression and activity levels across a range of drought condi-
tions [55]. In sorghum, ROS generated by NADPH oxidase activate antioxidant defense
mechanisms. These mechanisms consist of the upregulation of antioxidant enzymes such
as CAT, POD, and SOD, which alleviate the adverse effects of oxidative stress caused by
the excessive accumulation of ROS under drought stress [48].

Harb et al., conducted transcriptomics research to investigate the effects of moderate
drought stress on Arabidopsis [56]. To conduct a comprehensive analysis, they identified
406 Arabidopsis genes that encode fundamental components of antioxidant and redox
homeostasis. Although this group of genes does not represent all proteins that may be
involved in ROS-related metabolism or repair, it represents many known antioxidant and
reductant regeneration enzymes. Finding redox-linked genes that are sensitive to drought
shows how different antioxidative and redox homeostatic systems respond. However,
the response within each class is complex and unique. Most notably, there is no general
upregulation of ROS-producing enzymes or antioxidative and redox homeostatic pathways.
In all categories, as many genes are repressed as are induced.

In 2022, Zheng et al., overexpressed SbNACY in sorghum and discovered that the
transgenic lines had better photosynthesis abilities, root structures, and ROS scavenging
abilities, which made the sorghum more resistant to drought [57]. SbNAC9 can also
directly turn on the putative peroxidase gene SbC5YQ75 and the putative enzyme gene
SbNCED3, both of which are involved in making ABA [58]. Silencing SbC5YQ75 and
SbNCED3 via VIGS resulted in reduced drought tolerance and decreased ABA content in
the sorghum seedlings.

4. Transcription Factors Involved in the Drought Stress Response

During drought stress signal transduction, transcription factors (TFs) play crucial roles
in plant growth and development under abiotic stress by initiating multiple pathways to
regulate and reduce plant stress damage at multiple levels [59]. Over 1700 family genes
encoding more than 50 transcription factors have been isolated from a model Arabidopsis
plant. Among them, the main transcription factor gene families related to drought, salt,
and heavy metal stress were AP2/ERF, HD-ZIP/bZIP, NAC, MYB, C2HC, and WRKY.

4.1. Response of HD-ZIP Transcription Factors to Drought Stress

HD-ZIP transcription factors are transcription factors that are only found in higher
plants. They have a structure that includes a homodimeric domain (HD) that binds DNA
and a zipper domain (ZIP) that interacts with proteins, with leucine at the C-terminus of the
homodimeric domain [60,61]. Research has demonstrated that drought, excessive salt, ABA,
and cold damage trigger genes belonging to subfamilies I and II of the HD-ZIP family of
transcription factors. These two genes are involved in the hormone signaling pathway and
regulate plant-cell expansion, division, and differentiation by interacting with hormone
pathway genes and downstream genes, thus improving plant stress resistance [62-64].
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Depending on the structures, conserved sequences, physiological functions, and other
structural domains contained in the HD-ZIP protein genes, this family of proteins can be
classified into four major classes (I-1V) [65,66], of which the first two are predominant in
number (Figure 3).
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Figure 3. The classifications and structures of the HD-ZIP transcription factors.

The HD-ZIP transcription factors can improve the morphological characteristics of
plants under abiotic stress. Sorghum is characterized by its small genome and short life
cycle [67]. A relevant study indicated that, among the 1644 common differentially expressed
genes (DEGs) in sorghum roots under severe drought stress and rehydration treatments,
2 HD-ZIP genes were upregulated under drought stress and downregulated under re-
hydration treatments while 4 HD-ZIP genes were downregulated under drought stress
and upregulated under rehydration treatments. This suggested that HD-ZIP transcription
factors have different expression patterns in sorghum roots [68].

Also, as a C4 crop, maize can lay the foundation for sorghum research. Using the
pre-sequencing data for the maize transcriptome, a functional validation of the HD-ZIP
transcription factors in maize plants found 42 genes that coded for HD-ZIP proteins [69].
The evolutionary tree analysis classified the 42 Zmhdz genes into 4 major categories, which
aligned with the classification of the HD-ZIP genes in rice and Arabidopsis, demonstrating
a high degree of sequence conservation in HD-ZIP genes. Researchers have found that
overexpressing the HD-ZIP class genes HaHHB1 and ATHB13 not only improved the drought
tolerance of transgenic plants but also increased their biomass [70].

Transgenic rice that overexpressed the HD-ZIP class I gene Zmhdz4 became more
resistant to drought [71]. However, the overexpression of this gene in rice decreased its
tolerance to salt stress [72], with a similar function to the Arabidopsis thaliana HD-ZIP class
I transcription factor ATHB6 [73,74]. In addition, it has been shown that members of the
HD-ZIP class I family respond to stress through either the ABA-dependent pathway or the
non-ABA-dependent pathway [75,76].

HD-ZIP II genes are mainly regulated by illumination conditions and auxin re-
sponses [77,78]. As a negative regulator, ATHB2 can recognize its promoter region and
participate in regulating the Arabidopsis shade-avoidance response [79]. HAHB10, an HD-
ZIP II gene, shares a similar gene structure and expression pattern with ATHB2, which
mainly regulates a plant’s response to light quality and quantity as related to plant devel-
opment [80]. Recent research has shown that the expression of two cotton HD-ZIP II genes,
GhHB?2 and -4, can be upregulated in hypocotyls, cotyledons, and roots by external GA3
treatments. These genes are crucial components of the phytohormone signaling system
that controls early seedling development [81].

The HD-ZIP class III family of proteins contains the following five members: ATHBSS,
CORONA (CNA), PHABULOSA (PHB), PHA VOLUTA (PHV), and REV. These genes are
HD-ZIP class III family proteins, and increasing evidence has shown that they play ma-
jor roles in embryonic development, cell differentiation, xylem formation, and lateral
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organ polarity transportation [82,83]. Previous studies on Arabidopsis have identified five
HD-ZIP class III genes (IFL1, ATHBS, ATHB9, ATHB14, and ATHB15), and IFL1, ATHB-
9, and ATHB-14 were found to be connected to the development of the proximal axial
regions of the apical meristematic tissues, the vascular bundles, and the lateral tissues,
and they influenced the development of the root tips in the embryonic period [84]. Phyto-
hormones and KANS transcriptionally regulate HD-ZIP IlI-mediated root development,
while miR165/166 post-transcriptionally regulates it [85]. In addition, the overexpression
of miR166G in Arabidopsis Jabba-1D (JBA-1D) mutant plants has been found to affect the
transcription of HD-ZIP III homologous structural domain-leucine zip family genes [86].
HD-ZIP III genes all have ABRE and MBS action elements, but relevant analyses of their
resistance abilities have yet to be reported, and further studies are needed to investigate
their roles in response to drought stress. HD-ZIP IV genes are generally involved in de-
termining outer cell fates [87,88]. The HD-ZIP class IV gene AtHDG11 enhances drought
tolerance in transgenic plants [89,90], and its homologous genes Zmhdz14 and Zmhdz13 also
enhance drought tolerance in transgenic plants [69]. It has been hypothesized that genes
in the same branch of the evolutionary tree have similar functions in sorghum resistance
to abiotic stress [91]. Overexpression of the HD-ZIP class IV genes Zmhdz14 and Zmhdz13
not only enhanced the drought tolerance of transgenic plants but also their sensitivity to
ABA [89]. Further, the leaf epidermis expressed OCL4, which encodes the maize HD-ZIP
IV gene. Arabidopsis transgenic plants overexpressing OCL4 showed suppressed trichome
development, while OCL4 RNAi transgenic plants showed ectopic trichome differentiation
in their leaf margins [92].

Adverse hormone response elements have been detected in all 42 maize HD-ZIP genes.
The ABA response elements appeared most frequently at 185, accounting for 47.07% of
the total number of promoters in the study. Except for the HD-ZIP class I gene Zmhdz41,
the HD-ZIP class II genes Zmhdz37 and Zmhdz14, and the HD-ZIP class IV genes Zmhdz35
and Zmhdz30, which did not contain ABA response elements, the remaining 37 (88.10%
of the total number of genes) had 1 or more ABA response elements. Among the stress
elements, the highest number of genes containing MBS elements was 23 (54.76% of the
total number of genes), and these were shown to be positively induced by drought stress in
the transcriptome data, with numbers of 10, 9, 0, and 4 in HD-ZIP I-1V, respectively. All
21 genes had MBS elements except for Zmhdz14 (HD-ZIP 1I) and Zmhdz35 (HD-ZIP 1V),
which did not contain ABRE elements.

As a C4 crop, sorghum’s HD-ZIP transcription factors have received less attention,
though maize, another C4 crop, has contributed to genetic, evolutionary, and other funda-
mental biological investigations. The availability of the sorghum genome sequences has
provided an excellent opportunity for whole-genome annotation, classification, and com-
parative genomics research. Although HD-ZIP genes have been extensively characterized
in Arabidopsis [93], rice [94], and other species [95], systemic analyses of the HD-ZIP gene
family, especially for the potential stress-responsive members, have not been reported for
many important species. The HD-ZIP genes in the maize genome have been found and are
described at the beginning of this subsection. Furthermore, we investigated the transcript
levels of HD-ZIP I genes in response to drought stress, which severely affects sorghum
yields. The regulatory network of HD-ZIP proteins in the drought stress response is shown
in Figure 4. The results provide a biological reference for future studies on the functions of
the HD-ZIP genes and will be helpful for breeding drought-resistant sorghum.
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Figure 4. Molecular mechanisms of the HD-ZIP proteins under abiotic stress.

4.2. Roles of the MYB Transcription Factors in Sorghum under Drought Stress

MYB functions have been extensively investigated in different plant species. An
extensive review by Ambawat et al., described the roles of MYB TFs in different plant
processes, including abiotic and biotic stress responses [96]. There has been a lot of research
on MYB TFs; therefore, it is important to explore how they may improve stress tolerance
in agricultural crops. For example, Fang et al., demonstrated that MYB TFs are active
factors in abiotic stress signaling, and MYBs have been found to regulate downstream
genes in response to abiotic stresses and potentially act at both the transcriptional and
post-transcriptional levels [97]. Last, but not least, Baldoni et al., reviewed the roles of MYB
TFs in drought response mechanisms, providing specific examples of MYB functions and
discussing potential applications of MYBs [98].

Under drought stress, MYB-like transcription factors regulate cell division and dif-
ferentiation, biosynthesis, stomatal development, transpiration, photosynthesis, and root
development. AMYB60 and AMYB44 in the model crop Arabidopsis are transcriptional
repressors that regulate guard-cell development and stomatal movement. According to
Scully et al., the overexpression of SbMYB60 promoted monophenol production in drought-
tolerant sorghum [99]. The MYB TF gene has also been an area of interest in other cereals.
A new gene, OsMYB48-1, induced ABA, hydrogen peroxide, dehydration, and PEG under
salt and drought stress treatments, according to a study [100] on the role of MYB TFs in
drought tolerance in rice. RNA sequencing studies have shown that transgenic maize that
overexpressed OsMYB55 was better able to handle drought and high temperatures. It also
turned on a lot of genes that deal with stress [101]. More recently, Tang et al., found that
OsMYB6 overexpression in rice enhanced salt and drought stress tolerance compared to
wild-type plants [102]. The overexpression of MYB15 increased the sensitivity of plants to
signals such as ABA and early drying, and it caused a greater number of stomata to close.
Genes such as ABA1/2, ABI3, AiADH1, RD22, RD29B, and AtEM6, which are involved in
ABA production, signal transduction, and response, had increased expression at the same
time. Under drought stress, the overexpression lines showed significantly better water
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loss and survival than the control plants at both the nutrient and reproductive stages. The
presence of MYB15 homologous genes in plants such as tobacco, tomato, barley, and wheat
is important for improving the drought tolerance of these plants. The overexpression of
OSMYB4 or its homologous genes significantly improved the tolerance to drought stress in
Arabidopsis and tomato and apple plants.

MYB transcription factors, in addition to reacting to drought stress, play essential roles
in plant responses to other environmental factors such as nutrient deficiencies, salt stress,
and hypoxia stress. For example, the R;R,R3MYB transcription factor gene OsMYB3R-2,
cloned from rice, was overexpressed in Arabidopsis thaliana, and the transgenic plants were
significantly more tolerant to freezing, drought, and high-salt stress [103]. In sorghum
plants under drought stress, MYB TFs were shown to regulate genes involved in water
conversation, osmotic balance, and the antioxidant defense system [68]. This included
the genes that encode enzymes for osmolyte biosynthesis (proline and glycine betain).
Moreover, the MYB TFs helped to minimize water loss through transpiration, thereby
conserving water in sorghum plants under drought stress [68].

Although several MYB genes have been functionally characterized in model and
non-model species, the characterization of these TF genes in sorghum is limited. The
genome-wide identification of MYB TFs in sorghum will be critical for understanding their
stress-related functions and developing improved varieties.

4.3. NAC Improves Reactive Oxygen Species” Scavenging Capacities

NAC family transcription factors have numerous biological activities in different
plants. So far, researchers have identified 117 NAC transcription factors in Arabidopsis and
151 in rice, 147 ZmNAC transcription factors in maize [104], and 131 NAC transcription
factors in sorghum [105]. Many NAC TFs have been reported to be involved in plant
responses to abiotic stress.

The SNACI gene in rice was cloned in drought and high-salt conditions. The over-
expression of this gene significantly improved drought and salt tolerance in rice, with a
22-34% increase in yield compared to wild-type rice [106]. Similarly, the overexpression
of the SNAC2 gene increased drought resistance in rice yields compared to wild-type
rice yields [107,108]. Tran et al., cloned three Arabidopsis NAC family genes, ANACO019,
ANAC055, and ANAC072, and they discovered that the overexpression of these genes
dramatically increased drought tolerance compared to the wild type, with ANAC072 being
engaged in the ABA signaling system [109]. These results indicated that, as a transcription
factor, SNACI can actively regulate the expression of stress-related genes, and it may find
application value in the improvement of drought resistance in crops.

It has been shown that the GsNAC2 gene of the NAC family modulates sorghum’s
response to salt stress via various mechanisms. A total of 20 genes associated with the ABA
signaling pathway were identified as being differentially expressed in the plant hormone
signaling pathway. Among these, the negative regulator SbPP2C15 was downregulated
following salt-stress-induced overexpression of the GsSNAC2 gene in sorghum. The positive
regulator genes SOYSAPK9 and ShABCI12 were found to be upregulated. The GA signaling
pathway enriched 19 differentially expressed genes, and following the salt-alkali stress-
induced overexpression of the GSNAC2 gene in sorghum, the receptor genes SbChitinl
and SbChitin2 were elevated, while the negative regulators SPSHORT-ROOT1 and SbRGL1
were downregulated. The JA signaling pathway was enriched in 23 differentially expressed
genes, with the receptor genes SVTIFY9 and SbTIFY11e, the positive regulator SbJARI,
and the negative regulator SbbHLH61 being significantly upregulated after the salt-alkali
stress-induced overexpression of the GSNAC2 gene in sorghum. Sorghum has shown
the significant upregulation of key genes GCL, GS, GSH-Px, and GR following the salt-
alkali stress-induced overexpression of the GsSNAC2 gene, and GSH-Px and GR enzyme
activities were also significantly higher than those in the control group, with 18 differentially
expressed genes enriched in the glutathione metabolism pathway.

95



Int. J. Mol. Sci. 2024, 25, 6464

In conclusion, the GsNAC2 gene is important to sorghum’s ability to deal with stress
because it helps plants grow and develop, makes them better at getting rid of reactive
oxygen species, controls glutathione metabolism pathways, and boosts the production
of reduced glutathione. During drought stress conditions, sorghum accumulates proline,
betainan, and soluble sugar to maintain cell turgor and protect cellular structures [8].
GsNAC2 improves the expression of the genes involved in these osmolytes’ biosynthesis,
thereby contributing to better adjustment and enhanced drought tolerance in sorghum [110].
In sorghum, the GsSNAC?2 genes are involved in the regulation of the antioxidant defense
mechanism by upregulating the genes that encode antioxidant enzymes such as SOD,
CAT, and POD, which mitigate the excessive production of ROS and protect sorghum
cells from oxidative damage [111]. All of these processes improve transgenic sorghum’s
stress tolerance.

To validate their RNA-Seq results, Zhang et al., utilized gene-specific primers and the
qRT-PCR method to validate differentially expressed genes (DEGs) with NAC expression
patterns [68]. In the leaves, five different regulatory factors in response to drought (mild
and severe) and rehydration treatments were confirmed. The expression level ratios of
drought and the corresponding control treatments determined by qRT-PCR were compared
with the expression level ratios determined by RNA-Seq. There were significant correlations
between the RNA-Seq and qRT-PCR data (r> = 0.786). The qRT-PCR results showed that the
expression patterns of these genes were similar to those in the RNA-Seq analysis results.

5. Genes and Mechanisms Related to Drought Resistance in Sorghum

The completion of the sorghum genome sequence provides an effective guarantee
for the cloning of genes related to drought and stress tolerance in sorghum, despite the
fact that the primary QTL for drought resistance in sorghum has not yet been available in
the form of corresponding candidate genes through the mapping and cloning technique.
Abdel-Ghany et al., identified a set of genes (BTx623 [DR1] and SC56 [DR2]) that exhibited
differential expression only in resistant genotypes in response to PEG-induced drought [20].
This group of genes encodes known transcription factors, other proteins (signaling and
metabolic enzymes) associated with drought response, and many novel proteins with no
known functions. A bioinformatics analysis revealed potential regulatory elements in these
genes and cognate transcription factors that may modulate their expression. To further
understand seedling-stage drought tolerance in sorghum and aid in the development of
drought-resistant crops, future functional investigations using the uncharacterized genes
expressed only in the drought-resistant genotypes are required.

Han et al. [112] isolated and cloned the sorghum ERECTA gene and analyzed its
sequence structure as well as its expression pattern in response to drought stress during
the seedling stage. The results showed that both the Sb ER1 and Sb ER2 genes were
expressed in sorghum stems and leaves, and their expression levels gradually increased
with the severity of drought stress, and so the two genes, Sb ER1 and Sb ER2, may be prime
candidates for genetic engineering. Liu et al. [110] cloned the Sb SKIP gene from sorghum
and transferred it into tobacco for a drought function analysis. The findings provided the
groundwork for further studies on the role of the Sb SKIP gene by demonstrating that its
expression enhanced the tobacco plants” drought tolerance. In contrast, the cloning and
functional analysis of the gene provided basic information for the creation of transgenic
drought-resistant materials.

6. Conclusions

Abiotic stress severely reduces plant growth and yield. To mitigate the adverse effects
of abiotic stress on sorghum, the plant uses a variety of responses, such as biochemical,
physiological, and molecular responses.

Expanding China’s food production is a great strategy to ensure food security and
alleviate resource deficiencies under abiotic stress, including drought stress in sorghum.
However, progress has yet to be made in selecting and improving drought-resistant plants.
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It is still a challenge to reach the greatest yield potential due to issues with low planting
efficiency and lower yields of drought-prone species in the promotion and use of their
new varieties.

7. Future Recommendations

The current investigation provides a comprehensive review of the agronomic traits,
reactive oxygen species metabolism mechanisms, and genetic basis of drought tolerance
in sorghum. We presented the latest advances in sorghum morphology, physiology, and
transcription factors, providing a broad understanding of these aspects. Additionally, we
discussed the interactions between drought-induced ROS and the MAPK, NAC, and MYB
signaling pathways. The various mechanisms that enable plant cells to withstand stress
appear to be interconnected, and the degree of their interrelation is influenced by environ-
mental factors. Due to the complexity of drought tolerance and the challenges in phenotypic
aspects, the molecular genetic bases and foundations of these mechanisms have not been
fully explored. Despite previous improvements, there is still tremendous potential for
enhancing drought tolerance. Understanding the interplay between plant biology, cellular
physiology, and plant—environment interactions requires the latest genetic information.

It has been confirmed that drought, salt, and heavy metals stresses can be alleviated
via HD-ZIP transcription factor genes, such as AP2/ERF, HD-ZIP/bZIP, NAC, MYB, C2HC,
and WRKY, which can be isolated from a model Arabidopsis plant and rice plants. However,
the roles of these various genes in stressed sorghum have yet to be studied in order to
alleviate the adverse effects of drought.
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Abstract: The study of the mechanisms by which melatonin protects against cadmium (Cd) toxicity
in plants is still in its infancy, particularly at the molecular level. In this study, the gene encoding a
novel serotonin N-acetyltransferase 3 (SNAT3) in rice, a pivotal enzyme in the melatonin biosynthetic
pathway, was cloned. Rice (Oryza sativa) OsSNATS3 is the first identified plant ortholog of archaeon
Thermoplasma volcanium SNAT. The purified recombinant OsSNAT3 catalyzed the conversion of sero-
tonin and 5-methoxytryptamine to N-acetylserotonin and melatonin, respectively. The suppression
of OsSNAT3 by RNA:i led to a decline in endogenous melatonin levels followed by a reduction in
Cd tolerance in transgenic RNAi rice lines. In addition, the expression levels of genes encoding the
endoplasmic reticulum (ER) chaperones BiP3, BiP4, and BiP5 were much lower in RNAi lines than in
the wild type. In transgenic rice plants overexpressing OsSNAT3 (SNAT3-OE), however, melatonin
levels were higher than in wild-type plants. SNAT3-OE plants also tolerated Cd stress, as indicated
by seedling growth, malondialdehyde, and chlorophyll levels. BiP4 expression was much higher in
the SNAT3-OE lines than in the wild type. These results indicate that melatonin engineering could
help crops withstand Cd stress, resulting in high yields in Cd-contaminated fields.

Keywords: binding proteins; chaperone; cadmium tolerance; melatonin; serotonin N-acetyltransferase;

transgenic rice

1. Introduction

Cadmium (Cd) is believed to act as one of the most harmful heavy metals for living
organisms and is positioned 7th among the 20 most toxic metals; it is also a group 1
carcinogen [1]. In plants, Cd causes severe damage to growth and development, including
by inhibiting photosynthesis [2,3], disrupting the ultrastructure of chloroplasts [4,5] and
the endoplasmic reticulum (ER) [6], increasing the production of reactive oxygen species
(ROS) [7], and disturbing cellular protein homeostasis [8]. To alleviate the adverse effects of
Cd stress, plants have evolved a series of adaptative mechanisms against Cd toxicity. The
first line of defense is the plant cell wall, which prevents Cd from entering cells by chelating
it to cell wall components such as pectin and hemicellulose [9]. However, for Cd that
invades inside cells, a number of defense responses are simultaneously induced to minimize
Cd stress, such as Cd sequestration into vacuoles, Cd chelation by cytoplasmic organic
acids or proteins, the enhanced production of antioxidant enzymes or other antioxidants,
and the induction of heat shock proteins (HSPs) [5,8].

HSPs play a pivotal role in cellular protein homeostasis by acting as molecular chap-
erones of protein folding and hindering protein aggregation [10]. They are also induced
in response to Cd, as well as other environmental stresses. In plants, there are five major
classes of HSPs, identified based on their molecular masses: HSP60, HSP70, HSP90, HSP100,
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and small HSPs. HSP70 is highly conserved between bacteria and eukaryotes and is closely
associated with the defense response in a wide range of plant species [11]. It maintains
protein homeostasis by preventing the aggregation of stress-damaged proteins [12]. The
rice genome contains 32 HSP70 genes, whose protein products are localized in distinct
subcellular compartments, including the cytoplasm, chloroplasts, and ER [12]. HSP70
proteins that reside in the ER are also referred to as binding proteins (BiPs). Like other
HSP70 proteins, BiPs act as chaperones and interact with nascent immature proteins to
facilitate their correct folding and assembly [13]. In the rice genome, there are at least five
BiP genes, sharing >66% amino acid identity [14]. Among them, the expressions of BiP4 and
BiP5 are positively correlated with the severity of ER stress [13], whereas BiP1 expression
plays a key role in the regulation of seed storage proteins [15]. While many environmental
stresses, such as heat, salt, and drought, as well as heavy metal stress, evoke ER stress by
causing dysfunctional protein folding [16-18], whether the amelioration of ER stress by BiP
genes would improve plant growth and development remains elusive [18].

Melatonin is found in almost all living organisms, including animals, bacteria, archaea,
and plants [19-22]. In animals, melatonin acts as a neurohormone, influencing circadian
rhythms and seasonal reproduction [23]; other functions include energy metabolism, as
well as anti-inflammatory, anti-cancer, and anti-aging effects [24]. In plants, however,
melatonin does not function as a hormone, but rather as a signaling molecule, orchestrating
a diverse array of physiological functions including growth and development, while also
participating in defense responses against biotic and abiotic stresses [25] through protein
quality control [26,27]. In plants, melatonin biosynthesis begins with the conversion of
tryptophan into tryptamine in a reaction catalyzed by tryptophan decarboxylase, with
intermediate serotonin—the last common substrate for melatonin biosynthesis in both
animals and plants—produced through the enzymatic reaction of tryptamine 5-hydroxylase,
located in the ER. Serotonin is converted into N-acetylserotonin or 5-methoxytryptamine by
serotonin N-acetyltransferase (SNAT) or serotonin O-methyltransferase. The same enzymes
catalyze the final steps that lead to melatonin biosynthesis [20]. Among these four enzymes,
SNAT, as both the penultimate and final enzyme for melatonin biosynthesis depending
on the substrate, has received considerable research attention due to its rate-limiting role
in melatonin synthesis in animals and plants [19,28,29]. In plants, two SNAT isogenes,
SNAT1 and SNAT?2, have been cloned and their respective proteins have been expressed in
chloroplasts [30,31].

In this study, we cloned a third SNAT from rice (Oryza sativa), OsSNAT3, identified
as an orthologous gene of the archaeon Thermoplasma volcanium SNAT [21]. In our experi-
ments, we found that, in contrast to OsSNAT1 and OsSNAT2, OsSNAT3 is located in the
cytoplasm. However, like OsSNAT1 and OsSNAT?2, the overexpression of OsSNAT3 en-
hanced melatonin synthesis in transgenic rice, while its downregulation reduced it. It also
conferred tolerance against Cd stress, while its downregulation increased the susceptibility
of rice plants to Cd stress. These observations may be due to the differential expression of
BiP genes. This is the first study to show that melatonin-regulated BiP regulation plays an
important role in conferring Cd tolerance in rice, thus highlighting the close relationship
between melatonin-induced BiP genes and Cd tolerance in plants.

2. Results
2.1. Rice (Oryza sativa) SNAT3 (OsSNAT3) Sequence Features, Bacterial Expression, and
Purification of Recombinant OsSNAT3 Protein

A BLAST search showed that the rice gene with the highest homology to the archaeon
Thermoplasma volcanium SNAT (TvSNAT) [21] is OsSNAT3, previously annotated as rice
N-alpha-acetyltransferase 50 (OsNaa50). OsSNAT3 had a 36.25% protein-level identity
with TvSNAT in its C-terminal 80 amino acids (Figure 1A). A Conserved Domain Database
(CDD) search [32] showed that OsSNAT3 has a conserved acetyl CoA binding site made
up of L96, G97, V98, G108, and 5109, and that it harbors key residues for SNAT catalysis,
including N123, D136, and Y142 [33]. OsSNATS3 has a high amino acid sequence identity
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(51%) with human Naa50 [34], which also possesses SNAT activity [35]. In the rice genome,
two SNAT isogenes, SNATI and SNAT2, have been identified thus far. While both partic-
ipate in melatonin biosynthesis, they differ in their downstream signaling responses in
the brassinosteroid signaling pathway [20]. Phylogenetic analysis clearly indicated that
OsSNAT3 (or OsNaab0) is distantly related to the previously identified SNAT isogenes OsS-
NAT1 and OsSNAT?2 (Figure 1B). To assess whether rice OsSNAT3 harbors SNAT activity,
recombinant OsSNAT3 was purified by expressing full-length OsSNAT3 in Escherichia coli.
As shown in Figure 1C, OsSNAT3 was expressed as a soluble protein and successfully
purified on a Ni%* affinity column.

(A)

OsSNAT3 93 IMTLGVLA PYRSLGIGSK LLNHVIDLCE KQNIPEIYLH 130

* * * *  kKx * * K * * *
TvSNAT 74  ILLFAVDE RFRRMGVGSA LMDAFLSLCR EQNMLSVRLE 111
OsSNAT3 131 VQTNNDDAIA FYKKFGFEIT KTIEKYYKNI TPPDCYVLTK 170

* xk kk k% *kkkhkk kk k% * * *

TvSNAT 112 VRTDNDEAIR FYKKYGFVIT AMLPNYYSD- —-SSNAYTMWR 149

OsSNAT3 171 FIGQAATKK 179
*

TvSNAT 150 -1V 151
®) 0.87 ——— OsSNATI
' OsSNAT2
ﬂ| OsSNAT3
TVSNAT
0.8
(©) pET300- pET28b-
OsSNAT3 OsSNAT3

kDa M 1 2 3 4 kpa M 1 2 3 4 (D

SNAT activity

Vector construct  Tagging system (pkat/mg protein)

pET300-OsSNAT3 His6-OsSNAT3 6.4 £ 1.2

pET28b-OsSNAT3 OsSNAT3-His6 33.5 £ 4.3

Figure 1. (A) Amino acid sequence alignment between archaeon TvSNAT and rice OsSNAT3. The
conserved acetyl coenzyme A binding sites are underlined and key residues for SNAT activity are
shown in bold. Stars indicate identical amino acids; dashes denote gaps. (B) Phylogenetic tree of
OsSNAT3 among multiple SNAT genes in rice. The scale bar represents 0.8 substitutions per site.
GenBank accession numbers are NC_003413 (TvSNAT), AK059369 (OsSNAT1), AK068156 (OsSNAT?2),
and AK241100 (OsSNAT3). (C) Purification of His6-tagged OsSNAT3 proteins. E. coli BL21 (DE3)
cells harboring pET300-OsSNAT3 and pET28b-OsSNAT3 plasmids were induced with isopropyl
-d-1-thiogalactopyranoside (IPTG) for 5 h at 28 °C. M, molecular mass standards. Lane 1, total
proteins in 15 pL bacterial culture without IPTG; lane 2, total proteins in 15 pL bacterial culture with
IPTG; lane 3, 30 ug soluble protein; lane 4, 5 ug affinity-chromatography-purified protein. (D) SNAT
activity measured in purified N-terminal His6-tagged OsSNAT3 and purified C-terminal His6-tagged
OsSNAT3. Protein samples were separated by SDS-PAGE on a 12% polyacrylamide gel and stained
with Coomassie blue.
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2.2. Characterization of OsSNAT3 Enzyme Kinetics

Two forms of the recombinant OsSNAT3 protein—N-terminal His-tagged OsSNAT3
(His6-OsSNAT3) and C-terminal His-tagged OsSNAT3 (OsSNAT3-His6)—were analyzed
for SNAT activity using serotonin as the substrate. As shown in Figure 1D, the SNAT activity
of the OsSNAT3-His6 protein was 5-fold higher than that of His6-OsSNAT3, indicating the
inhibition of OsSNAT3-mediated catalysis by N-terminal His-tag sequences. The OsSNAT3-
His6 recombinant protein was thus employed in further analyses of SNAT enzyme kinetics.
Similar to TvSNAT, the optimum SNAT activity of OsSNAT3 was at pH 8.8 (Figure 2A).
Peak OsSNAT3 activity was obtained at a temperature of 45 °C with a sharp decrease at
55 °C, in stark contrast to the many other plant SNAT proteins, whose peak activities were
at 55 °C (Figure 2B) [29,35]. The Ky and Vmax values of OsSNAT3 were 1152 uM and
4.8 nmol/min/mg protein, respectively, with serotonin as the substrate (Figure 2C), and
1587 uM and 12.6 nmol/min/mg protein, respectively, with 5-methoxytryptamine as the
substrate (Figure 2D). The catalytic efficiency (Vmax/Km) of OsSNAT3 was 2-fold higher
when 5-methoxytryptamine rather than serotonin served as the substrate. Based on Kn,
values for OsSNAT1 and OsSNAT?2 of 270 uM and 371 uM, respectively, with serotonin as
the substrate, it is likely that OsSNAT3 is functionally involved in melatonin biosynthesis
under conditions of high serotonin levels, such as those induced by senescence and Cd
stress [20].
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8.0 8.0

o I
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Figure 2. Enzyme kinetics of OsSNAT3. SNAT activity as a function of (A) pH and (B) tem-
perature, and determination of Ky, and Vmax values of OsSNAT3 using (C) serotonin and (D) 5-
methoxytryptamine (5-MT) as substrates. Recombinant purified OsSNAT3 (1 pg) was assayed in
the presence of different serotonin and 5-MT concentrations for 1 h at different temperatures and
pH values, followed by high-performance liquid chromatography detection of N-acetylserotonin
(NAS) and melatonin. Kinetic values of Ky, and Vinax were determined using Lineweaver-Burk plots.
Values are presented as the mean + SD (1 = 3). nd, not detected.
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SNAT accepts multiple substrates, including tyramine, tryptamine, and polyamines [36].
As shown in Figure 3, the best substrates for OsSNAT3 were 5-methoxytryptamine (92.3 pkat/mg
protein) and tyramine (92.2 pkat/mg protein), followed by tryptamine (46.9 pkat/mg pro-
tein) and serotonin (33.8 pkat/mg protein) (Figure 3B). Unlike TvSNAT, the activity of
which is lowest when 5-methoxytryptamine is the substrate [21], OsSNAT3 activity peaked
in response to this substrate. Both sheep SNAT and yeast SNAT also reach peak enzyme
activity when provided with 5-methoxytryptamine [37]. In addition to the aforementioned
arylalkylamines, other arylalkylamines (dopamine, octopamine, 2-phenylethylamine, and
histamine) and polyamines (spermidine and putrescine) were tested for their acceptance as
OsSNAT3 substrates. Due to the absence of respective standards, an SNAT inhibition assay
(0.5 mM serotonin) was conducted in the presence of each potential substrate (0.5 mM) to
determine its inhibitory effect on SNAT activity. Analogous to TvSNAT, OsSNAT3 activity
was strongly inhibited by spermidine and octopamine (Figure 3C) and significantly inhib-
ited by putrescine and dopamine. These data indirectly indicate that OsSNAT3 is able to
acetylate dopamine, spermidine, putrescine, and octopamine, yielding N-acetyldopamine,
N-acetylspermidine, N-acetylputrescine, and N-acetyloctopamine, respectively. These
results suggest a broader substrate affinity of OsSNAT3 than TvSNAT. However, the rela-
tionship between acetylated polyamines and OsSNATS3, particularly with respect to stress
defense responses in rice, remains to be studied in detail.

(A) © 500
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I'yramine N-Acetyltyramine 922 £ 4.6
5-Methoxytryptamine Melatonin 92.3 £ 8.6

Figure 3. SNAT reactions and substrate preferences. (A) SNAT activity toward serotonin and 5-MT
substrates. (B) SNAT activity toward other substrates. (C) Activity of recombinant purified OsSNAT3
toward serotonin (0.5 mM) and various amines (0.5 mM) at 55 °C and pH 8.8. Values are presented as
the mean + SD (n = 3). Different letters indicate significant differences vs. the wild type (Tukey’s
HSD; p < 0.05).

2.3. Subcellular Localization of OsSNAT3

The subcellular localization of OsSNAT3 was determined through in silico analy-
sis. First, the possible presence of transit or signal sequences was examined in a Tar-
getP analysis [38], followed by the use of cNLS Mapper to identify a nuclear localiza-
tion signal (NLS) [39]. Although neither transit nor signal sequences are predicted by
OsSNATS3 polypeptides, cNLS Mapper predicted two putative NLS sequences (LKKL-
NTALEPVRYNEKYYHDTIASKEFS and DLCEKQNIPEIYLHVQTNNDDAIAFYKKFGEE)
with scores of 3.2 and 4.3, implying both nuclear and cytoplasmic subcellular localization.
In agreement with the cNLS prediction, an OsSNAT3-mCherry fusion protein was localized
to the cytoplasm (Figure 4) when the fusion construct was transiently expressed in leaf
epidermal cells of Nicotiana benthamiana, a native Australian tobacco species. While the
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(A)

subcellular localization of OsSNATS3 in the cytoplasm was predominantly observed in our
experiments, the expression of OsSNAT3 in other subcellular compartments cannot be
ruled out because the expression of Arabidopsis thaliana Naa50, an ortholog of OsSNATS3, in
the nucleus, cytoplasm, and ER has been reported [40]. OsSNAT3 expression thus differs
from that of OsSNAT1 and OsSNAT2, which have been localized to chloroplasts [30,31].
The location of SNAT protein isoforms—as key enzymes in melatonin biosynthesis in
plants—in the cytoplasm, nucleus, chloroplasts, and mitochondria indicates the ubiquity of
cellular melatonin biosynthesis [20,29,41,42].

(B) (©

Figure 4. Subcellular localization of OsSNAT3. (A) Red fluorescence of OsSNAT3-mCherry. (B) Green
fluorescence of cytoplasmic green fluorescent protein (GFP). (C) Merged fluorescence images (A + B).
Thirty-day-old tobacco seedlings infiltrated with Agrobacterium tumefaciens (GV2260) containing
XVE-inducible OsSNAT3-mCherry or constitutive 355:GFP (cytosolic marker). Bars = 10 um.

2.4. Reduced Synthesis of Melatonin in OsSNAT3-Suppressed Transgenic Rice Plants

From 14 Ty-independent transgenic lines generated via Agrobacterium-mediated rice
transformation in vitro, 12 yielded T; seeds; the other two lines died during growth under
field conditions. The obtained T; seeds, which exhibited hygromycin resistance and a
sensitivity ratio of 3:1, were grown and three T, homozygous lines (lines 3, 6, and 9)
were selected for further analyses (Figure 5). As shown in Figure 5B, the phenotypes of
the 7-day-old OsSNAT3 RNAI lines and wild-type seedlings did not significantly differ.
However, in all three transgenic RNAi lines, OsSNAT3 transcript levels were much lower
than those of the wild type, thus confirming the successful generation of the OsSNAT3
RNAi lines. OsSNAT3 suppression did not affect the transcript levels of OsSNAT1, whereas
those of OsSNAT2 were slightly elevated, indicative of the feedback regulation between
OsSNAT?2 and OsSNATS3 transcripts. To determine the effect of OsSNAT3 downregulation
on melatonin levels, 7-day-old rice seedlings were challenged with 0.5 mM Cd for 3 days,
after which melatonin induction was assessed by HPLC. As shown in Figure 5E, the average
rate of melatonin production in wild-type seedlings was 195 ng/g fresh weight (FW) and
that of the transgenic OsSNAT3 RNAi lines was 77 ng/FW, a 2.5-fold difference. This result
indicates that OsSNAT3 mRNA is functionally coupled to in vivo melatonin synthesis in
rice plants.
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Figure 5. Generation of OsSNAT3 RNAI transgenic rice and the melatonin content of rice seedlings.
(A) RNAIi binary vector used for OsSNAT3 suppression. (B) Phenotypes of 7-day-old rice seedlings.
(C) RT-PCR analyses of transgenic and wild-type 7-day-old rice seedlings. (D) Photograph of 7-day-
old rice seedlings treated for 3 days with 0.5 mM CdCl,. (E) Melatonin contents of 7-day-old rice
seedlings treated for 3 days with 0.5 mM CdCl,. Ubi-P, maize ubiquitin promoter; HPT, hygromycin
phosphotransferase; WT, wild type; UBQ), rice ubiquitin 5 gene. GenBank accession numbers of
SNAT1, SNAT2, SNAT3, and UBQ5 are AK059369, AK068156, AK241100, and AK(061988, respectively.
Different letters indicate significant differences vs. the wild type (Tukey’s HSD; p < 0.05).

2.5. A Decrease in Endogenous Melatonin Aggravates Cd Toxicity

The enormous induction of endogenous melatonin biosynthesis by Cd in rice has
been attributed to melatonin-mediated Cd tolerance [27]. When 7-day-old seedlings were
challenged with Cd, as shown in Figure 5D, no significant differences in MDA levels
between the wild-type and OsSNAT3 RNAI lines were observed. Thus, the effects of Cd
response have been examined directly in MS medium in the presence of Cd (Figure 6). In
this study, consistent with the reduced melatonin levels (Figure 6E), seedling growth in
the OsSNAT3 RNAI lines was strongly reduced compared to the wild type when dehusked
rice seeds were grown for 7 days in half-strength MS medium containing 0.5 mM CdCl,
(Figure 6A—C), with a much shorter root length (Figure 6C). In addition, the levels of
malondialdehyde (MDA), a marker of lipid peroxidation and oxidative stress, were higher
in OsSNAT3 RNAI than in wild-type plants (Figure 6D). To identify the major genes
responsible for the melatonin-regulated Cd response, we examined the expression of the
antioxidant-related genes SODA1 (encoding Mn-superoxide dismutase), APX1 (ascorbate
peroxidase), GR2 (glutathione reductase), and CatB (catalase), and of the chaperone-related
genes PDIL1-1 (protein disulfide isomerase-like), CNX (calnexin), BiP (binding protein),
and SGT1 (suppressor of the G2 allele of skpl). In the OsSNAT3 RNAI lines, among the
antioxidant-related genes, only CatB expression was changed, with an increase compared
to the wild type; there was no change in the expression levels of the other studied enzymes
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SNAT3 RNAi

E

(Figure 6F). Among the chaperone genes, BiP3, BiP4, and BiP5 expressions were strongly
downregulated while BiP1, BiP2, and CNX expressions were upregulated in the OsSNAT3
RNAI lines, indicating the differential expression of BiP genes. A similar differential
expression between OsSNAT3 RNAI lines and the wild type was not observed for PDIL1-1
and SGT1. These results indicate that BiP3, BiP4, and BiP5 expressions are closely associated
with the melatonin-mediated Cd susceptibility response.
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Figure 6. Enhanced Cd stress susceptibility in OsSNAT3 RNAI transgenic rice plants. (A) Growth
phenotype, (B) shoot length, (C) root length, (D) malondialdehyde (MDA) contents, and (E) melatonin
content in 7-day-old rice seedlings. (F) Gene expression profiles determined by RT-PCR in Cd-stressed
rice plants. Dehusked seeds were surface-sterilized and transferred for 7 days to half-strength
Murashige Skoog (MS) medium containing 0.5 mM CdCl, under a 14 h light/10 h dark photoperiod
and an incubation temperature of 28 °C/24 °C (day/night). Values are presented as the mean + SD
(n = 3). Different letters indicate significant differences vs. the wild type (Tukey’s HSD; p < 0.05).
GenBank accession numbers: PDIL1-1 (AK068268), SODA1 (AAA62657), APX1 (AB050724), APX4
(AK104490), CatB (AK069446), CNX (AK069118), BiP1 (AK119653), BiP2 (BAS86012), BiP3 (BAS93656),
BiP4 (AK106696), BiP5 (BAF23108), SGT1 (BAF05534), GR2 (BAF10399), and UBQ5 (AK061988).

2.6. Increased Endogenous Melatonin Elevates Cd Tolerance in OsSNAT3-Overexpressing Lines

To examine the coupling of melatonin-regulated Cd tolerance to BiP expression, trans-
genic rice plants overexpressing OsSNAT3 (SNAT3-OE) were generated (Figure 7A). From
the 14 independent Ty transgenic lines, three T, homozygous lines (lines 6, 8, and 10)
overexpressing SNAT3 (SNAT3-OE) were selected (Figure 7H). When SNAT3-OE seeds
were grown for 7 days in MS medium containing 0.5 mM Cd, the seedlings exhibited
enhanced growth compared to wild-type seedlings (Figure 7B-D). Chlorophyll levels were
also higher in SNAT3-OE than in wild-type seedlings (Figure 7E), while MDA levels were
reduced. These results indicate that greater melatonin production by the SNAT3-OE lines
resulted in their better tolerance of Cd stress than wild-type seedlings (Figure 7G). BiP4
was identified as the main gene responsible for conferring Cd tolerance in the SNAT3-OE
lines, and its expression was accordingly higher than in wild-type plants, as shown by PCR
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and quantitative real-time PCR analyses (Figure 7H,I). The expressions of BiP3 and BiP5

did not differ between SNAT3-OE and wild-type plants.

(A) . ©)
pIPKb002:0sSNAT3 8.0 )
anR1 atR2 el " SNAT3 OE
g 6.0 b p —
=
—{ Ubi-P | OsSNAT3 | Tnos l HPT ‘ ] : W 810
£ 40 1 e e SNAT3 (24)
3 [ s s s | PDIL1-1(31)
(B) SNAT3 OF 2 2.0 1 — == | SODAI (27)
w — — — — APX1 (27)
Wr_ 6 8 10 0.0 ===, S . e ww—| APX4(27)
SNAT3 OE S| CatB (27)
™ 4, CNX (27)
- a T e e weee | BiP1 (27)
g 3.0 b b SRR e s W | BIP2 (31)
= - 7] BIP3 (31)
B 90 4 ¢ BIP4 (27)
5 ] BIPS (31)
3 10 - SGTI1 (27)
S GR2 (27)
=
0.0 UBQ5 (22)
WT 6 8 10
SNAT3 OE
B 500 ® 10 (G) m
§ a a 4 a § a
= 400 4 b Z 8 by | B 25 1 b =
e = = € 5
2 300 L6 A & 2 d E
= = g L5 A g
2200 < 4 1 = 8
& g S 1.0 A g,
- o
2100 5 2 = Z
= s 0.5 A
Q
0 0 0.0 4
WT 6 8 10 WT 6 8 10 WT 6 8 10 WT36 96 810
SNAT3 OE SNAT3 OF SNAT3 OE SNAT3 SNAT3

RNAI OE

Figure 7. Enhanced Cd tolerance in OsSNAT3-overexpressing transgenic rice plants. (A) Schematic
diagram of the binary vector for OsSNAT3 overexpression. (B) Phenotype of Cd-treated 7-day-old
rice seedlings. (C) Shoot length, (D) root length, and (E) chlorophyll, (F) MDA, and (G) melatonin
contents in Cd-treated plants. (H) Gene expression profiles of Cd-treated rice plants, as determined by
RT-PCR. (I) BiP4 expression levels determined in a quantitative real-time PCR analysis of Cd-stressed
rice plants. OsSNAT3, Oryza sativa serotonin N-acetyltrasferase3; Ubi-P, maize ubiquitin promoter; HPT,
hygromycin phosphotransferase; WT, wild type; UBQJ, rice ubiquitin 5 gene. GenBank accession
numbers are listed in Figure 6. Different letters indicate significant differences vs. the wild type
(Tukey’s HSD; p < 0.05).

3. Discussion

While many heavy metals, including copper, iron, zinc, cobalt, and manganese, are
required as micronutrients for plant growth, Cd is toxic, causing severe damage to all
living organisms, including plants and animals [43-45]. Among the many adverse effects
of Cd on plant growth and development are the inhibition of root growth, leaf chlorosis,
a reduction in photosynthesis, the inhibition of nutrient uptake and germination, and
yield reduction [45]. To cope with Cd stress, plants have evolved a number of defense
mechanisms, such as the chelation of Cd by metallothionein and phytochelatins, the
regulation of heavy metal transporters, the induction of enzymatic and nonenzymatic
antioxidants, and increased levels of plant hormones and HSPs [2,5,45].

Melatonin is a pleiotropic molecule found in all living organisms examined so far.
It acts as a neurohormone in animals but as a signaling molecule in plants, although its
potent antioxidant activity is common in all organisms [46,47]. Its antioxidant scavenging
activity is directed against a diverse array of oxidants, including ROS and reactive nitrogen
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species, but as a signaling molecule melatonin also induces cellular antioxidant enzymes,
such as catalase, APX1, and SOD [19,24,48]. Melatonin thus orchestrates the response to
both biotic and abiotic stresses, including Cd stress in plants [25,27,49]. For instance, in
rice seedlings treated with 1 pM melatonin in a hydroponic nutrient solution, Cd accumu-
lation is efficiently alleviated by a mechanism involving enhanced hemicellulose levels
in conjunction with decreased levels of transporter genes, thus lowering Cd intake [50].
In pepper seedlings, treatment with 5 tM melatonin enhances Cd stress tolerance by
lowering leaf/root Cd concentrations and ROS contents while upregulating antioxidant
genes encoding SOD and APX [7]. In Wolffia arrhiza exposed to 25 uM melatonin, Cd
detoxification is increased via elevated phytochelatin and photosynthetic pigments [51].
In tomato seedlings exposed to Cd, melatonin treatment enhances the content of ascorbic
acid and glutathione [52]. In Xing et al. [53], melatonin alleviated Cd-induced oxidative
stress in tomato plants by increasing the ratio of reduced GSH to oxidized GSH and that of
ascorbic acid to dehydroascorbic acid, in addition to inducing phytochelatin levels.

Rice is a major dietary crop capable of high levels of Cd adsorption [50], which together
with its relatively high levels of melatonin production makes it well suited for the study
of melatonin biosynthesis and Cd tolerance in plants [20]. Previous studies have shown
that melatonin production is dramatically induced in Cd-treated rice plants [20,27,54].
Our findings of endogenous melatonin-mediated Cd tolerance by BiP4 induction in rice,
together with the studies summarized above, demonstrate the ability of melatonin to
mitigate the negative effects of Cd stress through several different defense mechanisms.
Therefore, melatonin is a pleiotropic molecule whose functions include protection against
Cd stress in plants.

Heavy metal stresses inhibit cellular protein homeostasis by interfering with protein
folding, resulting in the dysfunction of essential enzymes and other proteins. To maintain
optimum protein homeostasis in the presence of heavy metal stress, plants induce the
expression of HSPs, which assist in protein folding, prevent protein aggregation, and
accelerate the degradation of aberrant proteins [8]. BiPs are HSP70 proteins residing in
the ER [8]. They include BiPD, involved in drought tolerance in soybean and tobacco [55];
BiP3, associated with pathogen resistance in rice [56]; and BiP1 and BiP4, involved in seed
storage protein regulation [15], osmotic stress tolerance [27], and ER stress tolerance [13,27]
in rice. However, while HSPs are well known to ameliorate the stress response in various
plant species, endogenous melatonin-mediated BiP4 expression in response to Cd stress
has not been examined in plants.

SNAT is the penultimate or last enzyme for melatonin biosynthesis in animals and
plants, catalyzing serotonin and 5-methoxytryptamine to yield N-acetylserotonin and mela-
tonin, respectively [20]. Animals and humans possess a single copy of SNAT, but plants,
including rice, harbor at least three isogenes, SNAT1, SNAT2, and SNAT3, with low amino
acid identity among them. All three SNAT genes are functionally involved in melatonin
synthesis, but their subcellular locations and physiological functions vary. Thus, both
SNAT1 and SNAT? localize in chloroplasts [29], while SNAT3 is found in the cytoplasm.
SNAT?2, but not SNAT1, is associated with brassinosteroid synthesis [57]. Importantly,
SNAT1 and SNAT? are specific to plants, whereas SNAT3 orthologs are universally present
in a diverse array of organisms, including rice (this report), archaea [21], humans [35], and
Escherichia coli [22] (Figure 8). Our study identified rice SNAT3 as a functional ortholog of ar-
chaeal SNAT. Its overexpression and downregulation were closely coupled with melatonin
synthesis and the Cd stress response, with the latter involving the upregulated expression
of the BiP4 chaperone gene. Thus, it is tempting to speculate that melatonin-based Cd
tolerance is one of many defense mechanisms by which rice and possibly other plants
cope with Cd stress, with the induction of Cd intake-related genes [50], ROS detoxification
genes [7,58], phytochelatin synthesis genes [53], and HSPs [8,27] among the others.
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Figure 8. Phylogenetic tree of rice SNAT3 (OsSNAT3) shown as red words, an archaeal SNAT
ortholog. The scale bar represents 0.3 substitutions per site. GenBank accession numbers are as
follows: Arabidopsis Naa50 (NM_121172), rice SNAT3 (AK241100), human Naa50 (BAB14397), Chlamy-
domonas arylalkylamine N-acetyltransferase (AANAT) (AB474787), human AANAT (NP_001079),
sheep AANAT (NP_001009461), archaea SNAT (NC_002689), pine SNAT1 (PSY00020345), E. coli RimI
(WP_137442509), Arabidopsis SNAT1 (At1g32070), rice SNAT1 (AK059369), rice SNAT2 (AK068156),
porphyra SNAT (NC_007932), cyanobacteria SNAT (NP_442603), grapevine SNAT2 (RVX06207), and
Arabidopsis SNAT2 (At1g26220).

Our findings open a new window to crop improvement in areas with a high soil Cd
content, by way of either classical breeding or genetic engineering strategies that increase
melatonin synthesis.

4. Materials and Methods
4.1. Sequence Alignment and Phylogenetic Analysis

Full-length rice SNAT3 cDNA (GenBank accession number AK241100) was kindly
provided by the National Institute of Agrobiological Sciences [31,59,60]. The analysis of
amino acid sequence homology was performed with the BLASTp tool (version 2.15.0) using
the non-redundant protein sequences databases at the National Center for Biotechnol-
ogy Information (http://www.ncbi.nlm.nih.gov/, accessed on 18 July 2019). The acetyl
coenzyme A binding pocket was computed by the Conserved Domain Database (CDD),
which is included in the National Center for Biotechnology Information (NCBL)’s online
search services (accessed on 13 August 2019) [61]. We employed BLAST-Explorer [62] for
phylogenetic trees analysis (accessed on 29 December 2022). TargetP analysis was used
for the prediction of possible transit or signal sequences [38]. To predict the existence of
nuclear localization signals (NLSs), the ctNLS (calculating NLS scores) Mapper service was
employed [39].
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4.2. Escherichia coli Expression and Purification of Recombinant OsSNAT3 Protein

Two types of Escherichia coli expression vectors were used to express the full-length
OsSNAT3. These two vectors were pET300 (Invitrogen, Carlsbad, CA, USA) and pET28b
(Novagen, San Diego, CA, USA), which are designed to express OsSNAT3 in either N-
terminal- or C-terminal-hexahistidine tagged form. As for the pET300 vector, full-length
OsSNAT3 cDNA was amplified by PCR by using a primer set (OsSNAT3 forward primer,
5-AAA AAG CAG GCT CCA TGG GCG CCG GGG AAG-3'; OsSNATS3 reverse primer,
5'-AGA AAG CTG GGT TCA TTT CTT TGT AGC-3') with a template plasmid containing
OsSNAT3 cDNA provided by the National Institute of Agrobiological Sciences. The first
PCR product was used for the template of the second PCR using the attB primer set, as
described previously [22]. The second OsSNAT3 PCR product was cloned using gateway
recombination reactions in the pDONR221 vector (Invitrogen, Carlsbad, CA, USA) to
generate pPDONR221-OsSNAT3 plasmid, and then recombined into the destination vector
pET300/NT-DEST (Invitrogen) resulting in the pET300-OsSNAT3 plasmid, according to
the manufacturer’s procedure. As for the pET28b vector, the full-length OsSNAT3 was
amplified by PCR with Ncol forward primer (5'-ACC ATG GGC GCC GGG GAA GGG-3')
and Xhol reverse primer (5'-CTC GAG TTT CTT TGT AGC AGC CTG ACC-3'). The re-
sulting OsSNAT3 PCR product was first cloned into a TA cloning vector (RBC Bioscience,
New Taipei City, Taiwan) followed by Ncol and Xhol digestion. The Ncol and Xhol inserts
of OsSNAT3 were then ligated into the same restriction endonuclease sites of the pET28b
vector. Both pET300-OsSNAT3 and pET28b-OsSNAT3 plasmids were transformed into E.
coli BL21 (DE3) strains (Invitrogen) using the heat shock method. Bacterial culture and re-
combinant protein purification procedures were performed according to the manufacturer’s
recommendations (Qiagen, Tokyo, Japan).

4.3. Measurement of SNAT Enzyme Kinetics

The purified recombinant OsSNAT3 protein (0.5 ng) was assayed in the presence
of 0.5 mM acetyl-CoA and varying concentrations of serotonin (or other substrates) in
100 mM potassium phosphate (pH 8.8 or varying pH) at 45 °C (or other temperatures) for
30 min. The in vitro enzymatic reaction products and endogenous melatonin contents in
the transgenic rice seedlings were quantified by high-performance liquid chromatography
(HPLC), as described previously [21]. Lineweaver-Burk plots were generated for calcu-
lating substrate affinity (Ky,) and the maximum reaction rate (Vax) with the OsSNAT3
recombinant protein (0.25 pg) after 20 mins of enzymatic reaction. Protein levels were
determined using the Bradford method and a protein assay dye (Bio-Rad, Hercules, CA,
USA). The analysis was performed in triplicate.

4.4. Subcellular Localization of OsSNAT3

The pER-mCherry binary vector was generously provided by Dr. H.G. Kang (Texas
State University, San Marcos, TX, USA). The full-length of OsSNAT3 cDNA was ampli-
fied by PCR using a primer set containing Ascl sites (AscI forward primer 5'-GGC GCG
CCA TGG GCG CCG GGG AAG GGG AT-3'; Ascl reverse primer, 5-GGC GCG CCG
TTT CTT TGT AGC AGC CTG-3') with a template plasmid cDNA (GenBank accession
number AK241100). The resulting OsSNAT3 PCR product was initially ligated into the
TA vector (RBC Bioscience) followed by Ascl restriction endonuclease enzyme digestion.
The purified Ascl insert of OsSNAT3 was then introduced into the Ascl site of the binary
vector pER8-mCherry containing the estrogen-inducible XVE promoter (Pxve), resulting
in pER8-OsSNAT3-mCherry. The pER8-OsSNAT3-mCherry plasmid construct was trans-
formed into the Agrobacterium tumefaciens GV2260 strain using the freeze—thaw method.
The Agrobacterium-mediated transient expression of OsSNAT3-mCherry fusion protein
was identified and confocal microscope analysis (TCS-SP5; Leica, Wetzlar, Germany) was
performed, as described previously [30].
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4.5. Transgenic Rice Plants either Downregulating or Overexpressing OsSNAT3

The pTCK303 RNAIi binary vector was utilized to knockdown the expression of the rice
OsSNAT3 gene, as previously described [57]. In brief, a 290-bp OsSNAT 3 cDNA fragment
positioned in the middle region of the SNAT3 cDNA was amplified by polymerase chain
reaction (PCR) with the following primer set: OsSNAT3 forward 5-ACT AGT AAC ACG
GCG CTC TTC CCC GTC-3' (Spel site underlined) and OsSNAT3 reverse 5'-GAG CTC
AGC AAT GGC ATC ATC GTT GTT-3' (Sacl site underlined). The amplified OsSNAT3 PCR
product was first cloned into the T&A cloning vector (T&A: OsSNAT3; RBC Bioscience),
from which the OsSNAT3 insert (antisense) was acquired by the digestion of Sacl and
Spel restriction enzymes, while the sense OsSNAT3 insert was obtained by Kpnl and
BamHI digestion. The antisense OsSNAT3 was first ligated into the pTCK303 vector, which
was predigested by the same restriction enzymes. Thereafter, the sense fragment of the
OsSNAT3 insert was further ligated into the pTCK303 vector harboring the antisense
DNA fragment. The resulting pTCK303:0sSNAT3 RNAi binary vector was transformed
into Agrobacterium tumefaciens strain LBA4404, followed by rice transformation to the
Korean Japonica cultivar Dongjin. The transgenic rice plants were regenerated from
calli in the presence of hygromycin via a somatic embryogenesis process, as previously
described [57]. As for the OsSNAT3 overexpression vector construct, the pIPKb002 binary
vector [63], which is designed to overexpress the transgene OsSNAT3 under the control of
maize ubiquitin promoter, was used. The pDONR221-OsSNAT3 plasmid was recombined
with the pIPKb002 destination vector using the LR clonase enzyme (Invitrogen) to yield
the pIPKb002-OsSNAT3 binary plasmid. The pIPKb002-OsSNAT3 binary vector was
transformed into Agrobacterium tumefaciens LBA4404 and rice, as described above.

4.6. RNA Extraction and Reverse Transcription—Polymerase Chain Reaction (RT-PCR) Analysis

Total RNA from rice seedlings was isolated using a NucleoSpin RNA Plant Kit
(Macherey-Nagel, Diiren, Germany). First-strand cDNA was synthesized from 2 pg of
total RNA using EcoDryTM Premix (Takara Bio USA, Inc., Mountain View, CA, USA). The
conditions of RT-PCR were begun with initial denaturation at 95 °C (3 min) followed by
varying cycles of denaturation at 95 °C (30 s), annealing at 56 °C (30 s), and extension at
72 °C (30 s) in 30 pL of master mix (Takara Bio Inc., Kusatsu, Shiga, Japan). The primer
sequences for OsSNAT3 were forward primer (5'-ATG GGC GCC GGG GAA GGG GAT-3')
and reverse primer (5'-TTT CTT TGT AGC AGC CTG-3'). The other primer sequences
were as described in previous reports [14,22,40]. Quantitative real-time PCR was carried
out as described previously [35].

4.7. Cadmium Treatment and Melatonin Measurement

Dehusked rice seeds were sterilized with 2% NaOCl for 50 min, after which they were
thoroughly rinsed with sterile distilled water and sown on half-strength Murashige and
Skoog (MS) medium under cool daylight fluorescent lamps (60 pmol m~2 s (Philips,
Amsterdam, The Netherlands) under a 14 h light/10 h dark photoperiod at 28 °C/24 °C
(day/night). The 7-day-old seedlings collected from MS medium were incubated in 50 mL
polypropylene conical tubes containing 30 mL water and 0.5 mM CdCl, (Sigma-Aldrich,
St. Louis, MO, USA) and incubated for 7 days for melatonin quantification. As for the
cadmium response experiment, the surface-sterilized rice seeds were sown and grown
on half-strength MS medium containing a 0.5 mM concentration of cadmium for 7 days,
as described above. Melatonin contents were measured from frozen samples (0.1 g),
which were pulverized to a powder in liquid nitrogen using the TissueLyser II (Qiagen,
Tokyo, Japan). The sample powders were then extracted with 1 mL chloroform followed by
centrifugation for 10 min at 12,000 rpm, and then the supernatants (200 uL) were evaporated
and dissolved in 0.1 mL of 40% methanol. The resulting 10 uL aliquots were subjected to
high-performance liquid chromatography (HPLC) using a fluorescence detector system
(Waters, Milford, MA, USA), as described previously [30].
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4.8. Measurements of Chlorophyll and Malondialdehyde

The powder of the rice seedlings (100 mg) was extracted with 1 mL of 0.1 mM NH,OH
(containing 80% acetone). Chlorophyll concentrations were determined at wavelengths of
647, 644, and 750 nm using a spectrophotometer (MicroDigital Nabi, GyungGi, Republic of
Korea) according to Porra et al. [64]. As for measuring the malondialdehyde (MDA) levels,
the powder (50 mg) was extracted with 1.5 mL of reaction buffer containing 0.5% thiobarbi-
turic acid and 20% trichloroacetic acid. The supernatants decanted from centrifugation at
12,000 g for 15 min were boiled at 95 °C for 25 min and placed on ice for 5 min. MDA
content was recorded at wavelengths of 440, 532, and 600 nm using a spectrophotometer
(MicroDigital Nabi) with a molar extinction coefficient of 156 /nmol/L/cm.

4.9. Statistical Analysis

The data were evaluated by analysis of variance using IBM SPSS Statistics 25 software
(IBM Corp. Armonk, NY, USA). Different letters above the histograms indicate significantly
different values at p < 0.05 according to Tukey’s post hoc honestly significant difference
(HSD) test. Data are presented as means =+ standard deviations.

5. Conclusions

Elucidating Cd tolerance mechanisms in plants is the first step toward generating
Cd-tolerant crops by either classical breeding or genetic engineering strategies. SNAT is the
rate-limiting enzyme for melatonin biosynthesis in plants and animals. This report describes
the cloning and characterization of the SNAT3 gene from rice, a functional ortholog of
archaeal SNAT. The downregulation of SNAT3 resulted in reduced melatonin synthesis and
an enhanced susceptibility to Cd stress, whereas its overexpression increased melatonin
synthesis and improved Cd tolerance through a mechanism involving the BiP4 chaperone,
an ER-resident HSP, although conclusions about the relationship between OsSNAT3 and
BIP4 need more evidence. These results suggest that the adoption by the agriculture
industry of melatonin engineering and/or exogenous melatonin application could allow
crops to withstand Cd stress, thus improving yields and allowing the harvesting of safe
food in Cd-contaminated fields.
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Abstract: The increase in atmospheric CO, concentration is a significant factor in triggering global
warming. CO; is essential for plant photosynthesis, but excessive CO, can negatively impact
photosynthesis and its associated physiological and biochemical processes. The tetraploid Robinia
pseudoacacia L., a superior and improved variety, exhibits high tolerance to abiotic stress. In this study,
we investigated the physiological and proteomic response mechanisms of the tetraploid R. pseudoacacia
under high CO, treatment. The results of our physiological and biochemical analyses revealed that a
5% high concentration of CO, hindered the growth and development of the tetraploid R. pseudoacacia
and caused severe damage to the leaves. Additionally, it significantly reduced photosynthetic
parameters such as Pn, Gs, Tr, and Ci, as well as respiration. The levels of chlorophyll (Chl a and b)
and the fluorescent parameters of chlorophyll (Fm, Fv/Fm, qP, and ETR) also significantly decreased.
Conversely, the levels of ROS (H,O, and O, ™) were significantly increased, while the activities
of antioxidant enzymes (SOD, CAT, GR, and APX) were significantly decreased. Furthermore,
high CO, induced stomatal closure by promoting the accumulation of ROS and NO in guard cells.
Through a proteomic analysis, we identified a total of 1652 DAPs after high CO, treatment. GO
functional annotation revealed that these DAPs were mainly associated with redox activity, catalytic
activity, and ion binding. KEGG analysis showed an enrichment of DAPs in metabolic pathways,
secondary metabolite biosynthesis, amino acid biosynthesis, and photosynthetic pathways. Overall,
our study provides valuable insights into the adaptation mechanisms of the tetraploid R. pseudoacacia
to high CO,.

Keywords: Robinia pseudoacacia L.; high CO,; photosynthesis; respiration; proteomic; stomatal

1. Introduction

CO, is a crucial substrate for plant photosynthesis. The levels of atmospheric CO, have
a significant impact on plant growth, development, and biomass [1]. Since the industrial
era, atmospheric CO, concentrations have increased by more than 40%, and the current
ambient CO, concentrations exceed 417 ppm [2]. The rise in CO, concentration has resulted
in significant alterations in global temperatures, intensifying the greenhouse effect and
exposing plants to elevated CO; levels, higher temperatures, and drought. Consequently,
this poses a considerable challenge to plant growth and reproduction. The impact of
CO, enrichment on growth and yield for C3 plants can vary and may be influenced by
species-specific factors [3].

Previous studies have consistently shown that higher levels of CO, have a significant
impact on the physiological functioning of plants [4-6]. On the one hand, elevated CO,
directly affects plant photosynthesis. Increased atmospheric CO, concentrations lead to a
higher number of leaves, longer branches, and greater biomass while also causing a decrease
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in stomatal density. Additionally, it can result in visible symptoms such as wilting and
drooping leaves [3,7]. According to previous studies, the net photosynthetic rate and water
use efficiency (WUE) of A. marina and R. stylosa increased when exposed to a slight elevation
in CO;, concentration. These findings suggest that the promotion of photosynthesis was
facilitated by the elevated CO, concentration [7]. Furthermore, it has been observed that
rising CO, concentrations contribute to an increase in phytoplankton growth rate and lipid
productivity [8]. Another study found that corn exhibits higher biomass and leaf area, as
well as enhanced starch synthesis, when exposed to elevated CO, concentrations [9]. The
Rubisco content and light-saturated photosynthetic rate in plant leaves were observed to
be significantly reduced in a high CO, environment [10]. Similarly, when Pinus sylvestris
was exposed to this environment for an extended period, both the stomatal conductance
and total stomatal number showed a significant decrease [11]. On the other hand, in Allium
sativum L., the elevated CO, atmosphere had a contrasting effect, significantly enhancing
the activity of pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH). This,
in turn, caused a substantial increase in the content of alcohols, aldehydes, and phenols,
resulting in toxic effects [12]. On the contrary, research has demonstrated that high CO,
levels can also actually mitigate ozone-induced oxidative damage in wheat [8]. Additionally,
the impact of CO, concentrations varies depending on the plant species. For example, in
the case of reticulated melons, low CO, has been found to increase both the initial and
maximum photosynthetic efficiency. However, when exposed to high CO,, the maximum
photosynthetic efficiency of reticulated melons actually declines [13].

On the other hand, previous studies have demonstrated that CO;-induced stomatal
closure is dependent on Ca?* and that elevated CO, levels stimulate an increase in free
Ca?* concentration in defense cells [14-17]. Stomata, which are small pores on the leaf
surface, play a crucial role in regulating the uptake of carbon dioxide for photosynthesis
and the loss of water through transpiration [18]. The movement of stomata is influenced by
various environmental factors, including CO, concentration. Stomatal opening is promoted
by low concentrations of CO,, while stomatal closure is induced by high concentrations
of CO,. In the guard cells of Arabidopsis thaliana, the carbonic anhydrases SCA1 and
BCAA4 are involved in mediating CO,-controlled stomatal movement and development [19].
Additionally, BIG proteins play a critical role in inhibiting stomatal opening and promoting
stomatal closure in response to CO, [20]. Reactive oxygen species (ROS) and nitric oxide
(NO) are important signaling molecules that regulate stomatal movement in plants [21]. It
has been shown that CO,-mediated stomatal closure requires the generation of ROS, which
has an important role in the regulation of stomatal aperture [22,23]. NO plays a role in both
abscisic acid (ABA)- and Ca?*-mediated stomatal closure and is located downstream of
ROS, an important participant in the stomatal closure process [24,25]. In A. thaliana, ROS
are mainly produced by NADPH oxidase and peroxidase at the plasma membrane [26,27],
while NO is mainly produced by nitrate reductase (NR) and NOA1 and induces stomatal
closure [28].

Plant respiration is a significant metabolic process on a global scale, accounting for
approximately 40-60% of the rate of carbon assimilation [29]. Mitochondria, which are
essential organelles involved in cellular material and energy metabolism, possess two
respiratory pathways on their inner mitochondrial membrane [30]. There are two pathways
involved in respiration: the cytochrome pathway, which is found in nearly all organisms,
and the alternate respiration pathway. The alternate respiration pathway is activated when
the cytochrome pathway experiences stress conditions like low temperature, drought,
ozone, and high salinity soils [31]. The impact of CO, on mitochondrial respiration is of
great significance in the investigation of plant respiratory metabolism. Previous studies
have demonstrated that there exists an alternate respiration pathway, which is insensitive to
cyanide (CN) but sensitive to SHAM and is facilitated by alternate oxidase (AOX) [32-34].
Additionally, pyruvate, a crucial metabolite in organisms, has been found to have a notable
enhancing effect on the activity of AOX [35-37].

120



Int. J. Mol. Sci. 2024, 25, 5262

The respiration rate serves as a primary indicator of plant respiratory metabolism.
By examining the respiration rate of plants, we can directly observe the impact of high
CO; concentration on plant respiratory metabolism. However, the effect of elevated CO,
concentration on the plant respiration rate varies depending on the specific plants and
environmental conditions. It has been discovered that elevated CO, concentrations resulted
in an 8.4% decrease in the daily respiration rate of wheat and sunflower, as well as a 16.2%
decrease in the respiration rate during darkness. This could be attributed to the reduction
in leaf nitrogen content and the downregulation of photosynthesis caused by elevated
CO; concentrations, which subsequently leads to a decrease in plant respiration rate [38].
However, previous studies have demonstrated that elevated CO, concentrations have the
potential to enhance respiratory substrate utilization, upregulate respiratory genes, and
increase the number of mitochondria. As a result, this leads to an overall increase in the
rate of plant respiration [39,40].

The tetraploid R. pseudoacacia L. is a deciduous ornamental tree species belonging
to the genus R. pseudoacacia in the family Leguminosae. It has four sets of chromosomes
(4n = 44) and was created through the application of colchicine to the diploid R. pseudoacacia
(2n = 22) of a homologous species. This tetraploid species was introduced to China from
South Korea [41]. Compared to the diploid R. pseudoacacia, the tetraploid R. pseudoacacia
is considered an excellent variety due to its higher yield, faster growth rate, larger leaves,
and numerous outstanding characteristics such as drought resistance, saline resistance,
low-temperature resistance, and heat resistance [42-45]. The tetraploid R. pseudoacacia
exhibits a robust root system, strong adaptability to various environments, and a high
capacity for photosynthetic carbon sequestration [46]. In light of prevalent environmental
pollution and global climate change, it is imperative to investigate the effects of high CO,
levels on the physiological processes of the tetraploid R. pseudoacacia.

Plants display distinct physiological and biochemical traits when subjected to pro-
longed exposure to elevated CO, concentrations. This study focuses on the tetraploid
R. pseudoacacia as the experimental material to examine the stomatal movement pattern
and physiological alterations in photosynthesis and respiration in response to high CO,
conditions. Additionally, a proteomic approach was employed to identify crucial regulatory
networks and proteins associated with the response of the tetraploid R. pseudoacacia to high
CO, treatment. The objective of this research is to gain insights into the mechanisms by
which plants respond to high CO, environments.

2. Results
2.1. Response of Morphological and Gas Exchange Parameters of Tetraploid R. pseudoacacia to
High CO;

Under normal CO; conditions, the growth of the tetraploid R. pseudoacacia was uniform
and healthy (CK-H,O). When the respiratory inhibitor SHAM was added (CK-SHAM),
the REC increased, and the RWC of the leaves decreased. However, supplementation
with the respiratory enhancer PA (CK-PA) did not cause significant changes in REC and
RWC compared to the control. After 9 days of treatment with a 5% CO, concentration, the
leaves exhibited wilting, drooping, yellowing, and even abscission at the apex (T-H,O).
The yellowing and abscission of leaves worsened with the addition of SHAM (T-SHAM),
while the wilting was alleviated with the addition of PA (T-PA) (Figure 1a). After 6 days
of treatment, the REC of the CO;-treated leaves significantly increased by 34.2%, 27.2%,
and 52.2% in T-HyO, T-PA, and T-SHAM, respectively (Figure 1b). However, the RWC of
T-H,O, T-PA, and T-SHAM significantly decreased by 7.6%, 5.3%, and 8.4%, respectively,
after 9 days of CO, treatment (Figure 1c).
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Figure 1. Physiological response of the tetraploid R. pseudoacacia to high CO, concentrations. (a) Phe-
notypes of R. pseudoacacia under CO, treatment. Plants were exposed to CO; stress for 9 days
and then recovered to air CO; levels for 3 days. CK-H,O: control; CK-PA: pyruvic acid-treated;
CK-SHAM: salicylhydroxamic acid-treated; T-H,O: CO,-treated; T-PA: co-treated with CO, and
PA; and T-SHAM: co-treated with CO, and SHAM. Bar: 20 cm. Effect of high CO; concentrations
on relative electrical conductivity (b), relative water content (c), net photosynthetic rate (Pn) (d),
stomatal conductance (Gs) (e), intercellular CO, concentration (Ci) (f), and transpiration rate (Tr)
(g). Six biological replicates were analyzed, and the error bars represent the SE. Asterisks indicate
significant differences as determined by Dunnett’s test. (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Under normal CO; conditions, the presence of PA did not have a significant effect
on the photosynthetic parameters (Pn, Gs, Ci, and Tr) of the tetraploid R. pseudoacacia’s
leaves compared to the control (CK-H,O). However, after supplementation with SHAM
on the 6th day, there was a slight fluctuation and decrease in Pn, Gs, and Tt (excluding Ci)
compared to the control. When exposed to high CO,, the photosynthetic parameters of
the leaves (Pn, Gs, Ci, and Tr) significantly decreased compared to the control (CK-H,O),
reaching the lowest values on the 9th day. Pn, Gs, Ci, and Tr were 49.5%, 50.5%, 63%, and
63.7% lower than the control, respectively. After the high CO, treatment, R. pseudoacacia
showed some recovery for three days under normal CO, conditions, with an increase in
the photosynthetic parameters. However, these parameters were consistently lower than
the control (Figure 1d—g). In conclusion, the results indicate that the photosynthetic gas
parameters of R. pseudoacacia leaves significantly decreased after exposure to high CO,. The
addition of the respiration enhancer PA mitigated the inhibition of photosynthesis caused
by high CO,, while the addition of the respiration inhibitor SHAM enhanced the inhibition
of photosynthesis by high CO5.

2.2. Response of Antioxidant System of Tetraploid R. pseudoacacia to High CO;

To investigate the impact of high CO, on the antioxidant system of the tetraploid
R. pseudoacacia, we initially measured the levels of H,O, and O, ~. Under normal CO,
conditions, the levels of HyO, and O ~ decreased after PA treatment compared to CK-H;O,
whereas the levels of HyO; and O, ~ increased after SHAM supplementation. After 6 days
of high CO; treatment, the levels of H,O, and O, ™ in the leaves were significantly higher
than in CK-H;O. Furthermore, after SHAM supplementation, the levels of HyO, and Oy ™
were further increased compared to T-HyO. On the other hand, after PA treatment, the
levels of HyO, and O, ~ were slightly decreased compared to T-H,O but were still higher
than CK-H,O (Figure 2¢,f). In addition, there was no significant difference in the staining
intensity of DAB and NBT on the leaves before CO, treatment. However, after 6 days of
high CO, treatment, the mean staining intensities of DAB and NBT on the leaves were
significantly higher compared to CK-H,O. Similarly, the SHAM treatment increased the
mean staining intensity, while PA treatment decreased it compared to T-H,O (Figure 2a—f).
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Figure 2. Effect of high CO, on NBT staining of the fresh leaves (a,b), O, ~ level (c), DAB staining of
the fresh leaves (d,e), HyO, content (f), SOD (g), CAT (h), GR (i), and APX (j). Bar: 1 cm. Six biological
replicates were analyzed, and the error bars represent the SE. Asterisks indicate significant differences
as determined by Dunnett’s test. (* p < 0.05; ** p < 0.01; *** p < 0.001).
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SOD and CAT are considered the most significant enzymes in the plant antioxidant
system, as their activity levels indicate the extent of damage caused by external factors.
Meanwhile, GR and APX play a crucial role in maintaining the balance of the ASA-DHA
cycle. APX functions to eliminate the excessive accumulation of H,O; in a plant, while
GR is primarily responsible for converting oxidized glutathione to reduced glutathione.
When CO, conditions are normal, the addition of SHAM slightly enhances the activities
of SOD, CAT, GR, and APX. On the other hand, the supplementation of PA does not lead
to any significant changes in the activities of these enzymes. However, under high CO,
levels, the activities of SOD, CAT, GR, and APX decrease. Specifically, in T-H,O, T-PA, and
T-SHAM, SOD activity decreased by 29.7%, 22.4%, and 54.3%, respectively, CAT activity
decreased by 40.3%, 24.1%, and 47.8%, respectively, GR activity decreased by 39.6%, 32.6%,
and 46%, respectively, and APX activity decreased by 49.2%, 32.8%, and 62.7%, respectively
(Figure 2g—j).

2.3. Changes in Chlorophyll Levels and Fluorescence Parameters

Under normal CO; conditions, there were no significant differences in the content of
Chl a and Chl b, as well as the ratio of Chl a/b, among the CK-H,0O, CK-PA, and CK-SHAM
groups. However, in the high CO; treatment group, the levels of Chl a and Chl b increased,
but the ratio of Chl a/b decreased compared to CK-H,O after 3 days. In the CK-PA and
CK-SHAM groups, there was a significant decrease in the levels of Chl a and Chl b, while
the ratio of Chl a/b significantly increased after 6-9 days. Interestingly, the T-SHAM group
had lower levels of Chl a and Chl b, whereas the T-PA group had higher levels of Chl a and
Chl b (Figure 3a—).
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Figure 3. Effect of high CO, concentration on chlorophyll content and chlorophyll fluorescence
parameters in R. pseudoacacia. Chl a content (a), Chl b content (b), Chl a/b (c), minimal fluorescence
(Fo) (d), maximal fluorescence (Fm) (e), primary light energy conversion efficiency of PSII (Fv/Fm)
(f), nonphotochemical quenching (NPQ) (g), photochemical quenching (4P) (h), and relative electron
transport rate (ETR) (i). Six biological replicates were analyzed, and the error bars represent the SE.
Asterisks indicate significant differences as determined by Dunnett’s test. (* p < 0.05; ** p < 0.01;
***p <0.001).
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Under normal CO, conditions, the leaf chlorophyll fluorescence parameters did not
show a significant response to supplementation with SHAM and PA compared to the
control. However, after 9 days of high CO, treatment, Fo and NPQ increased by 15.6%
and 63.4%, respectively. Fo and NPQ were higher than in T-H,O after supplementation
with SHAM but lower than in T-H,O after supplementation with PA. Upon restoration of
normal CO, conditions, Fo and NPQ returned to the control values (Figure 3d,g). During
the high CO, treatment, Fm, Fu/Fm, qP, and ETR exhibited a decreasing trend and were
significantly different compared to CK-H,O. On day 9 of treatment, Fm, Fv/Fm, qP, and ETR
decreased by 7.3%, 51.3%, 31% and 56.5%, respectively. Fm, Fu/Fm, qP, and ETR showed
a more significant decrease with SHAM supplementation compared to T-H,O, while the
addition of the accelerator increased Fm, Fv/Fm, qP, and ETR (Figure 3e,f,h,i). These results
indicate that high CO, has a severe impact on the chlorophyll levels and fluorescence
parameters of the tetraploid R. pseudoacacia.

2.4. Effect of High CO, on Leaf Respiration Parameters

Under normal CO, conditions, the presence of PA contributed to an increase in Vg
and Vi, while the addition of SHAM inhibited the increase in V¢yt, V¢, and Vi. After 6 days
of high CO, treatment, there was a rapid increase in Valt but a significant decrease in Vyt
and V compared to CK-H>O. When compared to T-HyO, V¢yt, Vi, and Vi increased with
PA supplementation but decreased with SHAM supplementation. Upon restoring normal
CO; conditions, there were no significant differences in Vyt, V¢, and Vi compared to the
control (Figure 4a—).
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Figure 4. Effect of high CO, concentration on respiratory parameters and mitochondrial electron
transport chain complex enzyme activities in R. pseudoacacia. Cytochrome pathway capacity (Veyt) (a),
alternative pathway capacity (V,y;) (b), total respiration (V) (c), AOX enzyme activity (d), complex
I enzyme activity (e), complex II enzyme activity (f), complex III enzyme activity (g), and complex
IV enzyme activity (h). Six biological replicates were analyzed, and the error bars represent the SE.
Asterisks indicate significant differences as determined by Dunnett’s test. (* p < 0.05; ** p < 0.01;
***p <0.001).

The enzyme activities of AOX, complex I, and complex II were increased by PA
compared to CK-H,O. No significant changes in the enzyme activities of AOX, complex
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I, and complex II were observed after supplementation with SHAM under normal CO,
conditions. However, the enzyme activities of AOX, complex I, and complex II were
significantly increased under high CO; treatment. Furthermore, PA supplementation led
to a more significant increase in the enzyme activities of AOX, complex I, and complex
II compared to T-HyO, while the SHAM treatment also resulted in a significant increase
in the enzyme activities of AOX, complex I, and complex II (Figure 4d—f). There were
no significant changes in the enzyme activities of complexes III and IV, including after
PA and SHAM supplementation, under normal CO, conditions. However, under high
CO; conditions, the enzyme activities of complexes III and IV were significantly reduced.
PA increased the enzyme activities of complexes III and IV compared to T-H,O, while
SHAM decreased the enzyme activities of complexes Il and IV. After restoration of normal
CO, conditions, the mitochondrial electron transport chain enzyme activities were not
significantly different from those of the control (Figure 4g,h).

2.5. Effect of High CO; on Leaf Stomatal Movement

To investigate the movement of stomata in the tetraploid R. pseudoacacia under high
CO; conditions, we conducted observations on stomatal morphology and counted the
stomatal apertures. When exposed to normal CO; levels, SHAM caused stomata closure,
while PA had a lesser effect on the stomata and did not significantly change the stomatal
aperture compared to CK-H,O. However, under the high CO; treatment, T-H,O showed a
67.9% reduction in stomatal apertures compared to CK-H,O. Additionally, supplementation
with SHAM further decreased the stomatal apertures by 30% compared to T-H,O, whereas
supplementation with PA increased the stomatal apertures by 81.7% (Figure 5).
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Figure 5. Effects of high CO, concentration on stomatal morphology (a), stomatal length (b), stomatal
width (c), and stomatal aperture of plant (d). Bar: 50 um. Six biological replicates were analyzed, and
the error bars represent the SE. Asterisks indicate significant differences as determined by Dunnett’s
test. (* p < 0.05; ** p < 0.01; **p < 0.001).
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The fluorescence staining intensity of the guard cells was significantly enhanced after
high CO, treatment, as observed through the use of the fluorescent probes H,DCF-DA and
DAF-2DA. This indicates that high CO, treatment increased the accumulation of ROS and
NO in the guard cells. Supplementation with SHAM further increased the fluorescence
staining intensity, suggesting an increase in the accumulation of ROS and NO. On the other
hand, supplementation with PA decreased the fluorescence staining intensity, indicating a
decrease in the accumulation of ROS and NO in the guard cells (Figure 6). In conclusion, the
tetraploid R. pseudoacacia regulates stomatal closure in response to a high CO, environment
by inducing the accumulation of ROS and NO in the guard cells.
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Figure 6. 2/,7'-Dichlorodihydrofluorescein diacetate (H,DCF-DA) (a,c) and 5,6-Diaminofluorescein
diacetate (DAF-2DA) (b,d) staining of guard cells under high CO, conditions. Ten biological replicates
were analyzed, and the error bars represent the SE. Asterisks indicate significant differences as
determined by Dunnett’s test. (* p < 0.05; ** p < 0.01; *** p < 0.001).

2.6. Proteomic Analysis of Tetraploid R. pseudoacacia Based on High CO, Conditions

To investigate the response of the tetraploid R. pseudoacacia to high CO; levels, we
conducted a proteomic analysis on six groups of R. pseudoacacia leaves (CK-H,O, CK-
PA, CK-SHAM, T-H,O, T-PA, and T-SHAM). The quality of the samples was confirmed
by analyzing the total ion chromatograms, which showed uniform peaks (Figure S1).
Additionally, the PCA analysis indicated low variability among samples within each
group, as the distribution of the three biological replicates was relatively concentrated.
Two-dimensional plots demonstrated significant differences in the principal components
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between the high CO; treatment groups and the groups under normal CO, conditions
(Figure S2). A total of 1652 proteins were quantified below the protein threshold of the
1.0% FDR criterion. Furthermore, we randomly selected six DAPs from the proteome
sequencing data and examined the variations in their transcript levels using qRT-PCR. The
results showed that the abundance variations of the six candidate proteins under high CO,
treatment were consistent with the trend of transcriptional expression (Figure S6).

After conducting a one-way ANOVA test, we screened the differential protein data
using Fold Change in Expression (FC) > 1.5-fold as a criterion. To investigate the re-
sponse mechanism of the tetraploid R. pseudoacacia under high CO; treatment, we per-
formed a systematic clustering analysis of the differentially abundant proteins (DAPs)
(Figure S4). The results revealed a significant change in the expression of DAPs under high
CO; treatment. Under normal CO, conditions, in the CK-PA /CK-H,O group, we found
50 DAPs, with 11 proteins’ abundances increased and 39 proteins” abundances decreased
(Figure 7b). Similarly, in the CK-SHAM/CK-H,O group, we observed 194 DAPs, with
82 proteins’ abundances increased and 112 proteins’ abundances decreased (Figure 7c). In
the T-H,O/CK-H,O group, we identified 504 DAPs, out of which 142 proteins were in
elevated abundance, including 3-hydroxybutyryl-CoA dehydrogenase (I3SLI5), glutamine
synthetase (I3T8A0), and cytochrome c oxidase subunit Vb (I35VI17), while 362 proteins
were reduced in abundance, including calnexin homolog (I35D49), glutathione transferase
(I3T7D8), and the NAD-dependent epimerase/dehydratase domain-containing protein
(I35MX?7) (Figure 7a). In the T-PA /CK-H,O group, we detected 522 DAPs, with 351 proteins,
including aquaporin PIP13 (AOAOU2BZ]J5), photosystem II protein D1 (AOA1C7D3T6), and
class V chitinase CHIT5 (AOA1B1J8Z2), showing a significant reduction in abundance.
On the other hand, xylose isomerase (135153), NADH-ubiquinone oxidoreductase chain
5 (GIJLS?), cytochrome c oxidase subunit 3 (G9JLU6), and 171 other proteins exhibited a
significant increase in abundance (Figure 7d). In the T-SHAM/CK-H,O group, a total of
506 DAPs were identified. Among these, the abundance of 155 proteins, including ATP
synthase 3-subunit (QIFUCS), 3-hydroxybutyryl-CoA dehydrogenase (I3SLI5), and 15-cis-
phytoene synthase (I3SHI7), was significantly reduced. On the other hand, the relative
abundance of 351 proteins, including peroxidase (I35DX6), ribonuclease T (I3SNB3), and
the prolyl 4-hydroxylase alpha subunit domain-containing protein (I35Z73), was signif-
icantly increased (Figure 7e). In the T-PA/T-H,O group, there were a total of 37 DAPs,
with 20 proteins” abundances increased and 17 proteins” abundances decreased (Figure 7f).
Similarly, in the T-SHAM/T-H,0O group, there were 35 DAPs, with 16 being upregulated
and 19 being downregulated (Figure 7g).

Under normal CO; conditions, the comparison of CK-PA /CK-H,O and CK-SHAM/CK-
HyO revealed 26 overlapping DAPs (Figure S3A). However, under high CO, treatment,
there was a significant increase in the number of DAPs in the tetraploid R. pseudoacacia, with
a total of 388 overlapping DAPs in T-PA /CK-H,O and T-SHAM/CK-H,O (Figure S3B).
When comparing T-PA /T-H,O and T-SHAM/T-H;O to T-H,O, there were only 19 overlap-
ping DAPs after PA and SHAM treatments at high CO, concentrations (Figure S3C).

2.7. KOG Functional Annotation and GO Enrichment Analysis of Tetraploid R. pseudoacacia
DAPs’ Response to High CO;

The distribution of KOG functions was analyzed, and the results showed that, under
high CO, treatment, the most abundant functions in T-H,O/CK-H,O (52 DAPs) were
posttranslational modification, protein turnover, and chaperones; nucleotide transport and
metabolism, translation, ribosomal structure and biogenesis, and energy production and
conversion included 48, 41, and 35 DAPs, respectively (Figure 8a). In the case of normal
CO, treatment, the DAPs in CK-PA /CK-H,O were mainly associated with general function
prediction only, lipid transport and metabolism, posttranslational modification, protein
turnover, and chaperones (Figure 8b), whereas the DAPs in CK-SHAM/CK-H,O were
mainly distributed in translation, ribosomal structure and biogenesis, posttranslational
modification, protein turnover, and energy production and conversion (Figure 8c). Under

128



Int. J. Mol. Sci. 2024, 25, 5262

high CO, treatment, the DAPs in T-PA/CK-H;O were mainly associated with general
function prediction only, posttranslational modification, protein turnover, chaperones, and
energy production and conversion (Figure 8d). Similarly, the DAPs in T-SHAM /CK-H,O
were mainly related to general function prediction only, posttranslational modification,
protein turnover, chaperones, intracellular trafficking, secretion, and vesicular transport
(Figure 8e). There was no significant difference in the distribution of KOG function between
T-PA/T-H;0 and T-SHAM/T-H,O after supplementation with PA and SHAM under high
CO; treatment (Figure 8f,g).

(a) Volcano Plot (T-H20_vs_CK-H20) (b) Volcano Plot (CK-PA_vs_CK-H20) (c) Volcano Plot (CK-SHAM.VS.CK-H20)
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Figure 7. Volcano maps of differentially expressed proteins (DEPs) in R. pseudoacacia under CO,
treatment. The horizontal coordinate is log2 (fold change), and the vertical coordinate is the negative
logarithm of the p-value of the t-test significance test —log10 (padj). (a) T-H,O vs. CK-H,O; (b) CK-
PA vs. CK-H;0O; (¢) CK-SHAM vs. CK-H;0O; (d) T-PA vs. CK-H,O; (e) T-SHAM vs. CK-H,O;
(f) T-PA vs. T-HO; and (g) T-SHAM vs. T-H,O. Red represents upregulated proteins, blue represents
downregulated proteins, grey represents proteins with no differential change, and the dotted grey
line in the middle represents the threshold line for the DAP screening criteria.

In the GO enrichment analysis, DAPs were categorized into three groups: biological
processes, molecular functions, and cellular components. Under normal CO, conditions,
there were fewer DAPs in the CK-PA/CK-H;O group with no significant differential
enrichment (Figure S5a). For the CK-SHAM/CK-H,0O group, the most enriched biological
processes were cellular (128 DAPs) and metabolic (118 DAPs) processes; the most enriched
molecular functions were catalytic activity (107 DAPs) and binding (99 DAPs); and the most
enriched cellular components were cell parts (142 DAPs) and intracellular parts (135 DAPs)
(Figure S5c). Under high CO; treatment, the most responsive biological processes were
cellular (287 DAPs) and metabolic (252 DAPs) processes in the T-H,O/CK-H,O group;
the most responsive molecular functions were catalytic activity (259 DAPs) and binding
(259 DAPs); and the most responsive cellular components were cell parts (327 DAPs) and
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(a) KOG Function Classification (T-H20_vs_CK-H20)

intracellular parts (309 DAPs) (Figure S5b). The significantly enriched categories of each
GO classification in the T-PA /CK-H,O and T-SHAM/T-H,O groups largely overlapped
with those in the T-H,O/CK-H,O group (Figure S5d,e). These results indicate a significant
increase in GO-enriched DAPs under high CO, treatment.
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Figure 8. Cluster analysis of orthologous groups (KOG/COG)of DEPs in R. pseudoacacia under CO,
treatment. (a) T-H,O vs. CK-H,O; (b) CK-PA vs. CK-H,O; (¢) CK-SHAM vs. CK-H,O; (d) T-PA vs.
CK-H,O; (e) T-SHAM vs. CK-H,O; (f) T-PA vs. T-H;O; and (g) T-SHAM vs. T-H,O.

2.8. Pathway Analysis of DAPs in Tetraploid R. pseudoacacia under High CO; Treatment

To further elucidate the metabolic pathways involved in the DAPs of the tetraploid
R. pseudoacacia, DAPs were analyzed for KEGG enrichment. Under normal CO, conditions,
the DAPs in the CK-PA /CK-H,O group were mainly enriched in fatty acid biosynthesis,
fatty acid metabolism, and biotin metabolism (Figure 9b). In the CK-SHAM/CK-H,O
group, the DAPs were mainly enriched in metabolic pathways, the biosynthesis of sec-
ondary metabolites, glutathione metabolism, and carotenoid biosynthesis (Figure 9¢c). Un-
der high CO, treatment, the DAPs in the T-H,O/CK-H,O group were significantly enriched
in metabolic pathways, carbon metabolism, the biosynthesis of secondary metabolites, the
biosynthesis of amino acids, and photosynthesis (Figure 9a). The DAPs in the T-PA /CK-
H,0 and T-SHAM/CK-H,O groups were significantly enriched in metabolic pathways,
the biosynthesis of secondary metabolites, the biosynthesis of amino acids, phenylalanine
metabolism, phenylacetone biosynthesis, and glutathione metabolism (Figure 9d,e). Fi-
nally, the DAPs in the T-PA /T-H,O and T-SHAM/T-H,O groups were mainly enriched in

130



Int. . Mol. Sci. 2024, 25, 5262

phenylalanine metabolism, metabolic pathways, the biosynthesis of secondary metabolites,
and phenylpropanoid biosynthesis (Figure 9f,g).
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Figure 9. KEGG enrichment analysis of DEPs identified in R. pseudoacacia under CO, treatment.
(a) T-H,O vs. CK-H;0; (b) CK-PA vs. CK-H;0; (¢) CK-SHAM vs. CK-H;0; (d) T-PA vs. CK-H,0O;
(e) T-SHAM vs. CK-H;O; (f) T-PA vs. T-H,O; and (g) T-SHAM vs. T-H,O. The x-axis represents
the enrichment factor, and the y-axis represents the pathway of enrichment. Larger orange points
represent major pathway enrichment and higher pathway impact values, respectively.

3. Discussion

Short-term CO, enrichment has been found to alleviate the impact of abiotic stresses,
such as drought and salt, on plants [47,48]. In the tetraploid R. pseudoacacia, prolonged
exposure to high CO; resulted in a gradual decrease in the relative water content of its leaves
over time, ultimately leading to the inhibition of its growth and development. In the present
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study, we observed the yellowing, wilting, and abscission of leaves, as well as a decrease
in the relative water content in the tetraploid R. pseudoacacia at high CO, concentrations
(Figure 1a). This phenomenon could be attributed to a reduction in water flux caused
by high CO, and weakened upward water transport due to a decreased transpiration
rate [49,50]. These factors contribute to the recovery of plants once the CO; concentration
is restored (Figure 1c). The magnitude of the REC can indicate the condition of the plant
membrane system. When plants face adversity or injuries, the cell membrane may rupture,
causing a leakage of cytoplasmic cytosol and consequently increasing the conductivity. The
substantial increase in REC observed at high CO, concentrations suggests that the plant
experienced stress injury and cell damage (Figure 1b). PA, known as a facilitator of the
alternate respiration pathway, and SHAM, an inhibitor [32,33,35], have shown contrasting
effects on the stress symptoms of the tetraploid R. pseudoacacia. PA supplementation
alleviated the stress response of the tetraploid R. pseudoacacia to high CO,, whereas SHAM
supplementation exacerbated this stress response (Figure 1).

Photosynthesis involves important physiological indicators used to study the impact
of abiotic stress on plants. High levels of CO, can reduce the photosynthetic capacity of
plants. This reduction is mainly seen through decreased CO, assimilation capacity and
photochemical activities [10,13,51]. In our study, we observed a decrease in photosynthetic
parameters in the tetraploid R. pseudoacacia’s leaves when exposed to high CO,, indicating
the inhibition of photosynthetic performance. However, after treatment with PA, the photo-
synthetic performance showed signs of recovery. After SHAM treatment, photosynthesis
in the tetraploid R. pseudoacacia was found to be even more inhibited (Figure le-g). This
could be due to a decrease in photosynthetic parameters resulting from a reduction in the
amount and activity of Rubisco, stomatal conductance, and photorespiration [52,53].

A high concentration of CO; induces an accumulation of ROS in plants [54,55]. Previ-
ous studies have shown that an excessive accumulation of electrons in the PSII leads to an
over-reduction in electrons, which in turn causes the electron transport chain to become
highly reduced, resulting in the formation of ROS. This oxidative stress not only causes
damage to plants but also triggers retrograde signals to the nucleus, leading to responses at
the gene expression level [56,57]. In the tetraploid R. pseudoacacia, there was a significant
increase in ROS levels compared to the control group under high CO,. This change in ROS
levels was observed when the AOX pathway was stimulated or inhibited (Figure 2a—c),
which aligns with Dinakar’s study [58]. Algae have developed various antioxidant defense
mechanisms to mitigate the oxidative stress caused by H,O,. These mechanisms include
enzymatic processes involving the ascorbate—glutathione cycle, glutathione S-transferase
(GST), glutathione peroxidase (GPX), and CAT. Additionally, nonenzymatic mechanisms
related to carotenoids and glutathione also play a role [59-61]. Most ROS-scavenging
enzymes, such as CAT, SOD, and APX, are predominantly bound to cystoid membranes
and exhibit similarities. When plants experience stress, they promptly remove ROS to
prevent toxicity caused by ROS diffusion into the matrix [61]. To maintain ROS homeostasis,
the activity of antioxidant enzymes is typically enhanced to eliminate excess ROS, thus
safeguarding the plant from oxidative damage and enhancing its stress tolerance [62,63].
However, this mechanism is effective against mild oxidative damage, and if the damage
surpasses the plant’s tolerance threshold, the inability to eliminate ROS will hinder the
functioning of antioxidant enzymes [64,65]. In this study, high concentrations of CO; led to
a significant increase in ROS levels in the tetraploid R. pseudoacacia, exceeding the capacity
of the antioxidant system and resulting in the suppression of SOD, CAT, GR, and APX
activities, ultimately causing damage to the plant (Figure 2d—f).

Chlorophyll content can have a direct impact on a plant’s capacity to capture light
energy. The decrease in chlorophyll content can be attributed to two factors: the blockage
of chlorophyll synthesis and the degradation of chlorophyll [66]. In our study, we observed
that the levels of both Chl a and b initially increased and then decreased under high CO,
treatments (Figure 3a,b). This finding aligns with previous research and suggests that high
concentrations of CO, may inhibit chlorophyll synthesis [67]. We investigated the impact
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of an elevated CO, concentration on the activity of PSII using the chlorophyll fluorescence
technique. The intensity of chlorophyll fluorescence is an indicator of the redox state
of the main receptor Q in PSII [68]. Our findings revealed that the treatment with high
CO; levels resulted in an increase in Fo but a significant decrease in Fm and Fv/Fm in the
tetraploid R. pseudoacacia (Figure 3d—f). This suggests that the activity of PSII was hindered,
leading to an excessive accumulation of electrons in PSII. Additionally, 4P and NPQ
represent the capacities for photochemical and nonphotochemical excitation quenching,
respectively, and the quantum yields of these two types of fluorescence quenching are
interconnected [69]. A decrease in ETR signifies a decline in photosynthetic activity. In
the tetraploid R. pseudoacacia, photosynthesis is hindered, disrupting the balance of the
system. When the plant is under stress, PSII is inhibited (Figure 3), resulting in the
generation of a chlorophyll triplet state and singlet oxygen (10,), which ultimately leads to
the accumulation of ROS.

The regulation of the mitochondrial electron transport chain, which includes the
cytochrome respiratory (COX) and AOX respiratory pathways, is influenced by abiotic
stress. Under high CO, conditions, AOX respiration is upregulated in plant mitochondria
to support normal plant physiological activities [70]. Research has demonstrated the
significance of the AOX pathway in A. thaliana in response to elevated CO; [71]. It was
observed that the rate of cytochrome respiration in the tetraploid R. pseudoacacia decreased,
while the rate of AOX respiration increased under high CO, stress. However, overall
respiration was inhibited. AOX respiration, which is a SHAM-sensitive type of respiration,
was stimulated by PA treatment and had a significant effect on AOX[32,33,35]. PA treatment
notably enhanced the AOX respiration pathway, while the response of AOX respiration in
the tetraploid R. pseudoacacia to high CO, was inhibited by SHAM (Figure 4d). In contrast,
the mitochondrial transfer chain (ETC) complexes (I, II, III, and IV) exhibited distinct
responses under high CO,. The activities of complexes I and II were decreased, while the
activities of complexes III and IV were downregulated (Figure 4e-h). This alteration in
activity levels could be attributed to mitochondrial damage resulting from the accumulation
of ROS.

Low CO, promotes stomatal opening, while high CO, induces stomatal closure.
Stomata, which serve as the primary site for gas exchange, can adjust the pore size in
response to changes in the external environment. Studies have shown that high CO,
stimulates an increase in the concentration of free Ca?* in guard cells, leading to the
induction of stomatal closure [14-17]. Transient changes in the pH and membrane potential
of guard cells occur alongside stomatal closure when the CO, concentration is increased [72].
Stomata control the size of pores in the leaf in response to CO, concentration, and elevated
CO, also inhibits stomatal development [73,74]. Previous studies have demonstrated that
high levels of CO; can induce stomatal closure, with ROS playing a crucial role in this
regulatory process [22,75]. NO plays a role in both ABA- and Ca®*-mediated stomatal
closure, which is an important participant in the stomatal closure process [24,25,76]. When
compared with normal CO,, high CO, significantly induces stomatal closure. PA alleviates
this process, while SHAM exacerbates the degree of closure. Additionally, SHAM also
causes a slight closure of stomata at normal CO, concentrations. Through fluorescence
staining, it was observed that CO,-induced stomatal closure is accompanied by a large
accumulation of HyO, and NO in the guard cells (Figures 5 and 6). This provides evidence
for the crucial role of ROS and NO in the stomatal closure of the tetraploid R. pseudoacacia
in response to high CO; stress.

Quantitative proteomics analysis is a crucial technology in proteomics research [77].
We employed DIA quantitative proteomic analysis to investigate protein alterations in the
tetraploid R. pseudoacacia under high CO, treatment. The identified proteins were found to
be involved in significant pathways, including metabolic pathways, carbon metabolism, the
biosynthesis of secondary metabolites, the biosynthesis of amino acids, and photosynthesis
(Figures 7-9). Additionally, we screened several key proteins in all DAPs in response
to high CO,, including ribulose diphosphate carboxylase-related subunits (AOAOF6Y5SS,
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C0J370), photosystems I-II-related proteins (AOA898CWR3, AOA898CTK1, AOA8ISCW4o6,
AO0A898CTN3, AOA898CW14), antioxidant-related proteins (I1KP94, AOAOR4J3P1, K’ZKDM?,
AO0AOROERX9), cytochrome-related proteins (AOA898CTTO, IMWP7, AOAOROH975), and
NADPH-related proteins (AOAOR4J3V9, I1LT63) (Table S2).

In C3 plants, glucose is primarily biosynthesized through the Calvin cycle. A crucial
step in this process is the formation of glycerate-3-phosphate (3PGA) through the action of
1,5-bisphosphate ribulose carboxylase using CO, [28]. Rubiscos, which are photosynthetic
CO,-fixing enzymes, are activated by Rubisco activase (Rcas). However, if the N-terminus
of the large subunit is missing, Rubiscos are not activated [78]. The involvement of carbon
dioxide is also essential for the activation of Rubiscos [79]. In this study, we observed a
significant downregulation of many 1,5-bisphosphate ribulose carboxylase-related subunits
(I6QM]J2, AOAOF6Y5SS8, C0J370, AOA8ISCTM?2) under high CO; treatment. This downregu-
lation resulted in the inability of Rubiscos to be activated under light and CO, conditions,
leading to a decrease in the photosynthesis rate. Furthermore, the inhibition of photosyn-
thesis was also attributed to the impact on photosystem protein synthesis, electron transfer
between photosystems, and chlorophyll binding [80-82]. Pigment-protein complexes CP43
and CP47 are known to transfer excitation energy from the outer antenna of photosystem II
to the photochemical reaction center, as well as being involved in the process of water oxida-
tion [83,84]. The excess energy absorbed by the photosystem I complex is transferred to P700
via chlorophyll, thus protecting the pigment—protein complex from photodestruction [85].
The photosystem II D1/D2 complex proteins catalyze the oxidation of water due to a high
REDOX potential [86]. Light trapping and the conversion of light energy to chemical energy
occur through the iron-sulfur center in photosystem I [87,88]. In our study, we observed a
significant downregulation of various photosystem constitutive proteins in the tetraploid
R. pseudoacacia. These proteins include photosystem II CP43/47 reaction center proteins
(AOA6HOEHP1, A0A1C7D4D5), photosystem 1 P700 chlorophyll a apoprotein A1/A2
(AOA1C7D3U7, AOA1C7D4C6, AOA6HOEHRO), photosystem I reaction center subunit II
(I35TB2), photosystem II D1/D2 proteins (AOA1C7D3T6, AOA1C7D3V4), electron-transfer-
mediating protein cytochrome f (AOA1C7D3WS5), plastoquinone—plastocyanin reductase
(I3RZ73, I1ILUB3), the photosystem I iron-sulfur center (AOA1C7D3Z6), and the chlorophyll
a-b binding protein (I3SIW2). This downregulation resulted in the inhibition of electron
transfer and light capture, ultimately leading to the blockage of photosynthesis in the
tetraploid R. pseudoacacia.

Glutathione (GSH) plays a crucial role in various biological processes. When GSH
is oxidized to oxidized glutathione (GSSG) by GPX, it catalyzes the reduction of HyO,.
Additionally, GR helps in regenerating GSH. Additionally, GSH has been found to effec-
tively increase the antioxidant capacity of plants and enhance the activity of respiratory
enzymes [89]. In certain studies, advanced GSH treatment has proven to be effective in
preventing broccoli fermentation in a high CO, atmosphere. This is achieved by promoting
the AsA-GSH cycle and the electron (ETC) pathway [78]. Exogenous PA can maintain intra-
cellular glutathione levels in HyO,-treated cells and enhance their antioxidant capacity [90].
The presence of GSH is vital for copepods in defending against seawater acidification
induced by varying CO, concentrations [91]. In this study, the expression of GPX (I3SK85,
I1KP94, I1MX60, C65Y48) was significantly decreased by high CO, treatment. However,
this decrease was reversed when PA was applied, indicating that the antioxidant capacity
of the tetraploid R. pseudoacacia was restored. The decrease in GPX expression resulted in
the accumulation of ROS. GR plays a crucial role in the interconversion between oxidized
and reduced glutathione, facilitating the recirculation of GSH. In soybeans, enhancing
GR can effectively improve the removal of ROS [92]. In the context of this experiment,
high CO; levels led to the downregulation of GR and diminished the regeneration abil-
ity of GSH. However, the application of PA facilitated the conversion between GSH and
GSSG under high CO; conditions, which enhanced the scavenging of H,O, and alleviated
oxidative damage.
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4. Materials and Methods
4.1. Plant Materials and Stress Treatment

The plant materials comprised the tetraploid R. pseudoacacia, which was two years
old. In the spring, bare-root seedlings were planted in uniform-sized pots (diameter x
height x bottom diameter =20 x 28 x 20 cm), and seedlings with uniform growth were
chosen for CO, treatment after 2 months of growth under normal conditions. The potted
seedlings were placed in a light incubator for 3 days for pre-cultivation to acclimate to the
new environment. The soil moisture was maintained at 70% throughout, and the culture
conditions were as follows: 16 h of light, 8 h of darkness, temperature set at 25 °C, air
humidity at 70%, and light intensity at 6000 Lux. The seedlings undergoing the high CO,
treatment were divided into a control group (natural conditions, a CO; concentration of
about 0.031%) and treatment groups (a CO, concentration of 5%), and the seedlings were
subjected to high CO, treatment for 9 days before being incubated again under normal
CO, concentration for 3 days. On day 6 of CO, treatment, a respiration accelerator (pyruvic
acid, 0.1 mM) and a respiration inhibitor (salicylhydroxamic acid, 1 mM) were sprayed on
the leaves of the tetraploid R. pseudoacacia every 3 h. Morphological observations on leaves
were made after0d,3d,6d,9d, and 12 d. For each treatment, leaves were collected for
physiological and proteomic measurements, with three or six biological replicates.

Here, CK-H,O: untreated control group; CK-PA: pyruvic acid-treated group; CK-
SHAM: salicylhydroxamic acid-treated group; T-HyO: CO,-treated group; T-PA: CO,
co-treated with PA; and T-SHAM: CO, co-treated with SHAM.

4.2. Determination of Relative Water Content and Relative Electrical Conductivity

After 0.5 g of fresh leaves (FWs) moistened in distilled water for 4 h, the surface water
was removed, weighed, and recorded as TW, and then the leaves were dried in a drying oven
and recorded as DW. Relative water content: RWC (%) = (FW — DW)/(TW — DW) x 100.

A total of 0.1 g of evenly chopped leaves were poured in 5 mL of ddH,O and shaken at
160 rpm for 1 h. The electrical conductivity was measured and recorded as L2 using a DDS-
ITA conductivity meter (INESA Scientific Instruments Co., Shanghai, China), and the control
of ddH,O was recorded as L1. After cooling to ambient temperature, the samples were
immersed in a boiling water bath for 15 min, and the electrical conductivity was measured
and recorded as L3. Relative electrical conductivity (%) = (L2 — L1)/(L3 — L1) x 100.

4.3. Determination of Chlorophyll Content and Photosynthetic and Fluorescence Parameters

The chlorophyll content of the fourth and fifth leaves from the end, located in the
middle of the acacia branches, was determined. A total of 0.2 g of leaves were immersed
in the extraction solution (80% acetone/ethanol/ddH,O = 4.5:4.5:1). The leaves were
then kept in the dark for 24 h. The optical density at wavelengths of 470 nm, 645 nm,
and 663 nm was measured. Chlorophyll a (Chl a) = 12.72A463 — 2.59A445; chlorophyll b
(Chl b) = 22.88A445 — 4.67Agg3; and Chl a/b = chlorophyll a/b.

The photosynthetic parameters of leaves were determined using a Li-COR 6400 pho-
tosynthesis system (LI-COR, Lincoln, NE, USA). Six leaves per group were analyzed,
and the measurements were repeated three times. These parameters included the net
photosynthetic rate (Pn), the transpiration rate (Tr), the intercellular carbon dioxide con-
centration (Ci), and the stomatal conductance (Gs). The measurements were conducted
under specific conditions, including a temperature of 24 °C, a photon flux density (PFD)
of 90 pmol m~2-s~1, a relative humidity of 70%, and an ambient CO, concentration of
400 pmol CO, mol 1.

The chlorophyll fluorescence parameters of leaves were measured using an FC800-O
fluorescence imaging system (FluorCam, Drasov, Czech Republic) [93]. The leaves were
dark-adapted for 30 min, following the previously described method. The data collected
included initial fluorescence yield (Fo), maximum fluorescence yield (Fm), photochemical
quenching (gP), the maximum photochemical efficiency of photosystem II (PSII) (Fv/Fm),
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nonphotochemical quenching (NPQ), and the relative electron transfer rate (ETR). A total
of six leaves were measured for each treatment group.

4.4. Determination of Leaf Respiration Parameters

The leaf respiration rate was determined using the OXYTHE-RM oxygen electrode.
The total respiration rate (Vi) was determined by incubating 0.1 g leaves of R. pseudoacacia
from the same location in a reaction medium containing 2 mM HEPES, 10 mM MES
(pH 10.7), and 2 mM CaCl; for 30 min in the dark. To determine the residual respiration
(Vres), SHAM (200 mM) and KCN (200 mM) were added to the assay. Vies was then
subtracted from the respiratory activity observed when SHAM was added alone to obtain
the activity of the major cytochrome pathway (V¢yt). Similarly, Vi was subtracted from the
respiratory activity observed when SHAM was added alone to obtain the actual activity of
the alternative pathway (V).

The activity of mitochondrial electron transport chain complex I-IV (complex I-IV)
and AOX was measured in the central leaves of R. pseudoacacia using the Plant Mitochon-
drial Respiratory Chain Complex I-IV and Plant AOX Activity Kit (Hengyuan Biologicals,
Shanghai, China).

4.5. Stomatal Movement

Under controlled light and temperature conditions, fresh leaves were collected from
plants grown under normal conditions and with high CO, treatments. The upper epi-
dermis and leaf pulp of both the proximal and distal axes of the leaf blades were gently
scraped. Stomatal morphology was then observed randomly using a microscope. More
than 100 stomata were selected for each treatment sample. The length and width of the
stomatal images were measured using Image] v1.8.0 to calculate the stomatal openness.

4.6. Fluorescent Probe Staining

Fresh leaves were collected from plants under both normal conditions and high CO,
treatments after 0, 6, and 12 days. Leaf blades, excluding the main veins, were cut into 1 cm
pieces. These pieces were then immersed in 50 mM H; DCF-DA or 0.1 mM DAF-2DA for
30 min in the absence of light. Subsequently, they were photographed using a fluorescence
microscope in 10 randomly selected fields of view. The average fluorescence intensity was
calculated using Image].

4.7. Histochemical Staining

The leaves were fully immersed in a staining solution containing 10 mg-mL~! DAB
and NBT. To eliminate air bubbles, a vacuum pump was used for 30 min. Subsequently, the
leaves were stained under dark conditions for 24 h. Chlorophyll was completely removed
by submerging the leaves in a decolorizing solution. The leaves were then photographed
and recorded, and the average fluorescence intensity was measured using Image].

4.8. Determination of HyO, and Oy~ Content

A total of 0.5 g of leaves were homogenized in 0.1% TCA in an ice bath. The ho-
mogenate was then centrifuged at 12,000 rpm for 10 min. The extract was mixed with
phosphate buffer solution (PBS) (pH 7.5) and KI (1 M). The absorbance of the mixture was
measured at 390 nm.

Similarly, a total of 0.5 g of leaves were homogenized in hydroxylamine hydrochloride
in an ice bath and then centrifuged at 12,000 rpm for 10 min. The supernatant obtained
was incubated with 1-Naphthylamine and aminobenzenesulfonic acid for 2 min at room
temperature. Subsequently, the absorbance of the solution was measured at 520 nm [94].

4.9. Determination of Antioxidant Enzyme Activity

Crude enzyme extract was prepared by grinding 0.5 g of leaves in liquid nitrogen
and centrifuging in PBS at 12,000 rpm for 10 min. A mixture of 20 pL of extract, 50 mM
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PBS (pH 7.8), 100 uM ethylene diamine tetraacetic acid (EDTA), and 10 mM pyrogallic
acid was thoroughly mixed. Superoxide dismutase (SOD) activity was measured by UV
spectrophotometry at 420 nm. Another mixture of 0.2 mL of extract, 50 mM PBS, and
ddH,0O was thoroughly mixed, and the reaction was carried out in a water bath at 25 °C for
10 min; catalase (CAT) activity was measured at 240 nm. Additionally, 0.05 mL of extract,
PBS, and 5 mM ASA were mixed thoroughly. This mixture was then followed by the
addition of 0.1 mM H;,O5, and the activity of ascorbate peroxidase (APX) was measured at
290 nm. Furthermore, a mixture of 10 pL of extract, 100 mM PBS, 2 mM EDTA, and 0.5 mM
glutathione was mixed thoroughly. This mixture was then followed by the addition of
0.2 mM NADPH, and the activity of glutathione reductase (GR) was detected at 340 nm [45].

4.10. Quantitative Proteomics Analysis

Six sets of samples were pretreated using the iST Sample Pretreatment Kit (PreOmics,
Planegg, Germany) and stored at —80 °C under vacuum conditions. The samples were
crushed in liquid nitrogen and then mixed with buffer (1:10) and protease inhibitors. After
vortexing for 10 min, the samples were vortexed for another 10 min with an equal volume of
Tris-saturated phenol (pH 8.0). Subsequently, they were centrifuged at 12,000 rpm for 20 min
at4 °C, and the phenol phase was combined with buffer and vortexed before centrifugation.
The precipitate was then treated with pre-cooled ammonium acetate-methanol solution,
precipitated overnight at —20 °C, and finally centrifuged at 12,000 rpm for 20 min at 4 °C.
The supernatant was discarded, and the precipitate was washed twice with 90% acetone.
The precipitate was then suspended in an appropriate volume of lysate to solubilize the
sample proteins, followed by centrifugation at 12,000 rpm for 20 min at 4 °C to collect the
supernatant. This step was repeated to ensure maximum collection of the supernatant.
Each sample was then suspended in 30 pL of solvent A, and 1 uL of 10xiTR peptide was
added to 9 puL of each sample. After thorough mixing, the samples were subjected to
nanoliquid chromatography. For tandem mass spectrometry analysis, 4 pL of the samples
were taken. The separation of the sample occurred over a 90 min gradient with a column
flow rate of 600 nL-min~! and a column temperature of 55 °C. The gradient started at 4%
B-phase and was equilibrated for 4 min, followed by a nonlinear gradient increase to 30%
over 80 min. Subsequently, the gradient increased to 90% in 2 min and was held for 8 min.

The mass spectrometry conditions were as follows: (1) MS: scan range (1/z): 350-1500;
resolution: 120,000; normalized AGC target: 100%; and maximum injection time: 50 ms;
(2) HCD-MS/MS: resolution: 30,000; normalized AGC target: 600%; maximum injection
time: 90 ms; and collision energy: 35; (3) variable window acquisition was used with 60 win-
dows set up, and overlapping serial ports were set up with 1 m-z~! overlap per window.

Data analysis: DIA data were analyzed using Spectronaut 15.0 default parameters
(Omicsolution Co., Ltd., Shanghai, China). The sequence database used was the uniprot-
robinioid clade database, and trypsin enzymatic digestion was applied. The search library
parameters included a fixed modification, carbamidomethyl (C), and a variable modifi-
cation, methionine oxidation. The criteria for protein characterization were a precursor
threshold of 1.0% false discovery rate (FDR) and a protein threshold of a 1.0% FDR. To
generate the decoy database, a mutation strategy was employed, similar to perturbing a
random number of amino acid sequences. Spectronaut 15.0 performed auto-correction,
and a local normalization strategy was implemented for data normalization. Protein group
quantification was conducted by calculating the average of the peak areas of the first 3 pep-
tides below 1.0% FDR. For differential screening, proteins with a p adj value < 0.05 and

| fold change | > 1.5 were considered significant after analysis by a one-way ANOVA test.

4.11. Functional Annotation and Cluster Analysis

An unsupervised principal component analysis (PCA) was conducted on the entire
dataset to provide a comprehensive overview of the quantitative proteomics data, assess-
ing its relevance and reproducibility. Volcano plots were then analyzed using a one-way
ANOVA test, with a significance threshold of a p adj value < 0.05. To identify differen-
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tially abundant proteins (DAPs), we considered a fold change greater than 1.5. For the
functional annotation and enrichment analysis of the DAPs, we utilized the GO (Gene
Ontology), KOG (Eukaryotic Orthologous Groups), and KEGG (Kyoto Encyclopedia of
Genes and Genomes) databases, which helped us understand the functions, distributions,
and pathways associated with these DAPs.

4.12. Data Submission

MS data were translated to PRIDE XML using the PRIDE Submission Tool Version
2.7.3. A total of 34 PRIDE XML files were submitted to the ProteomeXchange repository
following the ProteomeXchange submission guidelines [95]. The data were deposited
under the identifier PXD047363.

4.13. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Samples were ground to powder in liquid nitrogen, and total RNA was isolated
using the Omega Plant RNA Kit (Shanghai Yuanmu Biotechnology Co., Shanghai, China)
following the manufacturer’s instructions. cDNA was prepared with the PrimeScript
Reverse Transcriptase Kit (Takara, Shiga, Japan). qPCR was performed in a LightCycler 480
System (Roche, Indianapolis, IN, USA) with LightCycler 480 SYBR Green I Master Mix and
specific primers (Supplementary Table S1). Three biological replicates were used for each
sample. The 18SRNA gene was used as an internal control. Relative gene expression levels
were calculated using the AAC; method after normalization to the reference gene 18SRNA.

4.14. Statistical Analysis

All experiments were performed with at least three to six biological replicates; experi-
mental data were analyzed with SPSS 25.0; and to determine statistical significance, aster-
isks indicated significant differences (Student’s t-test; * p < 0.05; ** p < 0.01; *** p < 0.001).

5. Conclusions

In conclusion, this study investigated the response mechanism of the tetraploid
R. pseudoacacia to high CO, concentrations through physiology and proteomics. The find-
ings indicate that high CO, had a negative impact on the normal growth of the tetraploid
R. pseudoacacia. Specifically, the photosynthesis and respiration of the tetraploid R. pseu-
doacacia’s leaves decreased under the high CO, treatment compared to normal conditions,
leading to an excessive accumulation of ROS. Additionally, the activities of the antioxi-
dant enzymes SOD, CAT, GR, and APX were reduced, and the levels of chlorophyll and
chlorophyll fluorescence parameters were significantly diminished. Furthermore, the accu-
mulation of ROS and NO in guard cells induced stomatal closure. The proteomic analysis
revealed that the DAPs were primarily enriched in metabolic pathways, the biosynthe-
sis of secondary metabolism, and amino acid biosynthesis pathways under high CO,
treatment. Notably, the key DAPs were primarily associated with ribulose diphosphate
carboxylase-related subunits, photosystem I-II-related proteins, antioxidant-related pro-
teins, and cytochrome-related proteins. Overall, this study provides valuable insights into
the adaptation of the tetraploid R. pseudoacacia to high CO, environments. However, further
research is required to validate the target proteins.

Supplementary Materials: The supporting information can be downloaded at https:/ /www.mdpi.
com/article/10.3390/ijms25105262/s1.
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Abstract: The transcription factor is an essential factor for regulating the responses of plants to
external stimuli. The WRKY protein is a superfamily of plant transcription factors involved in
response to various stresses (e.g., cold, heat, salt, drought, ions, pathogens, and insects). During
angiosperm evolution, the number and function of WRKY transcription factors constantly change.
After suffering from long-term environmental battering, plants of different evolutionary statuses
ultimately retained different numbers of WRKY family members. The WRKY family of proteins is
generally divided into three large categories of angiosperms, owing to their conserved domain and
three-dimensional structures. The WRKY transcription factors mediate plant adaptation to various
environments via participating in various biological pathways, such as ROS (reactive oxygen species)
and hormone signaling pathways, further regulating plant enzyme systems, stomatal closure, and
leaf shrinkage physiological responses. This article analyzed the evolution of the WRKY family in
angiosperms and its functions in responding to various external environments, especially the function
and evolution in Magnoliaceae plants. It helps to gain a deeper understanding of the evolution and
functional diversity of the WRKY family and provides theoretical and experimental references for

studying the molecular mechanisms of environmental stress.

Keywords: WRKY transcription factors; angiosperm; evolution; environmental stress

1. Introduction

The transcription factor (TF), also known as the trans-acting factor, regulates gene expres-
sion by binding cis-acting elements in the upstream region of its target gene; the expression
of many abiotic stress-related genes in plants is mainly regulated in this way [1-5]. Tran-
scription factors can be divided into two categories according to their expression patterns:
constitutive and inducible transcription factors [5-8]. Constitutive transcription factors are
genes that can be expressed without environmental impact, while inducible transcription
factors are genes that need specific environmental conditions to be expressed. There are
various types of transcription factors in plants [2,4,8]. At present, hundreds of transcription
factors have been reported in plants, and they are involved in various abiotic and biological
stresses, such as high salt, drought, low temperature, hormones, and pathogenic bacteria,
as well as involvement in the regulation of plant growth and development [3,4,7,9,10].
Transcription factors include ARF (auxin response factor), bHLH (basic helix-loop-helix),
bZIP (basic leucine zipper), CSD (cold shock domain), HSF (heat shock transcription
factor), LFY (floral meristem identity genes, LEAFY), MADS (MCM1/AG/DEF/SRE),
MYB (v-myb avian myeloblastosis viral oncogene homolog), NAC (NAM/ATAF/CUCQC),
SBP (SQUAMOSA promoter binding protein), TAZ (transcriptional coactivator with PDZ
binding), TiFY (TIF[F/Y]XG), and WRKY (WRKYGQK) [2,3,9].

Plant transcription factors mainly activate or inhibit the expression of downstream
genes by binding the upstream regulatory sequence of target genes and interacting with
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other proteins or TFs to form polymers [1-3,11]. Transcription factors are mainly composed
of DNA-binding regions and transcriptional regulatory regions. The former determines
its specific binding with the cis-acting elements of target genes, and the latter determines
its regulatory role on downstream genes [5,10,11]. Transcription factors play an important
role in plant stress resistance, which can regulate the expression of signal-related genes
in plants that are sensitive to high temperature, low temperature, drought, high salt,
and so on [1,3,7,10]. Plant transcription factors are also key regulators of plant growth,
development, and morphogenesis [3,5,12]. For example, the WRKY transcription factors
are mainly involved in plant stress responses, including abiotic stresses, such as high
temperature, drought, low temperature, high salt, ions, and biological stresses, such as
pathogens and insects [1,3,7].

The evolution of plants gradually transitioned from aquatic to terrestrial, transitioning
from algae, mosses, ferns, and gymnosperms to angiosperms. Angiosperms are further
divided into basal angiosperms, magnolias, monocotyledonous plants, and dicotyledonous
plants [1-3,5,7]. Magnolia plants are relatively unique, with commonly Cinnamomum kanehi-
rae, Liriodendron chinense, and Liriodendron tulipifera currently available. Existing reports on
the evolution of angiosperms have hardly systematically studied the evolution of magnolia
plants. This study analyzes the grouping, structure, origin, evolution, functional differ-
entiation, environmental selection pressure, whole genome duplication events, growth,
development, biotic stress, and abiotic stress of the WRKY family in angiosperms from
the perspective of the overall evolution of angiosperms. This study can better and more
comprehensively explain the evolution of the WRKY gene family in angiosperms and the
functional diversity in response to external stress, providing more theoretical and exper-
imental references for deeper research into the biological functions of WRKY genes and
plant environmental adaptability.

2. Results
2.1. Grouping Characteristics of the WRKY Family

To analyze the evolution of the WRKY family from the perspective of the overall evo-
lution of angiosperms, the WRKY family protein sequences of two basal angiosperms, three
magnolia plants, six monocotyledonous plants, and thirteen dicotyledonous plants were
selected from the “Phytozome” website to construct a phylogenetic tree of twenty-four
species of angiosperms. A total of 2274 genes were classified into three major groups
and seven subgroups. The second largest group, Group II, was divided into five sub-
groups (Figure 1). A total of 24 angiosperm species were identified, including two basal
angiosperms: Amborella trichopoda and Nymphaea colorata. Three magnolias were identified:
Cinnamomum kanehirae, Liriodendron chinense and Liriodendron tulipifera. Six monocotyledons
were also identified: Brachypodium distachyon, Brachypodium arbuscula, Oryza sativa, Sorghum
bicolor, Zea mays, Zostera marina. Thirteen dicotyledonous plants were studied, including
Arabidopsis thaliana, Carya illinoinensis, Coffea arabica, Corymbia citriodora, Gossypium hirsutum,
Malus pumila, Cirus trifoliata, Populus trichocarpa, Portulaca amilis, Sinapis alba, Theobroma
cacao, Vigna unguiculata and Vitis vinifera.

Although the number of members of the WRKY family varied among the species of
different evolutionary statuses, they were all divided into three major groups and seven
subgroups (Table 1). The minimum number of members of the group I subgroup was seven,
namely Amborella trichopoda, Lirioderon chinense, Zostela marina, Oryza sativa, and the largest,
Sinapis alba. The subgroups II-A, II-B, II-C, II-D, and II-E of Amborella trichopoda had the
fewest members, with two, five, six, six, and three, respectively. In contrast, Gossypium
hirsutum had the highest number of members in the same five subgroups. The number
of group II-A in Zostela marina was also at least two, while the number of group II-B in
Portulaca amilis and Brachypodium distachyon was also at least five. The lowest number of
subgroups in group III was only five in Nymphaea colorata, and the highest number was
fifty-one in Sinapis alba. This result indicates that the number of subgroups in different
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II-A

1I-B

species varied wildly, suggesting that they may have undergone environmental screening
during the evolutionary process, ultimately retaining the current number of families.

Angiosperli;

WRKY 4,
Evolution

Posterior

4.0 0.02

Figure 1. Twenty-four species of angiosperms from the WRKY evolutionary tree. A total of
2274 WRKY genes are divided into three major groups and seven subgroups, I, II-A II-E, and
III, with the different colors representing different subgroup branches. The bottom 4.0 represents the
branch length scale, and the posterior represents the Bayesian posterior value of the branch.

2.2. The Structural Characteristics and Grouping of the WRKY Family

The WRKY transcription factors are mainly a family composed of one or two WRKY
domains. In recent years, with the release of various plant genome data, the WRKY gene
family has been identified within the genome, and the expression patterns of the WRKY
genes in different plants in response to abiotic stress have been explored using qRT-PCR
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and RNA-seq. The verification of their functions combined with traditional molecular
experimental methods has become a hotspot in botany research.

Table 1. Number of members in different subgroups of 24 species of angiosperms.

Species Group I Group II-A Group II-B Group II-C Group II-D Group II-E Group III

Note: The different background colors represent different classifications of plants; from top to bottom, they were
basal angiosperms, Magnolia, Monocotyledonous, and Dicotyledonous. The table is arranged in order based
on the first character of the plant Latin scientific names and different colored backgrounds represent different
evolutionary branch plant categories.

The main structure of the WRKY transcription factor is composed of four bata folds and
zinc finger structures, with approximately 60 amino acids. Its motif is CX4-5CX22-23HXH
(C2H2) or CX7CX23HXH (C2H2). It is highly conserved in the WRKYGQK heptapeptide
region, so it is called the WRKY domain. In most WRKY domains, there are two intron
insertion sites, PR and VQR. Different variants in the WRKY domain, WRRY, WSKY, WKRY,
WVKY, or WKKY, replace the WRKY amino acid sequence. The zinc finger structure at the
end of the folded sheet is mainly formed by the highly conservative Cys/His residues, and
the N-terminal is connected via Gly to form hydrogen bonds, and then forms the 3 chain 3
folding sheet.

The WRKY family is mainly divided into three types according to the number of
N-terminal conservative domains and the type of C-terminal zinc finger. The first type is
the zinc finger structure containing two WRKY domains and one C2H2. The second type
contains only one WRKY domain and one C2H?2 zinc finger structure. The second group is
further divided into five subgroups according to different amino acid sequences, namely
II (a), II (b), II (c), II (d), and II (e); The third category contains only one WRKY domain,
which is the same as the second category. The difference is that its zinc finger structure is
C2HC, which is different from the previous two types of zinc finger structures.

Through the previous evolutionary tree analysis and species tree analysis, it was found
that the evolution of the WRKY family is conserved (Figure 2). Therefore, through multiple
alignment analysis, it was found that the domain sequence of the WRKY family is also
very conservative, mainly including the WRKYGQK signature sequence (Figure 2A) and 3
fold (Figure 2B). The WRKY domain has approximately 60 amino acids, with the sequence
WRKYGQK13-14-CX4-5CX22-23HXH (C2H2) or WRKYGQKX13-14-CX7CX23HXH (C2H2),
and WRKYGOQK typically becomes a signature sequence (Figure 2A). Group I contains

146



Int. J. Mol. Sci. 2024, 25, 3551

two WRKY domains, with the second WRKY domain containing a PR intron insertion
fragment located between the C2 and H2 sequences. Group II contains a WRKY domain
with two intron insertion fragments, namely the PR intron and VQR intron. Group III
contains a WRKY domain, as well as the PR intron and VQR intron insertion fragments,
but the domain C-terminus contains the -HXC sequence, which is different from the other
two sets of sequences.

WRKYGOK PR intr C C HH
A 0059 /5ialb.021150059.1 SEDGYNRRREC TYBNC -~HDHPKE--Q &
ATSG07100|AT5G07100.1 SDDGYNRR g
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Figure 2. Domain sequence conservation and 3D structure of the WRKY family. (A) The sequences
of the three subgroups of WRKY all contain WRKYGQK signature sequences, with two types of PR
intron and VOQR intron insertions. Group I contains two WRKY domains, while the other subgroups
only contain one WRKY domain. Different colored backgrounds represent different base conservatism.
(B) The three-dimensional spatial connectivity domains of the three subgroups all contain four 3 folds.
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The 3D structural analysis of the WRKY family shows that all three subgroups contain
four B folds and distribute evenly from the N-terminus to the C-terminus (Figure 2B). The
sequence and spatial structure of the WRKY family indicate that they are highly conserved
among 24 species of angiosperms, with plants from different evolutionary positions sharing
the same WRKY domain and 3 folding; therefore, it is necessary to further explore the
biological functions of the WRKY family.

2.3. Origin and Evolution of the WRKY Family

The WRKY family is one of the largest transcription factor families in plants. The
first WRKY gene was cloned from sweet potato, and then it was continuously cloned from
other species, such as wild oats (Avena fatua L.), parsley (Petroselenium crispum L.), and
Arabidopsis thaliana [1,2,4]. As for the origin of the WRKY gene, the research results show
that it originated from eukaryotic organisms approximately 1.5 to 2 billion years ago, but it
has not appeared in fungi and animals so far. Therefore, it is speculated that the WRKY
gene exists exclusively in plants [2,6,7]. Compared with non-flowering plants, the WRKY
transcription factor plays a more important role in flowering plants. In particular, the third
subfamily WRKY gene, which is the fastest evolving WRKY gene with the best adaptability,
is mainly formed after the differentiation of monocots and dicots; the number of WRKY
families also changes with the evolution of plants [4,7].

We selected 24 species of angiosperms, including basal angiosperms, monocotyle-
donous, and dicotyledonous plants, for species evolution analyses, and the results of
reconstructing the phylogenetic tree indicate that the evolution of the WRKY family is
consistent with the evolutionary status of the species genome. Among them, the basal
angiosperms include Amborella trichopoda and Nymphaea colorata, the magnolias include
Cinnamomum kanehirae, Liriodendron chinense, and Liriodendron tulipifera, as well as six mono-
cotyledonous plants and thirteen dicotyledonous plants.

The number of gene families is also related to the evolutionary status of a species.
Overall, the lower the evolutionary status, the smaller the number of family members in
a species. If a whole genome replication event occurs in a species, the number of gene
family members would also increase. From the perspective of the evolutionary status of
the species, the whole genome duplication (WGD) event is also related to the evolutionary
status [13]. The higher the plant, the more genome replication events may occur. In the
long-term process of species evolution, plants continuously adapt to the environment and
evolve many functions. Many genes lose their function or only retain some functions after
the occurrence of whole genome doubling events, resulting in different numbers of genes
retained in plants and ultimately forming different numbers of genes.

Among the 24 species of angiosperms, the total number of WRKY families in Amborella
trichopoda is at least 34 (Table 2). Only four plants experienced two WGD events, Cinnamo-
mum kanehirae from Magnoliaceae [14], Carya illinoinensis, Sinapis alba, and Vitis vinifera from
Dicotyledonous, among others, all experienced a WGD event. The frequency of genome
duplication in dicotyledonous plants is higher than that in magnolia, monocotyledonous,
and basal angiosperms, and the total number of WRKY families in most dicotyledonous
plants is also higher than in other angiosperms. For example, the most members of the
dicotyledonous plant family are Gossypium hirsutum with 238 genes, the least is Cirus
trifoliata with 55 genes, the most members of the monocotyledonous plant family is Zea
mays with 137 genes, the least is Zostela marina with 46 genes, the most members of the
magnolia family is Cinnamomum kanehirae with 73 genes, the least are Lirioderon chinense
with 44 genes, and the most members of the basal angiosperm family are Nymphaea corata
with 65 genes. The minimum number is Amborella trichopoda, with 34 genes.
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Table 2. Total number of WRKY families and whole genome replication events in 24 species of an-
giosperms.

Species Family Taxonomy WGD Total

Number

Note: WGD stands for whole genome duplication event, and the total number represents the total number of
WRKY family members per species. The table is arranged in ascending order based on the total number of
plants in different classifications and different colored backgrounds represent different evolutionary branch
plant categories.

The total number of WRKY families in the 24 species of angiosperms and the results
of the WGD events indicate that the genetic functional diversity of dicotyledonous plants
may be more abundant than monocotyledonous, magnolia, and basal angiosperms, and
may also be more adaptable to environmental changes. Therefore, further exploration of
the functional differentiation of basal angiosperms, magnolias, monocots, and dicots can
help to better understand the functional differences of the WRKY family.

To explore the relationship with the WRKY family of different species during the evo-
lutionary process, 24 species of angiosperms were analyzed using the “timetree” website
(http:/ /www.timetree.org/, accessed on 19 March 2024). The results showed that there
are significant differences in the differentiation time of species with different evolutionary
positions (Figure 3). The functional differentiation of gymnosperms and angiosperms began
around 196 MYA, while basal angiosperms and magnolia plants underwent functional
differentiation around 175 MYA. By 170 MYA, magnolia and monocotyledonous plants be-
came more capable of differentiation, gradually forming independent evolutionary clades.
After relatively brief evolution, monocots and dicots further underwent functional differ-
entiation at 160 MYA, forming two independent branching species. Through continuous
evolution, different species in each branch also underwent functional differentiation at
different evolutionary time points, forming a variety of species today.
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Figure 3. The evolutionary statuses and functional divergence times of 24 species of angiosperms. The
numerical values on the branch represent the number of expansions and contractions, + represents
expansion, - represents contraction, and the bottom coordinates represent the species divergence
time, and different colored backgrounds represent different evolutionary branch plant categories.

Through the analysis of the expansion and contraction of the WRKY family, it is con-
cluded that the number of expansions and contractions of plants with different evolutionary
statuses was different, and the number of plants with the same evolutionary status was also
different. For example, the basal angiosperm plant Amborella trichopoda had more shrinkage
gene numbers than the expansion ones, and conversely, Nymphaea colorata had much more
expansion gene numbers than the contraction ones. Liriodendron tulipifera and Cinnamomum
kanehirae had a greater number of expansions than the shrinkage number, and Liriodendron
chinense had fewer expansion numbers than the shrinkage ones.

2.4. The Environmental Selection Pressure of the WRKY Family

By conducting an environmental selection pressure analysis on the WRKY family genes,
the results showed that most of them undergo positive selection during environmental
changes, and as long as a small number of genes undergo negative selection, they may
gradually lose their function in subsequent evolution, which may also affect the number of
members of the gene family [2-5]. By combining these results with the previous analysis, it
can be concluded that angiosperms undergo more whole genome replication events, more
genes undergo positive selection during environmental changes, and ultimately obtain
more family members [4-6].

After analyzing the WRKY family Ka/Ks value of the 24 species of angiospermes,
it was found that the plants with different evolutionary statuses suffer from different
environmental selection pressures [5,7], and the ratio of positive and negative selection
is also different. As shown in Table 3, three plants showed positive selection, the other
fourteen plants showed negative selection, and seven plants did not undergo synonymous
or nonsynonymous substitution.
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Table 3. Analysis of environmental selection pressures in the WRKY family.

g ] Selection g
Species Taxonomy Gene Pairs Ka/Ks <1 Ka/Ks > 1 Pressure Singe Copy

Note: Gene pairs represent the number of genes that underwent base substitutions, and the number 0 indicates
that the sequences without genes in the species underwent substitutions. The table is arranged in order of the first
character of the plant Latin scientific names and different colored backgrounds represent different evolutionary
branch plant categories.

For basic angiosperms, eighteen genes undergo replacement in water lilies, but under
environmental selection conditions, only six genes are positively selected, indicating that
the environment would eliminate unfavorable genes and retain favorable ones. No base
substitution occurred in the genes of Amborella trichopoda, indicating that the WRKY gene
sequence was stable and conserved during evolution, and no mutations occurred. The
selection pressure of magnolia plants is different from that of basal angiosperms. The WRKY
gene of the camphor tree did not undergo base substitution, indicating a relatively stable
evolutionary process. Liriodendron chinense and Liriodendron tulipifera are different species
of magnolia plants, but they exhibit completely different adaptations in environmental
selection. Five genes of Liriodendron chinense undergo base substitution, while six genes of
Liriodendron tulipifera undergo base substitution. However, Liriodendron chinense undergoes
purification selection from the environment, while Liriodendron tulipifera undergoes positive
selection from the environment. This indicates that during the evolutionary process,
species of the same evolutionary status, due to differences in their living environment,
experience differences in the evolution of the WRKY family, ultimately affecting the number
of members of the WRKY family.

The environmental selection pressure of the WRKY gene varied more among differ-
ent species of dicots, most of which were purified selection; only a few were positive
selection, and some plants did not undergo base substitution. For example, no gene sub-
stitution occurred for Corymbia citriodora, Carya illinoinensis, Coffea arabica, and Portulaca
amilis. Arabidopsis thaliana, Cirus trifoliata, and Populus trichocarpa all suffered positive
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selection, and the other plant WRYK genes all suffered from environmental purification
selection. The WRKY gene of the monocots and dicots was subjected to a similar pattern
of environmental selection pressure, and most plants were subjected to environmental
purification selection; only a few of them had positive selection or no base substitution.
For example, Sorghum bicolor suffered from positive selection, Brachypodium distachyon did
not undergo base substitution, and plants such as Oryza sativa and Zea mays suffered from
purification selection.

The above results showed that the base substitution of the WRKY gene in most plants
was mainly subjected to the purification selection of the environment and the elimination
of unfavorable genes, and only a few plants had a positive selection of the environment
for base substitution. In some plants, the WRKY gene was relatively stable and did not
undergo base substitution. Therefore, plants with different evolutionary positions also
have genes that undergo base substitution in the process of adapting to the environment
and eliminate unfavorable genes after environmental selection to achieve better evolution.

The number of single-copy genes varied among the species of different evolutionary
statuses. The gene tree analysis of single-copy genes in the WRKY family showed that
single-copy genes were also relatively conserved (Figure S1 and Table 3). Overall, there
were a total of 331 single-copy genes in the 24 species of angiosperms, with Amborella
trichopoda having only six genes and Sinapis alba having thirty-three genes. Compared with
the evolutionary tree grouping of the WRKY family genes, group I had the highest number
of single-copy genes, while the other subgroups had little or almost no single-copy genes.

2.5. Development Function of WRKY Transcription Factor

The diversity of this gene family in plants is related to the life cycle of plants and
their response to environmental stress. At present, the research on the WRKY gene has
mainly focused on the growth and development of plants, and the response to resistance,
such as seed germination, and the response to abiotic stresses, such as drought and low
temperature. Studies have shown that the WRKY gene can regulate plant resistance through
over-expression or gene knockout, which is also conducive to revealing the signal pathway
mediated by the WRKY gene.

The WRKY transcription factor mainly regulates the expression of specific target genes
and is subject to environmental factors and biological stress (such as bacteria, fungi, viruses,
and other pathogens) or abiotic stress (such as exogenous hormones, high temperature, low
temperature, high salt, mechanical injury, etc.), and the expression is specific in different
tissues. The signal transduction pathways involved in WRKY regulation include plant
hormone salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), and the enzyme
calmodulin (CaM).

The WRKY gene also regulates the growth, development, and reproductive senescence
of plants, such as seed development, dormancy, germination, flowering, and the senescence
of plants, and further regulates the growth, development, and metabolism of plants. In
terms of biosynthesis, the 42 GmWRKY genes of Gentiana macrophylla can participate in
secoiridoid biosynthesis, promoting the accumulation of secondary metabolites [15]. The
Lagerstroemia indica L. contains 61 LiIWRKY genes involved in regulating anthocyanin
biosynthesis [16]. Among the 72 [sSWRKY genes of Jasminum sambac, the overexpression
of JsSWRKY51 can enhance the accumulation of 3-ocimene, which regulates the synthesis
of aromatic hydrocarbon components [8]. In tomatoes, SIWRKY75 can maintain auxin
homeostasis and promote plant resistance [17]. In rose petals, RiWRKY30 can promote the
expression of the RiCAD gene and enhance the biosynthesis content of lignin [18]. The
transcriptome of Melastoma dodecandrum revealed that the MedWRKY gene is involved in
growth and development and is highly expressed in roots and mature fruits [19].

The senescence process at the end of the plant life cycle is inevitable, and the WRKY
gene plays a regulatory role in petal senescence. In terms of senescence, the transcription
factor TgWRKY?75 of the tulip activates the biosynthesis of ABA and SA, accelerating the
petal senescence process of the tulip [20]. This indicates that the WRKY transcription factor
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can not only positively regulate the aging process, but also participate in this process as
a negative regulatory factor. In general, it is particularly important to study the func-
tion of the WRKY gene in the whole process of plant growth, development, metabolism,
and senescence.

2.6. Functions of the WRKY Family in Biotic Stress

Plants grow in the natural environment and adapt to the changing environment
through their defense mechanisms. Systemic acquired resistance and induced systemic
resistance are two important ways for plants to resist pathogens. When plants are invaded
by pathogens, they will resist the invasion of pathogens through a series of physiological
reactions, such as the waxy layer of their leaves and the secretion of their body surface. The
plant resistance pathway is regulated by salicylic acid and jasmonic acid, which activate or
inhibit the expression of disease resistance genes through signal transduction [11].

In tomatoes, the overexpression of SIWRKY75 can reduce the content of IAA, reduce
the expansion of auxin proteins, upregulate the expression of the PRs and NPR1 genes, and
enhance potato resistance to the Pseudomonas syringae pv. Tomato (Pst) DC3000 pathogen [17].
The full-length transcriptome and RNA-seq analyses of sesame revealed that the WRKY
gene is highly expressed in response to Corynespora casicola stress and is a hub gene in the
coexpression regulatory network [21]. The domain of Arabidopsis AtWRKY45 is susceptible
to two pathogens, Pseudomonas syringae pv. Pisi and Ralstonia pseudosolanacearum, which
specifically recognize anchoring, thereby inhibiting the pathogen immune response in
Arabidopsis [22]. The Cicer arietinum L. WRKY gene responds to Ascomycta rabiei infection
and exhibits differential expression trends with other transcription factors during the
response process [23]. Recent research has proposed a new method to capture the binding
transcription factors of the SERRATE(SE) genes through CRISPR-dCas9 (CASPA dCas9).
The results showed that the transcription factors AtWRKY19 and AtPAR?2 jointly promote
the expression of the SE genes and enhance the pathogen resistance of Arabidopsis [24].

Insects or pathogens in the environment can cause damage to plant growth. Therefore,
increasing the biological resistance of plants helps them better adapt to environmental
growth. Whether it is crops, horticultural plants, or woody plants, these are all plants
that are beneficial for human survival and development, and in-depth research on their
molecular mechanisms is of great significance.

2.7. Functions of the WRKY Family in Abiotic Stress

Under abiotic stress, to resist the influence of an adverse environment through a series
of physiological regulation and metabolic processes [25-27], plants can normally grow,
forming a complex gene regulation network in which the WRKY transcription factor plays a
very important role [28]. With the continuous development of biotechnology, the expression
pattern of the WRKY family in response to abiotic stress was verified via RNA-seq, real-time
quantitative PCR, and other technologies, and the regulation mechanism of the WRKY
family was expounded [26].

The WRKY transcription factor regulates the response of plants to abiotic stress. For
example, in wheat, TaWRKY transcription factors are involved in regulating the response to
aluminum and manganese ion stress [29]. The transcriptome of low-phosphorus-stressed
wheat revealed that TatWRKY74s is the major gene involved, which may regulate plant
adaptation to low-phosphorus stress through ABA and auxin signaling [30]. In Pyrus
betulifolia, the PPWRKY gene responds to both high temperature and drought stress and
exhibits a high expression trend [31]. The transcriptome of Gossypium anomalum seedlings
revealed that the GaWRKY gene is involved in salt stress response, and was validated via
qRT-PCR to be consistent with RNA-seq data [32].

The 145 TrWRKY genes of the white clone respond to cold stress, and most genes are
upregulated in the early stages of cold stress [33]. The 64 DhWRKY genes of Dendrobium
huoshanense respond to hormone and low temperature stress. DhWRKY42 significantly
responds to jasmonic acid stress [34]. The WRKY family of Liriodendron chinense also
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participates in the abiotic stress response, and LchiWRKY18 and 36 are involved in high
temperature and drought stress responses, with high expression levels [35]. StWRKY016,
StWRKY045, and StWRKY055 in potatoes specifically respond to high-temperature stress in
leaf tissues [7].

The WRKY gene family is involved in both biological and abiotic stress functions,
regulating plant adaptation to different environments (Figure 4). Biological stress mainly
includes insect stress, pathogen stress, and microbial stress. Abiotic stress mainly includes
temperature, ion, and osmotic stress. In the long-term evolutionary process, the WRKY
family exhibits diverse functions in adapting to environmental changes, and there are also
differences in the biological functions of different subgroups. For example, most genes
respond to abiotic stress, but have little response to the third group of WRKY members. In
some species, the third group of WRKY members almost do not respond to abiotic stress
but respond to biological stress. The LchiWRKY18 and 36 genes of Liriodendron chinense are
both members of the second group and participate in the response to high temperature
and drought abiotic stress [35]. Combined with the promoters of downstream target genes
LchiHSPs and LchiMED?26, the expression of these target genes promotes plant response to
abiotic stress environments.

aueJquiawolAD

aueIquiawoli)

Figure 4. WRKY functional diversity summary chart. The different shapes in the upper part represent
different external environmental stress conditions, the middle part represents the overall cell, and the
bottom represents the different responses after stress.
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Environmental stress includes many factors, including temperature, osmotic stress,
and ion stress, which mainly affect plant growth [26,27]. Insect and pathogen stress is
mainly biological stress that occurs during a certain stage of plant growth and changes in
the external environment (Figure 4). In the living environment of angiosperms, stimulated
by environmental factors, cells in the body begin to respond to these environmental stresses.
The receptors on the cell membrane perceive environmental stimuli and transmit signals
to various signaling pathways within the cell, such as ROS, hormones, ABA-dependent
substances, and WRKY transcription factors. These substances then feed the signals back
to various WRKY transcription factors in the nucleus for a response. These transcription
factors further bind to the promoter sequences of downstream target genes, activating
the expression of various downstream target genes. After the expression of these target
genes, various response mechanisms are activated, such as stomatal closure, leaf shrinkage,
the production of osmotic protective substances, and the activation of enzyme system
responses, promoting plant adaptation to environmental changes.

3. Discussion
3.1. The Evolution of the WRKY Family in Higher Plants Is Relatively Conservative

Plants also undergo whole genome duplication events during their evolutionary
process, and the number of occurrences varies among plants of different evolutionary sta-
tuses [28,36,37]. Overall, there are more plants with dicotyledonous leaves that experience
WGD twice than other plants, while monocotyledonous plants and basal angiosperms
rarely experience WGD events twice [36,37]. Magnolia plants only have camphor trees
experiencing WGD events twice [14]. Most plants undergo a WGD event and retain the
replicated genes to form the current total number of WRKY families.

WRKY also undergoes multiple functional differentiation during the purification
process, with functional differentiation occurring in gymnosperms and angiosperms around
196 MYA. By 175 MYA, the basal angiosperms had undergone functional differentiation
with magnolia and monocotyledonous plants, forming three branches of plant evolution.
After a long period of evolution, around 160 MYA, monocotyledonous and dicotyledonous
plants underwent functional differentiation, forming new plant branches.

Compared to the evolutionary statuses and functional differentiation times of plant
genomes, the functional differentiation time of basal angiosperms and magnolias WRKY
family is earlier and slower than that of the genome (Figure S2). The evolutionary status of
the WRKY family in magnolias and basal angiosperms is the same, which may be due to
differences in the evolutionary process between the genomes and individual families.

3.2. The Environment Selection Preserves the Existing WRKY Number of Family Members and
Different Expansion—Contraction Ratios

Environmental selection eliminates unfavorable genes in plants and preserves favor-
able genes, so the analysis of environmental selection can better understand the replacement
of gene bases in plants during the process of adapting to environmental changes, and thus
understand the stability of plant genes [38,39]. Most genes in plants undergo environmental
selection during their evolutionary process. The WRKY selection pressure analysis from
basal angiosperms to monocotyledonous plants shows that most genes undergoing base
substitution are subjected to environmental purification selection. Only some plant genes
undergo positive selection, and dicotyledonous plants have more positive selection than
monocotyledonous plants.

The expansion and contraction of gene families are also key factors affecting the num-
ber of families. Further analysis of the expansion and contraction of the WRKY family in
angiosperms shows that most plants experience more expansion than contraction, while
some plants experience less expansion than contraction. Many species of monocotyle-
donous plants may experience contraction, and only Zea mays has a greater expansion
than contraction. Magnolia plants are relatively unique, with only the number of con-
tracted of Liriodendron chinense greater than the number of expanded ones. Combined
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with the total number analysis of the WRKY family, the number of Liriodendron chinense
is less than the other two species. These results indicate that the total number of WRKY
family members is not only related to the number of WGD events but also the degree
of environmental selection and expansion—contraction, ultimately determining the total
number of family members.

3.3. The Conservatism of Domain and 3D Structure of the WRKY Family

The WRKY domain is mainly specifically bound to the cis-regulating element W-box
(T) (T) TGAC (C/T) sequence of the target gene promoter to regulate the expression of the
downstream target gene. The core conserved sequence of this cis-regulating element is
TGAC, which is also the key sequence that the WRKY protein can specifically bind to [1,4,9].
Through the bioinformatics and functional analysis of the promoter, it is concluded that in
the stress-related promoter sequence, the W-box, is generally combined into the promoter
via clustering [40]. Among the genes related to disease resistance and aging, the W-box
mainly starts the expression of these genes, and the WRKY transcription factor is mainly
involved in the response of these processes in the response of plants to environmental
stress [3-5]. In addition, some experiments have shown that the WRKY transcription factor
also has a regulatory effect on plant growth and development. Some WRKY proteins may
participate in seed development and ABA-mediated growth inhibition after germination,
regulating the formation of leaf hair and the senescence process.

The three-dimensional structure of a protein determines its function. The WRKY
family consists of four main components, which are (3-fold proteins. Its main characteris-
tic sequence is WRKYGQK, which also contains two types of intron insertion sequences,
the PR intron and VQR intron. The former is mainly inserted after the WRKYGQK se-
quence, while the latter is mainly inserted after the second C base of C-C. According to
the analysis of multiple sequences in the WRKY family of basal angiosperms, magnolias,
and monocotyledonous plants, it can be concluded that WRKY is relatively conserved in
family evolution.

The first subgroup of the WRKY family in THE 24 species of angiosperms contains
two WRKY domains, and PR intron insertion mainly occurs in the second WRKY domain
sequence. The second and third subgroups both contain a WRKY domain, and both intron
insertion sequences, the PR intron and VQR intron, appear in these two subgroups. The
three-dimensional structure of WRKY is also very conservative, with four north tower
folds in the three-dimensional structures of different subgroups across the 24 species of
angiosperms. The above results indicate that the WRKY family has a very stable grouping
quantity and sequence structure during the evolutionary process, and plants of different
evolutionary positions have the same function.

3.4. Functional Diversity of the WRKY Family in Angiosperms

The WRKY gene family is involved in many biological processes in plants, including
biotic stress and abiotic stress [3,4,41]. Biological stress mainly refers to insect, pathogen,
and microbial stress, while abiotic stress mainly includes temperature, osmotic, and ion
stress [3,41,42]. When plants adapt to different environments, the receptors on the cell
membrane first sense the external stimuli, stimulate changes in various physiological
indicators of the cytoplasm, stimulate the expression of transcription factors in the nucleus,
and then combine with downstream target gene promoters to induce the expression of
target genes, promoting plant adaptation to various environments [4,12,41].

The overexpression of the splicing variant AtrWRKY42-2 in Amaranthus Paniculatus
enhances the expression of the AtrCYP76AD1 gene and increases the biosynthesis of be-
taine [43]. In tulips, the overexpression of TgWRKY75 enhances the expression of the
TgNCED3 gene, increases ABA and SA biosynthesis, and jointly promotes the leaf senes-
cence process [20]. Under calcium ion stress, the SIWRKY gene in potatoes participates in
both the positive and negative regulation of the stress response, promoting crop adaptation
to heavy metal environments [44]. In wheat, silencing the TaWRKY31 gene leads to poor
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plant growth status and poorer resistance to drought stress. The overexpression of the
TaWRKY31 gene in Arabidopsis thaliana can enhance its drought resistance, reduce water
loss rate, and reduce stomatal opening [45]. The overexpression of the maize ZmB12D gene
in Arabidopsis thaliana enhances its waterlogging tolerance. Enzymatic hybridization experi-
ments have shown that ZmB12D interacts with ZmWRKY70, regulating maize waterlogging
resistance [46]. The PmWRKY70 gene was cloned from the Prunus mume cultivar “Guhong
zhusha”, and the overexpression of PmWRKY57 enhanced the cold stress resistance of
Arabidopsis thaliana plants [47].

The WRKY family is involved in plant regulation with group specificity, with the
majority of abiotic stresses being mainly mediated by the second group. The first and third
groups are primarily involved in biological stress or other tissue growth and development
processes. For example, in magnolia plants, the WRKY family of Liriodendron chinense is
mainly the group II involved in high temperature and drought stress, and LchiWRKY18
(II-e) and LchiWRKY 36 (II-d) reach their expression peaks at the 24-h and 72-h time points of
stress [35]. The group Ilc GhWRKY transcription factor in cotton enhances plant resistance
to Fusarium oxysporum stress by mediating GhMKK2 flavonoid synthesis [48].

In summary, the WRKY family is relatively conservative in terms of grouping and 3D
structure in the evolution of angiosperms. However, in plants of different evolutionary
positions, due to the different environmental adaptability of plants, different evolutionary
processes, such as WGD events, environmental selection pressures, and family expansions
and contractions ultimately result in differences in the number of WRKY family members
among different plants, leading to various differential characteristics in adapting to the
environment. This may be the underlying mechanism of plant diversity, and with the
continuous development of science and technology and in-depth research, more functions
of the WRKY family will continue to be explored.

4. Materials and Methods

Twenty-four WRKY family protein sequences from the plant genome website Phy-
tozome(V13) (https://phytozome-next.jgi.doe.gov/, accessed on 19 March 2024) were
used [49]. We found and downloaded the WRKY keyword in the search box, checked
for no duplicate sequences, and then used OrthoFinder2 software to analyze the species
evolution status of the WRKY family [50,51]. We organized the WRKY sequences of each
species into a “Fasta” format file, and then placed the “Fasta” files of 24 species in the
same folder. Then, we ran the command line “orthofinder2 -f folder” to obtain the re-
sults. We used the default parameter “Fasttree” in the program to construct the species
tree. For all the other parameters, we used the default parameters in the software [50,51].
The time of species functional differentiation was analyzed on the “time tree” website
(http:/ /www.timetree.org/, accessed on 19 March 2024) and was displayed at the bottom
of the evolutionary tree [52].

The construction of the phylogenetic tree was first carried out using ClustalX (v2.1)
software to perform the multiple sequence alignments and save them into the “Fasta”
format. Then, the evolutionary tree was constructed using BEAST (v2.6.6) software. The
“Fasta” format files were converted into XML files using the BEAUTi (v2.6.6) program
and the site model was set to Dayoff. Then, the BEAST (v2.6.6) program was imported
for 10,000,000 MCMC sampling to construct a Bayesian evolutionary tree [53]. Finally,
the parameter burning percentage was selected to 90 through the Tree Annotator (v2.6.6)
program and the posterior probability limit was set to 1 [53]. Then, we checked for
low memory, annotated the evolutionary tree, and used Figtree (v1.4.3) to obtain the
evolutionary tree and the posterior values of all the branches, which were displayed with
two decimal places on the evolutionary tree.

The 3D structural analysis was conducted through the online website NCBI (https://
www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.shtml, accessed on 19 March 2024), which
imported the protein sequences from the WRKY family to obtain the PDB files. Then, a
3D browsing program Cn3D (v4.3.1) was downloaded from the website to visualize the
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spatial structure and obtain the 3D structural maps. The domain sequence conservatism
of the WRKY family was obtained through multiple sequence alignment analysis using
ClustalX (v2.1). The conservatism of the WRKY domain was then segmented and visualized
by integrating the conservatism of different sequence fragments. The Ka and Ks values
were calculated using KaKs_Calculator_3.0 (V3.0), and the select pressure was measured
according to the Ka/ks value [54-56].

5. Conclusions

During the process of adapting to the environment, plants undergo changes in their
genes, enzyme systems, and biological pathways to better adapt to the environment.
WRKY transcription factors are involved in the various life activities of plants. Although
the number varies among different angiosperms, they are generally divided into three
major groups and seven subgroups. In terms of evolution, WRKY’s domain is relatively
conservative and contains WRKYQGK signature sequences. The tertiary structure of the
WRKY protein is highly conserved across different subgroups, each containing four 3-folds.
Due to the varying number of replication events throughout the entire genome and the
different environmental choices experienced during evolution, different plants ultimately
retain different numbers of WRKY family members. According to the evolutionary results
of the WRKY family in basal angiosperms, magnolia plants, and monocotyledonous and
dicotyledonous plants, the higher the evolutionary status, the relatively more members of
the WRKY family, and the better their potential for adapting to environmental changes.

The human living environment is deteriorating, and global warming and rising tem-
peratures are constantly breaking new records. Plants constantly adapt to new high temper-
ature and drought environments, and the expression and response of WRKY transcription
factors in the body are crucial for plants to survive in high temperature and drought
environments. There are also various other environmental factors, such as phosphorus
stress, low temperature stress, and salt stress, which can limit plant growth. Therefore,
studying the WRKY gene family is crucial for revealing the biological mechanisms of plant
adaptation to the environment.

With the rapid development of science and technology and the maturity of biotechnol-
ogy, such as genetic manipulation, more and more research will continue to emerge. The
molecular mechanisms of plant environmental stress will become more in-depth, and the
functional diversity of the WRKY gene family will become clearer with the deepening of
scientific research.
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Abstract: Atmospheric stressors include a variety of pollutant gases such as CO,, nitrous oxide
(NOx), and sulfurous compounds which could have a natural origin or be generated by uncontrolled
human activity. Nevertheless, other atmospheric elements including high and low temperatures,
ozone (O3), UV-B radiation, or acid rain among others can affect, at different levels, a large number
of plant species, particularly those of agronomic interest. Paradoxically, both nitric oxide (NO) and
hydrogen sulfide (H;S), until recently were considered toxic since they are part of the polluting
gases; however, at present, these molecules are part of the mechanism of response to multiple stresses
since they exert signaling functions which usually have an associated stimulation of the enzymatic
and non-enzymatic antioxidant systems. At present, these gasotransmitters are considered essential
components of the defense against a wide range of environmental stresses including atmospheric
ones. This review aims to provide an updated vision of the endogenous metabolism of NO and H,S
in plant cells and to deepen how the exogenous application of these compounds can contribute to
crop resilience, particularly, against atmospheric stressors stimulating antioxidant systems.

Keywords: acid rain; abiotic stress; gasotransmitters; oxidative stress; ozone; persulfidation;
posttranslational modifications; S-nitrosation

1. Introduction

Higher plants, as sessile organisms, are recurrently subjected to environmental changes
throughout their life cycle. Among the different atmospheric stressors, it can be mentioned
that high and low temperatures, hailstorms, absence of rain (drought), extreme rain (wa-
terlogging), ozone, ultraviolet (UV-B) radiation, CO,, methane, or nitrogen oxide (NOx)
among others which effects on plants can be increased under the current climate change
pattern [1-3]. The majority of them have a natural origin, but the negative effects of some of
them could be increased by human activity. Furthermore, these atmospheric pollutants can
affect extensive areas, but others can affect more restricted areas due to local phenomena,
for example, the emissions of polluting gases by volcanoes or certain industries. However,
the degree of pollution effects on a specific plant will depend on its intensity and the
distance from the emission source.

Nitric oxide (*°NO) is a free radical that is part of the nitrogen cycle and in the atmo-
sphere, in the presence of oxygen, it quickly transforms into nitrogen dioxide (*NO;), and
both constitute nitrogen oxide (NOx). Figure 1a,b illustrates how atmospheric *NO, as
a pollutant, participates in the formation of acid rain as well as in the destruction of the
ozone layer [4,5]. For many plant species, the negative effects triggered by nitrogen oxides
(NOx) have been estimated when the level of NOx is around 30 pug/m3. However, there is
experimental evidence suggesting that moderate concentrations of NOx may have both
positive and negative plant growth responses [6,7].

On the other hand, atmospheric hydrogen sulfide (H,S) comes from different sources
such as volcanoes, geothermal vents, or wetlands where it is generated by bacteria during
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the anaerobic decay of organic sulfur compounds [8-10]. In the atmosphere, H;S is oxi-
dized to sulfur dioxide (SO5,), which then can be converted to sulfuric acid (H,SO,) and
participates in acid rain (Figure 1a).

(a) Acid rain
Nz + 02 ——— 2°NO
2'NO+ 0, —— 2°NO,

4°NO, + 0, + 2H,0 ——» 4 HNO,

2H,S+30, — 2SO0, +2H,0
2S0,+2H,0+0, — 2H,SO,

(b) Ozone layer destruction

‘NO,+UV —» ‘NO+O

0 +02 -_— 03

03+'N0 —’.N02+02

Figure 1. Nitric oxide (*NO) and hydrogen sulfide (H,S) participate in atmospheric pollution such
as acid rain and the destruction of the ozone layer. (a) Nitrogen (N;) has a greater presence in the
atmosphere but in the occurrence of atmospheric oxygen, it quickly transforms into nitrogen dioxide
(*NOy). Nitrogen oxides are acidic, and they can form nitric acid (HNOj3) which can be dissolved
in water, giving rise to acid rain. Similarly, H,S can also react with O, to generate sulfur dioxide
(SO,) which reacts with water droplets in clouds to create sulfuric acid (H,SO4). (b) *NO, due to
ultraviolet (UV) radiation generates *NO and atomic oxygen, which together with O, generates
ozone, which reacts with *NO, generating *NO, and oxygen, which constitutes the photolytic cycle
of the destruction of the O3 layer.

From the time when *NO and H,S were identified and characterized in the 18th
century, these molecules have been considered toxic molecules that exert negative effects
on all organisms. At the end of the 20th century, it was found that *NO and HjS can be
generated endogenously in both animal and plant cells [11-14]. As a result, the concept of
“toxic” molecules changed, and to date, they have been shown to both exert regulatory and
signaling functions in many plant processes such as seed germination, root development,
plant growth, stomatal movement, senescence, fruit development and ripening as well as
response mechanisms to both abiotic and biotic stresses [15-17]. Thus, both *NO and H,S
have paradoxical effects as atmospheric pollutants but also as signaling molecules that
are endogenously generated in cells. Likewise, there are numerous examples that their
exogenous application, individually or in combination, exerts beneficial effects against
atmospheric stress.

This review aims to provide an updated vision of the endogenous metabolism of *°NO
and HjS in plant cells and to deepen how the exogenous application of these compounds
can contribute to crop resilience against some representative atmospheric stressors such as
extreme temperature, Oz, UV-B radiation, and acid rain.

2. *NO and H,S Metabolism in Higher Plants

Our knowledge about *NO and H;S metabolism has increased significantly during
the last decade considering that these two molecules were considered toxic until they were
found to be endogenously generated in animal cells [13,14].
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The enzymatic generation of *NO in higher plants has been very controversial since its
generation was discovered. Currently, two main enzymatic pathways have been generally
accepted, the reductive and the oxidative pathways [18-20]. The reductive pathway is the
one that uses nitrate and nitrite as substrates using NADH as an electron donor, being
linked to the nitrate reductase (NR) and nitrite reductase (NiR) activities [21-24]. On the
other hand, there is the oxidative pathway, which is considered similar to the nitric oxide
synthase (NOS) of animal cells, since it starts with L-arginine using NADPH as the electron
donor and FAD, FMN, calcium, calmodulin, and tetrabiopterin as cofactors, so it is called
L-Arg-dependent NOS-like activity because the gene similar to that of animal organisms
that encodes it has not been identified [25-27]. In addition, there is another possible route
that, from polyamines or oximes, seems to be involved in the generation of *NO [28-30].
However, we must not rule out other possible enzymatic or non-enzymatic sources that
should be involved in the generation of *NO.

The generation of H;S in plants is part of the sulfate assimilation pathway and the
cysteine biosynthesis pathway. Currently, there are several enzymes located in different
subcellular compartments involved in the generation of H,S [31,32]. Figure 2a,b shows the
main enzymatic source involved in the generation of *°NO and HjS in higher plants.

K |
o (@) | L/D-cysteine (b)\
. A
: L/D-DES Serine
NADH NR : l SAT
) : OASL
Oximes NO, I OAS
NADH\l NiR l
_ : CAS
Peroxidase? I Cyanide
: S0,2-
2 I
’ : SiR
= H I
Polyamines NO_S .||ke i APS
A activity | :
‘\\ : E
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S - - 2-
L L-Arginine : SO, )

Figure 2. Main enzymatic source of *°NO and HjS in higher plant cells. (a) Nitrate reductase (NR),
nitrite reductase (NiR), and L-arginine-dependent nitric oxide synthase (NOS)-like activity are the
recognized major candidates for enzymatic *NO sources in the different subcellular compartments of
higher plants. (b) The biosynthesis of H,S in plants is part of sulfur and cysteine metabolism which
primarily involves several enzymes located in the cytosol, plastids, and mitochondria including
L/D-cysteine desulfhydrase (L/D-DES), cyanoalanine synthase (CAS), serine acetyltransferase (SAT),
sulfite reductase (SiR), and O-acetyl-l-serine(thiol)lyase (OASL), also named cysteine synthase. APS,
adenosine 5'-phosphosulfate. Dashed line, indicates different stages. ?, unidentified.

3. *NO- and H;S-Derived Posttranslational Modifications (PTMs) as Tools to Regulate
Plant Metabolism

*NO and derived molecules called reactive nitrogen species (RNS) can affect the func-
tion of different macromolecules through their specific interactions. Among the RNS, it
is worth highlighting peroxynitrite (ONOO™) which is the result of the chemical reaction
between *NO and superoxide radical (O,°~) [33] or S-nitrosoglutathione (GSNO), which
results from the interaction of *°NO with reduced glutathione (GSH) [34,35]. RNS can medi-
ate several post-translational modifications (PTMs) that affect different macromolecules
including peptides, proteins, fatty acids, and nucleotides. Thus, RNS interacts with thiol
groups present in Cys residues to generate the corresponding S-nitrosated protein, with
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tyrosine residues to generate tyrosine nitration or bind to metals present in certain proteins
in a process designed as metal nitrosylation [36-39]. *NO can also interact with other
biomolecules including unsaturated fatty acids (FAs) to form the corresponding nitro-
FAs [40] and nucleic acids through guanine or guanosine to generate 8-nitroguanine or
8-nitroguanosine, respectively [41,42].

H,S mediates another PTM named persulfidation which involves its interaction with
the thiol group (-SH) of susceptible Cys residues. Similar to S-nitrosation, persulfidation
is a reversible covalent interaction but, in this case, the thiol group is converted into a
persulfide (-SSH) group which can affect positively or negatively the function of the target
proteins [43,44]. Figure 3 illustrates the main PTMs mediated by *NO and H,S. However,
in a cellular context, it should be considered that the thiol groups of Cys residues are
susceptible to being targets of other thiol-based oxidative posttranslational modifications
(OxiPTMs) mediated by glutathione (S-glutathionylation), H,O, (S-sulfenylation), fatty
acids (S-acylation) or cyanide (S-cyanylation) that can compete with each other depending
on their cellular concentrations and the subcellular location of the target protein [45-49].
However, in conditions of oxidative stress resulting from environmental stress, some of
them may have a greater preponderance, such as an increase in HyO5.

Tyr-nitrosation S-Nitrosation

Persulfidation

Figure 3. Protein postranslational modifications (PTMs) mediated by either *NO (S-nitrosation and
tyrosine nitration) or H,S (persulfidation). ONOO™, peroxynitrite.

4. Stomata Movement, a Process Regulated by *NO and H,;S

Stomata are specialized cells that regulate gas exchange in the leaves and stomatal
closure is one of the response mechanisms against atmospheric stress [50-52]. It is in-
teresting to mention that both *NO and H,S are molecules that, although they may
be polluting molecules, are also generated endogenously by regulating stomatal clo-
sure through PTMs including tyrosine nitration, S-nitrosation, and persulfidation. Thus,
*NO and H,S are part of the crosstalk with other signal molecules such as abscisic acid
(ABA), Ca?*, Hy0,, and ethylene among others participate in the regulation of stomatal
movement [53-58]. Figure 4 shows a simple model of the main signals involved in the
stomata closure where it highlights the main effect of *°NO and H,S. Thus, *NO seems to be
generated either via NR or a NOS-like activity whereas HjS is generated by an L-cysteine
desulfhydrase (LCD) activity. NR can be inhibited by tyrosine nitration (NO,-Tyr) [24]. On
the other hand, H,O; is produced by a respiratory burst oxidase homolog (RBOH) type
D/F. H;S triggers the generation of HyO, by persulfidation of RBOH [59] whereas it can
be inhibited by S-nitrosation.*NO can inactivate the ABA receptor PYR/PYL/RCAR by
a process of tyrosine nitration (NO,-Tyr), but *°NO can also negatively regulate the open
stomata 1 (OST1)/sucrose nonfermenting 1 (SNF1)-related protein kinase 2.6 (SnRK2.6)
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complex by S-nitrosation (Cys-NO). But SnRK2.6 can be activated by persulfidation [60,61].
On the other hand, ethylene induces H,S production in guard cells and this H,S can then
inhibit the synthesis of ethylene by the inhibition of 1-aminocyclopropane-1-carboxylic
acid oxidase (ACO) activity by persulfidation (Cys-SSH) at Cys60 [62].

NO,-Tyr
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Figure 4. Simple model of the signaling cascade mediated by abscisic acid (ABA), HyO,, ethylene
and Ca?* where *NO and H,S participate in the stomatal closure in response to atmospheric stresses.
PP2C, protein phosphatase 2C; PYR/PYL/RCAR, pyrabactin resistancel /PYR1-like/regulatory
components of ABA receptor. Red dashed lines indicate inhibitory effects. Blue dashed arrows
indicate positive effects. Green dashed line, indicates blocking of activity.

Thus, it is well established that stomata movement as it has happened with photosyn-
thesis activity can be affected by numerous atmospheric pollutants [63-68].

5. Atmospheric Pollutants and Higher Plant Response—What Happens to *NO and
H,S When It Is Applied Exogenously?

At present, it is known that plants can emit *NO [11,69-71] and H,S [12,72,73] to
their surrounding atmosphere; however, plants could also release other gases such as
COgy, nitrous oxide (NO) [74,75] and methane (CHy) [76,77] which are part of the green-
house gases that contribute to global warming. At the same time, it is important to note
that atmospheric *®NO/NOx and H;,S may be adsorbed at the leaf’s surface through the
stomata [65,78-80], and depending on their concentration, these gases can have either
negative or beneficial effects on higher plants. For example, it has been pointed out that
*NO seems to be a key signaling molecule in the mechanism of response against higher
levels of atmospheric gases including CO,, N,O, CHy, or O3 which usually provoke stress
in plants that have associated oxidative stress because they trigger an uncontrolled increase
in the generation of ROS and RNS associated with a lower antioxidant capacity [81]. Thus,
the harmful or beneficial effects of the gas exchanges between plants and the surrounding
atmosphere will depend on their final concentration inside the cells.

On the other hand, *NO and H;S as signaling molecules that are involved in numerous
biological processes in higher plants, have started to be applied exogenously as alternative
biotechnology tools since it has been proven that they can exert benefit effects to palliate the
negative effects caused by different atmospheric factors such as high and low temperatures,
O3, UV-B radiation or acid rain among others.
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5.1. High and Low Temperature

Higher plants, during their development, are exposed to seasonal changes in tem-
perature; consequently, they have developed the corresponding strategic adaptations
that have allowed them to survive in a specific ecosystem [82-84]. However, plants can
also undergo unusual extreme temperatures provoking undesirable effects. For example,
Arabidopsis thaliana exposed to heat stress (38 °C) experiences an increase in the HyO,
content in chloroplasts which triggers the S-sulfenylation of the 2-phosphoglycolate phos-
phatase 1 at Cys86 producing its inhibition and, consequently, provoking the accumula-
tion of 2-phosphoglycolate which has toxic effects because it inhibits the enzymes triose-
phosphate isomerase and phosphofructokinase which are required for CO; assimilation [85].
In these cases, plants have to trigger a different mechanism of responses in which *NO
and H,S, along with other regulatory molecules, participate to react and alleviate possible
damages caused by extreme temperatures [86-91].

Tables 1 and 2 show some examples of how *NO and H,S applied exogenously can
contribute to reducing the damage associated with high and low temperatures and how
antioxidant systems are stimulated to alleviate oxidative damages associated with extreme
temperatures. It should be mentioned that in the majority of studies in plants, the most
widely used donors are sodium nitroprusside (SNP) for *NO and sodium hydrosulfide
(NaHS) for H;,S. The main reason is that both donors have a low economic cost compared
to other *NO donors such as GSNO or NONOates or H,S donors such as GYY4137 or
sulfobiotic-H,S donors 5a, 8¢, and 8o. SNP and NaHS donors are usually applied either by
spraying the aerial part of the plant or by adding it to the nutrient solution.

5.2. Ozone (O3)

According to the predictions of Wang et al. [92], the increase in atmospheric O3 has
been estimated to be 20-25% by 2050 and it has already been proven that a high content
of O3 can negatively affect plant metabolism and growth [93-95] which usually triggers
an increase in ROS metabolism [96,97]. For example, in tobacco plants exposed to O3, an
accumulation of *NO and H,O, was found [98]. In the case of Phaseolus vulgaris, O3 reduces
the chlorophyll content and increases the content of ROS [99]. Tables 1 and 2 show some
representative examples of how *NO and H,S applied exogenously to plants can contribute
to providing metabolic adaptations to high levels of atmospheric O3.

5.3. UV-B Radiation

UV radiation is a non-ionizing radiation that is produced by the sun and three cat-
egories of UV radiation can be distinguished according to the wavelength: 315400 nm
corresponds to UV-A, 280-315 nm to UV-B, and 100-280 nm to UV-C. UV-B radiation is
the most studied in plants due to its increase on the earth’s surface as a consequence of the
depletion of the stratospheric O3 layer since the atmosphere intercepts around 77% UV
radiation. In this sense, plants under UV-B radiation trigger nonspecific responses such
as DNA damage and an increase in ROS production as well as specific ones that involve
photomorphogenic signals affecting the gene expression of UV-resistance locus 8 (UVR8) and
constitutive photomorphogenesis 1 (COP1) accompanied by the transcription factor elongated
hypocotyl 5 (HY5) [100-104].

Accumulating data indicate that in plants under UV-B radiation, the metabolism of *NO
and H,S is exacerbated and contributes to palliating the damaged symptoms [105-110]. For
example, in leaves of kidney beans (Phaseolus vulgaris) exposed to UV-B stress it was
found that *NO generation was associated with a NOS-like activity being mediated by
H,0O, [106]. Additionally, the exogenous application of *NO and H;S has been shown
to contribute at different levels to diminishing the negative impact of UV-B radiation
mainly by stimulating at gene and protein levels the different antioxidant systems.
Tables 1 and 2 display representative examples of how exogenous *NO and H,S applied
can palliate the negative impact of UV-B radiation in plants.
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5.4. Acid Rain

As mentioned above, acid rain is the consequence of the presence of NOx and/or SO,
in the air during precipitation (Figure 1a). Acid rain damages plant growth since it affects
photosynthesis and, in general, triggers a response of the antioxidant systems to palliate the
oxidative stress [5,111,112]. Some examples show that the exogenous application of several
compounds such as glutathione, melatonin, or silicon could help to palliate the harmful
effect on plants [113]. In the model plant, Arabidopsis thaliana exposed to acid rain has
been found to have an active nitrogen metabolism which has an elevated *NO production
and provides a tolerance to acid rain [111]. Table 1 summarizes how the exogenous *NO
application modulates the plant response to acid rain.

Table 1. Main effects of the exogenous application of *NO plants exposed to diverse atmospheric
stressors.

*NO Donor

Plant Species Effects Ref.

Low temperature

0.1 mM SNP

Exogenous NO inhibits the development of chilling injury by
Jujube (Ziziphus jujube) fruit maintaining cellular redox homeostasis through the presence [114]
of S-nitrosation of superoxide dismutase and catalase.

0.2 mM SNP

Diminish the production of ROS and the content of MDA.
Delay the degradation of photosynthetic pigments, increase
Cowpea (Vigna unguiculata) the content of proline, and the activity of antioxidant enzymes [115]
such as SOD, catalase, and component of the
ascorbate-glutathione cycle.

50 uM GSNO

Simultaneous *NO treatment with brassinosteroids increases
Chinese Cabbage (Brassica rapa) the leaf area, stem diameter, chlorophyll content, dry and [116]
fresh weight, and proline content. Decrease the MDA content.

High temperature

50 uM SNP

Improve growth and photosynthetic parameters. Mitigate the

oxidative stress. Increase membrane stability index. (117,118]

Wheat (Triticum aestivum L.)

100 uM SNP

*NO interacts with ethylene and H,S metabolism. Activation
of the antioxidant system such as components of the
ascorbate—glutathione cycle, accumulation of osmolytes with
the concomitant increase in thermos tolerance.

Rice (Oryza sativa L.) [119,120]

Ozone (O3)

50 uM SNP

*NO enhances Oz-induced cell death, possibly by altering the
Arabidopsis thaliana NO-ROS balance. Decrease salicylic acid and increase [121]
jasmonic acid concentrations.

200 uM SNP

NO is involved in ozone tolerance. It enhances the net
photosynthetic rate while reducing H,O,, membrane
peroxidation, and electrolyte leakage. Increase SOD and
POD activities.

Wheat (Triticum aestivum L.) [122]

UV-B radiation

SNP

Decrease chlorophyll contents and oxidative damage to the
Bean (Phaseolus vulgaris) leaves thylakoid membrane. Increase activities of SOD, APX, [123]
and catalase.

100 uM SNP

Induce the accumulation of flavonoids and anthocyanin that

absorb UV-B radiation. [124]

Maize (Zea mays L.) leaves

0.8 mM SNP

Up-regulate the gene expression and activity of

antioxidant enzymes [125]

Soybean leaves (Glycine max L.)

168



Int. J. Mol. Sci. 2024, 25, 3509

Table 1. Cont.

*NO Donor Plant Species Effects Ref.
Acid rain
Under acid rain (pH 3.0), exogenous *NO provokes an
0.5 mM SNP ’ Longan . increase in total chlorophyll, solul?le .protem, and soluble [126]
(Dimocarpus longana) seedlings sugar as well as the activity of antioxidant enzymes (SOD,
POD and CAT) whereas it decreases the MDA content.
0.1 mM SNP Arabidopsis thaliana NO treatment decreases the leaf necrosis whereas it increases [111]
the fresh weight.
Under simulated acid rain (pH 2), exogenous *NO triggers an
0.25 mM SNP Vigna radiata seedlings increase in antioxidant activities (SOD, POD, and APX), NR [7]
activiy and NO content whereas it decreases MDA content.
APX, ascorbate peroxidase. CAT, catalase. GSNO, S-nitrosoglutathione. MDA, malondialdehyde. NR, nitrtate
reductase. POD, peroxidase. SNP, sodium nitroprusside. SOD, superoxide dismutase.
Table 2. Main effects of the exogenous application of H2S plants exposed to diverse environmental
stressors.
H,S Donor Plant Species Effects Ref.
Low Temperature
Increase the content of GSH” and cucurbitacin C.
50 uM NaHS Cucumber (Cucumis sativus L.) H,0O; as a downstream signal of IAA mediates [127,128]
H,S-induced chilling tolerance.
Increase the content of endogenous HjS and the integrity of
the membrane system. Enhance the photosynthetic rate,
. stomatal conductance, transpiration rate, and
0-5 mM NaHS Pepper (Capsicum annuunm L.) photosynthesis. Reduce the intercellular CO, concentration. [129]
Increase antioxidant activities (SOD, catalase, and
ascorbate-glutathione cycle).
Blueberr Promote the electron transfer from Q A to Q B on the PSII
0.5 mM NaHS .. Y acceptor side and alleviate the degradation of chlorophyll [130]
(Vaccinium corymbosum) leaves . .
and carotenoids. Increase proline content.
Improve the height, number of leaves, and fresh and dry shoot
0.5 mM NaHS Alfalfa (Medicago truncatula) weights. Increase tolerance by regulating the antioxidant [131]
defense system and enhancing photosynthetic capacity.
High temperature
Strawberry (Fragaria x ananassa Induction of gene expression of antioxidant enzymes (cAPX,
100 uM NaHS va , Cariarosa’) CAT, MnSOD, GR), heat shock proteins (HSP70, HSP80, [132]
’ HSP90) and aquaporins (PIP).
500 WM NaHS Maize (Zea mays L. Improve seed germination an.d increase ~ant10x1dant [133]
enzymes. Accumulation of proline.
50 uM NaHS or . Increase GSNOR activity and reduce HT-induced damage to
10 uM GYY4137 Poplar (Populus trichocarpa) the photosynthetic system. [134]
100 uM NaHS or . . . Enhance seed germination rate under HT. Increase gene
10 UM GYY4137 Arabidopsis thaliana expression of ABI5 (ABA-INSENSITIVE 5). [135]
UV B radiation
125 uM NaHS Borage (Borago officinalis L.) Decrease the MDA carbonyl groups, and HyO, content. [136]

Increase the activities of APX and guaiacol peroxidase.

ABA, abscisic acid. APX, ascorbate peroxidase. CAT, catalase. GSH, reduced glutathione. IAA, indole-3-acetic
acid. MDA, malondialdehyde. NaHS, sodium hydrosulfide. SOD, superoxide dismutase.

6. Conclusions and Future Perspectives

*NO and HjS have become paradoxical molecules in plant biology since they have gone
from being hazardous molecules to becoming essential molecules in cellular metabolism, regu-
lating physiological processes from seed germination, root development, photosynthesis,
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senescence, stomatal closure, formation of flowers and fruit ripening, in addition to par-
ticipating in the response mechanisms against challenging environments. Paradoxically,
the available information demonstrates that the exogenous application of these molecules
can be biotechnological tools that allow for promoting crop resilience [137,138]. In most
cases, these gasotransmitters stimulate enzymatic and non-enzymatic antioxidant systems,
for example, the APX activity is upregulated by S-nitrosation and persulfidation [139,140]
which makes it possible to alleviate oxidative damage associated with atmospheric stres-
sors, protecting the functionality of cells, and maintaining photosynthetic activity (Figure 5).
Although we are still in the basic studies to understand the intimate molecular mechanisms
exerted by *NO and H,S, it would be of great interest to establish protocols on how the
exogenous application of these molecules can allow us to combat atmospheric stressors or
other types of abiotic or biotic stresses, allowing us to connect the basic knowledge and its
application to the agricultural productive sector [141,142].

Atmospheric stressors
« High and low temperatures

« UV radiation
*« Ozone ‘

« Acid rain

* ROS metabolism
- Antioxidant defense
(Enzymatic and non-
enzymatic antioxidants)
* Increase endogenous
*‘NO and H,S metabolism

* Increase oxidative damages
» Affect photosynthetic and
growth parameters

Figure 5. Working model of the main effects of the exogenous application of *NO or H,S under several
atmospheric stressors which trigger an active ROS metabolism with the induction of antioxidant systems.
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Abstract: LESION-SIMULATING DISEASEL1 (LSD1) is one of the well-known cell death regulatory
proteins in Arabidopsis thaliana. The Isd1 mutant exhibits runaway cell death (RCD) in response to
various biotic and abiotic stresses. The phenotype of the Isd1 mutant strongly depends on two other
proteins, ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and PHYTOALEXIN-DEFICIENT 4
(PAD4) as well as on the synthesis/metabolism/signaling of salicylic acid (SA) and reactive oxygen
species (ROS). However, the most interesting aspect of the Isd1 mutant is its conditional-dependent
RCD phenotype, and thus, the defined role and function of LSD1 in the suppression of EDS1 and PAD4
in controlled laboratory conditions is different in comparison to a multivariable field environment.
Analysis of the Isd1 mutant transcriptome in ambient laboratory and field conditions indicated that
there were some candidate genes and proteins that might be involved in the regulation of the Isd1
conditional-dependent RCD phenotype. One of them is METACASPASE 8 (AT1G16420). This type II
metacaspase was described as a cell death-positive regulator induced by UV-C irradiation and ROS
accumulation. In the double mc8/Isd1 mutant, we discovered reversion of the Isd1 RCD phenotype in
response to UV radiation applied in controlled laboratory conditions. This cell death deregulation
observed in the Isd1 mutant was reverted like in double mutants of Isd1/eds1 and Isd1/pad4. To
summarize, in this work, we demonstrated that MC8 is positively involved in EDS1 and PAD4
conditional-dependent regulation of cell death when LSD1 function is suppressed in Arabidopsis
thaliana. Thus, we identified a new protein compound of the conditional LSD1-EDS1-PAD4 regulatory
hub. We proposed a working model of MC8 involvement in the regulation of cell death and we
postulated that MC8 is a crucial protein in this regulatory pathway.

Keywords: abiotic stress; Arabidopsis thaliana; cell death; LSD1; METACASPASES; salicylic acid;
reactive oxygen species

1. Introduction

Because of their sessile nature, plants cannot avoid environmental stresses by changing
their place of inhabitance. Therefore, in natural environments, plants are constantly exposed
to biotic and abiotic stress simultaneously, such as various pathogens, excess/deficiency of
light, UV irradiation, drought, cold, heat, or salinity. Throughout the course of evolution,
plants have developed many molecular and physiological mechanisms that enable them
to simultaneously optimize acclimation and defense responses to variable and adverse
environmental conditions [1-3]. One of the mechanisms crucial in plants response to stress
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is cell death (CD). CD is a molecular and physiological process that leads to the selective
death of some cells, i.e., mesophyll cells, thus triggering a beneficial immune defense and
acclimatory response in other cells [4,5]. In this regard, CD is a specified and highly orga-
nized process of the cells’ self-elimination. It plays a crucial role in plant development [6,7],
immune defense [8] and acclimatory responses [1,2]. From this point of view, CD is not only
the ultimate end of the cell life cycle, but most importantly, it maintains cellular homeostasis
in organs and in the whole plant during unfavorable environmental conditions.

Knowledge of the molecular, physiological and genetic mechanisms of plant CD at
different levels of complexity (cellular and organismal) was facilitated by the identification
of different Arabidopsis thaliana mutants exhibiting CD deregulation [9-11]. Some of the
best-known conditional CD regulators in plants are LESION-SIMULATING DISEASE 1
protein (LSD1), ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and PHYTOALEXIN-
DEFICIENT 4 (PAD4). The dysfunctional CD phenotype of the Isd1 mutant has been
broadly studied. This mutant exhibits a runaway cell death (RCD) phenotype which
is manifested by the inability to restrict CD propagation if it has been initiated by an
external stimulus [3,8,12]. It has been shown that RCD can be induced in the Isd1 mutant
by the following stress factors: high light and photorespiration [13,14], root hypoxia [1,15],
drought [16,17], cold [18], UV radiation [16,19] or biotic stresses [20,21]. However, the
Isd1 RCD phenotype is dependent on growing conditions and was not observed when
plants were grown in multivariable field conditions [16,22]. Based on many studies, LSD1
is considered a conditional suppressor of CD which is positively regulated by EDS1 and
PAD4 and integrates various signaling pathways in response to both biotic and abiotic
stresses [3].

Initially, the RCD phenotype of the Isd1 mutant was linked to the accumulation of
superoxide ions produced by plasma membrane-bound NADPH oxidase [8] and only
after the other reaction oxygen species (ROS) forms were identified to be involved in
RCD phenotype elicitation [13,14,18,23,24]. Since in the Isd1 mutant the initial level of
antioxidative enzyme activity is lower than in the wild type [23,25], LSD1 is regarded as a
positive regulator of the enzymatic antioxidant machinery. Another CD-related molecule,
which is excessively accumulated in Isd1, is salicylic acid (SA) [16,22,23]. It has been
found that the artificial blocking of SA accumulation in the /sd1 mutant prevents RCD
induction; therefore, it was proposed that SA accumulation, controlled by LSD1, is essential
in triggering CD in response to stress [19].

Dysfunctional overaccumulation of SA in the Isdl mutant is caused by the fact that
LSD1 can physically interact with proteins involved in SA signaling. It was shown that
LSD1 interacts with ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1), while EDS1 forms
complexes with PHYTOALEXIN-DEFICIENT 4 (PAD4) [26,27]. Both EDS1 and PAD4
possess triacylglycerol lipase domains that were originally described as components of
gene-mediated and basal disease resistance [28-31]. EDS1 and PAD4 are crucial for RCD
propagation in the Isd1 mutant, because in the eds1/Isd1 and pad4/1sd1 double mutants,
the RCD was inhibited regardless of the stimulus type [21-23,32]. Therefore, LSD1 is
considered a negative regulator of EDS1- and PAD4-dependent pathways that lead to
RCD [3].

From a molecular perspective, an LSD1 protein contains three zinc (Zn)-finger domains
that are responsible for DNA /protein binding [33]. LSD1 was proven to be a transcriptional
regulator and a scaffold protein [27]. The Zn-finger motifs in LSD1 belong to the C2C2
class that is also present in GaTal-type transcription factors containing the conserved
consensus sequence CxxCRxxLMYxxGaSxVxCxxC [33,34]. Using yeast two-hybrid (Y2H)
assay, additional ten putative LSD1-interacting proteins were found, from which one of
them was METACASPASE1 (MC1), a positive CD regulator [35].

The METACASAPASES family is interesting in the context of cell death studies. Ara-
bidopsis thaliana contains nine METACASAPASES proteins, 1 to 9, that are divided into two
groups [36]. Type I metacaspases (MC1, MC2 and MC3) contain zinc-finger domains, while
type II (MC4-MC9) do not [36,37]. This family contains both positive and negative CD
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regulators. While type I metacaspases’ role is relatively well understood [35], the function
of the type II subfamily is still largely unknown. In the context of the LSD1-dependent
cell death regulation pathway, METACASPASE 8 (MC8) seems to be especially interesting.
Its expression level is strongly up-regulated in response to UV-C [38], pathogens [39] and
methyl viologen [38]. It was also shown that the recessive mutants in MC8 exhibit higher
resistance to UV-C and ROS treatment [38]. Therefore, we postulated a hypothesis that
MCS8 is involved in the propagation of RCD in Isd1 plants and we decided to explore the
mutual interdependence of these two proteins in CD regulation.

2. Results
2.1. MC8 Is Important in the LSD1-Dependent Cell Death Pathway

Because proteins belonging to the METACASPASE family are known to be involved
in cell death regulation [35,36,40], we decided to search for MC genes within microarray
data published in one of our previous articles [16]. Having compared the fold changes in
MC genes’ expression level in the Isd1 mutant and wild-type plants, we observed that only
the level of MC4 and MC8 were significantly up-regulated (Figure 1A). Interestingly, the
expression level of MC8 was antagonistically regulated in different growing conditions,
an ambient laboratory or natural field (Figure 1A). In addition, in eds1/Isd1 and pad4/Isd1
double mutants, which do not exhibit the specific RCD phenotype, the MC8 fold change was
not detected (Supplementary Table S1). Data from microarray experiments were confirmed
using a real-time PCR (Supplementary Figure S1). Interestingly, in double Isd1/eds1 and
Isd1/pad4 mutants that reverted the Isd1 RCD phenotype to the wild type, there were not
any significant changes in the MC8 transcript level (Supplementary Table S1). This finding
together with the reverted cell death in the double mc8/Isd1 mutant in response to UV
irradiation (Figure 1B) and the plant phenotype (Figure 1C and Supplementary Figure 52)
allowed us to conclude that MC8 was an important component in the LSD1-dependent
conditional cell death regulatory hub. Moreover, we proved that in Arabidopsis thaliana
wild-type plants, MC8 expression was strongly up-regulated in response to a combined
UV-A + UV-B irradiation episode, while in response to heat or high light stress, there
were no differences compared to plants growing in controlled conditions (Supplementary
Figure S3).

(A) Lab Field B)
Gene name | AGI Code Fclsdlvs WT | Felsdlvs WT 60
MC1 AT1G02170 | Nodata No data __ 50 ¢
McC2 AT4G25110 No data No data ?c i
MC3 AT5G64240 No data No data % B u B
Mc4 ATIG79340 | 1.48° 117 < 30 °
MC5 AT1G79300 | 2,51 1.03 ; 20 E
MC6 AT1G979320 | No data No data % o| , N N R
MC7 AT1G97310 No data No data ~ . - == == ——
Mcs ATICI600 | 30137 188" Ws-0 Ws-0 Isdl  Isdl me§  mc8  mc8lsdl pc8/lsdl
MC9 AT5G04200 | No data No data NT uv NT UV NT UV NT uv

©)

Not treated

UV A+B

mc8 mc8/lsdl

Figure 1. The role of METACASPASE 8 in conditional LSD1-dependent cell death regulation. (A) Anal-
ysis of transcriptomic data [16] in the context of expression changes in genes encoding METACA-
CASPES family proteins, and in Isd1 mutant grown in ambient laboratory conditions (Lab) or in natural
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field conditions (Field), significant changes are marked with asterisks. FC—fold change. (B) Level of
measured foliar ion leakage (manifesting the cell death level) for plants grown in control conditions
and exposed to episode of UV-A + UV-B irradiation. Within a subgraph, values sharing the same
letters are not significantly different from each other (p > 0.001) (n = 10-15). (C) Pictures of Arabidopsis
thaliana rosettes from control conditions (upper row) and after UV-A + UV-B irradiation incidents
(bottom row).

2.2. MC8 Affects LSD1-Dependent Foliar ROS and SA Levels

In control conditions, we observed a significantly lower foliar HyO; level in Isd1 and
mc8 mutants compared to wild-type plants. The concentration of foliar H,O, in the double
mc8/1sd1 mutant did not differ significantly from the wild type. After the UV irradiation
episode, we observed the highest foliar HyO, content in the Isd1 mutant, while in mc8§, it
was lower than in the wild-type plants. The double mc8/Isd1 mutant did not differ from
the wild type in terms of H,O, content, while the mc8 mutant demonstrated the lowest
H,0; content after UV stress (Figure 2A). Salicylic acid is an important cell death signaling
molecule and the RCD phenotype of Isd1 is related to high foliar SA content [19,20]. Because
of this fact, we performed an analysis of SA content in foliar tissues of tested Arabidopsis
thaliana mutants. In control conditions, the Isd1 mutant did not differ much from the wild
type, while the mc8 plants exhibited an insignificantly lower SA content. After UV stress,
foliar SA levels were strongly increased in Isd1, but in mc8 and in double Isd1/mc8 mutants,
they were increased similarly like in the wild-type plants (Figure 2B).
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Figure 2. Foliar (A) H,O, and (B) salicylic acid levels in control conditions and 24 h after UV
irradiation. Within a subgraph, values sharing common letters are not significantly different from
each other (p > 0.001) (n = 6).

2.3. High PR5 Gene Expression Level in Isd1 Is Reverted by the Mutation in MC8

PR genes’ expression is strongly up-regulated in the Isd1 mutant [19] and their ex-
pression is related to SA levels in plant tissues [41,42]. Therefore, we decided to check the
expression of PR1, PR2 and PR5 in all lines being investigated in this study. In control
conditions, we found similarly low expression levels of PR1 and PR2 in all tested genotypes.
The PR5 expression level was differentiated, and its expression was significantly higher
in the Isd1 mutant in control conditions in comparison to the wild type and other tested
mutants (Figure 3A-C). After UV irradiation, PR1 expression was higher in all tested geno-
types when compared to control conditions. However, the PRI transcript was drastically
increased in Isd1 and mc8/Isd1 mutants (Figure 3A). Upon UV stress, the PR2 expression
level was significantly higher in Isd1 and mc8/Isd1 mutants (Figure 3B). However, the
expression level of PR5 after UV stress was significantly higher only in the Isd1 mutant
when compared to the wild type (Figure 3C).
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Figure 3. PR genes’ relative expression levels in non-stress ambient laboratory conditions and in
response to UV irradiation episode. (A) PR1, (B) PR2 and (C) PR5 expression levels in tested mutants
in control conditions and 24 h after UV irradiation. Within a subgraph, values sharing common letters
are not significantly different from each other (p > 0.001) (n =9).

2.4. PR Proteins Are Degraded in Response to UV Stress

Despite the fact that we found a very strong up-regulation of PRI gene expression in
Isd1 and mc8/Isd1 mutants in stress conditions (Figure 3A), we did not observe a higher PR1
protein level. In fact, the PR1 protein level was similar in wild type plants and decreased
in other tested genotypes after UV stress, in comparison to control conditions (Figure 4A).
Even though the expression of the PR2 gene was strongly up-regulated in Isd1 and mc8/Isd1
mutants in response to UV irradiation, in Isd1 and in mc8/Isd1, the level of the PR2 protein
decreased (Figure 4B). The PR5 protein was present in all of the tested genotypes; however,
the higher amount of this protein was found in mc8 and Isd1/mc8 mutants in control
conditions. The level of PR5 protein decreased in response to stress in all of the tested
genotypes (Figure 4C). The experiment was performed in two independent biological
replicates (Supplementary Figure 54).
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Figure 4. Level of PR proteins in response to UV irradiation. Western blot analysis of (A) PR1, (B) PR2
and (C) PR5 proteins in all tested genotypes in control conditions and 24 h after UV irradiation. The
graphs show relative intensity of the bands (presented on gels) for each tested protein. As a loading
control, CBB staining was used.

2.5. Prediction of MC8 Interaction

The protein—protein interaction of LSD1 is well known, and there is no information
about any LSD1-MCS8 interaction [27]. There is no prediction of the potential interaction of
MC8 with LSD1, EDS1 and PAD4 nor of any other proteins which were previously described
as LSD1, EDS1 and PAD4 interactors. This indicates the lack of protein—protein interaction
with the above-mentioned CD-regulating proteins. Moreover, it shows that the analyzed
pathway is dependent on hormones and ROS, which are regulated by LSD1/EDS1/PAD4
proteins (Supplementary Figure S5 and Supplementary Table S2).

3. Discussion

Plants are constantly exposed to various types of environmental stresses and because
of that, they have developed many mechanisms and pathways to mitigate the effects of
unfavorable conditions. One of the mechanisms activated during plant response to stress is
programed cell death (PCD), a very old evolutionary mechanism present in all multicellular
living organisms [43—45]. The role of PCD in plant response to stresses is basically the
elimination of affected and/or older cells in order to induce higher tolerance and better
acclimation in the other cells and maintenance of cellular homeostasis within an organ-
ism [46,47]. It is well known that this process is under conditional control of the LSD1
protein as well as EDS1 and PAD4, which are negative and positive cell death regulators,
respectively [16,22,23,26,48]. Reversal of the Isd1 RCD phenotype is nothing new. This effect
was obtained by mutation in EDS1 or PAD4 genes in the Isd1 mutant background, because
these proteins physically interact with each other, forming a trimmer [26,27]. When there is
no LSD1 protein present (Isd1 mutant) or it is at a lower level (in field conditions), the EDS1
and PAD4 proteins are active, and when there is only EDS1 (Isd1/pad4 mutant) present, it
cannot induce a PR pathway alone [21-23,49]. Another way to revert the Isd1 phenotype
is to disable the chloroplast signal recognition particle cpSRP 43 protein (encoded by the
CAO gene) [32]. CAO is involved in the regulation of light-harvesting antenna size and
non-photochemical quenching of absorbed energy in excess by photosystem II [50]. In the
Isd1/cao double mutant, there is a reversion of the RCD phenotype due to its reduced ability
to absorb light energy [3,32]. Thus, LSD1 is a negative regulator of PCD and photorespi-
ration and a positive regulator of the antioxidant system [3]. Another piece of evidence
to support chloroplast retrograde signaling mediated by cytoplasmic LSD1/EDS1/PAD4
proteins is presented in the Isd1/ex] mutant which did not exhibit the RCD phenotype [51].
EXECUTERI (EX1) is involved in singlet oxygen chloroplast retrograde signaling. ROS do
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not act alone in plant cells and the relation between SA and ROS in plant stress response is
well known [22]. Because of this, deregulation in SA synthesis/metabolism also leads to
reversion of the Isd1 phenotype in mutants such as Isd1/sid2 or in transgenic plants like
Isd1/NahG [19,20]. Ours results and those of previous studies strongly suggest that a uni-
fied genetic and molecular system for the regulation of biotic and abiotic stress responses
and cross-tolerance has evolved in plants [52]. Ethylene is also involved in conditional
regulation by LSD1/EDS1/PAD4 PCD signaling, since impairment of this signaling path-
way in the ein2/Isd1 double mutant also leads to reversion of the RCD Isd1 phenotype [2].
Interestingly, the Isd1 mutant, when grown in field conditions, did not differ from the
wild type in size, visually or in seed yield [16,22]. In ambient laboratory conditions, Isd1
mutant plants are much smaller and produce much fewer seeds (fourfold lower seed yield)
than the wild-type or double eds1/Isd1 and pad4/Isd1 plants. While all currently known
ways to revert the Isdl RCD phenotype are related to changes in ROS, SA or ethylene
signaling pathways or to LSD1-interactor proteins, in this study, we found a new protein,
MCS8, which, according to the current knowledge [38,53] and bioinformatic prediction
(Supplementary Figure 54 and Supplementary Table S2), does not interact with LSD1 and
is not involved in SA, ROS and ET synthesis/metabolism, which suggests its functions as a
signal receiver (ROS/hormonal) and as the final enforcer of LSD1-dependent cell death.
During the analysis of our previously performed microarray [16], in the context of genes
from the METACASPASE family, we found a significant positive fold change in MC8 in
laboratory growing conditions (inducing RCD) and a significant negative fold change in
field conditions (not inducing RCD). Moreover, in double Isd1/eds1 and Isd1/pad4 mutants
with well-known reversion of the Isd1 RCD phenotype [22,23], there was a non-positive fold
change in MC8, which indicates that MC8 acts upstream of the LSD1/EDS1/PAD4 trimer.
These results were confirmed by studies on the mc8/1sd1 mutant. A double mutant exhib-
ited a completely reverted RCD phenotype. This is probably caused by the fact that MC8
transcription is ROS-dependent, which was experimentally demonstrated by exogenous
H,0; treatment and by the induction ROS synthesis by of UV-C stress [22,38]. In conclusion,
we can assume that MC8 is an important protein in the conditional LSD1/EDS1/PAD4-
dependent cell death regulatory pathway. MC8 most probably is not related to SA and
ROS synthesis or metabolism since in the Isd1/mc8 double mutant, we found lower or
similar foliar levels of SA and H,O, to those observed in wild-type plants. It is probably
involved in the very early stage of metacaspases cascades of PCD and/or the inhibition of
the second burst of the ROS/SA [44,54] wave from cell organelles undergoing PCD, which
was observed in the RCD of the Isd1 mutant [23] or generally while PCD progressed in
wild-type plants [44,55]. Inhibition of gene expression from the PR family was previously
proposed as one of the reasons for the inhibition of RCD in Isd1/eds1, pad4/lsd1, sid2/lsd1,
etc. [19,49]. However, in the Isd1/mc8 mutant, EDS1 and PAD4 were not inhibited by LSD1.
This led to the induction of PRI and PR2 expression in Isd1/mc8 on a similar level as in the
Isd1 mutant. The exception is PR5 and its higher expression, which was observed only in
the Isd1 mutant but not in Isd1/mc8. It could be caused by the fact that SA and ROS levels
were slightly, but statistically significantly higher in Isd1 compared to Isd1/mc8. There are
some alternatives to the SA-related signaling pathway [56] and there is a reverse correlation
between H,O, steady-state concentration and PR5 gene expression [57]. However, the
number of PR proteins appear to be different to the PR genes’ transcription level. In general,
in all of the mutants and in the wild-type plants, 24 h after UV-A + B stress, we found lower
levels of PR1, PR2 and PR5. This is opposite to biotic stress, where the number of PR pro-
teins were higher after pathogen inoculation [58]. This indicates that in response to abiotic
stress (UV stress), a PR gene family is regulated differently on transcription and translation
levels. However, this requires further research. Based on the current knowledge and on our
results, we propose a model of LSD1 and MC8 interdependence in plant PCD regulation
in response to UV-A + B irradiation (Figure 5). The UV episode is comprehended mostly
by chloroplasts and provokes changes in the quantum-redox status of the photosynthetic
electron transport chain components [3,59-62]. It leads to ROS overproduction [63], which
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consequently leads to increased synthesis of SA [3]. Both ROS and phytohormones act as a
signal for LSD1 inhibition, which leads to EDS1 and PAD4 increasing in activity and then
to the induction of cell death. Nevertheless, in other cells, LSD1 is induced, thus inhibiting
EDS1 and PAD4 and preventing PCD spreading. Meanwhile, in the Isd1 mutant, there is
no LSD1, thus EDS1 and PAD4 are hyperactive and act as inhibitors of the antioxidant
system [3] and are important in SA synthesis [64,65]. This altogether leads to RCD induc-
tion [66]. However, in Isd1/mc§, all ROS/SA /ET signaling is still deregulated because of
the lack of functional LSD1 and the lack of LSD1/EDS1/PAD4 trimers, thus EDS1 and
PAD4 should induce the RCD phenotype, but such phenotype in Isd1/mc8 is not observed
after UV stress. This is probably because MC8 is a receiver of the above-mentioned signals
and MCS8 acts upstream of all of the above-described proteins and thus is the ultimate
executor of the run-away cell death process.
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Figure 5. Proposed/hypothetical model of LSD1 and MCS8 interdependence in plant cell death
regulation in response to UV-A + B irradiation. We propose that MCS8 is more important in the cell
death pathway dependent on LSD1 than the proposed EDS1 and PAD4 proteins (there are more
details in the last paragraph of the discussion). The arrow is the inducing action; The blunt-headed
arrow is braking; The red arrow next to the gene names is increased expression; The tilde sign is an
expression without change.
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4. Materials and Methods
4.1. Plant Material

In this study, Arabidopsis thaliana mutants, Isd1, mc8 and mc8/Isd1, and wild-type plants
(Ws-0) were used. All used mutants were of Wassilewskija (Ws-0) background. Wild-
type and Isd1 seeds were already available in our lab, while mc8 seeds were provided by
Dr. Patrick Gallois (Faculty of Biology, Medicine and Health, University of Manchester,
Manchester, UK). In order to obtain a double mutant, we crossed Isd1 and mc8. A double
mutant was obtained via selection in T3 generation. Correctness of the crossing was checked
by PCR (Figure S6) and by RT-PCR (Figure S1). All primers used in the study are attached
in the Supplementary Material (Table S3).

4.2. Growing Conditions

For all experiments described in this study, plants were grown in a walk-in-type
growing chamber (Siemens, Miinchen, Germany) under the following conditions: 8/16 h
photoperiod, photosynthetic photon flux density of 80 umol photons m~2-s~1, air humidity
of 50% and day/night temperature of 20/18 °C.

4.3. Stress Induction

For the determination of different stress impacts on MC8 expression levels, wild-type
plants were treated with heat, light and UV-A + B using the following methods. For UV A +
B stress application, the UV 500 Crosslinker (Hoefer Pharmacia Biotech, San Francisco, CA,
USA) was used. It was equipped with three UV-B lamps (type G8T5E, Sankyo Denki, peak
wavelength 306 nm) and two UV-A lamps (type TLSWBLB, Philips, Tokyo, Japan, peak
wavelength 365 nm). Arabidopsis thaliana plants were exposed to a single irradiation dose of
1500 mJ-cm~2. Light treatment was performed using a white LED panel with the emission
of white light (with 1500 pmol photons m~2.s~1) (Photon System Instrument, Brno, Czech
Republic) for 2 h. For heat stress treatment, plants were incubated in 40 °C for two hours in
the laboratory incubator MOV-212s (Philips, Tokyo, Japan). All analyses described in this
study were performed 24 h after stress application. After the stress episode, plants were
put back in the growing chamber in the same conditions as they were grown in before. For
future experiments, UV A + B were chosen, and wild-type plants and all mutants used in

this study were exposed to a single irradiation dose of 1500 mJ-cm~2.

4.4. Ion Leakage Measurement

Ion leakage was determined as described before [19,44].

4.5. Determination of HyO, and SA Contents

The concentration of hydrogen peroxide (H,O,) was assessed according to the method
described before [67], with slight adjustments. A total of 50-100 mg of frozen tissue was
homogenized in a TissueLyser LT (Qiagen, Venlo, The Netherlands) for 5 min at 50 Hz and
4 °C, using 300 uL of cold 0.1% trichloroacetic acid (TCA), then centrifuged at 13,000 rpm
for 15 min. The resulting supernatant was combined with 10 mM potassium phosphate
buffer (pH 7.0) and 1 M potassium iodide (KI) at a 1:1:2 (v:v:v) ratio. The absorbance
was measured at 390 nm using a microplate reader, Multiscan GO (Thermo Scientific,
Waltham, MA, USA), and the H,O, concentration was determined using an appropriate
standard curve. Results were quantified and expressed as micromoles of H;O; per 100 mg
of fresh weight.

The determination of salicylic acid (SA) followed the protocol described before [68],
with the utilization of 2-methoxybenzoic acid (0ANI) and 3-hydroxybenzoic acid (pHBA)
as internal standards. Salicylic acid was separated using a Luna 5uC18(2)100A150x4.6mm
column (Phenomenex, Torrance, CA, USA) at 30 °C for 15 min, employing a Shimadzu
HPLC System (Shimadzu, Kyoto, Japan). A low-pressure gradient system was used,
utilizing a 20 mM phosphate buffer (pH 2.5; adjusted with 8 M HCl) and acetonitrile
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(75:25; v/v) at a flow rate of 1 mL per minute. Results were quantified and expressed as
micrograms of SA per gram of fresh weight.

4.6. RNA Isolation, cDNA Synthesis and RT-PCR Analysis

RNA was extracted from frozen tissue previously stored in —80 °C. For RNA isolation,
the GeneMaTRIX Universal RNA Purification Kit (EURX, Gdarisk, Poland) with an addi-
tional step of on-column DNase digestion was used. RNA concentration and quality were
assessed using a spectrometer (Eppendorf, Hamburg, Germany). RNA quality was con-
trolled by electrophoretic separation in 1% agarose gel. cDNa synthesis was performed for
equimolar RNA amounts of each sample using a High Capacity cDNa Reverse Transcrip-
tion Kit (Thermo Fisher Scientific). gqPCRs were performed in three technical repetitions for
each of the three biological replicates using the Power SYBR Green PCR Master Mix and the
aBI 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Two
reference genes were used: 5-FORMYLTETRAHYDROFOLATE CYCLOLIGASE (5-FCL,
AT5G13050) and PROTEIN PHOSPHATASE 2A SUBUNIT A2 (PP2AA2, aT3G25800).

4.7. Protein Extraction and Western Blot Analysis

Total plant protein extraction was performed as previously described [69], with mod-
ifications. Proteins were extracted from 100 mg of ground leaf tissue. The powder was
resuspended in 500 uL of 2x Leammli buffer (4% SDS, 20% glycerol, 0.12 M Tris-HCl pH
7.0, 0.02% bromophenol blue and 0.7 M 3-mercaptoethanol) and incubated for 10 min
at 95 °C, followed by incubation for 10 min in ice [70]. The resuspended samples were
centrifuged at 12,000x g for 5 min at 4 °C and the supernatants were used for further
steps. Total protein concentration was determined using the RC-DC protein assay kit I1
(Bio-Rad, Hercules, CA, USA, 5000122). A total of 50 pug of total protein extract was used
for 12% SDS-PAGE. Next, the proteins were electrotransferred to an Immobilon P PVDF
membrane (Merck, Darmstadt, Germany) using the Trans-Blot Turbo Transfer System
(Bio-Rad). The membrane was blocked in 2% skim milk in TBS-T buffer (1 x Tris-buffered
Saline, 0.1% Tween-20) for at least 1 h and incubated with primary antibodies (diluted
at a ratio of 1:10,000, 2% skim milk in TBS-T buffer)—PR1 (AS10 687, Agrisera, Vannas,
Sweden) for 1 h at room temperature, and PR2 (AS12 2366, Agrisera) and PR5 (AS12 2373,
Arisera) overnight at 4 °C. Incubation with the goat anti-rabbit horseradish peroxidase-
conjugated secondary antibodies (Thermofisher, QG221919; diluted at a ratio of 1:10,000)
was performed for 1 h at room temperature. Protein bands were immunodetected using
SuperSignal West Dura Extended Duration Substrate (Thermo Scientific, 34075) according
to the manufacturer’s recommendations, visualized with the ChemiDoc XRS+ System
(Bio-Rad) and analyzed with ImageLab Software 5.2.1 (Bio-Rad). Total protein staining of
membranes was conducted as described previously [71].

Supplementary Materials: The supporting information can be downloaded at: https:/ /www.mdpi.
com/article/10.3390/ijms25063195/s1.
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Abstract: This study explores the impact of RNAi in terms of selectively inhibiting the expression
of the OsBBTI5 gene, with the primary objective of uncovering its involvement in the molecular
mechanisms associated with salt tolerance in rice. OsBBTI5, belonging to the Bowman-Birk inhibitor
(BBI) family gene, is known for its involvement in plant stress responses. The gene was successfully
cloned from rice, exhibiting transcriptional self-activation in yeast. A yeast two-hybrid assay con-
firmed its specific binding to OsAPX2 (an ascorbate peroxidase gene). Transgenic OsBBTI5-RNAi
plants displayed insensitivity to varying concentrations of 24-epibrassinolide in the brassinosteroid
sensitivity assay. However, they showed reduced root and plant height at high concentrations
(10 and 100 uM) of GAj3 immersion. Enzyme activity assays revealed increased peroxidase (POD)
and superoxide dismutase (SOD) activities and decreased malondialdehyde (MDA) content under
40-60 mM NaCl. Transcriptomic analysis indicated a significant upregulation of photosynthesis-
related genes in transgenic plants under salt stress compared to the wild type. Notably, this study
provides novel insights, suggesting that the BBI gene is part of the BR signaling pathway, and that
OsBBTI5 potentially enhances stress tolerance in transgenic plants through interaction with the salt
stress-related gene OsAPX2.

Keywords: OsBBTI)5; rice; 24-epibrassinolide; salt tolerance; RNAi; transcriptome

1. Introduction

Abiotic stresses typically exert a direct influence on various facets of plant growth,
developmental processes, and ultimate crop yield outcomes [1,2]. Salinity stress is one of
the major abiotic stresses [3]. Elevated salinity primarily triggers ionic and osmotic stress
in plants, adversely affecting plant cells by disrupting crucial cellular processes such as
photosynthesis and promoting the generation of reactive oxygen species (ROS) [4,5]. In the
natural environment, dicotyledons exhibit a more extensive range of variation in salinity
tolerance compared to monocotyledons. Within the plant kingdom, barley stands out as the
most salinity-tolerant species, while wheat typically displays a moderate level of tolerance.
Among cereals, rice is notably the most susceptible to salinity stress [6]. Moreover, it is
noteworthy that the yield of rice is considerably more affected by salt stress than by the
overall growth of the plant [7]. Consequently, there has been a considerable focus on
researching salt tolerance in rice, as evidenced by numerous studies [8-10]. Currently,
advances in whole genome sequencing, marker-assisted breeding strategies and targeted
mutagenesis have greatly improved the tools available for rice breeding [11-15]. Using the
whole-genome sequencing analysis of two salt-tolerant (Pokkali and Nona-Bokra) and three
salt-sensitive rice varieties (Bengal, Cocodrie and IR64), and employing a combination

Int. ]. Mol. Sci. 2024, 25, 1284. https:/ /doi.org/10.3390/ijms25021284 190

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



Int. J. Mol. Sci. 2024, 25, 1284

of quantitative trait locus (QTL) localization and expression profiling data, a total of
396 differentially expressed genes were identified within the coding region [16].

The B-type response regulator hst1 (hitomebore salt-tolerant 1) controls salinity tol-
erance in rice by regulating transcription factors and antioxidant mechanisms [17]. The
introduction of the hst1 gene into rice, coupled with the application of single-nucleotide
polymorphism (SNP) marker-assisted selection, led to the development of the BC3FC pop-
ulation YNU31-24, which exhibited a genomic similarity of 93.5% to the parental varieties.
YNUB31-24 seedlings demonstrated enhanced survival and increased plant biomass when
exposed to 125 mM NaCl [12]. A deletion mutant exclusively targeting the salt tolerance
(DST genes) was generated in the indica rice variety MTU1010 through CRISPR-Cas9 gene
editing. This modification led to observable phenotypic changes, including broader leaves,
diminished stomatal density, heightened leaf water retention, and a discernible tolerance to
osmotic stress and high salt stress during the seedling stage of the mutant [18]. In addition,
T-DNA insertion mutagenesis and RNAi silencing of target genes are also methods used to
improve salt tolerance in rice [19,20].

One of the many important physiological changes during the early evolution of plant
cells was the ability to adapt to low levels of Na* and K* intermediates [21]. Cellular Na*
toxicity is the ionic toxicity that primarily causes salt stress and usually results in a variety
of physiological processes in rice, including K* attraction [22]. In rice, intracellular Na+ is
mainly transported out of the cell via the SOS1 transporter protein or to the root xylem
via the high-affinity potassium transporter proteins (HKT1;4, HKT1;5) to mitigate Na*
toxicity in the stem [23]. In rice, the role of HKT2;1 may be to provide an entry pathway for
Na* uptake under K* limitations, mainly to support cell expansion and plant growth [24].
In plants, superior K* retention in salt-stressed roots is positively correlated with salt
tolerance [25]. In rice, the K* transporter proteins OsHAK1 and OsHAKS, when induced by
salt stress, mediate K* uptake and transport, maintaining a high K*/Na* ratio under salt
stress [26,27]. Studies have shown that most transcription factors (TFs) are involved in the
response to salt stress, such as AP2/ERF, bHLH, NAC, MYB and bZIP [28-32]. For example,
overexpression of rice AP2/ERF-type TFs in Arabidopsis thaliana showed improved tolerance
to drought, salt and cold [33]. In addition, many hormone-like genes in rice are involved
in the salt stress response. Overexpression of the rice Aux/IAA TF OsIAA17 significantly
increases salt and drought tolerance in rice [34]. Knockdown of OsABI5, a gene downstream
of the abscisic acid signaling pathway in rice, resulted in delayed seed germination and
reduced seedling salt tolerance [35]. Overexpression of OsGA20x5 increased the resistance
of rice to high-salinity stress [36].

Brassinolide (BR) is an asterol compound that, when soaked, inhibits the accumulation
of ROS, reduces the level of MDA, increases the SPAD of rice seedlings under NaCl stress,
and protects the plant’s photosynthetic system [37,38].

The Bowman-Birk Inhibitor (BBI) encodes a serine protease inhibitor and has a repeti-
tive cysteine-rich structural domain with a reactive site from the trypsin or chymotrypsin
family [39]. BBIs are generally well known in soybeans and their main function is reflected
in their role in inhibiting the proliferation of cancer cells [40]. Moreover, BBIs in wheat and
maize mainly show strong inhibitory effects on the growth of plant pathogenic fungi [41].
In rice, there are currently 12 BBI genes [42], and there is limited understanding of their
functions. For instance, the overexpression of the BBI protein APIP4 in rice has been
shown to enhance resistance against the fungal pathogen Magnaporthe oryzae [43]. The
hypothesis of this study is that the newly identified salt-inducible BBI, OsBBTI5, plays a
crucial role in regulating salt tolerance in rice seedlings. In the current study, OsBBTI5 gene,
when suppressed through RNAI in transgenic plants, produced a positive enhancement
of salt tolerance. Our investigation also aimed to understand the molecular mechanisms
underlying OsBBTI5’s involvement in salt tolerance, particularly its association with the
brassinosteroid (BR) pathway. Despite exhibiting insensitivity to BR, OsBBTI5 showed
remarkable sensitivity to the downstream gibberellic acid (GA3), leading to the inhibition
of root system growth at high concentrations of GAz. Furthermore, physical interaction
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of OsBBTI5 with OsAPX2 was crucial in mediating its effects on salt tolerance. OsBBTI5
regulated ROS accumulation and GAj synthesis under salt stress conditions, implying a
dual role in oxidative stress management and hormonal signaling. Thus, lowering the
expression of OsBBTI5 enhanced salt tolerance in rice seedlings by modulating H,O; and
GAj signaling pathways. The selection of OsBBTI5 among other genes was based on its
novel identification as a salt-inducible BBI and our preliminary findings suggesting its
significant impact on salt tolerance through intricate interactions with hormonal pathways
and ROS regulation.

2. Results
2.1. In Silico Analysis of Rice BBI Genes

The full-length coding sequence (CDS) of OsBBTI5 (Os01g0124401) was cloned based
on Rice Genome Annotation Project (http://rice.uga.edu/index.shtml, accessed on 11
January 2023). Using the 12 BBI amino acid sequences of rice (Oryza sativa L.) as a query
and searching for their homologues in phragmites (Brachypodium distachyon L.), maize
(Zea mays L.) and soybean (Glycine max L.), we obtained 5, 5 and 10 homologues, respec-
tively. These proteins, together with OsBBTI5, were used to construct the phylogenetic
tree (Figure 1A). Phylogenetic analyses showed that OsBBTI5 had the highest homology
with the OsBBTI4 gene in rice. It is closely related to BABBT13 in Brachypodium distachyon L.
and to ZmBBTI5 and ZmBBTI11 in maize. The BBI genes in rice are distributed between
2 and 9 motifs, with OsBBTI5 having 9 motifs, according to structural domain analysis
(Figure 1B). Analysis of the promoter regions of rice BBI genes showed that they have a total
of 27 transcription factor binding sites, including the common C2H2, Dof, MYB, WRKY,
NAC, BES1, bHLH, bZIP, and others (Figure 1C). Structural analysis of the rice BBI family
genes showed that most of the BBI genes had only one exon, including OsBBTI5, with the
exception of OsBBTI11, OsBBTI12 and OsBBTI13, which had two exons, and OsBBTI10,
which had three exons (Figure 1D).
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Figure 1. (A) Cluster analysis of the rice BBI family with homologs from Brachypodium distachyon,
Zea mays and Glycine max. The four species are represented in red, blue, orange, and purple, respec-
tively. (B) Structural domain analysis of BBI amino acids in rice. (C) Analysis of transcription factor
binding sites of BBI family genes in rice. (D) Exon analysis of rice BBI family genes.

2.2. Sub-Cellular Localization of OsBBTI5

To determine the subcellular localization of OsBBTI5 protein, the OsBBTI5-GFP re-
combinant plasmid of pCXSN was generated by fusing the OsBBTI5 cDNA, lacking the
termination codon, to the 5" end of the GFP reporter gene under the control of the CaM V-
355 promoter. The results showed that OsBBTI5 expression in cells was distributed across
organelles (Figure 2B), similar to the 355:GFP (control) (Figure 2A).

Bright GFP Merged

355:GFP

355:0sBBTI5-GFP

Figure 2. (A) Subcellular localization of the GFP protein in tobacco leaf epidermal cells, scale bar:
20 pm. (B) Subcellular localization of the OsBBTI5 protein in tobacco leaf epidermal cells, scale bar:
20 pum.

2.3. Characterization of OsBBTI5-RNAi Lines

To further validate the role of OsBBTI5 in regulating BR signaling, we generated
OsBBTI5-RNAI lines through RNAi knockdown technology. A BR sensitivity assay revealed
that OsBBTI5-RNAI plants exhibited insensitivity to BR compared to the wild type (WT)
(Figure 3A,B). Subsequently, seeds from both WT and transgenic plants were germinated
and placed on a 0.5 x MS agar medium containing 0, 0.001 uM, 0.01 uM, 0.1 uM, or 1 uM
24-epibrassinolide.

The expression of BR biosynthesis-related genes, including D11, D61, DLT, OsBBTI5,
OsBRé6ox, OsBZR1 and OsSPY genes, was analyzed via fluorescence quantitative PCR. The
results showed different cumulative transcriptions of BR biosynthesis-related genes in the
OsBBTI5-RNAI line (Figure 3C).
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Figure 3. (A) The leaf inclination of OsBBTI5-RNAi and WT in the presence of indicated concentra-
tions of 24-epibrassinolide. (B) Statistical analysis of leaf inclination, data are means +SE (n = 20).
(C) Comparison of BR-related gene expression between WT and OsBBTI5-RNAi. (D,E) Measurements
of the plant heights and root lengths of WT and OsBBTI5-RNAI transgenic seedlings after 7 days
of growing on an MS medium containing different 24-epibrassinolide concentrations. Data are
means + SDs (n = 30). (F) The growth of WT and OsBBTI5-RNAI plants grown on an MS medium
containing different 24-epibrassinolide concentration after 7 days. ** p < 0.01. Scale = 1 cm.

When cultivated on a medium containing 0 and 1 pM 24-epibrassinolide, no dis-
cernible differences in plant height or root length were observed between wild-type and
transgenic OsBBTI5-RNAI plants (Figure 3D,F). However, in terms of root length, the trans-
genic OsBBTI5-RNAi showed significant differences compared to the wild type at 0.01 uM
and 1 pM, indicating reduced sensitivity to 24-epibrassinolide (Figure 3E,F).
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OsBBTI5-RNAI transgenic plants exhibited slower growth compared to the wild type
at 0.1 uM, 1 uM, 10 uM, and 100 uM. Notably, transgenic plants were significantly shorter
than the wild type in both plant height and root length when the medium contained
10 pM and 100 uM GA3 (Figure S1A,B). Overall, OsBBTI5-RNAI transgenic plants exhibited
involvement in the BR pathway, displaying insensitivity to BR and sensitivity to high
concentrations of GA3, with a predominant phenotype characterized by the absence of root
growth (Figure S1C).

2.4. Effect of NaCl Stress on Seed Germination

To determine salt stress in OsBBTI5-RNAi plants, seeds of WT and transgenic plants
were germinated and then placed on a half-strength Murashige and Skoog (MS) medium
containing 0 mM, 40 mM, 50 mM, or 60 mM NaCl. Under normal conditions, the transgenic
seeds germinated faster and had greater plant height and root length than the wild type.
The transgenic plants showed greater plant height and root length than WT when grown in
different concentrations of salt solution (Figure 4A,B,C).

A WT OsBBTI5-RNAi B s

omM

b

’Hﬁﬁra

Plant height (cm)
-
»

40 mM e { A WT RNAi| WT RNAi| WT RNAi| WT RNAi
: y OmMNaCl | 40 mM NaCl | S50 mM NaCl | 60 mM NaCl
C v
a a
a
8 -I- _1_ a 'I'
= b {'
50 mM &
= 6
E
=
- 4 b
S b
~
b
( 2
60 mM : ﬂ
/ 0
A\ g P WT RNAi| WT RNAi| WT RNAi| WT RNAi
S 0mMNaCl | 40 mM NaCl | 50 mM NaCl | 60 mM NaCl

Figure 4. (A) Photographs of WT and OsBBTI5-RNAI transgenic seedlings supplemented with 0 mM,
40 mM, 50 mM, or 60 mM NaCl after 7 days of initiation. (B) Differences in plant height were
compared between WT and OsBBTI5-RNAI transgenic plants. (C) Differences in root length were
compared between wild-type and RNAI transgenic plants. Data represent means + SD (1 = 3).
Different letters indicate significant differences (Tukey’s HSD test, p < 0.05).

2.5. OsBBTI5-RNAi Enhances Salt Tolerance in Transgenic Rice

OsBBTI5-RNAI plants were exposed to salt stress with different concentrations of NaCl
for 7 days. As shown in Figure 5A, transgenic plants showed strong tolerance compared
to WT after exposure to salt stress at a concentration of 40 mM. Under normal conditions
without salt treatment, peroxidase (POD) and superoxide dismutase (SOD) activities were
almost the same in OsBBTI5-RNAi and WT plants. Following salt stress treatment, OsBBTI5-
RNAI plants exposed to 60 mM NaCl exhibited significantly higher activities of peroxidase
(POD) and superoxide dismutase (SOD) compared to wild-type plants. However, at 40 mM
NaCl, only the activity of POD was higher in OsBBTI5-RNAi plants than in the wild-type
plants (Figure 5B,D). The activity of another antioxidant enzyme, CAT, was significantly
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increased in all seedlings at 40 mM NaCl after 7 days of salt treatment compared to control
conditions, while the difference was not significant at 60 mM NaCl (Figure 5C). H,O, was
significantly higher in both 40 mM NaCl and 60 mM NaCl, whereas it was essentially
indistinguishable in the no-salt condition (Figure 5E). Moreover, under normal conditions,
the malondialdehyde (MDA) level, serving as an indicator of lipid peroxidation, was higher
in OsBBTI5-RNAi compared to WT. Furthermore, the MDA content in OsBBTI5-RNAi
plants was significantly elevated compared to wild-type plants, signifying an increased
level of lipid peroxidation in transgenic plants under both 40 mM NaCl and 60 mM NaCl
salt stress conditions (Figure 5F).
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Figure 5. (A) Phenotypes of WT and transgenic plants in response to salt stress. (B) SOD activity.
(C) CAT content. (D) POD content. (E) HyO, content. (F) MDA content. Three independent
experiments were carried out with similar results. Data represent means + SD (n = 30). ** p < 0.01.
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2.6. Differentially Expressed Genes Regulated by OsBBTI5 in Response to Salt Stress

RNA sequencing primarily involved three treatment groups: the wild-type (WT)
group, the wild-type post-40 mM NaCl treatment (CK4), and OsBBTI5-RNAi after-40 mM
NaCl treatment (KT39). Each sample yielded sequences ranging from 6.02 to 8.66 Gb, which
underwent quality control using FASTQC. The results indicated that 92.12% to 95.12%
of the sequences exhibited quality scores above Q30, and 62.69% to 95.05% of the reads
were uniquely aligned with the genome (Supplementary Table S1). The alignment ratios
were found to be similar across the three lines. Consequently, the analysis of differen-
tially expressed genes (DEGs) was carried out using this consistent alignment ratio for
further investigation.

DEGs were assessed by comparing the number of reads between the control and
salt-treated samples in each line. Heat map analysis revealed significant differences in
gene expression between the three lines (Figure 6A). Under 40 mM NaCl treatment, the
expression level of OsBBTI5-RNAi was twofold higher compared to the salt-stressed WT,
as observed in the analysis of DEGs in the WT (Figure 6B). Between salt-stressed WT and
non-stressed WT, 2105 genes were upregulated and 2039 genes were downregulated. In
contrast, between salt-stressed OsBBTI5-RNAi and WT, 5603 genes were upregulated and
6272 genes were downregulated. KEGG pathway enrichment analysis revealed that the
phenylpropanoid biosynthesis pathway was best to be regulated under salt stress in rice
(Figure 6C,D). Certainly, the most differential pathways between salt-stressed OsBBTI5-
RNAI and salt-stressed WT were mainly focused on light-related pathways, including
photosynthesis and photosynthesis-antenna proteins (Supplementary Tables 52 and S3). In
addition, photosynthesis-related genes in particular showed significant upregulated ex-
pression (Supplementary Figures 52 and S3). GO enrichment analysis also revealed drastic
changes in light-related pathways (Supplementary Figure S4), including photosynthesis,
photosystem, and photosystem II. These findings support the hypothesis that distinct
pathways are either activated or repressed in response to salt stress in OsBBTI5>-RNAi
compared to the wild type of rice.

CK4

C KT39 vs CK
1 Zeatin biosynthesis 17
05 Fatty acid elongation 25
Stilbenoid, diarylheptanoid and gingerol biosynthesis 13
o Flavonoid biosynthesis | 2]

ABC transporters |[EEm————— 40
Cyanoamino acid metabolism I— 34
Porphyrin metabolism T 28

Nitrogen metabolism — 22

Biosynthesis of various plant secondary metabolites I— 39
Cutin, suberine and wax biosynthesis r— 23

Carbon fixation in photosynthetic organisms I— 48
Plant hormone signal transduction I—————————— 130
Plant-pathogen interaction ] 118
Glutathione metabolism ] 69

Photosynthesis - antenna proteins [ 15
Carotenoid biosynthesis |m——— 25

Starch and sucrose metabolism 100
Diterpenoid biosynthesis |EE—————_ 36
Photosynthesis |[m———— 4]

C K Phenylpropanoid biosynthesis 120
0 20 40 60 80 100 120 140
-log10(padg)

Figure 6. Cont.

197



Int. . Mol. Sci. 2024, 25, 1284

B

DEG gene counts

10000

75004

50001

2500 4

11876 D CK4 vs CK
Galactose metabolism 12
type Isoquinoline alkaloid biosynthesis 6
Thiamine metabolism 6
Tryptophan metabolism 13
Nitrogen metabolism 8
up Amino sugar and nucleotide sugar metabolism | 31
alpha-Linolenic acid metabolism |m—— 13
Plant-pathogen interaction 1 41
6272 Cyanoamino acid metabolism 1 13
Linoleic acid metabolism 6
Terpenoid backbone biosynthesis 16
4144 Phenylalanine metabolism | 14
Motor proteins |E————— 23
Phenylalanine. tyrosine and tryptophan biosynthesis — 16
Cysteine and methionine metabolism —— 29
2039 2105 Biosynthesis of various plant secondary metabolites — 1o
Starch and sucrose metabolism 1 39
Zeatin biosynthesis == 12
Diterpenoid biosynthesis — 24
Phenylpropanoid biosynthesi 1 69
CK4 vs CK KT39 vs CK 0 10 20 30 40 50 60 70 80
-log10(padg)

Figure 6. (A) Heat map of DEGs’ expressions in response to salt stress in two salt-stressed and WT
samples. (B) Upregulated and downregulated DEGs comparison between two groups. (C) KEGG
enrichment analysis between KT39 and CK group. (D) KEGG enrichment analysis between CK4 and
CK group. KT39 is a synonym with the OsBBTI5-RNAI lines under 40 mM NaCl treatment; CK4 is
a synonym with the wild-type lines under 40 mM NaCl treatment; and CK is a synonym with the
wild-type lines under treatment with a normal nutrient solution.

2.7. In Vitro Interaction of OsBBTI5 with OsAPX2

In order to understand whether the OsBBTI5 gene was self-activating, we carried
out its self-activation experiments. On SD/-Trp, SD/-Trp/-His, SD/-Trp/-His/-Ade, and
SD/-Trp/-His/-Ade+X-x-gal plates, pGBKT7-B5 was able to grow, whereas pGBKT7-
negative was not able to grow, suggesting that there is self-activation of pGBKT7-B5
(Figure 7A). Inhibition experiments of 3-AT showed that the self-activation of pGBKT7-
OsBBTI5 could be effectively inhibited in 3-AT-deficient plates at concentrations higher than
10 mM (Figure 7B). We previously performed an interaction screening of OsBBTI5 proteins
against the rice yeast library and obtained 96 candidate proteins, including OsAPX2. To
elucidate the molecular mechanism underlying salt tolerance in rice seedlings mediated by
OsBBTI5, we conducted yeast two-hybrid library screening, using OsBBTI5 as bait. OsAPX2,
an ascorbate peroxidase gene in rice, was identified as an OsBBTI5-interacting protein by
an OsBBTI5 bait protein screen (Figure 7C,D).
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Figure 7. (A) Self-activating of OsBBTI5. +:pGBKT7-OsBBTI5 (positive control), —:pGBKT7 (negative
control). (B) Inhibitory effect of 3-AT. (C) Yeast two-hybrid assays for the interaction between OsBBTI5
and OsAPX2. These strains were grown on SD-His-Leu-Trp. (D) Yeast two-hybrid assays for the

interaction between OsBBTI5 and OsAPX2. These strains were grown on SD-His-Leu-Trp + X-a-Gal.
3. Discussion

The majority of structures within the rice BBI genes exhibit conserved coding se-
quences (CDS) without introns (Figure 1). These inhibitor families operate through specific

mechanisms of enzyme hydrolysis and are categorized based on the active amino acid in

their reaction center, such as serine, cysteine, aspartic, and metalloproteases [44].

Until now, the sole reported cloning of a Bowman-Birk-type protease inhibitor gene,

WRSI5, in wheat was achieved using the 5'-race technique, and its overexpression in
Arabidopsis thaliana demonstrated tolerance to 150 mM NaCl [45]. Recent research on BBI
has primarily focused on crops like soybean and wheat, with limited relevance to stress
responses in rice. However, our study provides novel insights by demonstrating that the
OsBBTI5 gene, belonging to the BBI family, is associated with the BR signaling pathway.
Notably, RNA interference (RNAi) knockdown of this gene enhances salt tolerance in rice.

We present, for the first time, a working model illustrating how salt-sensitive OsBBTI5-
RNAIi promotes salt tolerance (Figure 8).
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Figure 8. A proposed model illustrating how the OsBBTI5-RNAI, responsive to salt stress, enhances
salt tolerance in rice.

In the salt tolerance pathway, OsBBTI5-RNAI transgenic plants increased the expres-
sion of photosystem II (PSII) genes. Additionally, the OsBBTI5 gene may interact with
OsAPX?2 gene, leading to a reduction in the accumulation of ROS and thereby enhancing
salt tolerance.
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BR biosynthetic enzymes in rice have been studied mainly by phenotyping dwarf
mutants, and the results indicate that BR is involved in many physiological processes
in rice, including leaf elongation, tiller development, photogenesis, root differentiation,
and reproductive growth [46]. BR signaling in Arabidopsis and rice (dicot and monocot
models, respectively) is mediated by the receptor kinases BRI1 and OsBRII [47]. BR
stimulates the activities of SOD, CAT, POD and APX, thereby reducing cold-induced
damage [48]. Brassinolide (BL) improves plant tolerance to abiotic stress. In apples,
exogenous BL increases the activities of SOD and CAT, thereby eliminating the salt stress-
induced production of ROS [49]. BR immersion significantly increases SPAD, Pn and Tr,
as well as Fm, Fv/Fm, and Fv/Fo in rice seedlings under NaCl stress, which protects
the photosynthetic system of the plant and increases plant biomass [37]. In our study,
the results from the BR assay revealed that rice with OsBBTI5-RNAi was less sensitive to
exogenous brassinolide. Reducing the expression of OsBBTI5 showed that a significant
increase in POD, SOD, and CAT occurred after salt soaking, while a significant decrease
in HyO, and MDA occurred, which reduced the accumulation of ROS and improved the
salt tolerance of transgenic plants in rice. In addition, the transcriptomic results indicated
that the transgenic plants showed a significant increase in gene expression, mainly in
photosynthesis-related and photosynthetic systems after salt immersion, which was an
important factor contributing to the increase in salt stress.

Under normal conditions, exposure to NaCl leads to an increase in the activities of
ascorbate peroxidase (APX) and glutathione reductase (GR) in rice roots. Simultaneously,
the expression of OsAPX and OsGR is upregulated [50]. Rice has 8 APX genes that encode
enzymes that function in the cytoplasm (APX1 and APX2), peroxisomes (APX3 and APX4),
mitochondria (APX5 and APX6), and chloroplasts (APX7 and APXS) [51,52]. Overexpres-
sion of OsAPX2 increases APX activity and improves stress tolerance. It is also shown that
NaCl-induced expression of OsAPx8 in rice roots requires Na(+) but not CI(-) [53]. The
yeast two-hybrid results in our study suggest that it is possible for OsBBTI5 to act on stress
tolerance through OsAPX2 interactions.

Brassinosteroid (BR) and gibberellin (GA) are the two main hormones that regulate
cell elongation in plants. Rice mutants that are insensitive to BR signaling typically exhibit
stem and leaf elongation defects [54]. A member of the GRAS family, the DLT gene, is
insensitive to BR expression, causing leaf bending, and affecting radicle elongation [55].
Coleoptile elongation and root inhibition assays show that rice overexpressing OsPRA2 is
less sensitive to exogenous brassinosteroid. BR regulates cell elongation by modulating
GA metabolism in rice. For example, under physiological conditions, BR stimulates cell
elongation by regulating the expression of GA metabolism genes, thereby promoting
GA accumulation [56]. In addition, mutations in LEA33 may affect grain size and seed
germination in rice by reducing BR accumulation and promoting GA biosynthesis [57]. The
overexpression of OsOFP22 promotes SLR1 protein expression in response to GA-induced
accumulation and represses the BR expression of signaling genes that ultimately regulate
rice plant and grain size [58]. Similarly, in this study, the growth and development of
transgenic plants after the downregulation of OsBBTI5 expression were affected by high
concentrations of GAz more than BR.

4. Materials and Methods
4.1. Plant Materials and Growth Conditions
Rice (Oryza sativa L. spp. Japonica) seedlings were grown in a greenhouse under

standard rice growing conditions. Tobacco was grown in an artificial climate chamber at
26 °C under long-day conditions (16 h light/8 h darkness).

4.2. Vector Construction and Genetic Transformation in Rice

Two sets of specific primers, Os5F1/0Os5R1 and Os5F2/0s5R2, were employed to
amplify a 765 bp fragment corresponding to the full-length OsBBTI5 cDNA. Subsequently,
the PCR products were cloned into the pTCK303 vector using BamHI/Kpnl and Spel /Sacl
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restriction sites through a two-step cloning process facilitated by a cloning kit (Vazyme,
China, code: C113). The resulting plasmid, pTCK303-BBI5, was then introduced into
Agrobacterium tumefaciens strain LBA4404. The transformation of transgenic rice plants
was conducted following established procedures [59]. Briefly, mature seeds were sterilized
and placed in an induction medium (NB, 2,4-D 2.5 mg/L, pH 5.8) for dark culturing at
28 °C. Following a two-week healing induction period, Agrobacterium and healing pellets
were allowed to incubate in a dark culture at 28 °C for half an hour. Subsequently, the
pellets were transferred to a co-culture medium (induction basal medium, AS 100 uM/L,
pH 5.8) and underwent 2-3 washes with sterile water over a 3-day period. After the 3-day
co-culture, the calli were washed 2-3 times with sterile water and then rinsed once with
cephalexin 100 mg/L. These calli were then cultured on a screening medium containing
induction medium, hygromycin 30 mg/L, and pH 5.8. Following 15 days of dark culture
at 28 °C, the newly formed calli were subjected to an additional 3 days of dark culture
at 28 °C. After a total of 15 days, the newborn calli were transferred to a differentiation
medium (NB, 1.5 mg/L KT, 0.5 mg/L NAA, pH 5.8) and ultimately cultivated on a rooting
medium (1/2 MS, sucrose 5%, Phytagel 2.5 g/L, pH 5.8) for a period ranging from 15 to
30 days. OsBBTI5-RNAI lines, exhibiting varying levels of expression, were generated and
utilized for subsequent analyses.

4.3. Subcellular Localization

The full-length OsBBTI5 cDNA without the termination codon and GFP cDNA were
amplified using PCR primers Os5F3/0s5R3 and GFF/GEFR (Table 54), and the resulting
products were inserted into the BamHI/HindIll-digested pCXSN (pCXSN-35SBBI5) using
cloning kit (Vazyme, Nanjing, China, code: C113). Then, the plasmids of pCXSN35GFP (as
positive control) and pCXSN35SBBI5 were, respectively, transformed into Agrobacterium
tumefaciens strain GV3101.

The single clone was picked and grown in an LB medium (containing rifampicin) on
a shaker at 28 °C for 48 h and collected by centrifugation at 4000 rpm for 10 min. It was
resuspended with MES resuspension (1 mL 500 mM MES + 1 mL 100 mM MgCl,,6H,0O
+ 10 uL 500 mM AS, add ddH,O to 50 mL, pH 5.8) solution to ODgg = 1.0, left at room
temperature for 2 h, and injected into tobacco leaves. Then the samples were observed after
2-3 days. The GFP fluorescence was monitored at 488 nm excitation using a laser confocal
microscope (Leica SP8 STED, Germany).

4.4. Lamina Joint Assay

Leaf co-determination experiments were conducted by utilizing excised leaf segments,
following previously established protocols [60]. Seeds were subjected to dark culture for
7 days in an incubator set at 30 °C, allowing the formation of two leaves. Subsequently,
the entire segment, encompassing 1 cm of the second leaf, the leaf node, and 1 cm of the
leaf sheath, was immersed in varying concentrations of 24-epibrassinolide for 48 h in the
absence of light. The angles of lamina joint bending were measured using Image] software
version 1.54a (http://rsbweb.nih. gov/ij/, accessed on 12 February 2023).

4.5. Salt Stress Treatment and Phenotypic Analysis of Transgenic Rice

Seeds were cultivated on a Murashige and Skoog (MS) solid medium containing 0,
40 mM, 50 mM, and 60 mM NaCl for a duration of 7 days. Two-week-old seedlings of
both wild-type (WT) and OsBBTI5-RNAi varieties were cultured in hydroponic solution
containing 40 mM, 80 mM, and 100 mM NacCl for 7 days. Additionally, rice seeds were
placed on a 0.5x agar medium with varying concentrations of NaCl, 24-epibrassinolide
(0.001 uM, 0.01 uM, 0.01 pM, 0.1 uM, 1 uM), or GA3 (0.1 uM, 1 uM, 10 uM, 100 uM)
for 7 days, and seedling phenotypes were subsequently assessed. Each treatment was
replicated three times, with 30 seedlings per replication.
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4.6. RNA Extraction and Transcriptome Data Analysis

Rice seedlings treated with 40 mM NacCl for 3 days were stored into liquid nitrogen.
RNA extraction was performed by using RNA-extraction kit (TransGen, Beijing, China,
code:DP432). Three distinct samples, namely wild-type (WT), 40 mM NaCl-soaked, and
OsBBTI5-RNAi samples, were subjected to differential expression analysis to elucidate
specific responses.

The determination of differential gene expression involved the utilization of the
Cuffdiff utility within the Cufflinks package. Transcripts exhibiting log2-fold changes
of >1 (indicative of upregulated genes) and <(—1) (indicative of downregulated genes),
with a p-value cut-off of <0.05, were considered significantly differentially expressed [61].
Subsequently, the identified DEGs underwent gene ontology (GO) enrichment analysis.
Following the generation of DEGs for each region, as depicted in the Venn diagram analy-
sis [62], the GO enrichment analysis was conducted to unravel the functional significance
of the differentially expressed genes.

4.7. Quantitative Real-Time PCR Analysis

qRT-PCR was performed using a Q1 real-time PCR system (Thermo Fisher Scineitific,
Waltham, MA, USA). The system is a 10 pL. volume: each reaction contains 5 uL of 2xTaq
Pro Universal SYBR qPCR Master Mix (Vazyme, China), 0.4 puL of primers (10 pM), 1 uL
of cDNA template, and added 10 pL of ddH2O. The procedure was performed according
to the Q1 Semi-quantitative PCR Operation Manual. The rice actin gene was used as an
internal reference. Quantitative PCR expression levels were calculated according to the
2-8ACT method. All experiments were performed with three biological replicates and three
technical replicates.

4.8. Yeast Two-Hybrid Assay

The coding sequences of OsBBTI5 and OsAPX2 were, respectively, cloned into the
pGBKT7 and pGADT? vectors (Clontech, Mountain View, CA, USA), which were named
pGBKT7-BBI5 and pGADT7-APX2. The resulting constructs and the corresponding empty
vectors were then co-transformed into the yeast strain Golden Yeast in various combina-
tions. The screening of the rice yeast library was conducted, resulting in the identification
of 96 clones subjected to PCR validation. Upon reversing the validation outcomes, we
proceeded to sequence a total of 210 candidate genes to explore potential interactions. No-
tably, this set included the OsAPX2 gene. Interactions were detected on SD/-His-Leu-Trp
and SD/-His-Leu-Trp+X-gal media. Transformation was performed according to the Yeast
Two-Hybrid System User Manual (Clontech, Beijing China). All primers used in this assay
are listed in Table S4.

5. Conclusions

This study employed a comprehensive approach to investigate the role of the OsBBTI5
gene in rice under various conditions, shedding light on its potential functions and molecu-
lar interactions. The sequence analysis of OsBBTI5 provided insights into its evolutionary
relationships within the BBI gene family, its motif distribution, and the regulatory elements
in its promoter region. Subcellular localization studies revealed the widespread distribu-
tion of OsBBTI5 across organelles, suggesting its involvement in cellular processes. The
generation of OsBBTI5-RNAI lines demonstrated the gene’s role in brassinosteroid (BR)
signaling, with transgenic plants displaying insensitivity to BR and altered responses to
24-epibrassinolide and gibberellic acid (GA3). Furthermore, this study explored the impact
of OsBBTI5 on salt stress, revealing enhanced salt tolerance in OsBBTI5-RNAIi transgenic
rice plants. Physiological analyses, including measurements of peroxidase (POD) and
superoxide dismutase (SOD) activities, hydrogen peroxide (H,O;) levels, and malondialde-
hyde (MDA) content, provided valuable insights into the mechanisms underlying salt stress
responses. RNA sequencing and differential gene expression analysis unveiled distinct
regulatory pathways, particularly in light-related processes, indicating the intricate role
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of OsBBTI5 in the rice salt stress response. The identification of OsAPX2 as an interacting
partner of OsBBTI5 through yeast two-hybrid assays suggests a potential molecular mecha-
nism underlying salt tolerance in rice. These findings contribute to our understanding of
the multifaceted functions of OsBBTI5 and its implications in plant growth, development,
and stress responses. Overall, this study provides a foundation for further research into the
intricate molecular networks governing plant responses to environmental stimuli.
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